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ABSTRACT OF THE DISSERTATION

Aspects of RPE Cell Biology in Disease

by

Roni Hazim

Doctor of Philosophy in Neuroscience

University of California, Los Angeles, 2018

Professor David S. Williams, Chair

The RPE is a polarized epithelium, whose apical surface faces the outer segments of
photoreceptor cells in the neurosensory retina, and performs numerous functions that are
essential for healthy vision. In this dissertation, | investigated aspects of RPE biology that are
critical for cellular homeostasis and, when perturbed, may contribute to RPE dysfunction and
retinal degeneration. In particular, | focused on the RPE’s phagocytic function in which the cells
internalize shed disks of photoreceptor outer segments and subsequently degrade the resultant
phagosomes, thereby maintaining photoreceptor health. Using in vitro models of RPE,
phagocytosis assays were performed to test the kinetics of outer segment degradation using
state-of-the-art live-cell imaging. The kinetics of this process were further tested in a mouse
model of dominant Stargardt 3 macular degeneration, which showed that the digestion of

mutant outer segments is delayed and thus contributes to photoreceptor degeneration. This



data implicated the impaired motility of phagosomes in the RPE as a major contributor to their
delayed degradation, thereby identifying a sensitive measurement of a parameter that is critical
to overall RPE health. Given that the RPE is a primary site of insult in retinal degeneration, cell
transplantation may be a viable treatment to replace damaged RPE cells in human patients. To
that end, we generated human RPE cells from induced pluripotent stem cells and extensively
characterized the critical aspects of their cell biology. Importantly, we demonstrated that when
these cells manifest phagosome degradation kinetics, comparable to that in vivo, and, when
transplanted into a mouse model of retinal degeneration, they are capable of integrating into the
host monolayer and partially rescue the photoreceptor from degenerating. Lastly, we developed
a rapid method to differentiate a human immortalized RPE cell line such that the cultures exhibit
many of the characteristics of their in vivo counterparts, and we propose that when these cells
are properly differentiated, they can be used to draw meaningful inferences about RPE

physiology and pathology.
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Chapter 1

Introduction

1.1 The Eye

Vision is one of our five primary senses, and is certainly vital to our ability to interact with
the objects in our surrounding while appreciating the beauty of the world. The organ responsible
for our sense of vision is the eye, an asymmetrical sphere consisting of three distinct layers
(Kolb, 2007). The external layer serves a protective role for the eye and includes the cornea
and sclera. The former is a transparent barrier against microbes and dirt particles, and is
important for focusing incoming light, while the latter is an avascular dense fibrous tissue that
maintains the shape of the eye and also provides anchorage for extraocular muscles that move
the eye. The intermediate layer is composed of the iris and ciliary body in the anterior region,
and the choroid in the posterior region. The iris is the part of the eye that gives us our distinct
eye color; it surrounds the pupil, changing its size to control how much light enters the eye.
Directly behind the iris is the lens, a transparent structure that bends the light entering from the
pupil such that a clear image of the visual field is formed at the back of the eye. The shape of
the lens is controlled by the ciliary muscles, important components of the ciliary body, which
also secretes a clear liquid, called the aqueous humor, that fills the anterior chamber of the eye.
The choroid is a vascular layer consisting of blood vessels that supply oxygen and nutrients to
various layers in the eye. Lastly, the internal layer of the eye consists of the neurosensory

retina (Kolb, 2007).
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Figure 1.1: Transverse section of a human eye.

1.2 Neurosensory Retina

The neurosensory retina is a multilayered tissue in the posterior of the eye whose main
functions include the (1) detection of light entering the eye, (2) the conversion of the light
stimulus to a chemical signal, and (3) the rely of that signal to regions of the brain where it can
be processed for visual information. The retina is a part of the central nervous system; it is
derived from an embryonic structure called the neural tube, which also gives rise to the brain
and spinal cord (Kolb, 2007). Similar to the cerebral cortex, the neurosensory retina develops in
an inside-to-outside manner; thus, the retinal ganglion cells are the first cells to be born while
the photoreceptor cells are the last to mature (Rapaport, 2006). The retinal layers in between

form as a consequence of cell division and subsequently cell migration.



When light enters the eye, it is detected by the photoreceptor cells, which include rods
and cones. The rods far out number the cones in all regions of the retina, with the exception of a
pitted region in the middle of the retina known as the fovea. The rod cells are also significantly
more sensitive to light than the cones, and therefore are better suited for scotopic vision (i.e.
night vision). The cones on the other hand require higher levels of light to become active and
thus contribute to our photopic vision (i.e. daylight vision) (Chien et al., 2000). While rods exist
as a single cell type, the cones in a human retina come in three different varieties, each
sensitive to a particular range of wavelengths of light (short, middle and long). It is these cone
photoreceptors (S-, M-, and L-cones) that allow us to see the world in color and with high spatial

acuity (Imai et al., 2005).

Following light detection by the photoreceptor cells, the signal is relayed to the bipolar
cells, many of which synapse directly onto retinal ganglion cells (RGCs); the RGCs project
their axons, which are bundled together to form the optic nerve, to the brain for visual
processing. In addition to this vertical flow of visual information, there is also a lateral pathway
that is carried out by the horizontal and amacrine cells. These interneurons mediate
interactions between photoreceptors and bipolar cells (horizontal) and interactions between
bipolar cells and RGCs (amacrine). Both cell types integrate visual information as it travels to

the RGCs in order to increase contrast and thereby enhance object detection in the visual field.
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Figure 1.2: Modified from Purves Neuroscience 2™ edition. A section of the multilayered retina.
Incoming light first reaches the nerve fiber layer, which consists of the axons of retinal ganglion
cells. The next group of cells to come into contact with light are the bipolar, horizontal, and
amacrine cells, all of which have cell bodies that occupy the inner nuclear layer. The synapses
that these cells make with each other and with the ganglion cells localize to the inner plexiform
layer. Posteriorly, the photoreceptor cells have their cell bodies in the outer nuclear layer, while
synapsing with bipolar cells in the outer plexiform layer. Light is detected in the outer segments
of rod and cone photoreceptor cells. These outer segments are in direct contact with an
adjacent layer of pigmented epithelium.

1.3 Retinal Pigment Epithelium

Directly adjacent to the outer segments of photoreceptors is a monolayer of epithelial
cells known as the retinal pigment epithelium (RPE). This monolayer is situated above a five-
layered lamina called Bruch’s membrane, which includes an inner and outer layer of collagen,
and a central layer of elastin; the inner- and outer-most layers are formed by the basal

membranes of the RPE and the capillaries of the choroid (choriocapillaris), respectively (Booij et
4



al., 2010). The RPE serves numerous essential functions that maintain retinal homeostasis, and

is believed to be the primary site of pathogenesis for various retinal degenerative diseases.

1.3.1 RPE Functions

1.3.1.1 Visual Cycle

When light hits the photoreceptor outer segments, it activates the G-protein-coupled
receptor, rhodopsin, which is studded onto the millions of disk membranes that are stacked
throughout the outer segment. The rhodopsin molecule is composed of a visual chromophore
(11-cis retinal) attached to an opsin protein. The 11-cis retinal is converted to an all-trans
configuration in the presence of light (Mannu, 2014). To ensure proper photoreceptor function,
the all-frans retinal must be reisomerized to 11-cis retinal. The reisomerization of the
chromophore, a process known as the visual cycle, occurs in the RPE. The all-frans retinal is
detached from the opsin protein, released from the outer segment disk membrane into the
interphotoreceptor matrix, and transported to the RPE by a carrier protein called

interphotoreceptor retinoid binding protein (Kiser et al., 2014).

Inside the RPE, the visual cycle continues with three enzymatic reaction, including
esterification (performed by lecithin retinol acyl transferase), simultaneous hydrolysis and
isomerization (performed by RPEG5) (Jin et al., 2005), and oxidation (performed by 11-cis
retinol dehydrogenase). These enzymatic reactions regenerate 11-cis retinal that is able to

cross the interphotoreceptor matrix and return to the photoreceptors.

1.3.1.2 Blood-Retina Barrier

Like many other types of epithelial cells in the body, the RPE acts as a barrier, regulating
the flow of water, solute, nutrients, and waste between the choriocapillaris and the

neurosensory retina (Strauss, 2005). While the plasma membrane of the RPE cells contributes



to this barrier by impeding the movement of hydrophilic solutes, an intercellular seal must also
be formed to regulate substance movement between the cells that make up the barrier. This
seal is formed by apically-located junctional complexes, including adherens and tight junctions.

Both of these junctions require proper organization of the cell’s actin cytoskeleton.

The adherens junction forms prior to the tight junction, initiating and stabilizing the
adhesion of neighboring cells (Nusrat et al., 2000). It is composed of transmembrane, calcium-
dependent proteins called cadherins and cytoplasmic proteins known as catenins, which
facilitate the interactions of cadherins with the actin cytoskeleton (Hartsock and Nelson, 2008).
Members of the cadherin proteins include E-cadherins and N-cadherins, which are found in
epithelial tissue and neurons, respectively. The RPE is unusual in that it predominately

expresses N-cadherin rather than E-cadherin (McKay et al., 1997; Youn et al., 2006).

The tight junction is further apically-located than the adherens junction and performs two
main functions in epithelial cells, including limiting paracellular movement of solutes, and
preventing the mixing of apical membrane proteins with those found in the basal-lateral
membrane. This type of junction is composed of integral membrane proteins, including occludin
and claudin, as well as cytoplasmic proteins belonging to the zonula occludens family, which
interact with the filaments of the actin cytoskeleton (Hartsock and Nelson, 2008). The
permeability of tight junctions varies across different types of epithelial cells; in epithelial cell
culture models, the permeability of the tight junction can be indirectly inferred by measuring the

transepithelial resistance across the cell monolayer (Rahner et al., 2004).

1.3.1.3 Phagocytosis of Photoreceptor Outer Segments

One of the primary functions of the RPE that is essential for retinal health and vision is
the phagocytosis of photoreceptor outer segments (POS). The outer segment of a
photoreceptor cell is a specialized cilium that contains millions of membrane disks, each

6



studded with rhodopsin molecules that allow for the detection of light entering the eye. These
disks are continuously renewed at the base of the outer segment while those at the tip of the
outer segment are shed on a daily cycle (Young, 1967; LaVail, 1976). These two opposing
processes at the ends of the outer segment ensure a constant supply of light-sensing disks in a

postmitotic cell that maintains its length during the lifetime of the animal.

The shed tips of the POS are phagocytized by the adjacent RPE, and the resultant POS
phagosomes are subsequently degraded (Young and Bok, 1969). As this process occurs on a
daily basis and throughout the animal’s lifetime, the RPE is widely considered a professional
phagocyte in the retina. In fact, each RPE cell in the murine retina is responsible for more than
200 photoreceptor cells, representing an exorbitant amount of material that requires efficient

clearance (Volland et al., 2015).

The mechanisms of POS binding, internalization, and degradation have been elucidated
using RPE cell culture models. At light onset, the distal tips of POS expose their
phosphatidylserines, which serve as “eat me” signals (Ruggiero et al., 2012). This signal is
recognized by an RPE-secreted protein called milk fat globule-EGF Factor 8 (MFG-EB8), which is
the ligand of the calcium-dependent integrin receptor alpha V beta 5 (avfs) that is expressed on
the apical surface of the RPE. Lack of ay[3s function, or absence of MFG-ES8, in the RPE results
in the loss of the phagocytic burst that occurs following the circadian shedding of the distal POS
tips (Nandrot et al., 2004; Nandrot et al., 2007). Further evidence that ay85 mediates POS
binding came from in vitro phagocytosis assays on cultured RPE cells in which function-blocking
antibodies against the receptor significantly reduced the number of POS capable of binding to
the apical surface of the RPE (Finnemann et al., 1997). The internalization of the POS occurs
via a tyrosine-kinase receptor called MerTK, that is also expressed on the apical surface of the

RPE. Loss of MerTK function in the RPE, or the absence of the receptor’s two ligands, Gas6



and Protein S, diminishes the ability of the cells to engulf bound POS (Bok and Hall, 1971;
Edwards and Szamier, 1977; D'Cruz et al., 2000). Humans that have mutations in MerTK

develop retinal degeneration (Gal et al., 2000).

Once engulfed, the POS entity (now referred to as a phagosome), relies on the RPE
cytoskeleton and its associated motor proteins to transport it along the apical-basal axis such
that it encounters degradative organelles, including endosomes and lysosomes, and eventually

undergoes degradation (Herman and Steinberg, 1982b; Gibbs et al., 2003; Jiang et al., 2015).

1.3.2 Cytoskeleton

The cytoskeleton of cells is made up of three classes of flaments, which from smallest to
biggest, include actin, intermediate filaments, and microtubules. These components provide
structural integrity, anchor and transport organelles within the cytoplasm, and give the cell its
overall shape. In the case of the RPE, the cytoskeleton is organized such that the cells form a

simple epithelium with cobblestone morphology (Bonilha, 2014).

1.3.2.1 Actin Filaments and Myosin Motors

Actin filaments, which have an average diameter of 7 nm, consist of globular actin
monomers linked together to form a double helical strand. The assembly of actin filaments
begins with a nucleation step in which a complex is formed from 3-4 actin monomers. This actin
nucleus then begins to elongate by the addition of actin monomers to both sides. The process
continues until the concentration of actin monomers is in equilibrium with that of the actin
filament. Although monomers are added to both ends of the actin filament during the assembly,
the rate at which these subunits are added is much greater at one end (plus end) relative to the
other end (minus end), making the actin polymer a highly dynamic and polarized structure

(Svitkina, 2018).



In the RPE, the actin cytoskeleton undergoes significant rearrangement as the cells
transition from a growth phase to a differentiated state; during the former, the cells exhibit a
fusiform morphology as their actin filaments are arranged into structures known as stress fibers
that are present throughout the cytoplasm. As the cells differentiate, the actin filaments become
restricted to the cortex of the cytoplasm, adjacent to the plasma membrane, and near the apical
junctions. In addition to this cortical actin, the RPE contains numerous actin-rich structures
called microvilli which protrude from the apical surface of the RPE and interdigitate the POS in

the retina (Turksen and Kalnins, 1987).

The cytoskeletal motors associated with actin are the myosins. These motors consist of
heavy chains (usually one or two) and various light chains. Structurally, they are organized into
three domains, each of which serves a distinct function. The head domain has ATPase activity
allowing the energy from ATP hydrolysis to be used as fuel for motility. The adjacent neck
region contains regulatory domains that modulate the activity of the head domain. Lastly, the
third region is the tail domain which contains the cargo binding sites that dictate which

organelles will be transported on a particular myosin motor (Cope et al., 1996).

One cargo that is heavily dependent on functional myosin activity in the RPE is the POS-
derived phagosome. It has been shown that mice lacking myosin 7a exhibit impaired migration
of phagosomes from the actin-rich apical region of the RPE, and subsequently develop retinal
degradation (Gibbs et al., 2003). Humans with myosin 7A mutations develop Usher syndrome,
which is characterized by partial or complete loss of vision and hearing (Gibson et al., 1995;
Weil et al., 1995). Once the phagosomes migrate across the actin meshwork, they transition to
the microtubule cytoskeleton where their motility becomes mediated by kinesin and dynein

motor proteins.

1.3.2.2 Microtubules and Kinesin and Dynein Motors



The microtubules are the largest of the cytoskeletal elements, with an average diameter
of 25 nm. They consist of 13 protofilaments surrounding a hollow core; each protofilament is a
polypeptide of tubulin dimers composed of an alpha and beta tubulin monomer. Similar to the
actin filaments, microtubules are very dynamic and polarized structures; tubulin is removed
more readily from the minus end and added to the plus end. Microtubule assembly occurs at
organizing centers known as centrosomes, which anchor the minus end of the microtubules,

allowing the plus end to extend towards the cell’s periphery.

In epithelial cells such as the RPE, the centrosomes localize to the apical region of the
cell. Emanating from the centrosomes are horizontally-oriented microtubules as well as
vertically-oriented microtubules that extend basally (Musch, 2004). Additionally, microtubules
that protrude from the apical surface of the RPE give rise to the primary cilium. Similar to the
actin filaments, the microtubules are essential to the transport of organelles, including

phagosomes, in the RPE.

In a previous study, it was shown that inhibition of microtubule polymerization using the
drug colchicine disrupted the motility of phagosomes in the opossum RPE, resulting in their
accumulation in the apical region (Herman and Steinberg, 1982a). These observations underlie
the importance of microtubules in delivering phagosomes across the apical-basal axis of the
RPE. Phagosomes travel along the microtubules via molecular motors belonging to the kinesin
and dynein families of proteins. A kinesin motor consists of a heavy chain and a light chain,
each of which has structurally distinct domains. The head domain serves as an ATPase, binding
one molecule of ATP and anchoring the motor to the microtubule. The tail domain attaches the
cargo to the motor, allowing for movement upon ATP hydrolysis (Goldstein and Yang, 2000).
Kinesins are generally considered plus-end-directed motors because they transport their cargo
towards the plus-end of a microtubule. In contrast, dyneins are minus-end-directed and

therefore move their cargo towards a microtubule’s minus end (Goodson et al., 1997). Although
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both classes of motors share similar structural domains, the dynein motors are relatively larger
in size (Vale, 2003). The loss of function of kinesin light chain 1 in vivo has been shown to
impair phagosome degradation by mouse RPE cells as well as contribute to symptoms of a

retinal degenerative disease known as age-related macular degeneration (Jiang et al., 2015).

1.4 Retinal Degenerative Diseases

Given the numerous functions the RPE performs to maintain retinal health, insult or
injury to this epithelial monolayer is often the primary cause or a major contributor to the
development and progression of retinal degenerations (Curcio et al., 1996; Zarbin, 2004; Bhutto
and Lutty, 2012). Ultimately, these degenerations result in the loss of photoreceptor cells and
therefore partial or complete blindness. Retinal degenerations can be caused by inherited
monogenic diseases or complex disorders in which genetic and environmental factors influence

the development, progression, and severity of the disease.

1.4.1 Stargardt’s Macular Dystrophy

Stargardt’s disease was described more than a century ago and encompasses
genetically inherited forms of macular degeneration, characterized by lipofuscin accumulation in
the macular region of the retina, which then leads to photoreceptor death and subsequently,
bilateral vision loss. The disease represents the most common form of inherited macular
degeneration, with an incidence rate between 1:8,000 and 1:10,000, and affected individuals

may begin to experience symptoms as early as their teen years (Spiteri Cornish et al., 2017).

By the far, the most common form of Stargardt disease is Stargardt 1 (STGD1), a
recessively-inherited form that is caused by mutations in the gene ABCA4 (ATP Binding
Cassette Subfamily A Member 4) on chromosome 1 (Allikmets et al., 1997). ABCA4 is a protein
expressed in photoreceptor cells and plays an essential role in the visual cycle (see section

1.3.1.1). Similar to other members of the ABC family, this protein utilizes ATP to actively
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transport molecules across lipid bilayers. In photoreceptor cells, ABCA4 is found in the disk
membranes of the outer segments where it transports a molecule of all-trans retinaldehyde that
is covalently bound to phosphatidylethanolamine from the intradiskal lumen to the cytoplasm
such that it can be reduced and subsequently relayed to the RPE for recycling (Sun and
Nathans, 2000). Although there are currently no treatments for STGD1, gene augmentation, in

which the mutant ABCA4 is repaired or replaced, may become feasible in the near future.

Similar to Stargardt 1 disease, Stargardt 3 (STGD3) is a form of early-onset macular
degeneration characterized by the loss of bilateral central vision. STGD3 patients typically begin
to experience vision loss as early as childhood or adolescence, which progressively worsens
throughout early adulthood. The disease has an autosomal dominant form of inheritance and is
caused by mutations in the gene encoding the enzyme elongation of very long chain fatty acids

4 (ELOVLA4), which is located on human chromosome 6 (Zhang et al., 2001).

ELOVL4 is the rate-limiting enzyme that catalyzes the synthesis of very long-chain fatty
acids (Agbaga et al., 2008). The enzyme is expressed in photoreceptor cells and localizes to the
endoplasmic reticulum (ER). STGD3 patients have a 5-base-pair deletion that truncates the C-
terminus of ELOVL4 resulting in the loss of the ER retention signal (Edwards et al., 2001; Zhang
et al., 2001). Because of the dominant inheritance pattern of the disease, several studies have
been conducted to understand the effects of the mutated protein on the wildtype protein. Cell
culture models in which the wildtype and mutant protein have been exogenously expressed
suggested that while the wildtype protein properly localizes to the ER, it mislocalizes to the
cytoplasm in the presence of the mutant protein (Karan et al., 2004). Additional in vitro data
suggested that the mutant ELOVL4 protein is non-functional (Logan et al., 2013). In contrast, in
vivo data from frog and mammalian photoreceptors show no effect of the mutant protein on the
localization of the wildtype protein, as well as no changes in the levels of very long chain fatty

acids (Grayson and Molday, 2005; Sommer et al., 2011). Various mouse models, including
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knock-in of mutant Elov/4 and transgenic mutant ELOVL4, have implicated RPE pathology as a
significant contributor to the degeneration of photoreceptor cells (Karan et al., 2005; Vasireddy

et al., 2006).

1.4.2 Age-related Macular Degeneration

In addition to inherited forms of macular degeneration, there are complex diseases that
result in vision loss due to a combination of genetic traits and environmental factors. The
leading cause of vision loss in the developed world is a complex disease known as age-related
macular degeneration (AMD) (Montezuma et al., 2007). Similar to other forms of macular
degeneration, AMD is characterized by central vision loss with accumulation of yellow sub-RPE
deposits called drusen, which consist of lipids and proteins. A subtype of AMD, known as dry
AMD, presents with drusen, which increase in size and number as the disease progresses,
followed by photoreceptor and RPE degeneration. A more severe form of the disease is called
wet AMD, in which blood vessels from the choroid begin to invade the subretinal space and
grow towards the macula. These abnormal blood vessels are leaky in nature, and therefore
have a tendency to leak fluid that results in damage to the macula. Ironically, only the more
severe and wet form of AMD has treatments currently available in the clinic; patients with wet
AMD can receive injections of antibodies against vascular endothelial growth factor (VEGF), a
protein that contributes to the growth of new blood vessels. Efforts to develop new treatments
for AMD have focused on animal and cell culture models that test the contribution of genetic

disease-susceptibility loci to AMD pathology.

There have been several genes shown to be linked to AMD using genome-wide
association studies. One gene that confers a high risk is complement factor H (CFH) (Edwards
et al., 2005; Haines et al., 2005; Klein et al., 2005), which encodes a negative regulator of the

complement pathway, a component of the innate immune system that functions to activate
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phagocytic cells which are then able to clear microbes and damaged cells. A genetic haplotype
that includes amino acid substitutions at positions 62 and 402 (162V and Y402H, respectively) of
the CFH polypeptide is thought to account for approximately 50% of the attributable risk for
AMD (Hageman et al., 2005). This haplotype has been shown previously in cell-free systems to
exhibit decreased binding affinity for by-products of oxidative stress, including oxidized
phospholipids and malondialdehyde (Weismann et al., 2011; Shaw et al., 2012). Such by-
products of oxidative stress are reported to disrupt the permeability and, therefore, barrier
function of endothelial and epithelial cells, including the RPE. While understanding the cellular
mechanisms by which CFH, a protein synthesized by the RPE in the retina (Kim et al., 2009b;
Ding et al., 2015), contributes to AMD pathology may lead to effective therapeutic treatments,
cell replacement strategies may offer promising remedies to replace damaged RPE cells in the

retina and potential halt the progression of AMD and other forms of retinal degeneration.

1.5 Sources of Human RPE Cells

Cell culture models allow the experimenter to test hypotheses in relations to the basic
cell biology of the RPE as well as pathogenesis of retinal diseases under controlled and well-
defined conditions. Furthermore, RPE cultures in vitro can be harvested for the purpose of cell
transplantation into animal models of retinal degeneration and, potentially in the near future, into
human patients. The current sources of human RPE cells include immortalized cell lines,

primary cultures from human donor eyes, and those derived from pluripotent stem cells.

1.5.1 Stem Cell-Derived RPE

1.5.1.1 Pluripotent stem cells

Pluripotent stem cells have revolutionized the field of biomedical sciences due to their
ability to become any cell type in the body. This allowed them to be used for establishing

disease-in-a-dish models, which potentially could shed light on cellular mechanisms of certain
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diseases, and for in vivo transplantation to replace damaged or lost cells of a particular tissue
(Israel et al., 2012; Singh et al., 2013b). Historically, pluripotent stem cells were acquired from
the inner cell mass of a blastocyst, a structure found in the early developmental stages of a
human embryo (Thomson et al., 1998). Because these cells were isolated from human fetal
tissue, many ethical topics surround their use for biomedical research. More recently, pluripotent
stem cells can be induced by reprogramming differentiated cells using expression vectors that
exogenously express master regulatory transcription factors that are necessary for maintaining
pluripotency in embryonic stem cells (Takahashi et al., 2007). These induced pluripotent stem
cells (iPSCs) are the likely candidates for producing cells for transplantation purposes since
they can be derived from the patient’s own cells; this circumvents the need for
immunosuppression which would otherwise be necessary if the cells are derived from

embryonic stem cell lines (Kamao et al., 2014; Mandai et al., 2017).

1.5.1.2 iPSC-derived RPE

iPSCs have been shown to differentiate into RPE both spontaneously and via lineage-
directed methods, with the latter method being more efficient and relatively less time-consuming
(Buchholz et al., 2009; Buchholz et al., 2013). From a differentiation standpoint, RPE cells can
be easily identifiable due to their pigmentation and cobblestone appearance. Once isolated and
purified from a heterogeneous culture of differentiating iPSCs, these RPE cells can form a
polarized epithelial monolayer that expresses RPE-specific proteins, and perform RPE-specific
functions including the phagocytosis of photoreceptor outer segment disk membranes (Idelson
et al., 2009; Liao et al., 2010). One important characteristic of iPSC-derived RPE cells is that,
unlike the immortalized RPE cell lines, they are capable of establishing tight junctions that
create a selectively-permeable barrier; this is evident by a high transepithelial resistance across
the monolayer. The major drawback of these cells, however, is that their use in culture is limited

to the number of passages they underwent since their derivation. A previous study has shown
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that iPSC-derived RPE cells that reach beyond their fourth passage in vitro begin to lose their

RPE qualities, and instead acquire a mesenchymal phenotype (Singh et al., 2013a).

In Chapter 5, we performed functional characterization of iPSC-derived RPE cells and
demonstrated that the cells possess many of the properties of their in vivo counterparts.
Importantly, and in relevance to the clinical application of these cells, we demonstrated that
iPSC-derived RPE cells injected into murine retinas are capable of integrating into the host RPE
monolayer and can partially rescue photoreceptor degeneration in a mouse model of retinal

degeneration.

1.5.2 Immortalized RPE Cell Lines

There are several immortalized human RPE cell lines currently being used in the
laboratory. The immortalization of some lines, including ARPE-19 and D407, occurred
spontaneously (Davis et al., 1995; Dunn et al., 1996), while others such as hTERT-RPE1 were
immortalized by exogenously expressing human telomerase. By far, the most commonly used
cell line is ARPE-19, which was derived from primary RPE cells isolated from a 19-year-old

male donor approximately two decades ago (Dunn et al., 1996).

Upon its derivation, the ARPE-19 cell line exhibited many features of in vivo RPE cells,
including pigmentation, polygonal morphology, and expression of RPE-specific proteins (Dunn
et al., 1996). However, after numerous passages in culture, the cells have lost many of their
RPE characteristics, acquiring a fibroblastic, rather than epithelial, morphology. Interestingly,
ARPE-19 cells still retain the ability to phagocytize isolate photoreceptor outer segments, albeit
with significantly slower kinetics than primary cultures. Many protocols have been published
describing methods to differentiate ARPE-19 cells such that they reacquire the characteristics of
their in vivo counterparts, however, these methods have proven to be quite time consuming,
often requiring more than 2 months (Ahmado et al., 2011; Samuel et al., 2017). Given how often
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this cell line is used to study RPE cell biology, it is imperative that the cells be properly
differentiated such that meaningful inferences can be made from their utilization. To that end,
we developed a method to rapidly differentiate ARPE-19 cells and demonstrated that the cells

have many features of a polarized RPE; this method is described in Chapter 6.

1.6 The Present Studies

In this dissertation, | have conducted a series of studies investigating critical aspects of
the RPE that are relevant to disease, including cellular morphology, cytoskeleton arrangement,
and organelle motility. These aspects are of particular importance for one of the primary
functions of the RPE, the phagocytosis of photoreceptor outer segments. In Chapters two and
three of this dissertation, | presented two methods which allowed me to test the phagocytic
function of the RPE, and in particular, the kinetics of the process, using in vitro cell culture
models. The method outlined in Chapter two relies on immunocytochemistry to monitor the
degradation of POS-derived phagosomes, while the method outlined in Chapter three utilizes
state-of-the-art spinning disk confocal microscopy to track the motility of phagosomes inside live

RPE cells.

During the process of phagocytosis, the RPE must bind, ingest, and degrade
photoreceptor outer segments that travel through the cytoplasm in organelles known as
phagosomes. Because these phagosomes must interact with degradative organelles in the cell,
it is essential that they are trafficked properly on molecular motors travelling on cytoskeletal
elements, including actin filaments and microtubules. In Chapter four of this dissertation, |
presented data underscoring of the importance of proper phagosome motility whereby defective
trafficking of phagosomes delayed their degradation by RPE cells that phagocytized mutant
photoreceptor outer segments derived from the retinas of a mouse model of STDG3, a human

retinal degenerative disease with early-onset vision loss. Moreover, | demonstrated that the
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defect in phagosome motility is partially due to abnormal association with the microtubule-based

motor, dynein.

The importance of the RPE aspects mentioned above warrants cell culture models of
human RPE cells that closely resemble their in vivo counterparts in order to provide meaningful
inferences about RPE biology and pathology. Chapters five and six of this dissertation describe
the derivation of such models from human induced pluripotent stem cells as well as an
immortalized human RPE cell line, respectively. In particular, the RPE derived from induced
pluripotent stem cells were shown, once extensively characterized in vitro, to partially rescue
photoreceptor degeneration in a mouse model where the RPE’s phagocytic function is
compromised. The transplantation of extensively-characterized RPE cells into patients suffering
from RPE dysfunction and retinal degeneration is a promising type of therapy for certain blinding

diseases.

Hence, the body of work described in this dissertation highlights important aspects of the
RPE that are essential for maintaining cellular health. When these are compromised, they can

contribute to RPE dysfunction, retinal degeneration, and ultimately, blindness.
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Chapter 2

Cell Culture Analysis of the Phagocytosis of Photoreceptor Outer Segments by Primary

Mouse RPE Celis

2.1 Introduction

The retinal pigment epithelium (RPE) is situated between the light-sensitive
photoreceptor cells, and the fenestrated choriocapillaris (Strauss, 2005).This single monolayer
of cells performs numerous functions that are essential for the health of the retina, including the
phagocytosis of photoreceptor outer segment (POS) disk membranes (Young and Bok, 1969).
This phagocytosis allows for the catabolic phase of the renewal of the disk membranes (Young,
1967), and requires intimate contact between the RPE and POSs (Williams and Fisher, 1987).
The apical surface of the RPE is decorated with proteins, including integrin alpha V beta 5 and
Mer, receptors that have been shown to participate in the binding and internalization of the tips
of the POSs by RPE cells, respectively (Lin and Clegg, 1998; D'Cruz et al., 2000). Once
internalized, the POS phagosomes travel on molecular motors bound to cytoskeletal elements,
including actin filaments and microtubules (Gibbs et al., 2003; Jiang et al., 2015), which mediate
their fusion with degradative organelles such as endosomes and lysosomes (Bosch et al.,

1993b; Wavre-Shapton et al., 2014).

Phagocytosis of the POS disk membranes shed by photoreceptor cells occurs on a daily
cycle (LaVail, 1976). In the mouse retina, a single RPE cell serves up to 200 photoreceptor cells
(Volland et al., 2015). This process represents a heavy metabolic load on the RPE, which it
must sustain throughout the lifetime of the animal. Defects or inefficiencies in this process can
lead to the generation of indigestible material that aggregates as lipofuscin and sub-RPE
deposits, leading to RPE pathogenesis and age-related visual impairment, including age-related
macular degeneration (AMD) (Hogan, 1972; Feeney, 1973; Brunk and Terman, 2002; Rakoczy
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et al., 2002; Sparrow and Boulton, 2005; Bowes Rickman et al., 2013; Wavre-Shapton et al.,
2013). A primary step in understanding the basis of impaired POS phagocytosis is to identify
whether it is due to defects in the photoreceptor cells or in the RPE cells. Defects in the RPE
cells could impair ingestion (Duncan et al., 2003; Nandrot et al., 2004) or degradation (Rakoczy
et al., 2002; Jiang et al., 2015). Likewise, defects in the photoreceptor cells could have the
same result, by making the POS disks less palatable (Radu et al., 2011; Esteve-Rudd et al.,

2018).

2.2 Results

In this chapter, we provide a detailed description of a pulse-chase assay that can be
used to analyze POS phagocytosis, using purified mouse POSs and primary cultures of mouse
RPE cells. With this assay, and employing different permutations of mutant and control

photoreceptor and RPE cells, it is possible to isolate the cause of the mutant phenotype.

Figure 2.1: Isolation of RPE, and purification of POSs from murine eyes. (A) Primary RPE cells
cultured on Transwell inserts for 7 days display RPE-like morphology and pigmentation. (B)
POSs purified from mouse retinas have a rod-like structure. A few of the POSs are indicated by
red arrows. Scale bars: (A) and (B), 10 pm.
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Mouse RPE cells are isolated from eyecups and plated on Transwell inserts to establish primary
cultures (Gibbs et al., 2003; Gibbs and Williams, 2003) (Figure 2.1A). The RPE cultures are
then pulsed with POSs (Figure 2.1B) purified from mouse retinas for a defined length of time.
Following the pulse, excess and unbound POSs are removed by washing, and the cells are
either fixed immediately, or given a chase period to internalize bound POSs and degrade
ingested phagosomes. Dual-immunofluorescence labeling is then used to distinguish between
surface-bound and internalized POSs (Esteve-Rudd et al., 2014) (Figure 2.2). In this assay, we
identify POS phagosomes by immunolabeling for opsin, which is abundant in the POS disk
membranes, but is not expressed by the RPE. The opsin immunofluorescence signal can be
used to quantify the POSs, and a comparison of the signal after the pulse and following the

chase provides a measure of the kinetics of POS binding and degradation by the RPE.

Pulse (20 min)

Chase (120 min)

Figure 2.2: Dual-labeling of opsin following a pulse-chase phagocytosis assay. Primary mouse
RPE cells were incubated with mouse POSs for 20 min, and fixed immediately (pulse, A-C), or
allowed a chase period for 120 min and then fixed (chase, D-F). Opsin labeling was performed
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prior to (A, D) and following cell permeabilization (B, E). In the merged panels (C, F), POSs
bound to the surface of RPE cells appear yellow due to their exposure to the two different
fluorophore-conjugated antibodies (green and red), whereas internalized POSs only appear red.
After the pulse, POSs can be seen on both the outside and inside of the RPE cells, while after
the chase, the majority of the POSs are on the inside. The reduced number of POSs in the
chase compared with the pulse is due to the degradation of POSs by the RPE cells. Scale bar:
(A), 10 um (all panels in figure are of the same magnification).

2.3 Methods and Results
2.3.1 Isolation of Primary Mouse RPE

Mouse pups between the age of postnatal day (P) 10-15 were sacrificed by cervical
dislocation. The eyes were enucleated and collected in Medium A (1 ml per eye) consisting of
Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L glucose, 1X nonessential amino acids
(NEAA), and 1 mM sodium pyruvate. The medium was then removed, and the eyes were
incubated in a 2% dispase solution (1 ml per 2 eyes) at 37 °C for 45 min. The dispase solution
was then removed completely, and the eyes were washed 2 times in Medium B (same as

Medium A with 10% FBS, 1X Pen/Strep, and 20 mM HEPES).

Using an upright dissection microscope, the anterior portions of the eyes, including the
lens and the iris, were removed by pulling apart the cornea. The resulting eyecups were then
collected in Medium A and incubated at 37 °C for 20 min to detach the retina from the RPE
layer. Following the removal of the retina, sheets of RPE were gently scraped from the
underlying Bruch’s membrane and collected in Medium C (same as Medium A with 10% FBS
and 1X Pen/Strep). The suspension was centrifuged at 150 x g for 1 min at RT, and the cells
were then washed 3 times with Medium C. Sheets of RPE were then triturated by gentle
pipetting to produce small clusters consisting of 5-10 cells before being plated on Transwell
inserts at a concentration 50,000 cells.cm™ in Medium C. Cultures were maintained in a

humidified incubator at 37 °C with 5% CO, for 3-7 days.
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2.3.2 Isolation of Mouse Photoreceptor Outer Segments

Adult mice were dark-adapted overnight before being sacrificed, under dim red light, by
cervical dislocation following a brief exposure to isoflurane. The eyeballs were partially pulled
out of the eye socket using curved forceps without complete detachment, and an incision was
made across the eye, releasing the lens in the process. The retinas were then squeezed out of
the eye and collected on ice in a glass homogenizer containing 750 pl Ringer solution (pH 7.4),
which consisted of 130 mM NaCl, 3.6 mM KCI, 2.4 mM MgCl,, 1.2 mM CaCl,, 10 mM HEPES,
and 0.02 mM EDTA. The POSs were then released by gently homogenizing the retinas with a
glass pestle, followed by a brief centrifugation (100 x g for 1 min at RT) to pellet large debris.
The supernatant was then collected and loaded, using a blunt-ended pipette tip, onto a non-
continuous (8/10/15%) OptiPrep gradient inside a 4-ml polycarbonate Sorvall tube. The
gradients were then centrifuged at 12,000 x g for 20 min at 4 °C using a swinging-bucket rotor
with the following settings: Acceleration = 4, Deceleration = 0. The POSs were collected from
the 10/15% interface of the gradient, as they were easily identifiable due to the pink/orange hue,
and diluted with Ringer solution at 1:3 (v/v) ratio before being centrifuged at 10,000 x g for 10
min at 4 °C. The POS were resuspended in DMEM and their density was determined by

counting them on a hemocytometer.
2.3.3 Phagocytosis of Photoreceptor Outer Segments

FBS was added to POSs suspended in DMEM at a final concentration of 10%, and
mixed gently by pipetting. Mouse primary RPE cells cultured on Transwell inserts were
incubated with the POSs (1-5 x 10" POSs/ml) in 100-pl of DMEM with FBS at 37 °C for 20 min.
After this incubation period, the POS suspension was removed from the Transwell inserts, and
the cells were washed 3 times with DPBS-CM to remove unbound POSs. Some inserts were

fixed with 4% formaldehyde for 10 min at RT, while others were returned to the 37 °C incubator
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for 2 h with fresh Medium C; the former constitute the pulse while the latter consist the chase.
Following fixation, the cells were incubated with blocking buffer (1% BSA in DPBS-CM) for 30
min at RT. To label surface-bound POSs, the cells were incubated with mouse-anti-opsin (4D2)
diluted in blocking buffer for 10 min at RT, washed 3x5 min with blocking buffer, and labeled
with Alexa Fluor 488 nm-conjugated goat-anti-mouse secondary antibodies for 30 min at RT.
The cells were then washed 3x5 min with blocking buffer, permeabilized with 50% ethanol in

DPBS-CM for 5 min at RT, and washed 3x5 min with blocking buffer.

To label all POSs, including internalized POS-derived phagosomes, the cells were
incubated with 4D2 mouse-anti-opsin, and labeled with Alexa Fluor 594 nm-conjugated goat-
anti-mouse, each for 1 h at RT. The Transwell membranes of the inserts were excised using a
surgical blade and mounted on microscopy slides using Fluoro-Gel with DAPI. The POSs were

imaged on an Olympus confocal microscope (IX 81) using a 60x oil objective.
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Chapter 3

Live-Cell Imaging of Phagosome Motility in Primary Mouse RPE Cells
3.1 Introduction

The retinal pigment epithelium (RPE) is a post-mitotic epithelial monolayer of cuboidal
cells situated between the light-sensitive photoreceptors and the choriocapillaris (Bok, 1993).
The RPE performs numerous functions vital to the health of photoreceptors and thus to healthy
vision. These functions include recycling of retinoids during the visual cycle, transport of
nutrients from the blood to the photoreceptors, and secretion of growth factors, such as vascular
endothelial growth factor (VEGF) and pigment epithelial-derived factor (PEDF) (Strauss, 2005).
One of the most critical functions performed by the RPE is the phagocytosis of photoreceptor
outer segment (POS) tips (Young and Bok, 1969), an event that occurs on a daily cycle (LaVail,
1976).

The RPE is a professional phagocyte, internalizing and degrading approximately 10% of
each photoreceptor outer segment on a daily basis. Phagosomes containing POS membranes
move from the apical region of the RPE towards the basal region (Herman and Steinberg,
1982b; Gibbs et al., 2003), fusing with degradative organelles such as endosomes and
lysosomes along the way (Bosch et al., 1993a; Wavre-Shapton et al., 2014). By-products that
are not completely degraded tend to form constituents of aggregates, such as lipofuscin or sub-
RPE deposits, common features associated with macular degeneration (Brunk and Terman,
2002). Given the movement of phagosomes from the apical region, their motility is closely
related with their degradation. In an early study, it was shown that colchicine, which disrupts
microtubules, inhibited the translocation of phagosomes from the apical region (Herman and
Steinberg, 1982b). More recently, the importance of actin-based motility was demonstrated in
mice lacking MYO7A, an unconventional myosin. In those mice, phagosomes were retained
longer in the apical region of the RPE, and were degraded more slowly (Gibbs et al., 2003). In
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the present report, we describe the use of live-cell imaging, using spinning disk confocal
microscopy, to study the intracellular trafficking of POS-containing phagosomes within primary
mouse RPE cells.

3.2 Results

Figure 3A depicts a schematic diagram of the protocol used for live-cell imaging. We
used C57BL/6J mice for both the RPE cells and the POSs. Cultured RPE cells were incubated
with 1-5 x10° fluorescently-labeled POSs in growth medium with 10 mM HEPES for 20 min at 37
°C, washed extensively with growth medium, and then immediately imaged for a maximum of 1
h, using an Ultraview Spinning Disk Confocal Microscope system with a Zeiss Axiovert
photomicroscope, including an environment chamber. Movies were acquired at 3 frames per
second with the Volocity software (PerkinElmer), using a 63x oil immersion objective and a
Hamamatsu EM-CCD camera (see Movie S1). Trajectories of phagosomes were analyzed
using the Volocity software (Figure 3B).

Not all phagosomes were moving at a given time, however, the paths of those that were
moving typically followed relatively straight lines, with back and forth movements along these
lines. This motility is consistent with movements along microtubules, as cargos of plus- and
minus-end directed microtubule motors. The paths can be analyzed to assess a variety of
phagosome motility parameters. Speed and distance traveled represent two basic parameters.
From analysis of the paths of phagosomes that traveled at least 3 ym in a 24-second interval,
we found a mean speed of 1.2+0.1 ym/s and a mean total distance traveled of 11.3+1.9 ym,
during the 24-second interval. This speed is typical of transport by microtubule motors (Okada
et al., 1995). Transport along actin filaments by myosins is typically many fold slower (Boal,
2012), suggesting that the observed motility was dominated by the microtubule motors, kinesin

and dynein.
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Figure 3: Method for monitoring phagocytosis of photoreceptor outer segments in live RPE. (A)
Scheme of phagocytosis assay for live cultures of RPE. (B) Magnified view of a fluorescently-
labeled phagosome and its trajectory inside a live RPE cell. Scale Bar: (B), 1 um.
3.3 Materials and Methods
3.3.1 Isolation and Culture of Primary Mouse RPE

Primary mouse RPE were isolated as previously described (Gibbs et al. 2003). Intact
eyes were enucleated from P10-P15 mice and washed 3-4 times by inversion with growth
medium (Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g/L glucose, L-glutamine, and
sodium pyruvate). The eyes were then incubated in a 2% dispase solution for 45 min at 37 °C.
Following removal of the enzyme solution, the eyes were washed 3 times with growth medium

containing 10% fetal bovine serum (FBS) and 20 mM HEPES. The eyes were dissected into
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eyecups by making an incision along the ora serrata to remove the cornea, iris, lens, and ciliary
body. Eyecups were then incubated in growth medium for 20 min at 37 °C, as this facilitates the
separation of the RPE from the retina and Bruch’s membrane. Sheets of RPE were gently
scraped from Bruch’s membrane and collected in growth medium with 10% FBS. The sheets
were then washed 3 times with growth medium and twice with calcium- and magnesium-free
Hank’s Balanced Salt Solution (HBSS). The cells were then briefly and gently triturated and
plated on Lab-Tek chambered coverglass. Live-cell imaging experiments were carried out on 3-
7 day old cultures.
3.3.2 Isolation and Labeling of Mouse POSs

Mouse POSs were isolated as previously described (Gibbs et al. 2003). Mouse retinas
were collected under dim red light and homogenized in Ringer’s solution (130 mM NaCl, 3.6 mM
KCI, 2.4 mM MgCl;, 1.2 mM CaCl,, 10 mM HEPES, and 0.02 mM EDTA). The homogenate was
cleared by centrifugation for 30 s at 100 g, and then the supernatant was layered on top of a
discontinuous Optiprep 8%-10%-15% step gradient in Ringer’s solution and spun at 12,000 g for
20 min at 4 °C. POSs were collected at the 10%/15% interface and diluted 3 times with Ringer’s
solution. POSs were then pelleted by spinning the solution at 10,300 g for 10 min at 4 °C. The
POSs were then labeled by incubation with 0.1 mg Texas Red-X, succinimidyl ester or 5% (v/v)
Alexa Fluor 488 carboxylic acid, succinimidyl ester, mixed isomers in 1 mL 0.1M NaHCO3, pH
8.3 for 1 h at 4 °C. POSs were then washed with Ringer’s solution, resuspended in RPE growth
medium, and counted using a haemocytometer to determine the yield.
3.4 Discussion

Fluorescently-labeled POS phagosomes can be monitored in live RPE cells, using
spinning disk confocal microscopy. Their motility can be determined by tracking their
trajectories, thus providing a sensitive, real-time measurement of a critical parameter of RPE

health — one, which we are finding in other studies, feeds directly into the efficiency of
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phagosome degradation, and the propensity for the accumulation of debris and consequent

activation of downstream events, such as inflammation and oxidative stress.

29



Chapter 4
Defective Phagosome Motility and Degradation in Cell Non-Autonomous RPE

Pathogenesis of a Dominant Macular Degeneration

4.1 Introduction

Autosomal dominant Stargardt macular dystrophy 3 (STGD3) results in early loss of
central vision from photoreceptor degeneration. It is caused by single allelic mutations in the
elongation of very long-chain fatty acids 4 (ELOVL4) gene (Edwards et al., 2001; Zhang et al.,
2001). This gene encodes a transmembrane enzyme that catalyzes the condensation reaction
in the elongation of very long chain saturated (VLC-FA) and polyunsaturated fatty acids (VLC-
PUFA) greater than 26 carbons (Agbaga et al., 2008). STGD3-associated mutations generate
truncated forms of the ELOVL4 protein that lack the endoplasmic reticulum (ER) retention signal
present at the C-terminus of the protein (Bernstein et al., 2001; Zhang et al., 2001; Maugeri et

al., 2004).

Studies have attempted to identify how this defect leads to the death of the
photoreceptor cells in dominant Stargardt disease. Cell culture studies suggested that mutant
ELOVLA4 interacts with wild-type (WT) ELOVL4, such that the WT protein is mislocalized from
the ER, and lacks enzymatic activity (Logan et al., 2013). However, in frog and mammalian
photoreceptors that expressed mutant and WT ELOVL4, the WT ELOVL4 protein appeared to
be localized normally (Grayson and Molday, 2005; Sommer et al., 2011; Agbaga et al., 2014;
Kuny et al., 2015). Moreover, the retinas of transgenic mice, expressing mutant human
ELOVLA4, the TG(mutELOVL4)2 line, which closely resembles human STGD3 (Karan et al.,
2005), contain WT levels of VLC-PUFA, indicating that the mutant ELOVL4 does not affect the

function of the WT protein (Mandal et al., 2014).
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Mouse models that include the knock-in of a mutant Elovi4, to generate Elovi4*™" as
well as the TG(mutELOVL4)2 mice, show RPE pathology preceding photoreceptor cell death
(Karan et al., 2005; Vasireddy et al., 2006; Vasireddy et al., 2009; Kuny et al., 2015). As in other
forms of macular degeneration, including STGD1 (Weng et al., 1999) and age-related macular
degeneration (AMD) (Ambati et al., 2013), RPE pathology in STGD3 appears to be a significant,
if not the main contributor to photoreceptor cell degeneration (Karan et al., 2005; Kuny et al.,

2015).

Cell non-autonomous toxicity has widespread importance for neurodegenerations,
although the underlying cellular mechanisms are largely unknown. They have been reported to
contribute to diseases, such as Alzheimer’s, Parkinson’s, and Huntington’s Disease, as well as
Amyotrophic Lateral Sclerosis, in which neuronal damage is promoted by mutant gene
expression in neighboring cell types (llieva et al., 2009). In the case of retinal degeneration in
STGD3, the cell non-autonomous pathway appears to be unusually complex, with the
involvement of an additional step. The RPE does not express ELOVL4 (Agbaga et al., 2008;
Mandal et al., 2014), suggesting that its contribution to photoreceptor degeneration in STGD3
stems from RPE pathogenesis that was originally introduced from the photoreceptors

themselves.

Here, we explored the first cell non-autonomous step in STGD3: how mutant ELOVL4 in
the photoreceptors may lead to RPE pathology. We focused on a major function of the RPE,
involving the phagocytosis of the distal POS disks (Young and Bok, 1969; Williams and Fisher,
1987), which, in mammals, amounts to 10% of the POS disks each day (Young, 1967). Each
RPE cell serves many photoreceptors (more than 200 in mouse) (Volland et al., 2015), so that
disk membrane degradation represents a heavy metabolic load. We demonstrate that POSs of
ELOVL4-mutant photoreceptors contain mislocalized mutant ELOVL4 protein, and that

phagosomes of these POSs are degraded more slowly by the RPE. We present evidence that
31



the presence of ELOVL4 protein in phagosomes affects their association with RAB7A and their
recruitment of cytoplasmic dynein, resulting in impaired motility, which underlies their retarded
degradation. Our findings have major implications for understanding phagocytosis by
demonstrating the importance of the content of ingested material on phagosome motility, and by
indicating that impaired phagosome motility, in an otherwise normal cell, appears sufficient to

retard degradation.

4.2 Results

4.2.1 Photoreceptor Degeneration and Localization of WT and Mutant ELOVL4

Our line of transgenic mice, expressing mutant human ELOVL4, originates from the
TG(mutELOVL4)2 line (referred to as simply TG2 hereafter), as described previously (Karan et
al., 2005). At 21 days old (P21), no photoreceptor loss was evident, but by P70 it is quite
significant (Figure 4.1A-D). Quantification of the number of photoreceptor nuclei in the outer
nuclear layer showed that at P45 and at P70, ~20% and ~50%, respectively, of the

photoreceptors had been lost in the TG2 retinas (Figure 4.1E).

By gPCR, we determined the expression of the mutant transgene to be three times that
of WT Elovi4 in the TG2 line. Using an antibody that was raised against an ELOVL4 N-terminal
antigen, and appears to label both WT and mutant ELOVL4 (Figure 4.2), we found that the
POSs were labeled in TG2 but not in WT retinal sections (Figure 4.1F), indicating that the

mutant ELOVL4 protein is dislocalized to the outer segment.

To investigate mutant ELOVL4 localization further, we generated a plasmid construct
containing a FLAG-tagged cDNA of human ELOVL4 with the same 5-bp deletion as in the TG2
transgene (and as observed in STGD3 patients). The construct was electroporated into the
photoreceptors of WT mice. FLAG antibody labeling showed the presence of the mutant

ELOVL4 in the POSs. By contrast, electroporation of a construct containing FLAG-tagged WT
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ELOVLA4 resulted in inner segment but not outer segment labeling (Figure 4.1H). These results

are consonant with findings from transgenic frog retinas (Agbaga et al., 2014).
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Figure 4.1: Retinal degeneration and localization of ELOVL4. (A-D) Phase-contrast images of
semi-thin sections from P21 or P70 WT (A, C) and TG2 (B, D) retinas. Mutant TG2 retinas were
similar in overall morphology to WT retinas at P21, but the photoreceptor cells have undergone
markedly significant degeneration by P70, as can be observed by the loss of photoreceptor
nuclei in the ONL. (E) Graph of the number of photoreceptor nuclei per column in the ONL,
quantified at 0.5-mm intervals from the optic nerve. Some photoreceptor cell loss in TG2 retinas
was observed at P45; by P70 it was more severe. (F, G) Retinal sections from P21 WT and TG2
mice immunolabeled with antibodies against the N-terminal (F) or C-terminal (G) region of
ELOVLA4 (green). The N-terminal antibody recognizes both WT and mutant ELOVL4, but the the
C-terminal antibody recognizes only WT ELOVL4. POSs are labeled in the TG2 retinal section
by the former (F), but not the latter (G). Nuclei were counterstained with DAPI (shown as red or
blue). (H) Retinal sections from mice whose photoreceptors were electroporated with Dendra2
(green) and FLAG-tagged WT or mutant human ELOVL4 plasmids. The sections were labeled
with a FLAG antibody (red). Mock retinas were electroporated with Dendra2 only. The WT
FLAG-ELOVLA4 protein is localized primarily to the PIS. The mutant FLAG-ELOVL4 protein was
observed mostly in the POS, with some presence in the PIS (mutant ELOVL4 still contains the
N-terminal ER localization signal, but it has lost the C-terminal ER retention signal). POS,
photoreceptor outer segment; PIS, photoreceptor inner segment; ONL, outer nuclear layer;
OPL, outer plexiform layer; ON, optic nerve; Ad5, Adenovirus Type 5; GFP, green fluorescent
protein. Scale bars represent 10 um in (A), (F) and (H), and 15 ym in (C).
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Labeling of retinal sections with an ELOVL4 antibody raised against a C-terminal
epitope, which does not recognize the truncated mutant protein, also indicated that the WT
protein was absent from the POSs of TG2 retinas. Labeling of the WT protein was comparable
between TG2 and WT retinas, in agreement with a previous report (Mandal et al., 2014). It was
present mainly in the inner segment, but also with suggestion of label in the outer nuclear and
outer plexiform layers (Figure 4.1G), as reported previously (Grayson and Molday, 2005;
Agbaga et al., 2008; Kuny et al., 2015). These results indicate that the localization of the TG2

protein to the POS does not significantly affect the localization of the WT protein.

WT ELOVL4 is not detectable in the RPE (Figure 4.1G). However, a consequence of
mutant ELOVL4 dislocalization to the POSs is that phagosomes within the TG2 RPE should
contain mutant ELOVL4. These phagosomes could be detected with the N-terminal ELOVL4

antibody (Figure 4.3).
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Figure 4.2: Detection of WT and Mutant ELOVL4 by N-terminal ELOVL4 antibody. (A) ARPE-19
cells were transduced with Adenovirus Type 5 containing cDNA for GFP, HA-tagged WT or HA-
tagged mutant (5-bp deletion) mouse Elovi4, and then labeled with the same N-terminal
ELOVL4 antibody, used to immunolabel retinal sections, as in Figure 4.1F. The anti-ELOVL4
shows relatively weak labeling in cells that were not transduced or transduced with GFP (top
row), and very bright labeling in cells that were transduced with either HA-WT-ELOVL4 (middle
row) or HA-mutant-ELOVL4 (bottom row). Moreover, immunolabeling by an HA tag antibody
colocalizes with labeling by the ELOVL4 antibody. (B, C) To test specificity of the anti-ELOVL4,
the experiment above was repeated and the immunolabeling for WT (B) and mutant (C)
ELOVL4 was performed in the presence or absence of the immunizing peptide. Following 1 h
preincubation with the immunizing peptide (25:1 ratio of peptide to antibody), the ELOVL4
immunolabel is significantly dimmer, even in cells that are expressing high amounts of either
WT or mutant ELOVLA4, as indicated by the HA immunolabel. (D) Quantification of mean
ELOVL4 fluorescence intensity from three randomly-selected regions of ARPE19 cultures
transduced with either WT or mutant ELOVL4 and immunolabeled with anti-ELOVL4 in the
presence or absence of the immunizing peptide. The presence of the immunizing peptide
reduces the ELOVL4 immunolabel intensity by approximately 50% in cells transduced with
either WT or mutant Elov/4. Scale bars in (A-C) represent 20 um. The error bars in (D) represent
the +/- S.E.M.
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TG2

Figure 4.3: Detection of ELOVL4 in TG2 phagosomes. Immunolabeling of WT primary mouse
RPE cells fed WT (A) or TG2 (B) POSs, with antibodies against the N-terminal region of
ELOVL4 (green) or against RHO (red). ELOVLA4 is detected in RHO-positive phagosomes from
TG2 POSs, but not from WT POSs. Scale bar represents 10 um.

4.2.2 Delayed Degradation of Phagosomes from TG2 Outer Segments

By electron microscopy, we observed previously that the RPE of TG2 retinas
accumulate membranous debris and lipid droplets over time (Karan et al., 2005), suggestive of
a defect in POS degradation. To test whether such a defect underlies the pathology of TG2
retinas, we analyzed the rate of degradation in young mouse retinas, showing no pathology or
degeneration. First, we imaged phagosomes in the RPE of P21 mice at 0.5 h post light onset,
the peak of phagocytosis in mice, and at 3 h after light onset, when the number of phagosomes
in the RPE of WT retinas has been significantly reduced due to degradation (Figure 4.4A-D)

(Gibbs et al., 2003; Sethna et al., 2016). The number of POS phagosomes in TG2 retinas was
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comparable to that in WT retinas at 0.5 h, indicating that the rate and timing of ingestion appear
to be normal. However, at 3 h after light onset, the number is significantly greater in TG2
retinas, indicating only a minor decrease from 0.5 h after light onset (Figure 4.4E), and
suggesting either defective degradation or additional ingestion. Given that the POS length was

unchanged between the two time-points, our results support the former.
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Figure 4.4: Degradation of POS phagosomes in WT and mutant mouse RPE in vivo. (A-D)
Immunofluorescence images of RHO labeling (green) in WT (A, C) and TG2 (B, D) retinal
sections from P21 mice sacrificed 0.5 h (A, B) and 3 h (C, D) post light onset. POS phagosomes
can be seen as green particles in the RPE layer. The nuclei are counterstained with DAPI
(blue). (E) Quantification of POS phagosomes per 100 ym of the RPE layer in WT and TG2
retinas showed no significant difference at 0.5 h post light onset, but significantly more POS
phagosomes remained in TG2 RPE at 3 h post light onset, indicating impaired phagosome
degradation. (F, G) ImmunoEMs of WT (F) and TG2 (G) retinas from P28 mice showing POS
phagosomes (immunogold-labeled with RHO antibodies, and indicated by red arrowheads)
inside the RPE at 1.5 h post light onset. (H) Quantification of phagosome density (mean number
of phagosomes per 55 um? of sectioned RPE) in different regions of the RPE. Bar graph shows
data from the apical and cell body domains of the RPE; these domains border each other at the
level of the junctional complexes. The cell body domain was divided further into apical and basal
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halves. The data show that more TG2 than WT POS phagosomes were in the apical domain,
while more WT than TG2 phagosomes were in the basal half of the cell body. BM, Bruch’s
membrane. Scale bars in (C) and (G) represent 10 ym and 1 um, respectively. Error bars in (E)
and (H) represent +/-S.E.M.

We also examined POS phagosome degradation, using an in vitro pulse-chase assay
with primary cultures of RPE cells from WT mice, an approach that enabled us to examine acute
effects in the RPE due to the presence of mutant ELOVL4 in the POSs. We purified POSs from
the retinas of WT and TG2 littermates (Figure 4.5A), fed them to the WT primary mouse RPE
cells for 10 min, and washed the cells extensively to remove unbound POSs. The cells were
then fixed either immediately (pulse), or after an additional 2-h period (chase). Rod opsin (RHO)
double immunolabeling (before and after cell permeabilization) was then performed to
differentiate between POSs bound to the surface of the RPE and POSs ingested by the RPE
(Figure 4.5B). The number of surface-bound POSs was not significantly different between WT
and TG2 after the pulse and chase period (Figure 4.5C). Furthermore, the number of ingested
POSs was also not significantly different after the pulse (Figure 4.5D, left). Thus, the binding
and ingestion of TG2 POSs appeared to be normal. However, a significant difference in the
number of POSs was observed after the 2-h chase period, at which point, the RPE cells fed WT
POSs had degraded approximately 40% of their ingested POS phagosomes, whereas the RPE
cells fed TG2 POSs showed no significant decrease in their POS phagosome content (Figure
4.5D, right). This result indicates that WT primary mouse RPE cells do not degrade

phagosomes originating from TG2 POSs as efficiently as phagosomes from WT POSs.
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Figure 4.5: Impaired degradation of mutant ELOVL4 POSs by WT RPE cultures. (A) Brightfield
images of WT and TG2 POSs isolated from respective retinas. (B) RHO labeling of WT primary
mouse RPE cells, fed either WT or TG2 POSs, immediately following the pulse or following a
chase period. The labeling was performed before and after cell permeabilization to distinguish
between surface-bound POSs (white or red) and internalized phagosomes. Additionally, the
immature phagosomes (cyan) were identified by labeling with a RHO mAb that binds the C-
terminus (1D4) and RHO pAb01, while the mature phagosomes (green) were identified by
labeling with RHO pAb01 only. (C-F) Quantification of the POSs. POSs fed to primary mouse
RPE and labeled with RHO pAb01, showed that there was no significant difference between the
number of bound POSs after the pulse and chase (C), but there were more total ingested TG2
POSs following the chase compared with WT POSs (D). When the total POSs were further
defined as immature (labeled with mAb1D4) vs mature (labeled with pAb01 but not mAb1D4),
the number of immature ingested POSs was not found to be statistically significant between WT
and TG2 POSs (E), whereas the cells fed TG2 POSs had more mature ingested POSs following
the chase (F). (G) The impaired POS degradation phenotype was also observed in human
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ARPE-19 cells, which after a 3-h chase period, had more (bound + ingested) TG2 POSs than
ARPE-19 cells fed WT POSs. Scale bars in (A) and (B) represent 20 um and 10 pm,
respectively. Error bars in (C-G) represent +/- S.E.M.

Newly-formed POS phagosomes are labeled by antibodies against both the N- and C-
termini of RHO. However, RHO mAb1D4, which recognizes a C-terminal epitope, is lost quickly
as phagosomes begin to mature, so that it is a specific marker for immature phagosomes
(Esteve-Rudd et al., 2014; Wavre-Shapton et al., 2014). Using mAb1D4, our results showed
that the number of immature WT and TG2 phagosomes was similar (Figure 4.5E). The slower
degradation rate was evident only with TG2 phagosomes that were more mature (Figure 4.5F),

indicating that initial phagosome maturation proceeds normally.

We also tested whether this phenotype could be replicated in human RPE cells using the
ARPE-19 immortalized cell line. ARPE-19 cells were challenged with either WT or TG2 POSs
for 4 h, washed extensively, and fixed immediately or after a 3-h or 16-h chase period. ARPE-19
cells showed a decrease in phagosomes between the pulse and 3-h chase period when fed WT
POSs. In contrast, the phagosome content was not significantly different between the pulse and
3-h chase period when the cells were fed TG2 POSs (Figure 4.5G). This result confirms that the
delay in degradation of TG2 phagosomes, observed in mouse primary RPE cells, can be
phenocopied in these human RPE cells. Interestingly, the numbers of phagosomes in ARPE-19
cells fed WT and TG2 POSs were similar after the 16-h chase period, indicating that the
degradation of phagosomes from TG2 POSs is not completely inhibited, but occurs at a slower

rate than that of phagosomes from WT POSs.

4.2.3 TG2 POS Phagosome Trafficking

Phagosome maturation and degradation is associated with an apical-to-basal migration

through the RPE (Herman and Steinberg, 1982b). In previous studies, we have found that POS
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phagosome degradation is affected by molecular motor function in the RPE. Mutations in the
actin-based motor, myosin-7a (Gibbs et al., 2003), and the microtubule-based motor, kinesin-1
(Jiang et al., 2015), lead to impaired POS phagosome motility, slower basal migration, and less
efficient degradation by the RPE. We therefore tested whether impaired phagosome motility and

migration might be a contributor to the delayed degradation of TG2 POS phagosomes.

Using electron microscopy to gauge the distribution of phagosomes in the RPE of WT
and TG2 retinas, we found that at 1.5 h after light onset, the majority of TG2 phagosomes were
in the apical region of the RPE, while significantly more WT phagosomes were localized basally
in the RPE, near Bruch’s membrane (Figure 4.4F-H). These results suggest that TG2
phagosomes progress more slowly along the apical-basal axis of the RPE, thereby resulting in

their delayed degradation.
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Figure 4.6: Impaired motility of TG2 phagosomes in WT primary mouse RPE cells. (A, B) Live-
cell analysis of the tracks of phagosomes (85 per condition), from either WT or TG2 POSs,
showed that TG2 phagosomes had a lower mean velocity (A) and shorter mean run length (B)
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than their WT counterparts. (C) Immunolabeling of RHO (green) and the endosomal marker
RABT7A (red) in WT primary mouse RPE cells, fed either WT or TG2 POSs. (D) Quantification of
the number of RHO-positive phagosomes co-localized with RAB7A showed that more
phagosomes, derived from TG2 POSs relative to WT POSs, had RAB7A associated with them
after a 1-h chase period. (E) Immunofluorescence of cytoplasmic dynein intermediate chain
(DIC, green) and RHO (red) in WT primary mouse RPE cells fed POSs after a 1-h chase. White
arrowheads in the merged panel indicate phagosomes associated with DIC immunolabeling,
shown at higher magnification below. (F) Quantification of the proportion of WT or TG2 POS
phagosomes in WT primary mouse RPE cells that were associated with DIC immunolabel, after
a 20-min pulse and a 1-h chase. Scale bars in (C) and (E) represent 20 um and 5 pm,
respectively. Error bars in (B, D, and F) represent +/- S.E.M.

Next, we used live-cell imaging of WT and TG2 phagosomes in WT primary RPE
cultures. Analysis of phagosome motility tracks (Movie S2) revealed that TG2 phagosomes had
a significantly slower average velocity than WT phagosomes. The majority (78%) of WT
phagosomes exhibited average velocities between 0.4 and 0.8 pm/s, whereas only 39% of TG2
phagosomes exhibited average velocities in this range (Figure 4.6A). We also analyzed the
distance phagosomes traveled between pauses (i.e. instantaneous velocity < 0.1 ym/s), and
defined this parameter as run length (Figure 4.7). Previously, we had observed that this motility
parameter was compromised, together with phagosome degradation rate, in RPE lacking a
kinesin-1 light chain (Jiang et al., 2015). Analysis revealed that TG2 phagosomes have a
significantly shorter mean run length relative to WT phagosomes (1.3 pm vs. 1.9 ym,
respectively) (Figure 4.6B). Taken together, these results suggest that TG2 phagosomes have
impaired motility in live RPE cells, as indicated by the lower mean velocity, and by movements
that are less productive, as indicated by the shorter run lengths. Note that this defect can be
attributed specifically to the POS phagosomes, since the RPE cells were WT, in which the
motor protein function, as well as the motility of organelles, such as endolysosomes, should be

normal.
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Figure 4.7: Tracking and analysis of phagosome moaotility. (A, B) Snapshot images from Movie
S2 at two different timepoints that are 9 seconds apart. Motility analysis revealed that the
phagosome migrated a distance of approximately 3.5 um during this 9-second interval. Scale
bars in (A) and (B) represent 1 pm.

4.2.4 RAB7A and Dynein Motor Association with TG2 POS Phagosomes

We focused on the phagosomes themselves to identify characteristics that might
underlie their defective motility. We tested whether the ELOVL4-containing mutant phagosomes
showed abnormal association with motor protein linkers. Although we detected no significant
difference between WT and TG2 phagosomes in their association with RAB5, there was a
marked difference in RAB7A association. WT primary mouse RPE cells were challenged with
WT or TG2 POSs for 20 min, and, following a 1-h chase period, were fixed and labeled with
antibodies against RHO (mAb4D2) and RAB7A (Figure 4.6C). A co-localization analysis was
performed to evaluate the association of WT and TG2 phagosomes (mAb4D2-labeled) with
RAB7A. We found that approximately 27% of the TG2 phagosomes, but only 10% of WT
phagosomes were also labeled with RAB7A antibodies (Figure 4.6D). These results suggest

that phagosomes, derived from TG2 POSs, more readily sequester RAB7A, which may alter
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their association with motor proteins, and subsequently interfere with their motility, thereby

contributing to the slower rate of degradation.

To test for altered motor protein recruitment to these mutant phagosomes, we evaluated
their association with dynein. After feeding WT or TG2 POSs to WT RPE cells, we quantified the
proportion of POS phagosomes, labeled with anti-RHO, that were also labeled with antibodies
against cytoplasmic dynein intermediate chain (DIC) (Figure 4.6E). The mean proportion of TG2
POS phagosomes that were associated with DIC was higher than that of WT POS phagosomes
(Figure 4.6F). These results implicate increased sequestration of RAB7A in abnormal linkage of
TG2 phagosomes to the dynein motor protein, which may affect the balance between dynein

and kinesin motors, thus contributing to impaired motility of these organelles.

Figure 4.8: Membranous debris in RPE of young TG2 mice. (A) Electron micrograph of retina
from a TG2 animal (P21) showing membranous debris in the RPE. (B) An enlarged view of the
region delineated by the white box in (A) with red arrows pointing to a cluster of these abnormal
membranous structures. The scale bar in (A) represents 0.5 um.

4.2.5 Pathogenesis and Degeneration

In older TG2 and Elovi4™”™ knock-in mice, membranous debris and vacuoles are
evident in the RPE (Karan et al., 2005; Vasireddy et al., 2006; Vasireddy et al., 2009; Kuny et

al., 2015), consistent with inefficient POS phagosome clearance over time. Here, we examined
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the RPE in young TG2 mice, to see if we could identify any early pathological changes. By
electron microscopy, we observed clusters of membrane that looked like abnormal

phagosomes, in the RPE of P21 TG2 mice (Figure 4.8). At this age, we also noted changes that
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Figure 4.9: Loss of ZO-1 junctional localization in TG2 RPE. (A) Immunolabeling of the tight
junctional protein ZO-1 in RPE flatmounts from WT and TG2 animals at P5 and P21. ZO-1
labeling was similar between WT and TG2 animals at P5, whereas significantly more
cytoplasmic ZO-1 was observed in TG2 RPE at P21. Enlarged views of regions delineated by
white boxes in (A) are to the right of each corresponding panel. (B) Quantification of cytoplasmic
Z0-1 immunoreactivity showed significantly more cytoplasmic ZO-1 in the RPE of P21 TG2
animals compared with age-matched WT littermates. The scale bar in (A) represents 10 um.
The error bars in (B) represent the +/- S.E.M.
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we suspect are secondary changes, and are indicative of a general decline in RPE health.
Some of the tight junction protein, zona occludens-1 (ZO-1), had lost its junctional localization,
with an increase in immunoreactivity evident throughout the cytosol of TG2 RPE cells (Figure
4.9). This change is likely to lead to a decrease in epithelial barrier function, due to a breakdown
in the intercellular junctions between RPE cells. Second, in older animals (P70), we observed a
marked increase in oxidative stress in the RPE in vivo (Figure 4.10). Labeling for the oxidative
stress marker, 4-HNE, was also increased in WT primary mouse RPE cells that were incubated

with TG2 POSs (Figure 4.11).
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Figure 4.10: Increased oxidative stress in TG2 RPE. (A-C) Immunolabeling of retinal sections
from WT (A) and TG2 (B) P70 mice for the oxidative stress marker 4-HNE (A and B). (C)
Quantification of the fluorescence intensity from the immunolabeling revealed that TG2 RPE
from both P21 and P70 mice have significantly more 4-HNE relative to WT RPE of age-matched
littermates. (D, E) Immunolabeling of retinal sections from WT (D) and TG2 (E) P70 mice for
oxidized phosphotidylcholine. (F) Quantification of the number of oxPC-positive particles
revealed more oxidized phosphotidylcholine in P70 TG2 RPE compared with WT RPE of age-
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matched littermates. Nuclei were counterstained with DAPI (blue). 4-HNE, 4-Hydroxynonenal;
oxPC, oxidized phosphotidylcholine. The scale bars in (A) and (D) represent 10 um. Error bars
in (C) and (F) represent +/- S.E.M.

These abnormalities in the RPE appear to be symptoms of RPE pathogenesis, resulting
from cell stress evoked by inefficient degradation of POS phagosomes, and likely contribute to
the initiation of the second cell non-autonomous step, which negatively affects the health of the
neural retina, leading to photoreceptor degeneration in TG2 mice. At the time that photoreceptor

cell loss is first detected, around P45 (Figure 4.1E), perturbed retinal homeostasis is evident by

the invasion of microglia into the subretinal space (Figure 4.12).
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Figure 4.11: Increased oxidative stress in WT RPE fed TG2 POSs. (A-F) Primary cultures of
WT RPE were incubated with WT (A-C) or TG2 (D-F) POSs for 2 h, and immunolabeled for the
oxidative stress marker, 4-HNE. Phase contrast micrographs (B, E), merged with the
immunofluorescence signal of 4-HNE (A, D), are shown in panels (C) and (F). (G) Quantification
of the 4-HNE fluorescence signal showed that RPE cells fed TG2 POSs had significantly more
4-HNE adducts relative to those fed WT POSs. Scale bar in (A) represents 10 um. Error bars in
(G) represent +/- S.E.M.

48



> 15+ ek

o

IS

@ wr
2 104 I 7G2
o

+

2

< 5+

L

-

o

=2

(=]

P45

Figure 4.12: Activated microglia in the retina of TG2 mice. (A, B) Images of retinal RPE/Choroid
flatmounts, corresponding to the central region of P45 WT (A) and TG2 (B) mice,
immunolabeled with antibodies against F4/80 and Iba-1, as markers for microglia. Note the
significantly higher number of subretinal, activated microglial cells in the RPE/Choroid
flatmounts from TG2 mice (B). The presence of the activated microglia in the subretinal space
was observed in retinal sections. The microglia adhere to the apical surface of the RPE during
the preparation of a flatmount, so that they are retained even though the neural retina has been
removed. (C) Quantification of subretinal microglial cells positive for Iba-1 and F4/80
immunolabeling in RPE/Choroid wholemounts of P21 and P45 WT and TG2 mice (ANOVA with
Tukey’s post-hoc test, ***, P < 0.0001. n=3 animals /group at P21 and n=5 animals/group at
P45). FOV, field of view. Scale bar in (A) represents 10 um. Error bars in (C) represent +/-
S.E.M.

4.3 Materials and Methods

4.3.1 Mice

Animal use followed National Institutes of Health guidelines under an approved protocol.
Mice were kept on a 12 h light/dark cycle under 10-50 lux of fluorescent lighting during the light
cycle. Transgenic mice were generated on C57BL/6J genetic background (JAX) by inserting the
STGD3 allele of the human ELOVL4 gene into the mouse genome, under the interphotoreceptor

retinoid-binding protein (IRBP) promoter, as described previously (Karan et al., 2005).

4.3.2 Isolation and Culture of Primary RPE Cells

Primary cultures of RPE isolated from 10- to 15-day-old WT mice were prepared as

described previously (Gibbs et al., 2003; Gibbs and Williams, 2003). Cells were then plated on
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Transwell inserts (6.5 mm) with polyester membranes (Corning, Corning, NY) for phagocytosis
assays, or on glass-bottom slides (MatTek, Ashland, MA) for live-cell imaging experiments.
Cells were maintained in DMEM with high glucose, 10% fetal bovine serum (FBS), 2.5 mM L-
glutamine, non-essential amino acids and antibiotics (Invitrogen) for 7-10 days for phagocytosis

assays, or for 3 days for live-cell imaging experiments.

4.3.3 Culture and Transduction of ARPE19 Cells

ARPE19 cells were grown at 37 °C with 5% CO,in DMEM-F12 with 10% FBS, 1 mM
penicillin/streptomycin (Life Technologies, Carlsbad, CA) and glutamine (Life Technologies).
Cells were plated on glass coverslips, and used for phagocytosis assays when confluent. For
transduction experiments, the cells were incubated with Adenovirus Type 5 (Ad5) particles
containing GFP, WT Elovl4, or mutant Elovl4 (generous gift from Drs Martin-Paul Agbaga and
Robert E. Anderson, Dean McGee Eye Institute) for 24 h. They were then fixed with 4%
formaldehyde in 0.1 M phosphate buffer for 10 min at room temperature (RT), and
immunolabeled with anti-ELOVL4 (Abcam; ab14922) and anti-HA (Abcam). The ELOVL4
antibody was raised against an N-terminal epitope (amino acids 2-22 of human ELOVL4) and
reacts with both human and mouse ELOVL4. For peptide competition, the immunizing peptide
(Thermo Scientific) was preincubated with the ELOVL4 antibody for 1 h at RT before the

antibody was applied to the cells.

4.3.4 POS Phagocytosis in Cell Culture

4.3.4.1 Purification of POSs

Mouse POSs were isolated from dark-adapted, 3- to 4-week-old WT and TG2 mice on a
C57BL/6J background, as described previously (Jiang et al., 2015), with minor modifications.
Briefly, POSs were isolated using a discontinuous OptiPrep 8%-10%-15% step gradient in

Ringer's solution (130 mM NaCl, 3.6 mM KCI, 2.4 mM MgCl,, 1.2 mM CaCl,, 10 mM HEPES,
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adjusted to pH 7.4 with KOH, 0.02 mM EDTA). Retinas were vortexed for 4 x 10 s, followed by a
1000 rpm centrifugation for 30 s at 4°C in a Sorvall HB-4 rotor, loaded on top of the OptiPrep
gradient and centrifuged for 20 min at 12,000 g. POSs were collected at the 10%-15% interface
and diluted 3 times with Ringer's solution. POSs were counted on a hemocytometer and their
concentration was adjusted to 1-5 x10” POSs/ml. For live-cell imaging, POSs were isolated from
3- to 4-week-old WT and TG2 mice on a RHO-EGFP background, following the method

described above.
4.3.4.2 Rate of POS Degradation

The ability of primary cultures of WT RPE cells to digest POSs was determined, as
described previously (Diemer et al., 2008; Esteve-Rudd et al., 2014). Briefly, equivalent
amounts of purified POSs from WT or TG2 mice were fed to RPE cells grown on Transwell
inserts, and incubated for 10 min at 37 °C and 5% CO.,. Unbound POSs were then removed by
extensive washing. Some cultures were fixed and processed for RHO immunofluorescence
(pulse time point) while others were chased for 2 h, and then processed for
immunofluorescence. The number of bound and ingested POSs were identified and
distinguished from each other as described previously (Esteve-Rudd et al., 2014), and
determined by counting immunofluorescent bodies = 1 uym in diameter. Briefly, cells were
washed 3 times in PBS and blocked in blocking buffer (PBS containing 1% goat serum) and
labeled with RHO rabbit polyclonal antibody (pAb01) (Boesze-Battaglia et al., 1997; Liu et al.,
1999), followed by an Alexa 568-nm conjugated goat anti-rabbit antibody (Molecular Probes,
USA) for 1 h. Cells were then washed 3 times in PBS and permeabilized with 50% ethanol for 5
min at RT. After permeabilization, cells were incubated for 1 h with a combination of pAb0O1 and
a mouse monoclonal antibody against the C-terminal portion of RHO (1D4 antibody, Millipore,
USA), followed by a 30 min incubation with anti-rabbit IgG Alexa 488-nm and anti-mouse IgG

Alexa-647 conjugated secondary antibodies (Life Technologies, USA). The Transwell filters
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were excised and mounted with FLUORO-GEL with DAPI or Tris buffer (Electron Microscopy

Sciences, USA).

4.3.5 Immunofluorescence of Cultured RPE Cells

WT RPE cells were incubated with either WT or TG2 POSs for 20 min, washed
extensively to remove unbound POSs, chased for 1 h, and then fixed with 4% formaldehyde in
0.1 M phosphate buffer for 10 min at RT before being processed for immunofluorescence. After
fixation, cells were blocked in 5% normal goat serum (NGS), 1% bovine serum albumin (BSA) in
PBS with 0.25% Triton X-100 for 1 h at RT. Cells were then incubated for 1 h at RT with primary
antibodies against RHO (monoclonal 4D2, Millipore, Temecula, CA) and RAB7A (Cell Signaling
Technology) or ELOVL4 (Abcam ab14922). Finally, cells were incubated with Alexa Fluor-
conjugated secondary antibodies for 1 h at RT, washed, and mounted with DAPI. Quantitative
co-localization of POS-opsin and RAB7A immunolabelings was evaluated using FluoView
FV1000 software (Olympus). For motor protein association, WT RPE cells were used in a
phagocytosis assay, as described above, fixed with ice-cold methanol for 10 min at -20 °C, and
processed for immunofluorescence using primary antibodies against RHO (pAb01) and DIC
(Millipore, Temecula, CA), followed by incubation with the appropriate Alexa Fluor-conjugated
secondary antibodies for 1 h at RT. RHO-DIC association was quantified by measuring co-
localization of the immunofluorescent signals as well as clustering of DIC around RHO-positive

phagosomes.

4.3.6 Live-Cell Imaging of Cultured RPE Cells

POSs from RHO-EGFP mice that were crossed with the TG2 line were purified, and fed
to cultures of WT primary mouse RPE cells for 20 min. Following this pulse, phagosomes were
imaged using an UltraVIEW Spinning Disk Confocal Microscope system with a Zeiss Axiovert
photomicroscope including an environment chamber. A 63x oil objective with a Numerical

52



Aperture of 1.46 was used, and movies were taken using a Hamamatsu 5.0.2 camera. Movies
were acquired with the Volocity software and processed using the Volocity and Imaris software.
RPE cells grown on glass-bottom dishes were imaged at 37 °C. Movies were taken after feeding
cells with POSs for 20 min and washing away unbound POSs. 90-second movies at 2.9 frames
per second from 12 — 15 fields of view per condition were recorded. The experiment was

repeated 3 times.

4.3.7 Immunofluorescence of Retinal Tissue

For the quantification of phagosomes in vivo, WT and TG2 mice were kept under the
same light cycle. They were euthanized 0.5 h and 3 h (x 15 min) after light onset and eyes were
fixed in 4% formaldehyde in 0.1 M phosphate buffer. Eyecups were incubated in sucrose (15, 20
and 30% each for 1 h at least), embedded in OCT and frozen at -80 °C until use. 10-uym
cryosections were cut along the entire dorso-ventral axis, and immunolabeled with RHO pAb01.
RHO-positive particles 2 1 uym in diameter within the RPE were counted in dorsal and ventral

areas of 3 non-consecutive sections of at least 3 mice from each genotype.

For immunolocalization of ELOVL4, and the assessment of oxidative stress adducts and
microglial markers, in retinal sections, eyecups were processed as above. Then, 12-um sections
were cut, and quenched for 15 min in 50 mM ammonium chloride. Sections were blocked in 5 %
NGS or normal donkey serum (NDS), 1% BSA in PBS with 0.25% Triton X-100 for 1 h at RT.
They were incubated with primary antibodies against RHO (mAb4D2 or pAb01), ELOVL4
(Abcam ab14922 (N-terminal), or a rabbit pAb (C-terminal) that was kindly provided by Dr
Martin-Paul Agbaga (Agbaga et al., 2008), 4-hydroxynonenal (4-HNE) (Alpha diagnostic
International, San Antonio, TX), oxidized phosphtidylcholine (oxPC) (Sigma-Aldrich, St. Louis,
MO), or F4/80 (AbD Serotec, Raleigh, NC) at 4 °C overnight in blocking buffer, and finally with

corresponding secondary antibodies conjugated to Alexa Fluor fluorophores for 1 h at RT.
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Sections were imaged on an FV1000 confocal microscope. Quantitative analysis was performed
on images taken under identical settings, and 16-bit single optical slices were analyzed on
ImagedJ. Negative controls, in which incubation with the primary antibody was omitted, were
processed in parallel in each case. The labeling of retinal sections with ELOVL4 antibodies was

repeated a minimum of 4 times with sections from different WT or mutant mice.

4.3.8 Electroporation of Human ELOVL4 cDNA into Murine Retinas

A plasmid containing cDNA of WT human ELOVL4 (with N-terminal FLAG tag) was
purchased from GeneCopoeia. PCR-mediated site-directed mutagenesis was performed to
create the 5-bp deletion (delAACTT at 790-794) that is found in the STGD3 allele. A 4 pg/ul
DNA solution, containing either a WT or mutant plasmid, together with a Dendra2-expressing
construct, was injected into the subretinal space of P2 Crl:CD1 (ICR) mice with a FemtoJet® 4i
system (Eppendorf), and electroporated with an ECM 830 Square Wave electroporation system
(BTX). The animals were euthanized at P14, and the eyes were processed as above. To detect
FLAG-ELOVL4, 14-uym sections were immunolabeled with FLAG antibodies (Cell Signaling) and

imaged on an FV1000 confocal microscope (Olympus).

4.3.9 Light Microscopy

Eyes were removed and immersion-fixed in 2% formaldehyde, 2.5% glutaraldehyde in
0.1 M cacodylate buffer. Eyecups were processed for embedment in an Epon-Araldite mixture
as described elsewhere (Volland et al., 2015). Semi-thin sections (0.7 mm) were obtained along
the entire dorso-ventral axis, passing through the optic nerve head, and stained with 1%
toluidine blue in 1% Sodium borate. Nuclei from 4 properly aligned rows of photoreceptors were

counted at 0.5-mm intervals along the section.

4.3.10 Electron Microscopy
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Mouse eyes were enucleated 1.5 h post light onset, and fixed with 4% formaldehyde and
0.2% glutaraldehyde in 0.1 M sodium cacodylate buffer at 4 °C. Eyecups were prepared as
mentioned above. Samples were washed in 0.1 M sodium cacodylate buffer, gradually
dehydrated with increasing levels of ethanol solutions (30-90%), and infiltrated with, and
embedded in LR-white resin. Ultrathin sections (70 nm) were collected on formvar-coated nickel
mesh grids, and treated with 0.1% glycine, blocked in 2% BSA, and incubated with RHO
mAb4D2 in 0.1 M phosphate buffer over night at 4 °C. Grids were then washed in 0.1 M
phosphate buffer, and incubated with a 12-nm gold secondary antibody (Jackson Immuno
Research Labs, West Grove, PA). Contrast stain with 5% uranyl acetate in ethanol was
performed for 5 min. Samples were imaged with a JEM 1200-EX (JEOL) at 80 kV at
magnifications of 10,000-30,000x. Immunolabeled phagosomes were counted and assigned to

one of three locations in the RPE: microvilli, apical, or basal region.

4.3.11 Statistical Analyses

Statistical analysis was performed on GraphPad Prism 5 (La Jolla, CA). Two-tailed
Student t-tests were used to test the probability of no significant difference between mutant and
control samples. To test for three or more groups, we performed one-way ANOVA followed by
Tukey's post-hoc test. A chi-square test was used to analyze the colocalization of RHO and

RABTA.

4.4 Discussion

Mechanisms underlying retinal degeneration due to dominant mutations in ELOVL4 have
remained a puzzle, despite numerous cell culture and mouse model studies. As for most other
forms of macular degeneration, RPE pathogenesis has been implicated (Karan et al., 2005;
Kuny et al., 2015). However, the RPE does not express ELOVL4 (Agbaga et al., 2008; Mandal
et al., 2014) (Figure 4.1G). In the present study, we describe cellular mechanisms that account
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for RPE pathogenesis. Our results indicate that mutant ELOVL4 protein localizes abnormally to
the outer segments of photoreceptor cells, and passes to the RPE cells, in phagosomes, as a
result of the normal daily process of phagocytosis. We found that the ELOVL4-containing
phagosomes are degraded less efficiently by the RPE cells, thus introducing toxicity to these
professional phagocytes. We propose that observed defects in phagosome motility contribute to
the retarded phagosome degradation, and that the impaired maotility is possibly due to abnormal
sequestration of RAB7A, which alters the association of the phagosome with the dynein motor

protein (Lebrand et al., 2002; Rai et al., 2016).

Cell non-autonomous effects are common in neurodegenerations (llieva et al., 2009).
However, the pathogenesis associated with STGD3 maculopathy is highly unusual due to two
cell non-autonomous effects. The toxicity introduced to the RPE by phagocytosis of ELOVL4-
containing POS disk membranes represents the first of the two. The subsequent effects on the
neural retina, including photoreceptor cell loss, due to RPE pathology represents the second.
There are some similarities with STGD1 maculopathy, which is also characterized by RPE
defects, and ensuing photoreceptor cell loss. STGD1 is caused by recessive mutations in
ABCA4 (Allikmets et al., 1997). However, unlike ELOVL4, ABCA4 is expressed by the RPE as
well as the photoreceptor cells, and the in vivo RPE pathogenesis of STGD1 appears to be

largely cell autonomous (Lenis et al., 2018).

How does the presence of ELOVL4 protein alter the disk membranes, so that POS
phagosomes interact differently with RAB7A, and are degraded more slowly by WT RPE? The
C-terminal truncated mutant ELOVL4, as expressed in TG2, has lost its ER retention motif, but it
still contains a normal catalytic region, suggesting that its presence in the TG2 disk membranes
might result in additional very long chain fatty acids. On the other hand, no difference in levels of
retinal VLC-PUFAs was detected between WT and TG2 retinas (Mandal et al., 2014), and tests

of the mutant ELOVL4 enzyme detected no activity (Logan et al., 2013), suggesting that the
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POS membranes may be affected solely by the abnormal presence of the mutant
(transmembrane) protein. Indeed, the presence of mutant ELOVL4 protein in the POSs appears
capable of altering disk membrane organization of the POSs, if at a high enough concentration.
In a transgenic mouse line that expresses mutant ELOVL4 at 60% higher levels than that in the
TG2 line, the disks are not stacked normally and appear disorganized, in contrast to the disk

membranes in the TG2 mice, which appear normal by electron microscopy (Karan et al., 2005).

In the TG2 mice, a defect in the POS membranes became evident once the membranes
had been ingested by the RPE. The altered behavior of the TG2 POS phagosomes, as
described here, emphasizes that the content of a phagosome can have a significant effect on
the ability of a phagosome to associate with proteins that influence its maturation, including
motor-linking proteins and thus the motor proteins themselves. Initially, the outer membrane of a
phagosome comes from the plasma membrane of the phagocyte. However, phagosomes,
including POS phagosomes (Wavre-Shapton et al., 2014), undergo a series of fusion-fission
events with endolysosomes as they mature, resulting in drastic remodeling of the phagosomal
membrane and contents (Vieira et al., 2002). Particularly, when the ingested material contains a
high concentration of membranes, as in the case of a POS phagosome, the observed
membrane coalescence (Young, 1971) is likely to involve a mixing of membranes that results in
an outer membrane that contains components of the ingested membrane. The content of a
membrane affects motor protein association (Klopfenstein et al., 2002; Nelson et al., 2014; Rai
et al., 2016). For example, increased cholesterol in the membrane of motor protein cargoes has
been shown to increase RAB7 association, which results in more dynein and less kinesin
activity (Lebrand et al., 2002). RAB?7 interacts with the cholesterol sensor, ORP1L (Rocha et al.,
2009), and was found recently to associate with cholesterol and dynein in microdomains on the

surface of latex bead phagosomes (Rai et al., 2016). Understanding the molecular perturbation
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in the membrane of POS phagosomes from TG2 mice is likely to further our understanding of

molecular motor linkage and regulation.

The importance of phagosome motility for degradation was suggested from studies
illustrating mislocalized and immature POS phagosomes in the opossum RPE after intraocular
treatment with colchicine, which inhibits microtubule polymerization (Herman and Steinberg,
1982a). Subsequently, impairment of POS phagosome motility and degradation was found in
the RPE of mice lacking the actin motor protein, myosin-7a (Gibbs et al., 2003), or the light
chain of the microtubule motor protein, kinesin-1 (Jiang et al., 2015). However, phagosome
degradation is likely dependent upon the motility of other organelles, especially endolysosomes
(Desjardins et al., 1994), so that the specific impact of impaired phagosome maotility on
phagosome degradation cannot be determined by altering motility throughout the RPE cell. In
the present cell culture studies, where mutant TG2 POSs were fed to WT RPE cells, we were
able to pinpoint the motility defect specifically to the phagosome organelle, and thus

demonstrate the importance of the motility of the phagosome per se.
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Chapter 5

Differentiation of RPE Cells from Integration-free iPS Cells and Their Cell Biological
Characterization
5.1 Introduction

The retinal pigment epithelium (RPE) is a monolayer of cells that provides essential roles
for the function and viability of the photoreceptor cells (Sparrow et al., 2010). Age-related
macular degeneration (AMD) is a widespread and common disease among the elderly, leading
to irreversible loss of central vision. The death of macular photoreceptors has been suggested
to be secondary to the degeneration of the RPE (Curcio et al., 1996; Zarbin, 2004; Anderson et
al., 2010; Bhutto and Lutty, 2012). Therefore, one promising form of treatment for AMD is the
transplantation of healthy RPE cells into the retinas of human patients to restore lost functions,
and potentially halt or reverse the progression of the disease.

Pluripotent stem cells, including both human embryonic stem cells (ESCs) and human
induced pluripotent stem cells (iPSCs) can provide a renewable source of human RPE cells,
which are potentially amenable for studying normal and disease mechanisms in culture, and for
intraocular transplantation for disease treatment. Patient-derived iPSC-RPE offer disease
modeling and testing of pharmacologically-active compounds, in addition to autologous
transplantation, without the need for immunosuppression (Mandai et al., 2017). Originally,
iPSCs were generated by exogenous expression of the factors described by Yamanaka’s group
(OCT4, SOX2, KLF4, and c-MYC) from retroviral vectors, thus resulting in genome integration
(Takahashi et al., 2007). To circumvent the risks of genome integration, several non-integrating
methods are now being used to induce pluripotency in mammalian cells, including non-
integrating episomal vectors (Yu et al., 2009), delivery of RNA (Warren et al., 2010) and
proteins (Kim et al., 2009a), and use of small molecule compounds (Hou et al., 2013). Once
reprogrammed to pluripotency, the iPSCs can spontaneously differentiate along the neural
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lineage, and, further, to RPE cells, which are readily discernible due to their pigmentation and
cobblestone appearance (Kawasaki et al., 2002; Buchholz et al., 2009). Several laboratories
have now published protocols for the differentiation of human ESCs or iPSCs to RPE cells,
using more directed approaches so as to increase the yield of RPE cells (Idelson et al., 2009;
Buchholz et al., 2013; Gong et al., 2015; Maruotti et al., 2015). Taken together, the current
technology allows for the generation of patient-specific iPSCs that are free of integrated
reprogramming genes, and can subsequently be used to generate the quantities of functional
RPE cells necessary for transplantation purposes.

This paper reports the use of a non-integrating approach to generate iPSCs for the
generation of RPE cells under GMP-compatible practices. We have performed in vitro
characterization of the iPSC-RPE to test whether they express RPE-specific genes and
proteins. Importantly, we have also tested for the first time whether RPE cells, derived from any
type of stem cell, possess normal cytoskeletal organization, organelle motility, and phagosome
ingestion with degradation kinetics, thus detailing critical cellular functions of the RPE in relation
to RPE dystrophy. The importance of these tests, which includes live-cell imaging analysis, has
been emphasized by recent studies showing that defects in intracellular motility lead to RPE
pathogenesis like that in AMD (Jiang et al., 2015), potentially the most significant target disease
of RPE transplantation. We have also tested these iPSC-RPE in vivo, using mouse models, to
determine whether the cells can integrate into a recipient tissue, and rescue a function lost by
the host retina. Our results show that iPSCs, generated with a non-integrating method, can
serve as a renewable source of functional RPE cells, which can be used for detailed cell
biological analyses of pathogenicity in vitro, as well as for transplantation in treatment of retinal
diseases.

5.2 Results
5.2.1 RNA-Based Reprogramming of Fibroblasts into iPSCs
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Mechanical (i.e. scalpel) and enzymatic (i.e. collagenase) methods were used to isolate
fibroblasts from human dermal tissue obtained via skin biopsy. The identity of fibroblasts was
confirmed by immunolabeling for FSP-1 (Figure 5.1A), and for vimentin (Figure 5.1B).
Immunolabeling revealed that = 95% of the cells expressed both FSP-1 and vimentin. The
fibroblasts could be cultured and propagated using xeno-free conditions; they remained stable

in culture for at least 5 passages.
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Figure 5.1: Reprogramming of human fibroblasts into induced pluripotent stem cells. (A, B)
Fibroblast cells immunolabeled with antibodies against FSP-1 (A, green), or vimentin (B, red).
DAPI (blue) was used to counterstain the nuclei. (C-E) iPSCs immunolabeled with antibodies
against NANOG (C), SOX2 (D), and OCT4 (E). Expression of these proteins indicates the
identity of iPSCs derived from fibroblast reprogramming. (F) Normal karyotype of an iPSC line
determined by G-banding. (G) Results from PluriTest assay show that our iPSCs have a
pluripotent signature (high pluripotency score and low novelty score), and cluster with well-
characterized bona fide iPSC and ESC lines (red background hint; iPSC line 2 is indicated by a
yellow arrowhead in the magnified panel) and not with partially differentiated pluripotent cells or
somatic tissue (blue background hint). Scale bars: (A) and (B), 50 um; (C-E), 20 pm.
Abbreviations: FSP-1, fibroblast-specific protein-1.

To generate iPSCs, using a non-integrating method, we transfected the fibroblasts with the VEE
RNA vector (Yoshioka et al., 2013), which induces exogenous expression of pluripotency
markers, including OCT4, KLF4, SOX2, and GLIS1. Following puromycin selection, cells were
replated and cultured on Matrigel for 3-4 weeks, when the formation of iPSC colonies was
evident. The identity of iPSCs was confirmed by immunolabeling for pluripotency markers,
including NANOG, SOX2, and OCT4 (Figure 5.1C-E). Normal karyotype was shown by G-
banding (Figure 5.1F). Additionally, the iPSCs were capable of generating cells from all 3

embryonic germ layers in a bioinformatics assay for pluripotency, PluriTest (Figure 5.1G).

5.2.2 Differentiation and Characterization of iPSC-RPE

To derive RPE cells, colonies of iPSCs (Figure 5.2A) were transferred as suspension
cultures in low-adherent dishes to generate EBs (Figure 5.2B). After 2 weeks in culture, Activin
A, TGFB1, and FGF2 were added to the medium for a period of 2 weeks. Following the removal
of these growth factors, we observed the appearance of pigmented EBs in as early as 4 weeks
(Figure 5.2C). The pigmented regions (Figure 5.2D) of the EBs were dissected and plated as
adherent cultures in RPE medium. The pigmented regions adhered as a large mass from which
pigmented cells began to proliferate and migrate near the periphery (Figure 5.2E). The
pigmented cells were enzymatically passaged and cultured until confluent monolayers of

pigmented cells with cobblestone morphology appeared (Figure 5.2F and 5.3A-B).
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Figure 5.2: Differentiation of iPSCs into retinal pigment epithelial cells. The differentiation
process begins with colonies of iPSCs plated initially on Matrigel (A) and subsequently detached
to be cultured as EBs in suspension, and in the presence of NIC for two weeks (B). (C, D) The
EBs became pigmented following a 2-week exposure to Activin A, TGFB1, and FGF2. The
pigmented regions in the EBs were mechanically dissected and plated in RPE medium (E)
giving rise to a monolayer of pigmented cells with a cobblestone appearance that can be further
purified and expanded (F). Scale bars: (A) and (B), 20 um; (C), 50 ym; (D), 10 pm; (E), 100 um;
(F), 50 um. Abbreviations: iPSCs, induced pluripotent stem cells; RPE, retinal pigment
epithelium; EBs, embryoid bodies; NIC, nicotinamide; TGFB1, transforming growth factor beta
1; FGF2, fibroblast growth factor 2.

Pigmented cells were derived from 3 individual iPSC lines, which, by western blotting,
were confirmed to express the RPE-specific protein, RPE65 (Figure 5.4A). Additionally, after 2-3
months in culture, RPE cells from multiple iPSC lines showed robust expression of RPE genes,
including RPE65, MERTK, and BEST1, by semi-quantitative RT-PCR (Figure 5.4B). By
immunocytochemistry, these pigmented cells showed expression of RPE signature proteins,
such as BEST1, RPE65, and MITF (Figure 5.4C-E), and no detectable expression of the
pluripotency marker OCT4 (Figure 5.4F). Taken together, these results indicate that the

pigmented cuboidal cells that were derived from our integration-free iPSCs have expression

characteristics of RPE cells.
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Figure 5.3: (A, B) Brightfield micrographs of iPSC-RPE 1 (A) and iPSC-RPE 3 (B), illustrating
the pigmentation and cobblestone morphology of the cells. (C, D) Phalloidin labeling of iPSC-
RPE 1 (C) and iPSC-RPE 3 (D), illustrating the cortical arrangement of actin filaments in the
cells. (E-H) Immunofluorescence micrographs, illustrating expression of the tight junction
proteins, ZO-1 (E, F) and occludin (G, H), in iPSC-RPE 1 and 3. Scale bars: (A) and (B), 60 uym;
(C-H), 20 pym.

5.2.3 Phagocytosis of Photoreceptor Outer Segments by iPSC-RPE

One of the primary functions of the RPE is the phagocytosis of distal tips of POS disk
membranes (Young and Bok, 1969). Defects in this process have been shown to cause
photoreceptor degeneration (Bok and Hall, 1971), with defects in the degradation phase linked
to RPE pathogenesis (Rakoczy et al., 2002; Jiang et al., 2015). The initial process of
phagocytosis by the RPE involves binding followed by ingestion of POS membranes, two events
in which integrin ayf3s and MERTK receptors have been shown to participate in, respectively (Lin
and Clegg, 1998; D'Cruz et al., 2000). While RPE cells derived from stem cells have been
shown to phagocytose POS membranes, previously (Liao et al., 2010), here we have explored

this function more extensively.
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Figure 5.4: Specific protein and gene expression profiling of iPSC-derived RPE cells. (A)
Expression of RPE65 by 2.5-3-month cultures of RPE cells from 3 different iPSC lines, indicated
by an immunolabeled western blot. Actin was used as a loading control. (B) Expression of
RPEG65, MERTK, and BEST1 genes in iPSC-RPE cultured for 2-3 months, detected by RT-PCR.
GAPDH was used as a loading control. (C-E) Expression of the RPE-specific proteins, BEST1
(C), RPEBGS5 (D), and MITF (E), indicated by immunofluorescence. (F) The iPSC-RPE cells
showed no expression of the pluripotency marker OCT4; nuclei are labeled with DAPI. Scale
bars: (C), 20 pm; (D-E), 50 pm; (F), 20 pm Abbreviations: HEK, human embryonic kidney cells;
RT-PCR, reverse transcription-polymerase chain reaction; MERTK, MER proto-oncogene,
tyrosine kinase; BEST1, bestrophin 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
MITF, microphthalmia-associated transcription factor.
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We first tested whether our iPSC-RPE cells expressed these receptors at their surface.
Immunocytochemistry confirmed the expression of integrin ayfs (Figure 5.5A) and MERTK
(Figure 5.5B), which colocalized at the surface of the iPSC-RPE (Figure 5.5C). To test the
phagocytic function in our iPSC-RPE, we cultured the cells on laminin-coated Transwell inserts,
and challenged them with porcine POSs for 2 h to allow for sufficient time for binding and
ingestion to occur. Following the challenge, and after extensive washes to remove unbound
POSs, some cultures were allowed additional time (2 h or 5 h) to degrade the POSs they had
ingested. Using a double immunolabeling strategy for RHO, a protein abundant in the ROSs but

not expressed by the RPE (Figure 5.5D), we first labeled ROSs bound to the surface of the RPE

cells (Figure 5.5E), and
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Figure 5.5: Phagocytosis of photoreceptor outer segments by iPSC-RPE in vitro.
Immunofluorescence labeling of iPSC-RPE cells for integrin a,8s (A), and MERTK (B). These
receptors are responsible for the binding and internalization of POSs, respectively, and are
present on the apical surface. The image in (C) shows a merge of A and B. The ability of iPSC-
RPE cells to phagocytize POSs was tested in vitro by challenging the cells with POSs isolated
from porcine retinas. (D) Micrograph of iPSC-RPE cells that have not been exposed to POSs
and labeled with RHO antibody. Nuclei are counterstained with DAPI. (E) A representative
image of bound ROSs, labeled with an antibody against RHO and a green secondary antibody,
prior to cell permeabilization. (F) A representative image of all (internalized and bound) ROSs
labeled with the same RHO antibody, but with a red secondary antibody, following cell
permeabilization. (G) When merged, the surface-bound ROSs appear yellow while internalized
ROSs appear red. A few internalized ROSs are indicated by white arrowheads. (H)
Quantification of bound and ingested ROSs was performed using the Imaged software to count
RHO-positive particles with diameters greater than 0.5 microns. (I) Total ROSs per field of view
were quantified after the 2h-pulse, and after a 2h- and 5h-chase. Phagosome counts were
obtained from 6-8 individual fields of view, with each field containing 2100 cells. The data in (H)
and (I) represent the mean + SD. Scale bars: (A) and (D), 20 um; (E-G), 5 um.

then, after permeabilization of the cells, we labeled all ROSs (bound and ingested) (Figure
5.5F). Thus, we were able to discriminate between bound and ingested ROSs (Figure 5.5G).
We found that when the iPSC-RPE were cultured on laminin-coated Transwell inserts (to
achieve a polarized monolayer of cells), approximately 60% of the ROSs were bound to the
surface of the cells while approximately 40% had been internalized at the end of a 2 h challenge
(Figure 5.5H). When given additional time (chase) after the POS challenge, the iPSC-RPE cells
were able to degrade more than 50% of the total ROS phagosomes during a 5-h chase period

(Figures 5.51 and 5.6).
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Figure 5.6: Quantification of phagocytosis in iPSC-RPE 1 and 3 exposed to porcine POSs for 2
h (pulse), washed extensively to remove unbound POSs, and then allowed eithera2 hor 5 h
chase period to ingest and degrade the POSs. The graph shows the total number of ROSs
quantified from confluent fields of view after the pulse and the two separate chase periods. Data
represent means = SD.

These results demonstrate that GMP-compatible iPSC-RPE cells are capable of binding,
internalizing, and subsequently degrading ROSs. The rate of ROS phagosome degradation was
much faster than that reported for human RPE cells from immortalized cell lines; no significant
degradation of opsin was detected in human d407 cells until more than 8 h after the removal of

unbound POSs (Finnemann et al., 2002).

5.2.4 Organelle Trafficking in Live iPSC-RPE

Normal trafficking of organelles is essential for the function of RPE cells (Toops et al.,
2015), and is a sensitive measure of the polarized organization of their cytoskeleton, as well as
their metabolic health. In particular, the process of POS phagocytosis relies on the trafficking of
POS-derived phagosomes, and their interaction with degradative organelles such as
endolysosomes for POS clearance (Bosch et al., 1993a; Wavre-Shapton et al., 2014). When
this trafficking is perturbed, RPE health becomes compromised, with the development of AMD-
like pathogenesis (Gibbs et al., 2003; Jiang et al., 2015).

Prior to examining organelle trafficking in our iPSC-RPE cultures, we used
immunofluorescence confocal microscopy to evaluate the organization of the microtubules. This
organization is a sensitive indicator of epithelial cell polarization. In addition, the microtubules
serve as essential cytoskeletal elements for trafficking POS phagosomes and endolysosomes in
the RPE (Herman and Steinberg, 1982b; Jiang et al., 2015). Transverse sections of alpha
tubulin immunolabeling, at different depths in the cell body (Figures 5.7A and 5.8), show
microtubules that (a) in the apical region, extended in the plane of the section, indicating a
horizontal orientation, and (b) in the basal region, appeared more punctate, indicating a vertical
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orientation, most concentrated adjacent to the plasma membrane. Additionally, the staining
revealed primary cilia, indicated by white arrowheads in z-plane views under Figure 5.7A,
emanating from the apical surface of the iPSC-RPE cells. This organization of microtubules is
consistent with that observed in other polarized epithelial cells (Bacallao et al., 1989; Bre et al.,

1990; Gilbert et al., 1991; Meads and Schroer, 1995).
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Figure 5.7: Microtubule organization and trafficking of endolysosomes in iPSC-RPE. (A)
Microtubule organization in the iPSC-RPE cell bodies illustrated by immunostaining of alpha
tubulin. Single-plane confocal microscopy images (2-uym apart) represent the apical and basal
regions of the cell bodies, plus one plane in between (middle). The apical region of the cells is
dominated by horizontal microtubules while the basal region is dominated by vertical
microtubules. A z-projection of the three panels is shown in the fourth panel. Below, are images
in two z-planes at the yellow lines in the z-projection image; they show primary cilia (indicated
by white arrowheads) emanating from the apical surface of the RPE cells. (B) A still image from
a movie of iPSC-RPE cells that were incubated with red LysoTracker to label endolysosomes
(see Movie S3). (C, D) Trajectory and movement analysis of a population of endolysosomes,
using a spots and tracks analysis (Imaris), following movie acquisition over a 25-sec interval.
The tracks represent the trajectories of the organelles, while their colors are indicative of how far
(in terms of time) they are with respect to the 25-sec movie, with cool colors being closer to the
beginning of the movie, and hot colors being closer to the end of the movie. (E) Time-lapse
images from a movie showing vertical movement of a labeled organelle (yellow arrowhead).
Each panel represents the same z-plane at different times. The organelle moves out of the
plane after 2 seconds, indicating that it is traversing different z-planes. Scale bars: (A) and (B),
20 um; (C), 25 sec (Time), 5 um (Distance); (E), 5 uym.

To evaluate the trafficking of organelles in our iPSC-RPE cultures, we incubated the
cells with LysoTracker, which labels acidic organelles such as endosomes and lysosomes, and
used high-speed spinning disk confocal microscopy to perform live-cell imaging (Figure 5.7B;
Movie S3). Following movie acquisition, the tracks of labeled organelles were analyzed during a
20-40-second time interval (Figure 5.7C). We found that the average speed of labeled
organelles ranged from 0.2 to 0.5 ym/s, and this range was similar among RPE cells derived
from the three independent iPSC lines (Figure 5.7D). Similar speeds have been observed for
LAMP2-positive organelles in polarized primary cultures of porcine RPE (Toops et al., 2014),
and they represent a range consistent with microtubule transport. Interestingly, many of these
labeled organelles can be seen moving in and out of the x-y-plane, suggesting vertical motility
along the z-axis (Figure 5.7E), consistent with the presence of vertical microtubules, which are a

hallmark of well-polarized epithelial cells.
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Figure 5.8: Alpha tubulin labeling in iPSC-RPE 1 (A, C, E, and G) and iPSC-RPE 3 (B, D, F,
and H) showing the arrangement of microtubules in an apical region (A, B), middle region (C,
D), and basal region (E, F) of the cells. The apical region is dominated by horizontally-oriented
microtubules whereas the basal region consists mainly of vertically-oriented microtubules.
Panels (G) and (H) show z-projections; z-planes at the locations of the yellow lines illustrate the
presence of primary cilia (indicated by white arrowheads) on the apical surface of the iPSC-RPE
cells. Scale bars in (A-H), 20 ym.

5.2.5 Transepithelial Resistance

The RPE is situated between the photoreceptors and the choriocapillaris, thereby
serving as a blood-retinal barrier (Rizzolo, 2007). To perform such a function, the RPE forms
tight junctions near its apical surface to tightly regulate the flux of ions, molecules, and fluid
between the inner retina and the blood supply (Rahner et al., 2004). To test whether our iPSC-
RPE expressed the proteins necessary to form these tight junctions, we cultured the cells on
laminin-coated Transwell inserts and performed immunocytochemistry to examine the
expression of tight junction proteins, including ZO-1, occludin, and claudin19. The
immunostaining revealed that the cells, which have proper cortical arrangement of actin
filaments (Figures 5.9A and 5.3C-D), expressed the three tight junction proteins, with normal

localization at the plasma membrane (Figures 5.9B-D and 5.3E-H).
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Figure 5.9: Tight junction proteins and the transepithelial resistance of iPSC-RPE. RPE cells
were cultured on laminin-coated Transwell inserts. (A) Phalloidin labeling demonstrates the
cortical arrangement of actin filaments in iPSC-RPE. (B-D) Immunostaining of the iPSC-RPE
revealed surface expression of the tight junction proteins, ZO-1 (B), occludin (C), and claudin19
(D). (E) To assess the barrier function of the iPSC-RPE, the resistance across monolayers of
cells cultured on laminin-coated Transwell inserts was measured at two-week intervals,
following initiation of the cultures. The net TER was determined by subtracting the resistance
across a laminin-coated Transwell insert lacking cells, and multiplying by the surface area of the
insert (0.33 cm?). The net TER of the iPSC-RPE cells steadily increased between weeks 2 and
8, until it reached a maximal value of just above 200 Q.cm”. Resistance recordings were made
from four individual cultures. The error bars in E represent the mean £ the SEM. Scale bars: (A-
D), 20 uym. Abbreviations: ZO-1, zonula occludens-1; TER, transepithelial resistance.

The resistance across the RPE layer provides a measure of the function of the tight
junctions. To measure the TER, we cultured our iPSC-RPE cells on laminin-coated Transwell
inserts, and made recordings at 2-week intervals. We observed a steady increase in the TER
until it reached a maximal level of slightly above 200 Q.cm?, by 8 weeks of culture (Figure 5.9E).
This value is consistent with the reported net TER of human RPE in vivo, which ranges from
150 Q.cm? to 200 Q.cm” (Quinn and Miller, 1992; Sonoda et al., 2009; Ferrer et al., 2014).
Collectively, the expression of tight junction proteins and the measured TER indicate that the

iPSC-RPE cells are capable of establishing an appropriate epithelial barrier in vitro.

5.2.6 Integration of Human iPSC-RPE into the Murine RPE in vivo

Transplantation of healthy and functional RPE cells has the potential of treating an eye
with diseased or dysfunctional RPE. To test for integration of iPSC-RPE cells into an RPE layer
in vivo, we injected suspensions of RPE cells into the subretinal space of albino mouse eyes
(Figure 5.10A). After various intervals, retinal cryosections were obtained, and fluorescently
labeled with RHO antibodies and phalloidin for f-actin. Images of phase contrast merged with
RHO and actin fluorescence revealed that the injected pigmented iPSC-RPE cells, delineated
by the phalloidin labeling for actin, had integrated into the host retina, and were situated apical

to the outer segments of the photoreceptors, marked by the RHO labeling (Figure 5.10B-E).
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Additionally, the pigmented iPSC-RPE cells also contained phagosomes, derived from ingested
ROSs, suggesting that the integrated cells were capable of performing phagocytosis
(Figure 5.10B).
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Figure 5.10: Transplantation of human iPSC-RPE into murine eyes. (A-H) Injection of
pigmented human iPSC-RPE into the subretinal space of albino mouse eyes. In the examples
illustrated, injections were performed at P14. (A) Posterior segment of a whole eye, 28 days
after injection, showing evidence of pigment. (B-D) Thick retinal cryosection, 28 days after
injection, labeled with anti-RHO (B), and phalloidin (C), and shown under phase contrast (D).
(E) Merge of RHO and actin labeling, together with phase contrast imaging. RHO labels ROSs,
as well as phagosomes in the RPE (yellow arrows in B; inner retina is lower left). Phalloidin
labeling of f-actin delineates the apical RPE. Pigmentation in the RPE cells is evident by the
phase contrast imaging. Pigmented RPE cells are therefore evident in the RPE layer, adjacent
to the labeled ROSs, and contain ROS phagosomes. (F-H) Retinal semi-thin sections from a
P40 non-injected albino mouse (control) (F), and from albino mice fixed 28 days (G), or 205
days (H) after injection. The boxed regions in the lower panels are shown at higher
magnification in the upper panels. iPSC-RPE cells are identifiable by the presence of
melanosomes in the apical processes (red arrows in G), adjacent to the tips of the POSs, in
addition to the cell body. Pigmented iPSC-RPE cells (red arrows in H), remain integrated in the
retina, 200 days post injection. (I-K) Injection of pigmented human iPSC-RPE into the subretinal
space of Mertk’ mouse eyes. In the examples illustrated, injections were performed at P10,
and retinas were examined 27 days after injection, at P37. (I) Fluorescence micrograph of
retinal section labeled with anti-RHO (green) and phalloidin (red). Nuclei were counterstained
with DAPI. Yellow arrows in enlarged region (above) indicate RHO-positive phagosomes in
transplanted iPSC-RPE cells. (J) Micrograph of toluidine blue-stained semi-thin section (yellow
arrows indicate ROS phagosomes). (K) Quantification of photoreceptor nuclei in semi-thin
sections of the central retina. For the data illustrated, injections were made with PBS (control)
or iPSC-RPE cells (p = 0.0001) at P10, and sections were obtained 27 days later, at P37. For
reference, the central region of a 1-2 month old WT retina contains ~10 rows of photoreceptor
nuclei (e.g. (F)). Scale bars: (B-E), 5 um; (F-H), 20 ym; (1) and (J), 10 ym.

Light microscopy on semi-thin sections from injected eyes confirmed the presence of
melanosome-containing cells that were absent in non-injected eyes (Figure 5.10F, G).
Following the longest interval post-injection that we tested, 205 days, these pigmented cells
remained detectable in the retinas of injected albino eyes (Figure 5.10H). It is important to note
that the melanosomes were evident in the apical processes of the RPE cells, in addition to the
cell body (Figure 5.10G; red arrows). Localization to the apical processes, and with an
orientation that is approximately parallel to that of the POSs, has been shown to require the
molecular motor, myosin-7a, in mouse (Liu et al., 1998; Gibbs et al., 2004) and human (Gibbs et
al., 2010) RPE, and demonstrates that the melanosomes are endogenous to the RPE cells. An
alternative explanation for the presence of melanosomes in the RPE is that albino host cells

ingested debris from the injected pigmented cells. While such ingestion can happen, it results in
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the retention of the melanosomes only within vacuoles in the RPE (Engelhardt et al., 2012).
These results confirm that a suspension of iPSC-RPE can be targeted to the outer retina, where
the cells are capable of integrating into the host tissue, and can remain stable for a significant

period of time after the injection procedure.

5.2.7 In vivo Rescue of Retinal Degeneration by iPSC-RPE

RPE dysfunction or pathology has been indicated in numerous forms of retinal
degeneration, including retinitis pigmentosa, Best disease, Stargardt’s disease, and AMD. It is
therefore appealing to use iPSC-derived RPE for autologous transplantations to rescue RPE
functions lost in some of these degenerative diseases. In our in vivo studies, we used the Mertk
" mouse as a model of retinal degeneration, with RPE dysfunction, and tested whether our
iPSC-RPE could rescue the inherent phagocytosis deficiency of the RPE.

We injected suspensions of 50,000 iPSC-RPE cells into the subretinal space of Mertk ™
mice at age P10, long before retinal degeneration has been observed to occur in this model.
The animals were sacrificed 27 days post injection, and thick cryosections and semi-thin Epon
sections were obtained from the retinas. The cryosections were stained with phalloidin to
identify the apical region of the RPE, and an antibody against RHO to identify phagosomes of
ROSs phagocytized by the RPE. In the semi-thin sections, phagosomes were identified by
heavy staining with toluidine blue. MERTK functions in the ingestion of POSs by the RPE, so
that the Mertk " RPE lacks phagosomes (Duncan et al., 2003), and the presence of numerous
phagosomes in the RPE layer is an indicator of transplanted functional iPSC-RPE. Figure 5.10I
shows phagosomes that have been identified by RHO immunolabeling. Figure 5.10J shows a
cluster of toluidine blue-stained phagosomes (yellow arrows) in a semi-thin section of the RPE
layer. The semi-thin sections were also used to quantify the number of rows of photoreceptor

nuclei in the outer nuclear layer (ONL) of the central retina, near the injection site. This

quantification showed that Mertk " mice injected with iPSC-RPE cells had more rows of nuclei
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in the ONL, relative to non-injected mice (Figure 5.10K). Overall, these results demonstrate the
ability of iPSC-RPE to rescue a lost function of the RPE, in vivo, and partial rescue of
photoreceptor degeneration, in a mouse model of inherited retinal degeneration.

5.3 Materials and Methods

5.3.1 GMP Facility

Fibroblast derivation, iPSC generation, and RPE differentiation were performed in a
GMP-compatible facility at the UCLA David Geffen School of Medicine as described
(Karumbayaram et al., 2012). All cells used in this study were handled by qualified personnel.
GMP-compatible protocols and procedures were followed. The facility and equipment, were
routinely cleaned, calibrated, and monitored rigorously by contract vendors. All materials used
were qualified according to the supplier certificate of analysis. Inventory records, and generation

and distribution of materials, were documented.

5.3.2 Derivation of Fibroblasts

Pieces of skin biopsy (1 mm?) were incubated with 1 mg/ml AOF Collagenase A
(Worthington Biochemical; LS00415) for 1 h. Released cells were washed twice and plated on
dishes, coated with CellStart™ (Gibco; A1014201), in Fibrogro™ medium (EMD Millipore;
SCM037). Once confluent, the cells were passaged using TrypLE™ Select (Invitrogen; 12563-
011), and their purity was determined by the proportion of cells expressing fibroblast cell

markers. The cells were stable in culture for at least 5 passages.

5.3.3 Generation and Maintenance of iPSCs

The non-integrating vector used of reprogramming of fibroblasts to iPSCs was the
modified, non-infectious, self-replicating Venezuelan Equine Encephalitis (VEE) virus RNA
replicon RNA system from EMD Millipore (Cat # SCR550). This synthetic polycistronic RNA

replicon has all four reprogramming factors on a single RNA strand, thereby eliminating the
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need to transfect multiple individual mMRNA, and increasing the reprogramming efficiency over
DNA- and protein-based reprogramming methods. Briefly, fibroblasts were transfected with the
vector, and selected with puromycin for 9-11 days in the presence of B18R protein (EMD
Millipore; GF156). Removal of the B18R protein mediates the elimination of the RNA replicon
system from the cultures. Selected cells were passaged onto Matrigel (BD; 354277) and
allowed to grow for 3-4 weeks, during which time, iPSC colonies began to form. These colonies
were picked and passaged to establish individual iPSC lines, which were subsequently
maintained in culture under feeder-free conditions, using a 1:1 formulation of TeSR2 medium
(Stem Cell Technologies; 05860) and NutriStem® medium (Stemgent; 01-0005). A
bioinformatics assay for pluripotency, PluriTest, was performed by Cedars-Sinai. Karyotyping

was performed by Cell Line Genetics.

5.3.4 Differentiation of iPSCs into RPE

RPE cells were differentiated from iPSCs, with modifications of a previously described
method (ldelson et al., 2009). The iPSCs were cultured for 2 weeks as embryoid bodies (EBs),
suspended in low-adherent dishes in basal medium, containing Dulbecco’s Modified Eagle
Medium: Nutrient Mixture F-12 (DMEM/F12; Invitrogen; 11330-032), supplemented with 14%
xeno-free knockout serum (Invitrogen; 12618-013), 0.1 mM non-essential amino acids (NEAA)
(Invitrogen; 11140-050), 2 mM GlutaMax™ (Invitrogen; 35050-061), and 10 mM nicotinamide
(Sigma-Aldrich; N0636). The medium was changed every other day. Growth factors, including
Activin A (140 ng/ml; Peprotech; 120-14P), transforming growth factor beta 1 (TGFB1; 2.5
ng/ml; Peprotech; AF-100-21C), and fibroblast growth factor 2 (FGF2; 20 ng/ml; Peprotech;
100-18B) were then added to the basal medium, and the EBs were allowed to grow and
differentiate for an additional 2 weeks. The EBs were then returned to basal medium until
pigmentation became evident. The pigmented regions in the EBs were separated by scalpel

dissection, and plated as adherent cultures in RPE medium: DMEM/F12 with 5% fetal bovine
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serum (FBS) (Omega Scientific; FB-12), 4% normal human AB serum (Innovative Research;
IPLA-SERAB-HI), triiodothyronine (0.02 ng/ml; Sigma-Aldrich; T6397), hydrocortisone (0.02
pg/ml; Sigma-Aldrich; H0888), taurine (0.25 mg/ml; Sigma-Aldrich; T0625), 10 mM nicotinamide,
0.1 mM NEAA, 1X N1 (Sigma-Aldrich; N6530), 1X B27 (Invitrogen; A14867-01), 0.1 mM -
mercaptoethanol (Sigma-Aldrich; M3148), and GlutaMax™. Pigmented cells were passaged,
following gentle collection with medium after 5-min TrypLE™ treatment. For the following
analyses, RPE cells were cultured in RPE medium (as above, but lacking B27 and f3-
mercaptoethanol, and containing MEM alpha (Invitrogen; 32561-037) with 1% FBS), at 37 °C,
and in 5% CO.. For all experiments, iPSC-RPE cells were passaged 1-4 times beyond their
derivation from the pigmented EBs, and unless otherwise stated, the results in the figures were

obtained from iPSC-RPE line 2.

5.3.5 Immunocytochemistry

iPSC-RPE cells were seeded (1.66 x 10°.cm™) on Transwell inserts (Corning; 3470) or
12-mm glass coverslips, coated with laminin (Thermo Fisher; 23017015), and cultured for 6-8
weeks. Cultures were washed twice with phosphate-buffered saline (PBS), fixed with 4%
formaldehyde in PBS for 10 min, washed with PBS, permeabilized with 0.25% Triton X-100, and
then blocked with 4% bovine serum albumin (BSA) or 10% Normal Goat Serum (NGS)
(Invitrogen; 50-062Z) in PBS for 1 h. They were immunolabeled for 1 h at room temperature in
PBS, containing 1% BSA or 10% NGS, and antibodies against the following proteins: SOX2
(Santa Cruz Biotechnology; sc-17320), NANOG (EMD Millipore; AB9220), OCT4 (Cell Signaling
Technology; #2840), fibroblast-specific protein-1 (FSP-1) (EMD Millipore; ABF32), vimentin
(Abcam; ab92547), RPE6G5 (Abcam; ab67042), microphthalmia-associated transcription factor
(MITF) (Abcam; ab20663), bestrophin 1 (BEST1) (Abcam; ab2182), zona occludens-1 (Z0O-1)
(Life Technology; 40-2200), occludin (Abcam; ab31721), claudin19 (Novus Biologicals;

H00149461-M02), rhodopsin (RHO) ( RHO pAb01 (Boesze-Battaglia et al., 1997; Liu et al.,
81



1999)), integrin ayfs (Abcam; ab24694), and MER proto-oncogene, tyrosine kinase (MERTK)
(Novus Biologicals; NB110-57199). Following primary antibody incubation, cultures were
washed 3 x 5 min, and incubated with Alexa Fluor-conjugated secondary antibodies (Invitrogen)
for 1 h at room temperature, in the dark. Cultures were washed 3 x 5 min with PBS. Membranes
of Transwell inserts were excised and mounted onto frosted microscope slides using Fluoro-Gel
Il mounting medium with 4, 6- diamino-2-phenylindole (DAPI) (Electron Microscopy Sciences;
17985-50) to counterstain the nuclei. Images were acquired with an Olympus FluoView 1000

confocal microscope, or a Zeiss Axiovert 200 M microscope.

5.3.6 Phagocytosis of Photoreceptor Outer Segments

Porcine eyes were obtained from a local slaughterhouse for the purification of
photoreceptor outer segments (POSs), following a method used previously for bovine POS
purification (Azarian et al., 1995). Briefly, retinas were isolated and homogenized under dim red
light. The homogenate was then loaded onto a continuous (27%-50%) sucrose gradient to purify
the POSs, which contain outer segments from rods (ROSs) and cones (COSs). The POSs were
frozen in DMEM with 2.5% sucrose at -80 °C. For phagocytosis assays, the POSs were thawed
at room temperature and incubated with iPSC-RPE on laminin-coated Transwell inserts (10
POSs/cell) for 2 h. After the POS challenge, cells were washed with PBS, containing 0.9 mM
calcium and 0.49 mM magnesium (PBS-CM), and immediately processed for
immunofluorescence (pulse), or incubated further before processing for immunofluorescence
(chase).

A double immunofluorescence labeling strategy, using an antibody against RHO, was
used to distinguish between ROSs bound to the surface of the iPSC-RPE cells and ROSs that
have been internalized, as described (Gibbs and Williams, 2003; Esteve-Rudd et al., 2014).
Briefly, cultures were fixed with 4% formaldehyde for 10 min, and blocked with 1% BSA in PBS-

CM for 15 min. Surface-bound ROSs were labeled with the RHO pAb01, followed by an Alexa
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Fluor 488-nm-conjugated goat anti-rabbit secondary antibody. After permeabilization with 50%
ethanol in PBS-CM for 5 min, all ROSs were labeled with the same RHO antibody, followed by
an Alexa Fluor 594-nm-conjugated goat anti-rabbit secondary antibody. Finally, cells were
washed with DPBS-CM before the membranes of the Transwell inserts were excised and
mounted onto microscopy slides. Confocal Z-stacks of randomly selected fields of view were
acquired on an Olympus confocal microscope using a 60x NA1.4 oil objective. Surface-bound
ROSs were labeled with both secondary antibodies, thereby appearing yellow. Internalized
ROSs were labeled only with the Alexa Fluor 594-nm-conjugated secondary antibody, and
therefore appeared red. For quantification, ROSs with a minimum diameter of 0.5 ym were
counted from a total of 6-8 fields of view using imageJ software. Analysis of ROS degradation
was performed by comparing the total number of ROSs after the 2h-pulse with the number after

2 h- and 5 h-chase periods.

5.3.7 Live-Cell Imaging

iPSC-RPE cells were plated on laminin-coated chambered coverglass (LabTek; Fisher
Scientific; 155411), and allowed to polarize for 8 weeks. To label acidic organelles, including
endolysosomes, the cells were incubated with RPE medium containing 100 nM LysoTracker
Red DND-99 (Thermo Scientific; L7528) for 1 h at 37 °C. After washing to remove excess dye,
fresh medium, containing 25 mM HEPES (Gibco; 15630-080), was added to the cells. Live-cell
imaging was performed using an Ultraview ERS spinning disk with a Zeiss Axio Observer
microscope, and an environmental chamber maintained at 37 °C. Movies were acquired with a
63x oil objective at 1.9 frames per second, using Volocity (PerkinElmer). The trajectories of
labeled organelles were analyzed in the x- and y-dimensions, during a 20-40-second time

period, using the Volocity and Imaris x64 (Bitplane) software.

5.3.8 Transepithelial Resistance Measurements
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Transepithelial resistance (TER) was measured for iPSC-RPE cells cultured on laminin-
coated Transwell inserts (growth surface area, 0.33 cm?), using an EVOM? Epithelial
Voltohmmeter (World Precision Instruments) with a STX2 electrode. Measurements were made
within 3 min of removal from the incubator. The net TER was determined by subtracting the
resistance across a laminin-coated Transwell insert, lacking cells, from measured values, and

then multiplying by the surface area.

5.3.9 RNA Preparation and Expression Analysis

Total RNA from the iPSC-derived RPE was extracted using the RNeasy Mini Kit
(Qiagen; 74104). RNA concentrations were measured using a Qubit fluorometer. Single-
stranded cDNA was synthesized from 200 ng of total RNA, using Superscript IV and random
hexamer primers (Fisher Scientific; N8080127) in a volume of 20 ul. The cDNA was used for
semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis. PCR
reactions were performed using GoTaq® Flexi DNA polymerase (Promega; M829). Thermal
cycling conditions were performed as follows: one cycle at 94 °C for 300 s; 30 cycles at 94 °C
for 30 s, 60 °C for 30 s, and 72 °C for 30 s; one cycle at 72 °C for 300 s. The sequences of
primers used for the PCR include: RPE65 (5°_TCCCCAATACAACTGCCACT_3’;

5 CCTTGGCATTCAGAATCAGG_3'), MERTK (5_TCCTTGGCCATCAGAAAAAG_3’;
5_CATTTGGGTGGCTGAAGTCT_3’), BEST1 (5_TAGAACCATCAGCGCCGTC_3};
5_TGAGTGTAGTGTGTATGTTGG_3’), and GAPDH (5_ACCACAGTCCATGCCATCAC_3’;

5 _TCCACCACCCTGTTGCTGTA_3’) (Kamao et al., 2014).

5.3.10 Western Blot Analyses

Cells were lysed in RIPA-I lysis buffer (Fisher Scientific; 89900) with added protease
inhibitor cocktail (Roche; 11836153001). Protein concentrations were estimated using a Qubit

fluorometer (~30 ug protein was applied to each lane). Proteins were transferred to Immobilon
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PVDF membranes (EMD Millipore; IPVH00010), which were blocked with TBS with 0.05%
Tween 20 (Sigma-Aldrich; P9416) and 5% skimmed milk for 30 min, and then probed with anti-
RPEG5. HRP-conjugated secondary antibodies were visualized by enhanced

chemiluminescence (GE-Healthcare; RPN2232).

5.3.11 Subretinal Injections

iPSC-RPE cells were injected into the subretinal space of Mertk ” mice (129 genetic
background) and BALB/cJ albino mice. Cultures of iPSC-RPE cells were washed thoroughly
with PBS before enzymatic dissociation with TrypLE™. BSS PLUS™ (Alcon Laboratories;
0065080050) was added to create a suspension at a concentration of 50,000 cells/ul. Mice
(postnatal day (P) 10-16) were anesthetized by isoflurane inhalation. Their pupils were dilated
with a drop of 1% (w/v) Atropine Sulfate ophthalmic solution (Akorn Pharmaceuticals; 17478-
215-02), and the corneas were kept moist with Hypromellose ophthalmic demulcent 2.5 %
solution (Wilson Ophthalmic Corp; 51394-315-15). A 1-pl suspension of iPSC-RPE was injected
into the subretinal space of each eye, under a Zeiss Stemi 2000 microscope, as described
(Engelhardt et al., 2012). Ophthalmic ointment (Neomycin & Polymyxin B sulfates and
Dexamethasone; Falcon Pharmaceuticals; 61314-631-36) was applied to each eye, immediately
following injection. Cyclosporine (200 mg/I; Novartis; 0078-0109-61) was added to the drinking
water of the dam from 1 day prior to the injection until the pups were weaned at P28. Mice were
kept on a 12-hour dark/12-hour light cycle. For experiments concerning phagosomes, they were

killed between 15 and 30 min after lights-on.

5.3.12 Microscopy

For fluorescence microscopy, eyes were fixed, embedded in OCT, cryosectioned, and
immunolabeled as described (Jiang et al., 2015). Semi-thin sections were prepared for light

microscopy by fixation and Epon-embedment, as described (Jiang et al., 2015).
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5.3.13 Statistical Test

GraphPad Prism 7 and Microsoft Excel were used to perform statistical analyses. The
data was represented by the mean # the standard deviation or standard error of the mean. A
two-tailed Student t-test was used to determine if there was a significant difference in
photoreceptor nuclei counts between control vs. iPSC-RPE-injected eyes. A p < 0.05 was
considered statistical significant.

5.4 Discussion

Numerous in vitro cell models have been used to study basic human RPE cell biology,
including primary cultures from donor tissues, and immortalized cell lines, such as ARPE-19,
d407, and hTERT-RPE1 (Davis et al., 1995; Dunn et al., 1996). Although RPE cultures from
human fetal tissue do mimic in vivo characteristics well (Hu and Bok, 2001; Maminishkis et al.,
2006), their supply is limited, and a large supply of isogenic cell cultures is not feasible. On the
other hand, RPE cultures from immortalized cell lines have been reported to fall short of in vivo
characteristics, including signature gene expression, robust TER, structural polarity, and
functional aspects such as kinetics of POS phagosome degradation (Finnemann et al., 2002;
Strunnikova et al., 2010; Lehmann et al., 2014; Mazzoni et al., 2014). Many of these limitations
have been mitigated by using human pluripotent stem cells to obtain RPE cells in large
quantities for cell culture studies as well as therapeutic transplantation. Here, we have
advanced the use of iPSC-RPE cells by a GMP-compatible method of iPSC generation, coupled
with novel analyses of critical cell biological functions.

RPE cells were one of the first cell types to be isolated from pluripotent stem cells, due
to their readily discernible pigmentation (Kawasaki et al., 2002), and a variety of protocols have
been developed to improve and hasten this process (Idelson et al., 2009; Buchholz et al., 2013;
Gong et al., 2015; Maruotti et al., 2015). Some of these protocols have generated RPE cells

from integration-free iPSCs (Leach et al., 2016; Saini et al., 2017) as these cells are more likely
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to be free of mutations due to the reprogramming process, and are therefore better candidates
for transplantation purposes. Here, we have used GMP-compatible conditions to differentiate
RPE from iPSCs that have been generated using integration-free reprogramming, and
demonstrated that the iPSC-RPE cells possessed key characteristics that will likely be essential
to their function in clinical uses.

Cultures of iPSC-RPE cells have been characterized with respect to gene expression,
the presence of selected protein markers, and some functional assays (Kokkinaki et al., 2011;
Kamao et al., 2014). An extensive recent study focused on ATP-dependent, RPE physiology
(Miyagishima et al., 2016). The particular focus in the present study has been on aspects of
RPE cell biology that are critical for retinal health. By week 7 of the differentiation process, we
observed robust expression of signature RPE proteins, including BEST1, RPE65, and MITF. At
that time, the cytoskeleton of the cells resembled that of an epithelium, with actin filaments
organized at the cortex, and microtubules arranged horizontally in the apical cell body and
vertically throughout the cell body (Bacallao et al., 1989; Bre et al., 1990; Gilbert et al., 1991;
Meads and Schroer, 1995 ). The epithelial arrangement of the cytoskeleton was underscored by
our live-cell imaging analysis, in which 8-week cultures of iPSC-RPE cells exhibited lateral and
vertical motility of endolysosomes. The observed intracellular motility is a critical indicator of
RPE cell health. Each RPE cell in the human retina must efficiently degrade phagosomes
derived from 30 POSs on a daily basis (Volland et al., 2015). Defects in motor proteins that
drive organelle motility in the RPE have been shown to compromise phagosome degradation,
and lead to retinal pathology, including symptoms of AMD, which is potentially the most
significant target disease of RPE transplantation (Gibbs et al., 2003; Jiang et al., 2015).

In addition, the iPSC-RPE cells showed both normal expression and localization of tight
junction proteins, including ZO-1, occludin, and claudin19, by week 7 of the differentiation (Peng

et al., 2011; Stanzel et al., 2014). This was reflected functionally by the TER of the cultures,
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which by week 7 had reached 200 Q.cm?. Finally, by week 8 of the differentiation process, we
observed surface localization of the receptors integrin a,85 and MERTK, which participate in the
binding and ingestion of POSs, respectively (Lin and Clegg, 1998; D'Cruz et al., 2000). These
receptors were shown to be functional in assays that demonstrated the phagocytosis of POSs
by iPSC-RPE cells, with kinetics comparable to that in vivo.

These results support the use of iIPSC-RPE cells for in vitro studies of pathogenicity in
RPE disease. In addition, a clinically-relevant goal for RPE cells derived from iPSCs is to be
able to transplant these cells into patients with maculopathies, where RPE dysfunction or
dystrophy contributes to the overall pathology. The RPE can be transplanted as either an intact
sheet of cells or as a suspension of dissociated cells (Schwartz et al., 2012; Sugita et al., 2016).
A major concern with the suspension method is that the cells may not integrate properly in order
to perform their function. Here, we demonstrated that a suspension of iPSC-RPE cells can
integrate into the host RPE monolayer, and is capable of partially rescuing a critical function of
the RPE that has been compromised due to a genetic defect. The ability of iPSC-RPE cells to
rescue the pathology associated with certain maculopathies is likely to be dependent on the
quality of the RPE cells that are used. In this study, we placed a special emphasis on
characterizing the highly-sensitive cell biological characteristics of iPSC-RPE cells, such as

intracellular trafficking, to obtain well differentiated cultures suitable for transplantation.
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Chapter 6

Rapid Differentiation of the Human RPE Cell Line, ARPE-19, Induced by Nicotinamide

6.1 Introduction

The retinal pigment epithelium (RPE) is a single monolayer of cells that resides between
the light-sensitive photoreceptors and the fenestrated choriocapillaris. It performs specific
functions in support of the photoreceptor cells, such as the reisomerization of visual
chromophore, and phagocytosis of photoreceptor outer segment (POS) membrane (Strauss,
2005). The importance of the RPE for proper vision is underscored by several retinal
degenerative diseases that involve RPE pathology, including age-related macular degeneration

(AMD) (Bhutto and Lutty, 2012).

Due to the scarcity of donor eyes, primary human RPE cells are in limited supply.
Moreover, these primary cultures exhibit significant heterogeneity among cultures from different
donors (Burke et al., 1996; Kuznetsova et al., 2014). In addition to donor eyes, human RPE
cells can be derived from embryonic and induced pluripotent stem cells (Idelson et al., 2009;
Buchholz et al., 2013; Hazim et al., 2017). Although the RPE cells differentiated from stem cells
have been shown to exhibit native RPE characteristics, the differentiation process is costly and
time-consuming. Furthermore, stem cell-derived RPE cells have been found to lose their
polarized organization and RPE functions after only a few passages in culture (Singh et al.,
2013a). Hence, human RPE cell lines continue to provide an important source, with the ARPE-
19 line being the most commonly used; in recent years, there have been ~170 papers published
annually that specifically mention ARPE-19 cells in the title or abstract (PubMed search for

ARPE-19 or ARPE19).

When first reported, standard cultures of the ARPE-19 cell line readily exhibited many of
the characteristics of well-differentiated RPE cells, including cobblestone morphology, apical-
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basal polarity, and expression of RPE-specific proteins (Dunn et al., 1996). However, after two
decades of passaging, such well-differentiated cultures no longer form with the commonly-used
culture methods. The cells typically exhibit incomplete execution of the epithelial polarity
program (Rodriguez-Boulan and Macara, 2014), thus compromising their ability to represent in
vivo biology. We describe here a significantly-improved method to culture ARPE-19 cells that
are currently commercially available. It involves culture in medium with supplements including
nicotinamide (referred to as MEM-Nic hereafter), and selective trypsinization to generate a
homogeneous cell population. The requirement for nicotinamide demonstrates the importance

of metabolism in differentiation of the cells.
6.2 Results
6.2.1 Cobblestone Morphology

ARPE-19 were thawed and cultured in DMEM/F12 with GlutaMAX, 10% certified FBS,
and 1% Penicillin/Streptomycin until the culture vessel was 95-100% confluent. For medium
comparison studies, the cells were passaged and cultured in a 6-well tissue culture plate
(seeding density, 1.66 x 10° cells.cm™) or on a Transwell filter insert (at the same density) in
one of the following media: (1) DMEM/F12 (DMEM/F12, 1% FBS, and 1%
Penicillin/Streptomycin); (2) DMEM + pyruvate (DMEM with high glucose (4.5 g/l), 1 mM
pyruvate, and 1% Penicillin/Streptomycin); (3) MEM-Nic (MEM alpha with GlutaMAX, 1% FBS,
1% Penicillin/Streptomycin, 1% N1 supplement, taurine (83 mg/ml), hydrocortisone (20 pg/ml),
triiodo-thyronin (13 ng/ml), and 10 mM nicotinamide). The cells were maintained at 37 °C, 5%

CO,, and fed three times per week.

First, we examined the gross morphology of ARPE-19 cells in two standard media
commonly used to culture these cells and compared them with those cultured in MEM-Nic. As a
simple epithelium, RPE forms a single monolayer with cobblestone appearance. After one week
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in culture on a plastic tissue culture plate, with either of the standard media, the ARPE-19 cells
formed a disorganized monolayer with fibroblast-like morphology, as evident by bright-field
microscopy. In contrast, the cells cultured in MEM-Nic formed a monolayer of mostly epithelial-
like cells, exhibiting cobblestone morphology (Figure 6.1A). When grown on Transwell inserts
(as describe in the next section) for one week, and examined by immunofluorescence of zona
occludens-1 (ZO-1), which labels the periphery of the cells, a comparable difference was
evident (Figure 6.1B). After an extended period in culture, we observed improvements in the
organization of ARPE-19 cultures in the two standard media, with the appearance of a
cobblestone-like morphology after > 2 months, but still not to the extent of cells after one week

in culture with MEM-Nic.
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Figure 6.1: Cellular morphology of differentiated ARPE-19 cells. (A) Brightfield micrographs of
ARPE-19 cells differentiated on plastic surfaces for one week in standard media (DMEM/F12 or
DMEM-Pyruvate) or in MEM-Nic medium. (B) Immunofluorescence micrographs of ZO-1 in
ARPE-19 cells differentiated on Transwell inserts for one week in the media mentioned above.
Only cells differentiated in MEM-Nic medium show cobblestone morphology. (C) Nicotinamide is
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necessary for the differentiation of ARPE-19 cells. Brightfield micrographs of ARPE-19 cells
plated at the same density and cultured for two weeks in MEM-Nic medium without nicotinamide
(but with other supplements to the MEM), with 1 mM or 10 mM NR instead of nicotinamide in
MEM-Nic, or with 10 mM nicotinamide (i.e. MEM-Nic). Cobblestone morphology can only be
observed in medium containing 10 mM NR or 10 mM nicotinamide. (D-G) ARPE-19 cells
differentiated on Transwell inserts for 2-3 weeks in MEM-Nic medium. (D) TEM micrograph
shows numerous microvilli emanating from the apical surface of ARPE-19 cells. (E) Phalloidin
labeling of apical section shows actin filaments in the apical microvilli (lower) and the slightly
less apical circumferential ring (upper). (F and G) Single plane confocal microscopy of a-tubulin
immunolabeling revealed horizontal microtubules in apical region (f) and vertical microtubules in
the basal region (G) of polarized ARPE-19 cells. Scale bars: (A and C), 100 um; (B, E, and G),
20 ym; (D), 0.5 ym. NR, nicotinamide riboside. All images are representative of 2 3
experiments.

6.2.2 Role of Nicotinamide in ARPE-19 Cell Differentiation

Given the role that nicotinamide has been shown to play in the differentiation of RPE
from pluripotent stem cells (Idelson et al., 2009; Maruotti et al., 2015; Saini et al., 2017), we
tested the necessity of nicotinamide in the MEM-Nic medium for the morphological phenotype
we observed. We thus compared cultured ARPE-19 cells in the presence or absence of
nicotinamide, or a nicotinamide-related compound, nicotinamide riboside (NR). Brightfield
micrographs revealed that, in MEM-Nic without nicotinamide (but with the other supplements),
the cells failed to acquire cobblestone morphology, and instead remained fibroblastic in shape.
They also showed that the addition of 10 mM NR was approximately as effective as 10 mM
nicotinamide in inducing the rapid differentiation of ARPE-19 cells (Figure 6.1C). The
cobblestone arrangement of ARPE-19 cultures, grown on Transwell inserts in MEM with 10 mM

Nic or 10 mM NR, is evident by ZO-1 immunofluorescence (Figure 6.1C, right panels).

As a member of the vitamin B3 family, nicotinamide has been implicated to play a central
role in cellular metabolism. In particular, it serves as a precursor for the production of NAD",
NADP?, and other substrates that participate in metabolic pathways, including the TCA cycle,
and the mitochondrial electron transport chain (Jang et al., 2012). Interestingly, many of the key

enzymes and coenzymes in these metabolic pathways have been shown to become
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upregulated as cells differentiate into their terminal fate (Shyh-Chang et al., 2013; Hu et al.,
2016). Nicotinamide has been shown to protect against oxidative stress and maintain
mitochondrial health (Gomes et al., 2013; Mitchell et al., 2018), while its related compound, NR,
was demonstrated to promote oxidative metabolism by means of increasing the NAD*/NADH
ratio (Canto et al., 2012). Interestingly, there is evidence to suggest that oxidative stress, and in
particular reactive oxygen species, can promote epithelial-to-mesenchymal transition (Rhyu et

al., 2005; Wang et al., 2010).
6.2.3 Culture on Permeable Transwell Inserts

Transwell culture systems provide a permeable support for epithelial cells that promotes
their differentiation in vitro into a polarized state by establishing distinct apical and basal
compartments. To generate homogenous polarized monolayers, ARPE-19 cells differentiated in
MEM-Nic for two weeks in plastic vessels were subjected to three 10-minute treatments with
TrypLE, a recombinant trypsin substitute. The TrypLE was discarded after each 10-min
treatment, releasing weakly-adherent fibroblastic cells, approximately 5% of cells in the cultures,
leaving behind the firmly attached epithelial cells. This method of selective trypsinization
generates a homogenous population of cobblestone cells in subsequent cultures. Following the
last treatment of TrypLE, the remaining cells were harvested in MEM-Nic (by gentle pipetting)
and the suspension was passed through a 40-um cell strainer (BD Falcon) to ensure the
absence of cell clumps. Cells were then counted on a hemocytometer and plated on laminin-
coated (10 pg.cm™) Transwell inserts at a density of 1.66 x 10° cells.cm? in MEM-Nic. The cells
were fed three times per week by replacing 100 ul of medium in the apical compartment and

600 ul in the basal compartment of each Transwell insert.

6.2.4 Characterization of the Apical Microvilli and the Cytoskeleton
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Differentiated ARPE-19 cells grown on Transwells were prepared for transmission
electron microscopy (TEM), and fixed by removing the culture medium and replacing it with
primary fixative, 2% formaldehyde and 2.5% glutaraldehyde (EM grade from Electron
Microscopic Sciences) in 0.1 M sodium cacodylate buffer. Cells were fixed for 20 min, before
the Transwell membrane was excised with a scalpel and quickly placed in 0.1 M sodium
cacodylate buffer, in which they were washed (3x5 min). The cells were then post-fixed for 20
min with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer and thoroughly washed (3x5
min) in 0.1 M sodium cacodylate buffer. Samples were then gradually dehydrated in increasing
levels of ethanol (30-90%) for 5 min each. Dehydration concluded with three, 5-min washes in
100% ethanol. Finally, cells were rinsed 3x5 min in propylene oxide and infiltrated with
increasing concentrations of Araldite 502 resin (Electron Microscopic Sciences, Hatfield, USA),
starting with 2 parts propylene oxide to 1 part resin for 20 min, followed by 1 part propylene
oxide to 2 parts resin for 20 min, and ending with 2 successive incubations in pure resin for 20
min each. Cells were then embedded in flat molds and polymerized in an oven at 60 °C for 48 h.
Ultrathin sections were collected on copper mesh grids and contrast stained with 5% uranyl

acetate in ethanol and 0.4% lead citrate.
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Figure 6.2: Expression profile and functional assessment of differentiated ARPE-19 cells. (A)
RT-PCR shows expression of RPE-specific and RPE-related genes. (B) Western blot revealed
expression of RPEG5 in ARPE-19 cells differentiated in MEM-Nic for 4 weeks; the protein is
undetectable in HEK cells and ARPE-19 cells differentiated in MEM without nicotinamide. (C
and D) Fluorescence micrographs of ARPE-19 cells differentiated on Transwell inserts for 3
weeks show expression and polarized localization of occludin (C; apical due to tight junction
localization) and BEST1 (D; basolateral surface). The nuclei are counterstained with DAPI in the
z-planes (taken at the yellow lines) underneath each panel. (E) Western blot revealed the
presence of CFH in serum-free medium conditioned by differentiated ARPE-19 cells for 48 h.
Quantification of band intensity showed significantly more CFH present in the apical medium
relative to the basal medium. Equal volume samples from three different cultures are shown. (F
and G) Micrographs of opsin-labeled ARPE-19 cells (before and after cell permeabilization)
differentiated on Transwell inserts, challenged with porcine POS for 2 h and fixed immediately
(F; pulse) or fixed after a 1-h chase period (G). Surface-bound POS appear in yellow whereas
internalized POS appear in red. (H) Quantification of total POS revealed a significant decrease
after the 1-h chase relative to the pulse, indicating degradation of ingested POS at a rate
comparable to that in vivo. Scale bars: (C and D), 20 um; (F), 10 um. N.T.C, no template
control; HEK, human embryonic kidney cells; FOV, field of view. All images are representative
of 2 3 experiments. Error bars in (E and H) represent £+ S.E.M. *** P = 0.0002; * P = 0.015.

96



For immunofluorescence, cells cultured on Transwell inserts were washed twice with
Dulbecco’s phosphate buffered saline (DPBS; Fisher Scientific) and fixed with 4% formaldehyde
in DPBS for 10 min. Following 3 washes with DPBS, the cells were permeabilized with 0.25%
Triton X-100, and then blocked in DPBS containing 5% normal goat serum and 1% BSA for 1 h.
The cells were then incubated for 1 h at RT in DPBS containing 1% BSA and one or a
combination of primary antibodies. Following the primary-antibody incubation, the cells were
washed 3x5 min, and incubated with appropriate Alexa Fluor-conjugated secondary antibodies
and, in some instances, Phalloidin-TRITC (Sigma-Aldrich) for 1 h at RT in the dark. The cells
were washed 3x5 min with DPBS, and the membranes of the Transwell inserts were excised
and mounted on frosted microscope slides using Fluoro-Gel Il mounting medium with DAPI
(Electron Microscopy Sciences) to counterstain the nuclei. Images were acquired on a confocal

microscope (FluoView 1000, Olympus) with FluoView FV10-ASW 3.1 software.

Electron microscopy revealed the presence of microvilli emanating from the apical
surface of differentiated ARPE-19 cells (Figure 6.1D). Fluorescence microscopy demonstrated
an epithelial-like arrangement of cytoskeletal elements. Phalloidin labeling revealed actin
filaments in the apical RPE, with a circumferential ring at the level of the cell-cell junctions
(Figure 6.1E). By immunolabeling, we also observed that apically-located microtubules were
horizontal (Figure 6.1F) while those found more basally were vertically-oriented (Figure 6.1G).
In addition to these classes of microtubules, immunolabeling with antibodies specific for

acetylated a-tubulin indicated the presence of cilia at the apical surface of the cells (Figure 6.3).
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Figure 6.3: Differentiated ARPE-19 cells possess apically-oriented cilia. Fluorescence
micrograph of acetylated a-tubulin revealed the presence of primary cilia. Below the micrograph
is a z-plane taken at the yellow line and showing cilia (indicated by white arrows) emanating
from the apical region of the cells. The nuclei are counterstained with DAPI. Scale bar: 10 um.

Because these cytoskeletal elements support actin-based (myosins) and microtubule-
based (dyneins and kinesins) motility, they play an essential role in organelle trafficking and
protein sorting. In epithelial cells, the spatial organization of microtubules, in addition to their
associated motors, have been shown to be critical for the polarized targeting of secretory
vesicles, as well as the machinery of the endocytic pathway (Gilbert et al., 1991; Musch, 2004).
The ARPE-19 cells differentiated by our method establish a polarized epithelial cell model that
can be used to investigate general epithelial processes, including secretory and endocytic
vesicular transport, as well as RPE-specific processes such as the trafficking of phagosomes
and the degradative organelles that are necessary for their clearance (Wavre-Shapton et al.,

2014; Jiang et al., 2015; Esteve-Rudd et al., 2018).

6.2.5 Expression of RPE Genes
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Total RNA was harvested from ARPE-19 cells differentiated on plastic for 2 weeks using
Qiagen RNeasy Plus Mini Kit (cat # 74134) following the manufacturer’s protocol. Single-strand
cDNA was synthesized from 2 ug of total RNA using the SuperScript Il First-Strand Synthesis
Kit (Invitrogen). PCR was performed using Tag PCR Premix (Bioland Scientific). Thermal
cycling conditions were as follows: one cycle at 95 °C for 5 min; 40 cycles at 95 °C for 15 s, 60

°C for 15's, and 72 °C for 20 s; and one cycle at 72 °C for 5 min.

To test for the expression of RPE-signature genes, we probed for RPE65, encoding an
essential retinoid isomerase required for the visual cycle function, bestrophin 1 (BESTT),
encoding an RPE-specific protein localized to the basolateral surface, occludin (OCLN),
encoding a tight junction component, and MERTK and integrin 35 (/ITGBS5), encoding critical
receptors for the phagocytosis of photoreceptor outer segment disk membranes. RT-PCR
revealed that two-week cultures of ARPE-19 cells in MEM-Nic detected the expression of all

these genes (Figure 6.2A).

6.2.6 Protein Expression, Localization, and Secretion

SDS-PAGE was performed to separate 20 ug of proteins (denatured at 95 °C for 5 min)
from whole-cell lysates on a 4-12% bis-tris gradient gel. Proteins were transferred onto PVDF
membrane using semi-dry transfer. Membranes were blocked with Odyssey blocking buffer (LI-
COR) for 1 h at RT to prevent non-specific binding of the antibodies. For RPEE5 detection, the
membrane was incubated with rabbit anti-RPE65 (pin 5) in Odyssey buffer containing 0.1%
Tween-20 overnight at 4 °C. The signal was detected by incubating the membrane with goat
anti-rabbit IRDye 800CW secondary antibodies in Odyssey buffer with 0.1% Tween-20 and
0.01% SDS for 1 h at RT. For Factor H detection in ARPE-19 conditioned medium, samples
were collected from the apical and basal compartments of Transwell inserts (six times more

volume was collected from the basal compartment relative to the apical compartment to account
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for the medium volumes used when culturing the cells). The samples were heated at 70 °C for
10 min before being separated on a 4-12% bis-tris gradient gel. The transfer and blocking steps
were performed as described above. The membrane was incubated with goat anti-FH for 2 h at
RT followed by an incubation with donkey anti-goat IRDye 800CW secondary antibodies. Blots
were imaged using the Odyssey CLx Imaging System (LI-COR) and processed using Image

Studio Lite Ver5.2 software.

Western blotting confirmed the expression of RPEG5 protein (Figure 6.2B). After 3
weeks of differentiation, properly localized occludin (Figure 6.2C) and BEST1 (Figure 6.2D),
were detected at the apical and basolateral surfaces, respectively. Taken together, these data
show that ARPE-19 cells can be rapidly differentiated such that their expression of some key

RPE proteins compares to native RPE.

Demonstration of polarity in differentiated ARPE-19 cells was evident in the vectorial
secretion of complement factor H. The RPE is a local source of Factor H in the retina, and the
gene (CFH) is one of the two very high-risk genes for AMD (Edwards et al., 2005; Haines et al.,
2005). Serum-free media conditioned by ARPE-19 cells differentiated on Transwell inserts for
48 h was collected from the apical and basal compartments of the inserts and tested for Factor
H using western blotting. The results demonstrated significantly more Factor H present in the
apical medium relative to the basal medium (Figure 6.2E), suggesting that the protein is
secreted in a polarized manner, similar to that observed in vivo. This observation is consistent
with immunofluorescence data showing Factor H localization on the apical surface of human

fetal RPE cultured on Transwell inserts (Kim et al., 2009b).

6.2.7 Isolation of Porcine Photoreceptor Outer Segments

Fresh porcine eyes were obtained from a local slaughterhouse and kept on ice at all
times. POS were isolated using a previously published protocol for isolation of bovine POS
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(Azarian et al., 1995), with a few modifications. Briefly, the retinas were isolated from eyecups
under dim red light and homogenized with a Teflon glass pestle. The homogenate was then
loaded onto a continuous (27-50%) sucrose gradient and centrifuged at 26,000 g for 1 h at 4 °C.
Following centrifugation, the POS settle in a band on the gradient, easily identifiable due to its
orange/pink color. The band containing the POS was collected, diluted three times in Ringer
solution (130 mM NacCl, 3.6 mM KCI, 2.4 mM MgCl,, 1.2 mM CaCl,, 10 mM HEPES, and 0.02
mM EDTA, pH 7.4) and centrifuged at 10,000 g for 10 min at 4 °C. The POS were counted
under a hemocytometer and stored in DMEM with 2.5% sucrose at -80 °C for subsequent
experiments. POS were stored frozen. Immediately prior to use they were thawed at RT and
centrifuged at 2,400 g for 5 min. The POS were then suspended in DMEM, and FBS was added

at 10% final concentration.
6.2.8 Phagocytosis of Photoreceptor Outer Segments and Degradation of Phagosomes

To test the functionality of differentiated ARPE-19 cells, we focused on an essential
function of the RPE, phagocytosis of POS. Frozen POS were thawed at RT and centrifuged at
2,400 g for 5 min. The POS were then suspended in DMEM, and FBS was added at 10% final
concentration. Differentiated ARPE-19 cells cultured on Transwell inserts were then challenged
with 100 pl of POS suspension (~7.5 x 10’ POS/ml) for 2 h at 37 °C, 5% CO,. After the POS
challenge, cells were extensively washed with DPBS containing 0.9 mM calcium and 0.49 mM
magnesium (DPBS-CM), and immediately processed for immunofluorescence (pulse; Figure
6.2F) or returned to the 37 °C incubator for 1 h (chase; Figure 6.2G) before being processed for

immunofluorescence.

A previously described double immunofluorescence labeling strategy (Hazim and
Williams, 2018) was used to distinguish between POS bound to the surface of the ARPE-19

cells and POS that have been internalized. Briefly, the cells were fixed with 4% EM-grade
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formaldehyde (Electron Microscopy Sciences) for 10 min and blocked with blocking buffer (1%
BSA in DPBS-CM) for 15 min. Surface-bound POS were then labeled with the pAb01 rabbit
anti-opsin antibodies diluted in blocking buffer for 10 min followed by an Alexa Fluor 488 nm-
conjugated goat anti-rabbit secondary antibodies for 30 min in the dark. The cells were then
permeabilized with 50% ethanol for 5 min at RT. Total POS were labeled with the same opsin
antibody followed by an Alexa Fluor 594 nm-conjugated goat anti-rabbit secondary antibody for
1 h at RT. Finally, cells were washed with DPBS-CM before the membranes of the Transwell
inserts were excised and mounted onto frosted microscope slides using Fluoro-Gel Il mounting
medium with DAPI. Confocal Z-stacks of = 3 randomly selected fields of view were acquired on

an Olympus confocal microscope.

Surface-bound POS were labeled with both secondary antibodies, thereby appearing
yellow in color. The internalized POS were labeled post-cell permeabilization with the Alexa
Fluor 594 nm-conjugated secondary antibody and therefore appear red in color. For
quantification, POS 2 0.5 ym in diameter were counted from each field of view using imageJ
software. Quantification of opsin-positive particles revealed that the cells were capable of
binding, ingesting, and degrading POS-derived phagosomes at a rate comparable to that of

primary RPE cells (Figure 6.2H).

6.2.9 Statistical Analysis

Data were analyzed using a two-tailed Student’s t-test. For CFH secretion, n = 3
separate cultures of ARPE-19 cells, with apical and basal components for each. For the
phagocytosis assay, n = 3 randomly selected fields of view for both the pulse and chase
conditions; each field of view contained = 100 cells. Calculations were performed using

GraphPad Prism 7 and Microsoft Excel software.

6.3 Materials and Methods
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6.3.1 Cell Culture Components

Dulbecco’s Modified Eagle Medium (DMEM)/F12 with GlutaMAX, Minimum Essential
Medium (MEM) Alpha, certified-grade fetal bovine serum (FBS; US origin), nonessential amino
acids (NEAA), TrypLE Express Enzyme (1X), and Penicillin/Streptomycin were obtained from
Thermo Fisher Scientific (Waltham, MA). The N1 supplement, taurine, hydrocortisone, triiodo-
thyronin, and nicotinamide were obtained from Sigma-Aldrich (St. Louis, MO). ARPE-19 cells
were obtained from ATCC (Lot Number 63478793; Manassas, VA) at their currently advertised
passage number of 19, cultured on T75 flasks or 6-well tissue culture plates, and differentiated
on Transwell inserts with polyester membrane (6.5-mm diameter, 0.4-pm pores) from Corning

Costar (St. Louis, MO), and coated with natural mouse laminin (Thermo Fisher Scientific).

6.3.2 Antibodies

The primary antibodies used for immunocytochemistry included: rabbit anti-ZO-1
(Invitrogen 402200), rabbit anti-occludin (Abcam ab31721), mouse anti-BEST1 (Abcam
ab2182), mouse anti-a-tubulin (Sigma-Aldrich T9026), and mouse anti-acetylated a-tubulin
(Sigma-Aldrich T6793). The secondary antibodies used were goat anti-mouse and goat anti-
rabbit IgG conjugated to Alexa Fluor 488 or 594 (Life Technologies). For western blotting, the
antibodies used included: rabbit anti-RPEG65 (pin 5) (Wenzel et al., 2005) (gift from Andreas

Wenzel) and goat anti-FH (Quidel A312).

6.3.3 RT-PCR Primers

For RT-PCR, the sequences of primers used include: RPE65, 5’ —
GATCTCTGCTGCTGGAAAGG - 3" and 5 — TGGGGAGCGTGACTAAATTC — 3’; BEST1,5 -
CCCGAAAATCACCTCAAAGA -3 and 5 - GCTTCATCCCTGTTTTCCAA —3’; OCLN, 5 -

GGAGGACTGGATCAGGGAAT -3’ and 5 — TCAGCAGCAGCCATGTACTC - 3’; MERTK, &
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AGACTTCAGCCACCCAAATG — 3’ and 5 — GGGCAATATCCACCATGAAC - 3’; and ITGBS, &

— CGGGGACAACTGTAACTGCT -3 and 5 — ACGCAATCTCTCTTGGTGCT - 3.

The primers used for BEST1, OCLN, and ITGB5 span exon-exon junctions as to avoid
amplification of genomic DNA. The primers used for RPE65 and MERTK could theoretically
generate products from genomic DNA. However, this is unlikely, given that such amplicons

would be larger than 7 kb.
6.4 Limitations
6.4.1 Low Trans-Epithelial Resistance in Differentiated ARPE-19 Cells

Trans-epithelial resistance (TER) was measured for differentiated ARPE-19 cells
cultured on laminin-coated Transwell inserts using an EVOM? Epithelial Voltohmmeter (World
Precision Instruments) with a STX2 electrode, as described previously for RPE cell cultures
from iPS cells (Hazim et al., 2017). All measurements were made inside a biosafety cabinet
within 3 minutes of cell removal from the incubator. The net TER was determined by subtracting
the resistance across a laminin-coated Transwell insert without any cells from measured values,

and multiplying by the growth surface of the Transwell insert (0.33 cm?).

In comparison to RPE cells in vivo or primary culture, ARPE-19 cell cultures have
invariably been reported to possess a relatively low TER, a measure of the barrier function of
the epithelium. Even with the original ARPE-19 cultures, Dunn et al. (Dunn et al., 1996) reported
TER values of 34 Ohms.cm? in DMEM/F 12 medium. In DMEM-Pyruvate, 51 Ohms.cm? was
reported (Ahmado et al., 2011). In MEM-Nic, we measured 40 Ohms.cm? after 6 weeks, which

is comparable to these published values and still relatively low.

6.4.2 Lack of Pigmentation
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Although the premelanosome marker, Pmel17, has been detected in ARPE-19 cells
(Ahmado et al., 2011), electron micrographs of normal RPE melanosomes have never been
shown. Nonetheless, a lack of pigmentation is usually considered an advantage when working
with fluorescence, which is readily quenched by melanin (especially in green and shorter

wavelengths).

6.4.3 Abnormal Karyotype

The immortalization of the ARPE-19 cell line occurred spontaneously, and in a recent
study, it was shown that different sources of the cell line exhibited abnormal karyotypes.
Interestingly, attempts to generate clonal lines with normal karyotype failed because those cells
undergo cellular senescence. To test for major chromosomal aberrations in ARPE-19 cells used
in this study, cells (p17) were passaged onto a T-25 flask at 50-70% confluency, and shipped to

Cell Line Genetics for karyotyping.

Cytogenetic analysis of 20 G-banded metaphase cells revealed an abnormal karyotype,
most notably, a loss of one copy of chromosome 15, and an unbalanced translocation between
the chromosome 15q and 19q (Figure 6.4). The karyotype of our cells was similar to that
reported by Fasler-Kan et. al. (2018) (Fasler-Kan et al., 2018). Despite these chromosomal

aberrations, our study shows that the cells can still be differentiated into an RPE-like state.
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Figure 6.4: Karyotype analysis of G-banded metaphase chromosomes from ARPE-19 cells

shows monosomy of chromosome 15, and an unbalanced translocation between the long arms
of chromosomes 15 and 19 (red ellipsoids).
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Chapter 7
Conclusions from the Present Studies

In this body of work, | have investigated a number of critical aspects of the RPE in
relations to normal cellular biology and pathology. | particularly focused on the essential
phagocytic function of the RPE, by which this supportive monolayer of cells in the retina binds,
internalizes, and degrades the distal tips of the photoreceptor outer segments, thereby
maintaining photoreceptor health and therefore proper vision. In the first two studies, | described
two methods by which to test the kinetics of the process of phagocytosis using an in vitro cell
culture model; one of these methods utilized spinning disk confocal microscopy to study the
trafficking of phagosomes in live cultures of RPE cells. These two methods proved to be
essential for investigating the RPE dysfunction observed in a mouse model of human Stargardt
3 macular degeneration.

As the mutation in Stargardt 3, which affects the ELOVL4 gene, truncates the protein
and leads to its mislocalization from the endoplasmic reticulum to the photoreceptor outer
segment, it was hypothesized that the protein ends up in the RPE via phagocytosis of abnormal
outer segment-derived phagosomes. Using live-cell imaging of normal RPE cells fed ELOVL4-
mutant outer segments, | demonstrated that the resultant phagosomes have impaired maotility,
including reduced speed and less productive movements. The motility of phagosomes has been
shown to be crucial for their degradation, as they are dependent on interactions with
degradative organelles, including lysosomes and endosomes, to be efficiently cleared by the
RPE. Furthermore, | also demonstrated that the impaired motility of mutant phagosomes in
normal RPE cells is, in part, due to their abnormal association with the dynein motor protein.
This observed defect in phagocytosis by the RPE may be a critical component in the retinal

pathology that ultimately leads to photoreceptor degeneration.

107



The molecular and cellular mechanistic insights into RPE dysfunction in the Stargardt 3
mouse model underscore the value of RPE cell culture models. To that end, | have investigated
the differentiation of human RPE cells from two sources, including induced pluripotent stem
cells, and the immortalized human RPE cell line, ARPE-19. This differentiation process involves
rearrangement of the cellular cytoskeleton, which results in a cobblestone epithelial-like
morphology, polarization of intracellular and secreted proteins, and the capability to phagocytize
photoreceptor outer segments. RPE derived from induced pluripotent stem cells, once
extensively characterized as shown in Chapter 5, can be useful for future studies aiming to
model retinal diseases involving RPE dysfunction, if obtained from human patients suffering
from a particular blinding disease. For example, these cells can be derived from AMD patients
and used to establish a disease-in-a-dish model where the role of CFH, a protein highly
associated with the disease, in RPE pathology can be tested. As a complementary model,
ARPE-19 cells, when differentiated using the method described in Chapter 6, can be quite
useful to investigate RPE cellular processes, including organelle trafficking and homeostasis.

In summary, the aspects of the RPE investigated in this dissertation highlight cellular
characteristics and processes that are essential for normal physiology. These aspects are
further emphasized when they become awry, thereby compromising RPE function and overall
retinal health. Thus, they must be under careful consideration if we are to gain a deeper
understanding of the physiology of this supportive cellular monolayer in the retina, and to

develop effective treatments that can potentially halt or reverse blinding diseases.
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Appendix
Gene Therapy Approaches for Prevention of Retinal Degeneration in Usher Syndrome
The accessible and immune-privileged environment of the eye makes it ideal for gene

therapy. It has been 8 years since successful gene therapy was first reported for patients with
an inherited form of progressive retinal degeneration (RD), Leber Congenital Amaurosis (LCA2),
following treatment in one eye with AAV2-RPE65 (Bainbridge et al., 2008; Hauswirth et al.,
2008; Maguire et al., 2008). Now, Bennett et al. have reported improved vision without adverse
effects, such as immunogenicity, following treatment of the second eye with AAV2-RPEG6S5, in
children with LCA2 (Bennett et al., 2016). These results strongly support the use of in situ gene

therapy in patients who can be treated prior to the onset of RD.

Paramount to this approach is the early identification of patients, before the retina has
undergone any irreversible changes. While most forms of RD are detected only after significant
retinal pathogenesis, Usher syndrome types 1 and 2 present congenital deafness that facilitates
genetic identification of the disease in infancy; Usher 1 patients are born profoundly deaf, and
Usher 2 patients are insensitive to high frequencies (Kimberling and Moller, 1995). Nowadays,
the deafness can be treated with cochlear implants, and genetic testing of deaf infants is used

to identify Usher syndrome and thus predict ensuing RD.

The first retinal gene therapy studies with Usher genes were carried out using lentiviral
(LV) delivery of MYO7A, the gene responsible for Usher syndrome 1B (USH1B). MYO7A is
present in both the photoreceptor and retinal pigment epithelial (RPE) cells (Liu et al., 1997)
(Figure 1A). Injection of LV-MYQO7A into the subretinal space of Myo7a-deficient mice was found
to correct mutant phenotypes in both these cell types (Hashimoto et al., 2007). A phase I/II
clinical trial, using LV-MYQO7A to treat RD in USH1B, has been under way since 2012

(https://clinicaltrials.gov/ct2/show/NCT01505062).
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Figure 1: (A) Diagram of a photoreceptor cell and an RPE cell. Most Usher proteins are
associated with the connecting cilium or periciliary membrane. Usher 1 proteins are also present
in calycal processes. However, the Usher 1B protein, MYO7A, is most abundant in the RPE. (B)
Schematic illustrating an overview of large genome fragmentation and subsequent full-length
genome reconstitution for the AAV2-MYO7A fAAV vector (HR, homologous recombination; ITR,
inverted terminal repeat; pA, polyadenylation signal; smCBA, small chicken beta-actin
promoter). (C) Examples of AAV vector-mediated approaches for gene therapy, resulting from
defects in large, very large or alternatively spliced genes (SD = splice donor, SA = splice
acceptor, HDR = homology-directed repair).

Because the MYO7A coding sequence is 6.7 kb, it was thought that a viral vector such as LV
was needed for delivery, since it features a larger carrying capacity than the reported maximum
of 5 kb for adeno-associated virus (AAV). However, more recently, it was found that use of AAV,
including AAV2, as used in the LCA2 treatments, mentioned above, resulted in WT levels of
MYO7A and correction of retinal phenotypes in mutant mice (Allocca et al., 2008; Lopes et al.,

2013; Trapani et al., 2014).

A significant body of research has now demonstrated that oversized AAV genomes can
be packaged into high titer AAV as 5’ truncated sense and anti-sense genomes, termed
fragmented vectors (fAAV). The truncated genomes are efficiently reassembled, with high
fidelity, into the full transgene product following transduction of target cells, as a result of
recombination that is biased towards homologous recombination (HR) rather than non-
homologous end joining (NHEJ) (Dong et al., 2010; Hirsch et al., 2010; Wu et al., 2010) (Figure
1B). Oversized gene replacement therapy, using fAAV expressing MYO7A cDNA, not only
demonstrated reconstitution of the intact transgene product in vivo, but also reported more
reliable phenotypic correction of the underlying mutation than a dual AAV vector expression
system (Lopes et al., 2013). Similar success was also reported for fAAV expressing a 7.5-kb
dysferlin transgene (Hirsch et al., 2013). Recently, an optimized dual vector system was shown
to be comparable to fAAV vectors in a mouse model of Stargardt’s RD (Trapani et al., 2015).

There is an ongoing debate over which AAV system is the best for delivery of large transgenes
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(Ghosh et al., 2011; Hirsch et al., 2013; Trapani et al., 2014). However, it is likely that many
factors, including the transgene sequence and the epigenetic and transcriptional state of the

target tissue will influence the success of each approach.

Despite the promise of gene augmentation therapy for genetic RDs, this approach is not
amenable for a gene whose functional cDNA is very large or which expresses multiple essential
isoforms. All the Usher genes have been reported to express multiple isoforms, although their
relative importance in the human retina is unknown (Table 1). The expression of two major
isoforms of MYO7A in the human retina (Weil et al., 1996) is a concern for the current USH1B
clinical trial, which is using the single cDNA that was generated in the original mouse studies
(Hashimoto et al., 2007). This isoform corrects mouse retinal phenotypes (Hashimoto et al.,
2007; Lopes et al., 2013), but the relative isoform expression may differ between mouse and

human retinas.

Direct targeting of genetic mutations can overcome these limitations. Recently,
antisense oligonucleotides (ASOs) were used to correct a splice-site mutation in CEP290, a
large gene defective in another form of LCA, and whose protein, like most of the Usher proteins,
functions in the photoreceptor cilium (Garanto et al., 2016). Similarly, ASOs were used to target
a cryptic splice site in the orthologue of USH1C, thereby rescuing hearing and vestibular
functions in a mouse model for USH1C (Lentz et al., 2013). ASOs are limited, however, to

diseases amenable to repair by blocking translation or a specific splice site.

Other mutations can potentially be repaired by gene editing strategies, including the
clustered, regularly interspaced, palindromic repeats (CRISPR)-associated (Cas) system, which
has revolutionized the field of genomic engineering since its introduction (Cong et al., 2013).
Adapted from the microbial immune system, this technology uses a short guide RNA to target

the Cas endonuclease to a specific locus in the genome. The Cas endonuclease can then
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generate double-stranded breaks in the DNA, which can be repaired by one of two
mechanisms: (1) NHEJ, an error-prone process that often results in insertions or deletions, or
(2) homology-directed repair (HDR), which requires a repair template to introduce modifications
to the targeted genetic locus (Yang et al., 2014). NHEJ occurs at a higher frequency while HDR
is more suitable for repairing mutations.Recent RD studies demonstrated correction of rd7 via
CRISPR-mediated HDR of mutant mouse zygotes (Wu et al., 2016), and allele-specific ablation
of a dominant mutant allele of Rho by CRISPR-mediated NHEJ with neonatal mice (Bakondi et

al., 2016).

Viral delivery of CRISPR-Cas components offers high transduction efficiency, limited
only by the size of the donor HDR template with respect to viral capacity (see above). HDR is
currently also limited by its low efficiency, especially in post-mitotic cells (Ran et al., 2013).
Nonetheless, the observation that an oversized AAV genome is regenerated in vivo by
photoreceptor and RPE cells (Lopes et al., 2013; Trapani et al., 2014) indicates the presence of
HDR in these cell types (Dong et al., 2010; Lai et al., 2010; Wu et al., 2010), and corroborates

previous work demonstrating HDR in developed adult photoreceptors (Chan et al., 2011).

One strategy to help overcome limitations of HDR is to take advantage of different
classes of CRISPR-Cas systems. For example, unlike the commonly used Cas9, the
endonuclease Cpf1 generates staggered cuts with 5° overhangs (Zetsche et al., 2015). The
resulting cleavage could mediate the insertion of a DNA fragment to correct a mutation by

NHEJ, the more dominant repair mechanism.

Novel innovations in the field of gene editing will provide opportunities to optimize gene
repair for RDs, however a genetic model with well-characterized cellular phenotypes would be
useful to test and optimize the efficiency of gene editing. Among RDs, the cellular phenotypes

resulting from loss of MYO7A in mutant mouse retinas have been particularly well
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characterized. These phenotypes, such as melanosome localization in the RPE (Liu et al.,
1998) and opsin concentration in the proximal photoreceptor cilium (Liu et al., 1999), can be
scored on a cell-by-cell basis (Jacobson et al., 2008; Lopes et al., 2013), thus giving a direct

readout of efficiency, making them potentially useful in optimization studies.

In conclusion, because patients with Usher syndrome are typically identified before RD
begins, they are particularly suitable for gene therapy approaches. Preclinical tests are needed
to determine if only one isoform is essential to prevent RD; in this case, all but 2 or 3 of the
largest genes would appear suitable for augmentation by AAV, fAAV or dual AAV vector
delivery of a single cDNA. Subtypes that are associated with a very large gene (USH2A and 2C)
or more than one essential retinal isoform represent appropriate candidates for testing AAV

vectors in the context of new gene editing strategies (Table 1; Figure 1C).
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Table 1. Usher syndrome genes that are large or alternatively spliced

USH Gene Number of Isoforms | Length (amino acids) | Reference
Subtype
USH1B MYO7A | 2° 2175, 2215 (Weil et al.,
1996)
USH1C USH1C | 3 classes®* Up to 899 (Nagel-
Wolfrum et
al., 2011)
USH1D CDH23 | 3 classes®® Up to 3354 (Lagziel et
al., 2009)
USH1F PCDH15 | 3 classes®® Up to 1955 (Ahmed et
al., 2008)
USH1G SANS |2 358, 461
USH1J CIB2 3° Up to 210 (Riazuddin et
al., 2012)
USH2A USH2A | 2° Up to 5202 (van Wijk et
al., 2004)
USH2C GPR98 | 3° Up to 6306 (Weston et
al., 2004)
USH2D WHRN | 3P Up to 907 (Ebermann
et al., 2007)
USH3A CLRN1 | 11° Up to 245 (Vastinsalo
etal., 2011)

®Expressed in the human retina.

®Total number expressed in human; the number in the retina is not known.

°Each class represents multiple isoforms.
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