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Preface

Stem cells have an inherent ability to regenerate tissues and organs and because of
this property they constitute the core of the field of regenerative medicine. However,
stem cells alone are not sufficient to bring a regenerative medicine to patients. They
must be combined with other areas of biology including but not limited to tissue
engineering, bioengineering, drug discovery, immunology, and surgical approaches.
I have focused this book on several of these aspects of regenerative medicine by
presenting examples of various interdisciplinary science currently being used for
one common goal — regeneration of the entire human body.

This book mainly focuses on examples demonstrating the use of pluripotent stem
cells and associated technologies in ocular research. For me, there is no better topic
than eye research to provide excellent examples of research progressing in the field
of regenerative medicine. The ocular research community has been at the forefront
of regenerative medicine research for decades: one of first tissues successfully dif-
ferentiated from pluripotent stem cells is an eye tissue - the retinal pigment epithe-
lium; the first FDA approved gene therapy is for a monogenic childhood form of
retinal degeneration; and the first cell therapy trials conducted using embryonic and
induced pluripotent stem cell derived therapies are for age-related macular degen-
eration, a blinding eye disease. All of this happened by no accident. Various factors
have contributed towards the success of regenerative medicine research in the eye:
(1) blinding diseases are some of the most prevalent and devastating disorders often
afflicting children and depriving patients of one of the most critical senses required
to communicate with the outside world. This has led to a major push in the scientific
community to develop new treatments for eye diseases; (2) several genes and gene
mutations affect the eye without major effects on organismal survival. Because of
this several gene mutations have accumulated that affect vision but not the overall
patient health. This has sparked scientific curiosity about the role of those genes and
mutations and in developing treatments for associated disorders; (3) eye is an easily
accessible organ. Because of this several surgical interventions and follow up tech-
niques have been tested and discovered over the years. All of this technology is now
helping bring new regenerative medicines to patients; (4) eye is an easily accessible
part of the brain, exciting neuroscientists to work on the eye. Because of all these
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reasons, regenerative medicine of the eye has always gained significant attention.
I have planned chapters of this book to highlight some of these factors that have
contributed to the success of regenerative medicine in the eye.

I would like the readers of this book, the next generation of scientists and physi-
cians, to appreciate the breath of research that is being conducted around the topic
of regenerative medicine and the kind of research that is required to bring successful
treatments to patients. Some of my favorites examples include: how patient derived
iPS cells are being used to learn more about monogenic diseases but then that
knowledge is applied to polygenic diseases that are not easy to study using any other
model system; how evolutionary conserved immune responses regulate inflamma-
tion in the eye and control immune-response against allogeneic stem cell derived
cells; combining bioprinting with stem cell technology to develop complex 3D tis-
sues that provide a native-like environment for both disease modeling and drug
testing; and co-evolution of stem cell based therapies and the surgical approaches to
bring such stem cell based therapies to patients.

The time is right for such a book, because regenerative medicine is at a cross-
roads right now where the full potential of stem cells has been realized. Scientists
are trying to harness this potential by using a multi-disciplinary approach towards
solving the most fundamental problems in biology and to perform the most cutting-
edge discoveries in this space. It is critical for the next generation of scientist to
understand what approach is currently being adopted to bring the latest regenerative
treatments to patients..

Regenerative medicine is a constantly growing field. New discoveries are hap-
pening every day. One major limitation of this book, which is perhaps a limitation
for every such book, is to stay up to date with the most recent discoveries happening
in the field. It took more than a year to complete this book and even though all
authors did their best to continually update their chapters, it is highly likely that
some of the most recent advances have not been mentioned in this book. But the
purpose of this book is not to describe the latest discoveries. My goal with this book
is to develop a succinct document that provides a global overview of the field and a
reference document for understanding how stem cells can be used to decipher path-
ways involved in eye diseases and to develop treatments for such eye diseases.

For the successful completion of this work, I would like to thank all the authors
who have provided their outstanding chapters. These authors have summarized their
own work and the work of others. Therefore, it is only appropriate for me to extend
my thanks to all of their labs and to other researchers who have spent countless
hours for all the discoveries and inventions that have formed the very basis of this
book. I would especially like to thank all the scientists whose vision and hard work
gave birth to the field of regenerative medicine and all the associated fields. Most of
all, my gratitude goes to patients who altruistically donated samples and their time
for research that went into this book.

Last but not least, I would like to thank the editorial staff of Springer publisher
for their help and patience (with me) while we tried to complete this work.

Bethesda, MD, USA Kapil Bharti



Introduction

Developmental biologists have long known about the ability of pluripotent stem
cells to differentiate into various cell types. These early observations led to a quest
that led to successful culture of mouse embryonic stem (ES) cells and coining of the
term ES cells in the year 1981 by Gail Martin. This discovery completely revolu-
tionized the scientific approach towards understanding of gene function. Scientists
were able to generate transgenic mice with a gene specific knockout to better inves-
tigate gene function, to identify phenotypes associated with specific gene knock out
and correlate them with patient phenotype associated with specific diseases. Perhaps
even more relevant discovery for human biology was the discovery of human
embryonic stem cells by Jamie Thompson in the year 1998. This advancement for
the first-time allowed scientists to make human tissues in a dish and to study human
developmental biology in vitro. The scientific community also realized the potential
of human ES cells to provide replacement tissues as treatments for degenerative
diseases. This formed a new field of regenerative medicine with a focus on replace-
ment tissues.

In parallel another scientific endeavor was ongoing to better understand the
biology of ES cells. Scientists were trying to convert a somatic human cell into an
ES-like cells. This work was originally sparked by a 50 years old observation by Sir
John Gurdon, who had demonstrated that the cytoplasm of an egg was sufficient to
reprogram the nuclear genome of a somatic cell such that the derived cell could now
behave like an ES cell. The work led by Dr. Thompson and Dr. Yamanaka led to the
discovery of human induced pluripotent stem (iPS) cells: ES-like cells derived from
any somatic cell of the body with the capability to differentiate into any other cell or
tissue type of the body. This work was even more exciting for the scientific com-
munity because it allowed scientist to develop patient specific cells and tissues in
vitro and investigate disease pathogenesis in a dish. Furthermore, it provided a pos-
sibility of developing autologous cell therapies that might get around the immune-
rejection concerns associated with ES cell derived cell therapies. Discoveries of
both ES cells and iPS cells have led to major breakthroughs in different aspects
of regenerative medicine. This book focuses on such breakthroughs with highlights
of both the disease-in-a-dish and the cell therapy aspect of pluripotent stem cells.

vii



viii Introduction

The main emphasis of the book is on the use of stem cells in retina research as
remarkable progress has occurred in various aspects of eye research using pluripo-
tent stem cells. The three main retinal cell types that have been successfully derived
from both ES cells and iPS cells are the retinal pigment epithelium (RPE), the light
sensing photoreceptors, and the retinal ganglion cells. RPE is a monolayer of pig-
mented epithelial cells, located in the outer retina. It is a polarized tissue with
specialized microvilli located towards its apical side and a proteinaceous mem-
brane called the Bruch’s membrane towards its basal side. RPE interacts with pho-
toreceptor outer segments via its microvilli and performs several functions to
maintain health and integrity of photoreceptors throughout its life. RPE also forms
the outer blood retina barrier and regulates nutrient and metabolite flow between
the choroidal blood supply on its basal side and photoreceptors on its apical side.
RPE dysfunctions lead to choroidal atrophy and photoreceptor cell death leading
to vision loss.

Photoreceptors are the main light sensing unit of the retina. There are two main
types of photoreceptors: rods and cones. Rods are primarily responsible for dim
light vision and cones are responsible for bright light and central vision. Rhodopsin
and cone opsins located in the outer segments of these two photoreceptor cell types
absorb light photons and transmit those signals to the interneurons of the retina.
Through the interneurons, electrical signals are transmitted to retinal ganglion
cells (RGCs). RGCs are one of the main neuronal cell types of the retina that carry
electrical signals to the visual cortex of the brain where the electrical signal is
converted into an image. Different types of RGCs carry signals from different
areas of the retina, thus regulating dim light and bright light responses.

Clearly, all three cell types are quint-essential for vision and some of the most
prevalent blinding eye disease are associated with degeneration of these three cell
types. Successful RPE differentiation from stem cells was achieved a few years
before the differentiation of photoreceptors and other cell types of the retina.
Overtime researchers have further optimized the RPE differentiation protocols
developing RPE monolayer as a functionally validated fully polarized and mature
tissue derived from both ES and iPS cells. This has allowed researchers to develop
relevant disease models and cell therapies using stem cell derived RPE cells.
These advances are reflected in three chapters that are focused on the RPE.
Photoreceptor and retinal ganglion cell differentiation initially started in 2D cul-
tures but with seminal discoveries of late Dr. Yoshiki Sasai 3D retinal organoid
cultures were also established. Current efforts in the photoreceptor field utilizes
both 2D and 3D cultures. However, in neither culture methods researchers have
been successful in developing fully polarized photoreceptors that contain opsin
protein harboring outer segments or demonstrate light responses similar to what is
seen in the native retina. This has limited the use of stem cell derived photoreceptors
in disease modeling. But efforts continue in the photoreceptor transplantation field
because the thinking is that transplanted photoreceptors will continue to mature
when present in the in vivo eye environment. RGC research community has been
able to develop neurons that contain several key RGC markers and demonstrate an
action potential. This has allowed researchers to simulate RGC diseases using
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patient specific iPS cells. The importance of these three cell types for vision has
long stimulated vision researchers to study their basic developmental biology, to
explore disease-inducing pathways, and to develop cell therapies to replace degen-
erated cells in the eye. This book covers research performed in all these areas on all
three cell types. In fact, it goes beyond the work directly performed on these cell
types and covers advanced tissue engineering approaches used by stem cell
researchers to develop 3D eye tissues containing a capillary network and provides a
more native-like environment to study tissue-tissue interaction under healthy and
diseased conditions. The book also provides a discussion on surgical approaches
that have been developed to transplant cell therapies in the eye. A brief synopsis of
all the chapters is provided below.

The first chapter by Dalvi et al presents a “classical” use of iPS cell technology
for disease-in-a-dish approach focusing on inherited forms of retinal degenerative
diseases. One of the key requirements for developing in vitro disease models is the
ability to develop functionally validated RPE cells from iPS cells. Authors discuss
various human disease models that have been developed using patient-derived iPS
cells and discoveries performed using such human disease models both for better
understanding of disease pathogenesis and for discovering potential treatments
that can be brought back to patients. Authors also address the potential of stem
cells for better understanding of more complex diseases such as age-related macular
degeneration.

The second chapter by Greene et al demonstrates an application for stem cell
derived wild type cells in studying the fundamental biology of RPE cells. Authors
use pluripotent stem cell derived RPE cells to better understand the epithelial pheno-
type of these cells. Loss of RPE epithelial phenotype associated with eye injuries
leads to a condition called proliferative vitreoretinopathy (PVR). Authors present an
in vitro PVR model developed using iPS cell derived RPE cells, and also discuss
high throughput screens that can be performed using iPS cell derived primary cells.

The third chapter by Ben M’Barek et al covers an important topic of stem cell
derived cell therapies. Authors discuss in depth how functionally validated RPE
cells are differentiated from ES and iPS cells and used to develop cell therapies for
retinal degenerative diseases. Currently, two approaches are being tested to deliver
RPE cell therapy in the eye: cells in suspension and cells on a scaffold. Authors
discuss differences between these two approaches and how synthetic and natural
scaffolds are used to develop an RPE-patch for transplantation. Furthermore, they
discuss preclinical efficacy data from animal models used to demonstrate function-
ality of RPE cell therapies and also discuss preliminary safety data from ongoing
human trials using stem cell derived RPE.

The fourth chapter by Kramer et al focuses on photoreceptor-based cell therapies
and challenges faced during ES or iPS cell derived photoreceptors transplantation in
preclinical animal models. Authors discuss challenges with the integration of trans-
planted photoreceptors in the host retina and the role played by the host retina
microenvironment and the immune system in transplant survival and integration.
Authors describe genetic and immune modulatory strategies to overcome the
immune response against stem cell derived photoreceptors in an allogeneic host.
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The success of this work will help bring stem cell-based treatments to a large number
of patients.

The fifth chapter by Ohlemacher et al deals with vision restoration downstream
of photoreceptors in retinal ganglion cells. These authors explain how functionally
authentic RGCs have been differentiated from ES and iPS cells. They discuss gene
expression and electrophysiology readouts used to validate ES or iPS cell derived
RGCs. Furthermore, authors review advances in developing optic neuropathy and
glaucoma disease models using stem cell derived RGCs, approaches used to dis-
cover potential new drugs using stem cell derived RGCs, and an ambitious future
challenge to develop a cell therapy to replace degenerated RGCs.

The sixth chapter by Stanzel et al highlights a critical example of associated tech-
nologies that must be developed to successfully bring stem cell-based therapies to
patients. Here authors demonstrate elegant methods that have been developed to
transplant stem cell derived RPE cells in suspension, RPE-monolayer patch, photo-
receptors, and retinal sheet grafts. Surgeons are trying such transplants through the
front of the eye (going through the vitreous) or the back of the eye (going through the
sclera). Authors also discuss various preclinical animal models, their advantages and
disadvantages for developing surgical techniques for transplantation in the eye.

The seventh chapter by Boutin et al discusses a next generation technology that
combines different stem cell derived cells with bioprinting technology to develop a
3D RPE/choroid tissue. Authors discuss how iPS cell derived endothelial cells when
bioprinted on one side of a scaffold are capable of forming a capillary network. This
capillary network interacts with the RPE monolayer that is grown on the other side of
a scaffold. Similar to the native RPE/choroid, the in vitro 3D choroid tissue depends
on the RPE for its survival. Authors demonstrate that this 3D tissue can be used to
develop advanced 3D models for complex diseases like AMD. This work shows the
power of stem cell technologies when combined with tissue engineering.

The work presented in this book summarizes state-of-the art eye research that is
being conducted world-wide using stem cells. The success of this work will lead to
improved understanding of human eye development and of diseases that affect the
eye. Furthermore, this work will lead to the development of potential therapies to
treat these blinding eye diseases.
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Chapter 1

Pluripotent Stem Cells to Model
Degenerative Retinal Diseases: The RPE
Perspective

Sonal Dalvi, Chad A. Galloway, and Ruchira Singh

Abstract Pluripotent stem cell technology, including human-induced pluripotent
stem cells (hiPSCs) and human embryonic stem cells (hESCs), has provided a suit-
able platform to investigate molecular and pathological alterations in an individual
cell type using patient’s own cells. Importantly, hiPSCs/hESCs are amenable to
genome editing providing unique access to isogenic controls. Specifically, the abil-
ity to introduce disease-causing mutations in control (unaffected) and conversely
correct disease-causing mutations in patient-derived hiPSCs has provided a power-
ful approach to clearly link the disease phenotype with a specific gene mutation. In
fact, utilizing hiPSC/hESC and CRISPR technology has provided significant insight
into the pathomechanism of several diseases. With regard to the eye, the use of hiP-
SCs/hESCs to study human retinal diseases is especially relevant to retinal pigment
epithelium (RPE)-based disorders. This is because several studies have now consis-
tently shown that hiPSC-RPE in culture displays key physical, gene expression and
functional attributes of human RPE in vivo. In this book chapter, we will discuss the
current utility, limitations, and plausible future approaches of pluripotent stem cell
technology for the study of retinal degenerative diseases. Of note, although we will
broadly summarize the significant advances made in modeling and studying several
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retinal diseases utilizing hiPSCs/hESCs, our specific focus will be on the utility of
patient-derived hiPSCs for (1) establishment of human cell models and (2) molecu-
lar and pharmacological studies on patient-derived cell models of retinal degenera-
tive diseases where RPE cellular defects play a major pathogenic role in disease
development and progression.

Keywords Age-related macular degeneration - Choroidal neovascularization -
Drusen - Human induced pluripotent stem cell (hiPSC) - hiPSC-based disease
modeling - Retinal degenerative diseases - Retinitis pigmentosa - Retinal pigment
epithelium

1.1 Overview of Retinal Degenerative Diseases with a Focus
on RPE Cell Layer

Retinal degenerative diseases (RDDs) are, as a group, one of the leading causes of
irreversible vision loss worldwide. These commonly include retinitis pigmentosa
(RP), Leber congenital amaurosis (LCA), Stargardt disease, and age-related macu-
lar degeneration (AMD), affecting the central part of retina, the macula, responsible
for central vision. Among these, AMD is the most common cause of blindness,
affecting elderly individuals, over the age of 55. Apart from aging, epidemiological
analyses have identified several genetic and environmental risk factors implicated in
the onset and progression of AMD [1, 2]. Mendelian retinal disorders such as heter-
ogenous RP, Stargardt disease, LCA, and Best disease are caused primarily by
mutation of a single gene resulting in the absence of or a dysfunctional gene product
[3-7]. Although RDDs differ phenotypically, the major retinal cell types primarily
affected are photoreceptors, retinal pigment epithelium (RPE), and the underlying
choroidal vessels. Furthermore, in a subset of inherited and age-related retinal
degenerative diseases (e.g., Best disease, Sorsby’s fundus dystrophy, AMD), pri-
mary molecular defects in the RPE cell layer in the eye have been implicated in
disease development and progression [8—11]. This is not surprising, given that RPE
cell health and function is essential for photoreceptor survival and thereby vision
maintenance. A noninclusive list of RPE functions includes the absorption of light,
exchange of biological materials between the photoreceptors and the choroid, the
visual cycle, the processing of shed photoreceptor outer segments, and paracrine
cellular communication [12, 13]. The absorption of light, specifically its energy,
helps to protect the oxygen-rich retina from photo-oxidation. Light absorption
occurs through melanin within the melanosomes and other RPE pigments that filter
distinct wavelengths of light, protecting the macula from oxidative stress [14]. The
hexagonal RPE forms tight junctions, with the cell layer classified as a tight epithe-
lia, forming a diffusion-impermeable layer. As such, RPE must actively transport
biological materials between their apically abutting photoreceptors and their baso-
lateral choroid vasculature. This transport is critical to the balance of water, ions,
and pH within the subretinal space. RPE facilitates the uptake of glucose and retinol
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from the choroidal vasculature to the photoreceptors. The retinoids are the vehicle
to transform light energy, through isomerization, to neurological signal giving us
vision. Retinol is converted to 11-cis-retinal, within the RPE, prior to transport to
the photoreceptors where it binds rhodopsin and is integrated into the visual cycle.
Photoreceptors lack the isomerases necessary to regenerate 11-cis-retinal, which
reside in the RPE and transport retinol from the choroidal vasculature, making them
indispensable in the visual cycle. The recycling of photoreceptors is another impor-
tant function of the RPE. Photo-oxidation and free radical generation of the
mitochondrial-laden photoreceptors exposes their cellular contents to extensive oxi-
dative damage. Removal of much of this damage is accomplished through outer
segment shedding, in which photoreceptor outer segments (POS) containing dam-
aged macromolecules are lost and phagocytosed by the RPE. RPE further degrades
the POS contents while recycling retinoids for the visual cycle. Paracrine signaling
between the photoreceptors and choroid is a highly coordinated process by the
RPE. Among the notable proteins secreted from RPE with physiologic effects rele-
vant to this dialog are pigment epithelium-derived factor (PEDF), vascular endothe-
lial growth factor (VEGF), TIMP metallopeptidase inhibitor 3 (TIMP3), and
EGF-containing fibulin extracellular matrix protein 1 (EFEMP1) [9, 12, 13]. PEDF
is apically secreted by the RPE and is believed to be neuroprotective as well as anti-
angiogenic. In juxtaposition, VEGF is basally secreted and promotes stabilization
of the choroidal vasculature in addition to promoting angiogenesis [9, 15]. The pro-
teins TIMP3 and EFEMPI1 are involved in regulating extracellular matrix (ECM)
turnover [16, 17], crucial for maintenance of the Bruch’s membrane, and thereby
diffusion and transport of biomolecules across the RPE and choroidal vasculature.
Not surprisingly, these proteins have been implicated in macular degenerative
diseases and are discussed within mechanisms of genetic macular degenerative dis-
eases. In fact, defects in a number of these RPE cell functions (e.g., phagocytosis
and degradation of POS, ECM turnover) have been implicated in both AMD and
other RDDs that are caused by mutations in genes regulating these cellular pro-
cesses (e.g., RP caused by MERTK mutations affecting POS phagocytosis [18-21],
Doyne honeycomb retinal dystrophy (DHRD) caused by an EFEMPI mutation, a
gene involved in ECM turnover [22, 23]).

1.1.1 Age-Related Macular Degeneration (AMD)

AMD is the leading cause of vision loss in the western world [24]. By the age of 75,
approximately 30% of Americans are affected by the disease [25]. AMD exists in
two forms, “dry” and “wet” AMD. Currently there is no treatment for “dry” or geo-
graphic atrophy, while “wet” AMD has multiple FDA-approved drugs [26]. Initially
both forms of AMD present with a similar pathology are characterized by the appear-
ance of intermediate-sized drusen within the macular region of the retina and thick-
ening of the Bruch’s membrane. The Bruch’s membrane is a five-layer sandwich
of connective tissue consisting of RPE basal lamina, an inner collagenous layer,
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an elastic layer, an outer collagenous layer, and choriocapillaris basal lamina [9, 27].
The thickening of the Bruch’s membrane in AMD consists of fibrous long-spacing
collagen, which is geographically located between the RPE and the RPE basal lam-
ina. Drusen are observed as whitish-yellow infiltrates by ophthalmoscopy and are
composed of biological materials including protein and lipid or lipoproteinacous
material. Within the structure of the retina, drusen reside between the basolateral
side of the RPE and the Bruch’s membrane; however, unlike the ordered collagenous
thickening of the membrane, it appears as more random infiltrates. This positioning
is likely critical to the role of drusen and membrane thickening in the development
of AMD’s pathology, disrupting the functional interaction between the RPE and the
vasculature behind the retina. Drusen are characterized as either hard or soft, quan-
titatively by number and size by their size, <63 or <125 pm, respectively, and quali-
tatively by border appearance, distinct or fuzzy/diffuse [28]. A greater quantity and
presentation of soft drusen was the best predictor of advanced AMD in the Beaver
Dam 15-year follow-up study [29]. In the “dry” form of AMD, the appearance of
drusen is followed by changes in macular retinal pigment, the atrophy of RPE and
ultimately the loss of vision. In contrast, the wet form of AMD involves choroidal
neovascularization (CNV) or the proliferation of vasculature from the choroid.
While the nature of this event remains ill-defined in AMD progression, stimulation
of RPE by complement components C3 and C5, common residents of drusen [30]
promoted VEGF secretion from the RPE upon acute exposure in a murine model
[30]. This suggests the appearance of drusen in early AMD predisposes the choroid
to neovascularization while reinforcing the paracrine signaling balance between the
RPE and choroid, here in the promotion of angiogenesis [30, 31]. Genetically an
increased susceptibility to AMD has been linked to polymorphisms in genes involved
in the complement immune response. The genes implicated include Complement
factor H (CFH), C3, Complement factor I (CFI), and Complement Factor B (CFB)
[32], suggesting a disrupted and/or dysregulated immune response may contribute to
the pathology. Polymorphisms within the Age-Related Maculopathy Susceptibility-2
(ARMS?2) gene are linked to increased susceptibility to AMD [33], though the func-
tion of this protein in the disease pathology remains undefined.

While no single mutation is responsible for the development of AMD, there are
other forms of late-onset retinal degeneration that do result from single-point muta-
tions. Specifically Sorsby’s Fundus Dystrophy (SFD) with a mutation in TIMP3 [34]
and Doyne’s Honeycomb Retinal Dystrophy/Malattia Leventinesse (DHRD/ML)
with a mutation in EFEMP] [35], both of which are involved in ECM remodeling,
is secreted from the RPE. Likewise, mutations in CIQTNF5 gene (CTRPS), an
RPE-secreted protein, which is a constituent of Bruch’s membrane leads to late-
onset retinal degeneration (L-ORD) [36, 37]. Interestingly these diseases appear to
share a significant phenotypic overlap, the development of drusen, integral to pro-
gression of the pathology. Despite their inheritance through genetic mutation, these
diseases have a relatively late-onset, though earlier than that of AMD, suggesting
the development of the pathology is time-dependent despite the immediate expres-
sion of a mutated gene product. These characteristics make these diseases plausible
surrogates to study the complex time-dependent development of AMD.
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1.1.2 Sorsby’s Fundus Dystrophy (SFD)

SFD is an autosomal dominant macular degenerative disease, which begins to affect
patients between their third and fifth decades of life [38]. The earliest symptom is usu-
ally a loss of night vision. Patients may then experience rapid central vision loss fol-
lowed by peripheral vision loss [39]. The pathology of the disease can be similar to
that of wet AMD with neovascularization observed in SFD patients, which may lead
to the acute vision loss. Alternatively, a slowed progression with peripheral vision loss
parallels the pathophysiology of dry AMD with loss of RPE in distinct areas. Common
to both forms is the appearance of peripheral drusen between the RPE and the Bruch’s
membrane. Unlike AMD where a number of mutations across multiple alleles increase
the probability of its development, mutation of a single protein, TIMP3, has been
defined as causal in SFD [34]. A number of distinct mutations within TIMP3 have
been described to be responsible for the pathology of SFD, most of which cause a
missense mutation introducing an additional cysteine residue and all of them cluster-
ing around exon 5 of the mRNA message [40]. The mutations lie in the c-terminal
region of TIMP3, which has been ascribed the function of inhibition of matrix-metal-
loproteases (MMPs) [41]. The additional cysteine residues and observed TIMP3
aggregates in SFD patient’s led investigators to hypothesize that additional disulfide
bridges between TIMP3 molecules may drive the aggregation of protein affecting its
interaction and inhibition of MMPs. In agreement, a defining pathologic marker of the
disease is a thickening of the ECM adjacent to the Bruch’s membrane, suggesting this
may indeed affect regulation of ECM remodeling machinery. However, functional
analysis of these mutations gave varied results with respect to the ability of the mutated
protein to inhibit MMP2 despite the increased propensity of the mutants to form
oligomers [16]. It is currently postulated that the oligomers of TIMP3 instead dis-
rupted TIMP3 turnover, leading to their observation of the extreme thickening of the
Bruch’s membrane. Notably, as mentioned previously, similar to AMD, SFD patients
present drusen accumulation between the RPE and the Bruch’s membrane preceding
the retinal atrophy of the RPE and photoreceptors. Furthermore, TIMP3 protein is a
prominent constituent of drusen deposits in both AMD and SFD [10, 42], and rare
variants in TIMP3 have recently been linked to AMD development [43].

1.1.3 Doyne’s Honeycomb Retinal Dystrophy (DHRD/ML)

DHRD/ML is a macular degenerative disease pathologically identified by the
appearance of yellowish-white drusen, RPE atrophy, and neovascularization pre-
ceding the loss of vision [44, 45]. Patient vision loss generally has onset in the
fourth decade of life. DHRD/ML results from the missense mutation (R345W) in
EFEMPI gene [35]. EFEMPI is a secreted protein that has been shown to regulate
the activity of multiple MMPs (e.g., MMP-2, MMP-9) involved in ECM turnover
[23]. The R345W mutation in EFEMP1 has been demonstrated to inhibit the proper
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folding and secretion of the protein [17] and initiating the unfolded protein response
(UPR) within RPE [46]. Although the persistent stimulation of the UPR promotes
apoptotic cell death, the exact mechanism of how R345W mutation in EFEMP1
leads to the progression of the disease remains ill-defined. It has however been pos-
tulated that EFEMPI mutation promotes the DHRD/ML pathology in a dominant
negative fashion. The dominant negative action of the mutation is supported by the
R345W EFEMP]I knock-in mice developing pathological markers of the disease,
including drusen development at the Bruch’s membrane [47], while knock out mice
are unaffected with respect to macular health [48]. Recent studies utilizing R345W
EFEMP] knock-in mice and overexpression of mutant EFEMP] in cultured RPE
cells, ARPE19, and human fetal RPE have implicated a causal role for C3 activation
in the formation of drusen/basal deposits in DHRD, due to impaired ECM turnover
[23, 47, 49]. Interestingly, EFEMP1 has also been shown to be a binding partner of
TIMP3 [17], the gene causal in SFD, and TIMP3 and EFEMP1 colocalize in the
drusen deposits underlying DHRD patients [45]. Furthermore, highlighting a plau-
sible common underlying pathological progression between these distinct diseases;
AMD, SFD, and DHRD, similar to TIMP3, EFEMP1 is also found within the drusen
deposits underlying AMD patients [22].

1.1.4 Late-Onset Retinal Degeneration

Late-onset retinal degeneration (L-ORD) also sometimes referred to as late-onset
macular degeneration (L-ORMD) [50, 51] is a rare autosomal dominant retinal dys-
trophy primarily affecting the interior segment and retina [52, 53]. A single founder
mutation (Ser163Arg) in Complement 1q Tumor Necrosis Factor 5 gene (C1QTNF5,
previously called CTRP5) on chromosome 11 is the causative mutation in L-ORD
[36, 37]. CIQTNF5 is commonly expressed in RPE and ciliary epithelium and is
comprised of three domains; a signal peptide at the N-terminus, a short collagen
repeat (Gly-X-Y), and a globular complement gC1q domain at the C-terminus and
is proposed to function in the trimerization and folding of collagen [36, 51]. Affected
individuals display normal visual acuity and fundus examination in stage 1 (ages
0-40); however, some may develop long anterior zonular fibers, iris atrophy, and
secondary glaucoma [37, 54, 55]. Patients exhibit disease-like symptoms in stage 2
(fourth to fifth decade of life) exhibiting abnormalities in adaptation from light to
dark conditions, perimacular yellow spotting, and midperipheral pigmentation in
fundus photographic examination [53, 56]. In stage 3 (sixth decade of life), the
patients develop CNV and decline in rod and cone function with sudden loss of
visual acuity. At stages 2 and 3 with disease features such as subretinal basal depos-
its and CNV, L-ORD phenotypically resembles other inherited macular dystrophies
including SFD, DHRD, as well as AMD [53]. However, it differs from AMD in
terms of inheritance pattern and severity of the extension of sub-RPE deposits and
atrophy causing decline of both central and peripheral vision [36, 53]. It varies from
SFD and DHRD in terms of disease-causing mutations, later-onset yellow spotting
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in fundus examination and display of abnormal dark adaptation in L-ORD compared
to SFD [36, 53] and variability in the geographic confinement of drusen-like depos-
its and retinal atrophy in L-ORD compared to DHRD [57, 58]. Despite the differ-
ences in the onset and disease severity between L-ORD, SFD, and DHRD, the
commonalities in the disease phenotype suggests similar disease pathogenesis
among them. In fact, similar to DHRD [46], a study by Shu et al. has implicated
endoplasmic reticulum (ER) stress in L-ORD pathology by showing misfolding of
mutant C/QTNF5 and its accumulation in the ER [51].

1.1.5 Best Disease (BD)

BD caused by mutations in Bestrophin-1 gene (BEST]) is a childhood-onset inher-
ited dominant form of macular dystrophy characterized by subretinal macular depo-
sition of round or oval yellowish vitelliform lesions [6, 59, 60]. Of note, apart from
Best disease, mutations in BEST1 can lead to adult-onset vitelliform macular dys-
trophy (AVMD) [61], autosomal recessive bestrophinopathy (ARB) [62], autosomal
dominant vitreoretinochoroidopathy (ADVIRC) [63], and retinitis pigmentosa 50
(RP50) [64]. Importantly, highlighting a role of RPE dysfunction in BD pathology,
BEST]1 in the eye, is exclusively expressed within the RPE monolayer. Although the
disease mechanism by which mutations in BEST1 lead to BD pathology are still
under investigation, several studies have now shown a role of BEST1 in regulating
calcium and chloride ions in the RPE cell layer [65-68]. Furthermore, a defect in
structural contact between the RPE layer and photoreceptor outer segment (POS)
and POS handling [68-70] has been implicated in the pathology of BD. This
hypothesis is consistent with the abnormal accumulation of autofluorescent mate-
rial, lipofuscin, (undigested breakdown products of POS) in the retina, an RPE layer
of the affected patient eyes, and consequent photoreceptor degeneration and decline
in central vision [6, 71, 72].

1.1.6 Retinitis Pigmentosa

With worldwide prevalence ranging from 1:3000 to 1:7000, RP is the most common
hereditary degenerative disorder of the retina. It predominantly affects the photore-
ceptors leading to rod and cone cell death [73, 74]. Common symptoms include night
blindness, decline in electroretinogram responses, gradual loss of peripheral vision
subsequently leading to irreversible vision loss. With disease-causing mutations
identified in more than 85 genes [75, 76], RP can be inherited in autosomal domi-
nant, autosomal recessive, and X-linked pattern. Apart from photoreceptor-specific
cellular defects, disease-causing mutations in RPE-specific genes are also known to
contribute to RP development. For example, mutations in the genes involved in
visual cycle in the RPE cells have been associated with RP. These include autosomal
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recessive forms of RP caused by mutations in membrane-type frizzled-related
protein (MFRP) [77, 78], Mer tyrosine kinase receptor (MERTK) [79], and cellular
retinaldehyde-binding protein (CRALBP) [80]. MFRP is a type II transmembrane
domain protein shown to localize apically in RPE microvilli with mutant form lead-
ing to defective RPE morphology, cell junctions, and loss of microvilli [81]. In the
RPE layer, MERTK regulates the recognition and internalization of POS during
phagocytosis, and defective MERTK leads to retinal degeneration via failure of POS
phagocytosis [19, 20]. Similarly, CRALBP is present in RPE and Muller cells of the
retina and serves as a retinoid carrier involved in the oxidation of 11-cis-retinol to
11-cis-retinal [82, 83] and is critical for visual cycle regulation and thereby vision.
Other RPE-specific visual cycle genes/proteins linked with RP development include
lecithin retinol acyltransferase (LRAT) and RPE-specific 65 kDa (RPEGS).
Specifically, mutations in LRAT and RPE65 have been reported to account for early-
onset forms of RP [84, 85].

1.2 Animal Models of Retinal Degenerative Diseases

The generation of murine models, either knock-in or knockout, has been common
practice to the study of genetic diseases. In the study of RDDs, murine models have
been generated incorporating known environmental stressors or targeting various
genes associated with the disease, with varied results in terms of the replication of
disease pathology.

Early murine models of AMD focused on environmental factors contributing to
AMD, namely the correlation to obesity and metabolic disease [86, 87]. In these
models that were fed a high-fat diet, both age and high-fat diet correlated with an
increased thickness of the Bruch’s membrane in addition to deposits described as
electron lucent particles. However, the thickening of the membrane was not the
organized collagenous network observed in aging humans and the particles observed
at the Bruch’s membrane, and RPE did not contain cholesterol. Efforts to induce
hyperlipidemia and elevated cholesterol through gene ablation or transgenic mice
have also been used to examine their effect on the development of AMD. The abla-
tion of the apolipoprotein E (APOE) gene, a lipid carrier in the blood, resulted in
increased thickness of the Bruch’s membrane with the appearance of membrane-
bound materials [86]. Deletion of the low-density lipoprotein (LDL) receptor again
resulted in thickening of the Bruch’s membrane with increased lipid deposition at
the membrane [88]. Differing results were observed in mice with a mutant form of
very low-density lipoprotein (VLDL) receptor gene where an early CNV event
occurs in mice as young as 2 weeks [89]. This rapid onset of CNV is seemingly in
opposition to CNV in late “wet” AMD.

The role of oxidative stress has been investigated through the deletion of the
antioxidant gene including superoxide dismutase 1 (SODI). Along with thickening
of the Bruch’s membrane, these mice also developed drusen and CNV [31]. These
pathological features were apparent only in aged mice, in agreement with the idea
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that the cumulative insult of oxidative stress promotes AMD. Drusen from these
mice contained C5, consistent with human drusen composition [31]. Cigarette
smoking, along with being the highest correlative environmental factor with the
progression of AMD, promotes oxidative stress. It follows that a smoking mouse
model, in which mice were exposed to chronic cigarette smoke, showed increased
accumulation of complement factors, C3a, C5, and the membrane attack complex
(MAC) C5-9 in the Bruch’s membrane relative to control mice [90]. Increases in
oxidative stress within the RPE, cellular apoptosis, and thickening of the Bruch’s
membrane were also observed in response to cigarette smoke exposure in mice [91].

The complement system is well represented within the gene loci associated with
the AMD pathology (Sect. 1.1.1). The deposition of C3 and C5 at the Bruch’s mem-
brane in the disease pathology also suggests an active role for the complement sys-
tem in AMD’s pathology. It follows that many murine models targeting these genes
have been generated to study the disease. Within the retina and RPE/choroid com-
plex of mice, the classical complement factors Clgb, Clr, Cls, C2, and C4 were
observed to be constitutively expressed [92, 93]. The alternative pathway compo-
nents CFH, CFB, C3, and C5 were also detected in these tissues while those in
the mannose-binding lectin pathway were extremely low and/or undetectable.
The expression of many complement components in the retina and choroid/RPE
suggested that murine genetic models of AMD, through manipulation of the com-
plement genes, could plausibly yield mechanistic insight about the disease.

The mutation Y204H within Complement factor H (CFH) is associated with a
sevenfold increase in the development of AMD in humans [94]. Transgenic mice
have been generated that harbor both Y204H point mutation and total gene ablation.
The deletion of CFH resulted in AMD-like accumulation of drusen, which included
C3, and photoreceptor atrophy in aged mice [95]. The accumulation of C3 was also
observed in the proper physiologic region, between the basolateral side of the RPE
and the Bruch’s membrane. The point mutant CFH Y402H mice also displayed an
increase in drusen, the thickening of the Bruch’s membrane, and C3 accumulation;
however, the disease pathology failed to advance to the level of photoreceptor loss
[96]. While the knockout of either C3 or C5 proteins has not been reported to
describe their effect on the progression of AMD, the reciprocal mice, the knockouts
of the C3aR and C5aR receptor proteins have been generated [30]. In the receptor
knockout study, the authors hypothesized that C3a and C5a accumulation drives
increased VEGF secretion that promotes CNV, given that drusen development and
complement factor deposition precede CNV. This hypothesis was based on a prior
publication by Ambati et al. in which knockout of Ccr-2 and Ccl2, also known as
monocyte chemoattractant protein 1 (MCP1) and its receptor, resulted increased
sub-RPE C5a accumulation, by the lack of its removal by the immune system, with
a coordinate stimulation of VEGF secretion by the RPE [97]. After initially demon-
strating that C5 stimulated VEGF secretion from RPE, laser ablation was used to
promote CNV, which was suppressed in the MCP1 receptor knockout mice but not
completely abolished [30]. Taken together, these studies support a role for the com-
plement system in the progression of AMD, likely not only in its ability to induce
cell death through MAC, but it may also be integral to the promotion of angiogenesis
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in CNV. This distinction would be relevant to therapeutic intervention against the
more damaging form of “wet” AMD. There are currently no murine models of
AMD with the manipulation of CFI or CFB, wherein mutations of both are reported
to correlate with an increased susceptibility to develop AMD [98, 99].

Using the knowledge of mutations in causative genes identified in inherited late-
onset macular dystrophies, murine models for SFD, DHRD, and L-ORD have been
developed. In the case of SFD, a knock-in model was created carrying the TIMP3
Ser156Cys mutation [100]. Intriguingly, TIMP3 knock-in mice do not display any
pathological manifestations of the human disease. In addition, no formation of basal
deposits or ECM thickening was documented in these mice [100]. A knock-in mice
model of DHRD with EFEMP1 R345W mutation [47] show increased basal depos-
its directly linking C3 activation to the formation of basal deposits [49]. A few dif-
ferent murine models of L-ORD [50, 101-103] (heterozygous knock-in mice
Ctrp5*=, (h\C1QTNF5(S163R)-HA) Clgtnf55e1934e - Crrp5=;rd®/rd®) have also
been established and show a range of key disease-related features of L-ORD and
AMD commonly observed in humans [36, 56], including abnormalities in dark
adaptation, increased autofluorescent accumulation in the retina, increased abun-
dance in sub-RPE drusen-like deposits, retinal degeneration and abnormalities in
Bruch’s membrane, and significant loss of photoreceptors cells. In fact, using a
recombinant adeno-associated viral (AAV) vector approach, Dinculescu et al. gen-
erated a mouse model (hC1QTNF5(S163R)-HA) expressing the Ctrp5/CI1QTNF5
gene driven by RPE-specific BEST1 promoter to investigate the in vivo conse-
quences of the disease-causing mutation in specific to the RPE [103]. This L-ORD
mouse model displayed abnormal accumulation and distribution of the mutant gene
within the RPE cells leading to sub-RPE deposits resembling EFEMP] knock-in
mice [44, 47]. However, deposits of (hC1QTNF5(S163R)-HA) mice lacked positive
staining for lipids, a known component of sub-RPE deposit in L-ORD patients [56,
104] while C1gtnf5*/5er163A mice failed to manifest the L-ORD phenotype through-
out its life span [50]. Mouse models both knock-in (Best1*W9¢, Best "33 and
knockout (Best/~'~) have also been used to investigate Best disease pathophysiology
in vivo [67, 105, 106]. Zhang et al. generated a knock-in mouse carrying the disease-
causing mutation W93C in BEST! [67]. This mouse model harbored several of the
BD-related features including reduced light peak, lipofuscin accumulation in the
RPE, and serous/debris-filled retinal detachment. They also noticed disrupted pho-
toreceptor outer segments suggesting partial impairment of POS phagocytosis by
RPE in BD [67]. However, other Bestl knockout mouse models failed to recapitu-
late the ocular phenotypes of BD. Similarly, contradictory results of functional tests
evaluating BEST1 function (CI~ channel, Ca**-activated CI~ channel (CaCC), vol-
ume regulation) were found in the distinct BD mouse models [67, 105, 106]. Several
groups have also generated transgenic mice models to investigate the causative role
of RPE-specific genes in the pathogenesis of RP. For example, the Royal College of
Surgeons (RCS) rats harboring the MERTK mutation associated with early onset
of RP [107] are a well-studied model of retinal dystrophy [18, 108]. Retinal
degeneration in the RCS rat is associated with defects in POS phagocytosis by the
RPE leading to accumulation of phagocytosed OS with alterations in OS length
eventually affecting the photoreceptors [108—110]. A similar degenerative retinal
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phenotype has also been reported in the mer* mice corroborating the causative role
of MERTK mutations in RP [19]. A preclinical mouse model of RP, Mfip™®/Mfrp™
[111, 112], that shows progressive degeneration of the retina and photoreceptors is
commonly used to test in vitro RP-related therapies [81, 113]. Of note, although the
RP mouse models have provided significant insights into the human disease
pathomechanism, contrasting observations have been made in MFRP mutant mice
models and MFRP patients [81, 114, 115]. For example, Mfrp™/Mfrp™® and
Mfrp174delG mice models displayed an increased number of RPE microvilli with
no alterations in their length, while the shortened and reduced number of microvilli
was reported by Won et al. in the mouse model Mfrp™®/Mfrp™® [115]. In contrast,
electron microscopy demonstrated loss of apical RPE microvilli in patients with
mutant MFRP [81].

Apart from extensively used murine models, other animal models including
those derived from rats, pigs, rabbits, and non-human primates have proved to be
invaluable in procurement of our current knowledge about the histological features
and pathophysiology of specific RDDs. However, apart from non-human primates,
the other available animal models display considerable differences with respect to
genetic background and physiology within the human retina. For example, a major
disadvantage of rodent models is the complete lack of macula, which is the site of
disease manifestation, and hence, they fail to recapitulate the AMD disease pheno-
type as seen in humans. On the other hand, non-human primates anatomically
resembling the human retina with the presence of a macula demonstrate early to
intermediate features of AMD [116]. However, non-human primate models possess
certain obstacles such as difficulty in genetic manipulation, expensive maintenance
of non-human primates and slow progression of the disease that does not correlate
with that of humans [116].

Other alternatives that have been utilized to interrogate specific RDDs include
histopathological examination of the human cadaver eyes and mammalian overex-
pression systems, including those utilizing immortalized RPE cell lines (e.g., ARPE-
19[117]), and primary RPE cells in culture (e.g., hfRPE and porcine RPE [118-120]).
Although these approaches have generated important information about the end-
stage pathology and RPE physiology, an optimal platform for understanding the
mechanisms behind degenerative diseases of the retina would allow observations of
the progression of the disease, i.e., affected cells/tissues from the living human eye
progressing through the disease. This is especially relevant, given that postmortem
samples are rarely available and are at the end stage of the disease and thus provide
no insight into the early events that were causal in the disease development.

1.3 The Pluripotent Stem Cell Technology and Its Utility
for Studying Retinal/RPE-Based Disorders

Access to biological samples from human retina and choroid for cellular and molec-
ular studies had not been possible until the advent of the hiPSC technology. The
description of reprogramming factors by Yamanaka and Thomson groups [121, 122]
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made it possible to generate pluripotent stem cells with the ability to differentiate
into any of the three germ line lineages and many of their mature cell types. Since
then iPSCs derived from patients have been used as a platform to investigate disease
pathophysiology and screen for drugs and possible therapeutic approaches. hiPSCs
have been generated from a range of sources including fibroblasts, keratinocytes,
lymphocytes, core blood cells, adipocytes, and T cells [123—129]. It is noteworthy
that several studies have now demonstrated that (1) retinogenesis in a hiPSC-derived
model system follows the time course and sequence of retinal development in vivo
[130], (2) major cell type(s) of the retina can be consistently differentiated from
hiPSCs [127], and (3) hiPSC-derived retinal cells, including RPE, display several
important physical and functional attributes akin to their in vivo counterpart.
Furthermore, we and others have demonstrated the utility of hiPSCs for studying (1)
human retinogenesis and retinal developmental disorders [22, 69, 131] and (2) reti-
nal degenerative diseases like Stargardt disease, BD, glaucoma, and AMD [69, 123,
132-134]. With regard to disease modeling, mechanistic, and pharmacological
studies, hiPSC-derived cell models of inherited RDDs, like BD, SFD, DHRD,
ADRD, L-ORD, RP, and AMD have clearly established the utility of hiPSC-derived
disease models for studying and pharmacologically targeting retinal diseases,
including those caused by RPE dysfunction [20, 22, 69, 135-138].

1.3.1 hiPSC Models to Study AMD and Related Retinal
Dystrophies (SFD, DHRD, L-ORD)

As mentioned previously, AMD and related retinal dystrophies (SFD, DHRD/ML,
and L-ORD) are characterized by formation of lipid-protein-rich basal deposits
(drusen), thickening of Bruch’s membrane and eventually loss of RPE/photorecep-
tor layers [9, 139, 140]. Furthermore, a subset of patients with each disorder (AMD,
SFD, DHRD/ML, and L-ORD) can develop vision loss due to CNV where in cho-
roidal vasculature grows into the subretinal space [8, 53, 141, 142]. Although the
CNYV phenotype can be treated in patients (e.g., AMD, SFD [26, 143]), overall the
lack of knowledge of molecular and cellular events occurring during the early stages
of these disorders, which are causal in disease pathology (e.g., drusen formation),
has been detrimental to our ability to develop rational drug therapies.

In a landmark study, Saini et al. utilized hiPSC-RPE derived from AMD patients
to (1) investigate the early molecular events in the disease development and (2) test
the efficacy of specific drugs in modulating the effected cellular pathway [137].
Specifically, in this study, researchers generated hiPSC-RPE from patients diag-
nosed with AMD who were homozygous/heterozygous for ARMS2/HTRAI and
age-matched unaffected controls that showed protective alleles at both loci.
Although no differences in baseline RPE characteristics, including expression pat-
tern of RPE signature genes and transepithelial resistance, were found in control vs.
AMD hiPSC-RPE, AMD hiPSC-RPE displayed increased expression of drusen
components (APOE, amyloid-beta or Af) and complement pathway genes [137].
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Furthermore, AMD hiPSC-RPE compared to control hiPSC-RPE displayed
increased basal secretion of complement protein (C3). Notably, utilizing AMD
hiPSC-RPE cultures in long-term experiments spanning 3—12 weeks, the authors
demonstrated the ability of a specific drug, nicotinamide (NAM)), in suppressing the
expression of genes and/or secretion of proteins associated with drusen formation
(APOE, APOJ, VEGF-A) and complement pathway (CFH and C3) [137].

In the first study to mimic the drusen phenotype in patient-derived hiPSC-RPE
cultures, Galloway et al. utilized hiPSC-RPE from patients with SFD, DHRD, and
autosomal dominant radial drusen (ADRD) [22]. Specifically, by utilizing the pro-
longed culture life of hiPSC-RPE cells and “aging” control (hiPSC-derived from
unaffected family members and/or isogenic gene-corrected hiPSC line) and SFD,
DHRD, and ADRD hiPSC-RPE cultures (>90 days in culture), the authors were
able to show the presence of basal deposits in both control and patient-derived
hiPSC-RPE monocultures. Importantly, basal deposits in patient-derived hiPSC-
RPE culture were significantly more than control hiPSC-RPE cultures, present
beneath the COL4-positive basement membrane, and demonstrated the presence of
several drusen-characteristic proteins, APOE, TIMP3, and EFEMPI1. Furthermore,
consistent with observed ECM alterations in SFD, DHRD, and ADRD eyes, patient-
derived hiPSC-RPE cultures compared to control hiPSC-RPE showed increased
accumulation of a specific ECM protein, COL4. Ultimately by using hiPSC-RPE
monocultures, from (1) patients with known genetic defect affecting RPE cells
(TIMP3 in SFD; EFEMP] in DHRD) and (2) patients with an unidentified genetic
defect (ADRD), this study confirmed the causal role of RPE defects in instigating
two specific disease hallmarks of AMD and related macular dystrophies, drusen
formation, and ECM accumulation.

Gamal et al. utilized a combination of hiPSC-based disease modeling and tissue-
on-a-chip approaches to model the events in healthy vs. diseased (L-ORD) RPE
following an electrical insult mimicking damage to the RPE cell [144]. Specifically,
hiPSC-RPE derived from an affected patient with L-ORD and an unaffected sibling
were grown as a monolayer on Electric Cell-Substrate Impedance Sensing (ECIS)
microelectrode arrays [145, 146]. The tissue-on-chip approach was then used to
investigate the ability of control vs. L-ORD hiPSC-RPE to repair following damage
induced by electric wound. Notably, L-ORD hiPSC-RPE demonstrated an impaired
rate of wound healing by displaying a reduced rate of migration and dissimilar
migration patterns. Of note, for effective cell-substrate attachment and release, a
cell line should display optimal migration rate with intermediate adhesion levels
[147]. The authors concluded that the reduced migration rates in L-ORD hiPSC-RPE
could be accounted for by its stronger adhesion properties to the cell-substrate com-
pared to the control hiPSC-RPE.

Chang et al. generated hiPSCs from the T cells of patients with intermediate and
advanced dry AMD and further differentiated them into RPE for use in disease
modeling and pharmacological studies [128]. Although, AMD hiPSC-RPE and con-
trol hiPSC-RPE showed similar expression of RPE-specific markers such as RLBP1,
RPE65, MITF, and PAX6, AMD hiPSC-RPE displayed higher accumulation of
endogenous reactive oxygen species (ROS). The increased levels of ROS in AMD



14 S. Dalvi et al.

hiPSC-RPE cultures were further exacerbated by treatment with H,O,. Interestingly,
screening of several candidate drugs demonstrated that treatment with curcumin
leads to significant reduction in ROS levels in AMD hiPSC-RPE cells. This is an
important finding given the fact that oxidative stress has been implicated to cause
RPE cell damage in AMD [128].

Yang et al. generated hiPSC-RPE from AMD patients and utilized Bis-retinoid
N-retinyl-N-retinylidene ethanolamine (A2E) and blue light exposure to “age”
these cells in culture. Interestingly, in comparison to control hiPSC-RPE derived
from individuals with homozygous protective haplotype (G-Wt-G; G-Wt-G) for
AMD susceptibility, AMD hiPSC-RPE derived from patients with known AMD risk
alleles (heterozygous T-in/del-A; G-Wt—G, and homozygous T-in/del-A; T-in/del-
A) and showed impaired SOD2 activity accompanied with elevated levels of reac-
tive oxygen species (ROS), thus providing a potential link between oxidative stress
and AMD development in individuals harboring the AMD risk alleles (T-in/del-A;
G-Wt-G, T-in/del-A; T-in/del-A) [148]. Another AMD-related risk allele identified
by genome-wide association study (GWAS) is the complement H factor (CFH), and
polymorphisms in the CFH gene have been strongly linked to AMD pathogenesis
via the activation of complement system [149, 150]. Hallam et al. generated hiPSC-
RPE from patients harboring the Y402H mutation in the CFH gene with varying
disease severity. Notably, in the absence of any extrinsic stressors and consistent
with AMD disease pathology, patient-derived hiPSC-RPE showed presence of
drusen-like deposits that contained known drusen proteins, APOE and C5b-9.
Furthermore, the authors reported increased susceptibly to oxidative stress and
defective autophagy in AMD hiPSC-RPE cells. In addition, this study also tested
the efficacy of treating patient hiPSC-RPE with UV light as a possible treatment
therapy. Remarkably, UV light elicited a different response in the low- and high-risk
AMD hiPSC-RPE as assessed by the functional and structural characteristics of
RPE cells after UV treatment [136]. Also, assessing the role of oxidative stress in
AMD, Garcia et al. utilized in vitro modeling of cellular events associated with
chronic oxidative stress related to AMD in RPE in both hiPSC and hESC RPE cells
[151]. Specifically, chronic exposure to paraquat, activated the NRF2-KEAP1 path-
way following induction of specific effectors during the early and late-stage
responses, including upregulation of p21, alterations in the microRNA levels (has-
miR-146a, has-miR-29a, has-miR-144, has-miR-200a, has-miR-21, has-miR-27b)
and identification of Ai-1, an activator with protective role against oxidative stress.
Overall, this study successfully illustrated the antioxidant responses and the protec-
tive role of the NRF2 pathway in human RPE cells.

To investigate the pathophysiological pathways contributing toward mitochon-
drial dysfunction in AMD, Golestaneh et al. derived hiPSC-RPE from two AMD
patients with abnormal ARMS2/HTRAI alleles and one AMD patient with normal
ARMS2/HTRAI and protective factor B alleles. In accordance with increased sus-
ceptibility of AMD hiPSC-RPE to oxidative stress [148], Golestaneh et al. reported
similar observations of increased ROS levels and failure to increase SOD2 expres-
sion under conditions of oxidative stress in AMD hiPSC-RPE along with ultra-
structural damage and dysfunction of mitochondria. Given that peroxisome
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proliferator-activated receptor-gamma coactivator (PGC)-la is involved in mito-
chondrial biogenesis [152] and silent information regulator T1 (SIRTT) is a known
regulator of PGC-1a [153], the authors sought to further gain insight into the under-
lying mechanisms responsible for mitochondrial dysfunction in AMD hiPSC-
RPE. Notably, AMD hiPSC-RPE displayed reduced expression of PGC-la and
SIRT1 protein levels possibly due to AMPK inactivation, thus implicating the
involvement of AMPK/PGC-10o/SIRT1 pathway in AMD pathogenesis.

1.3.2 hiPSC Models of RP

The heterogeneous nature of RP and involvement of both photoreceptor and RPE
cells in the disease pathology has made it difficult to identify the impact of disease-
causing mutations on individual cell type (RPE vs. photoreceptors) and their conse-
quences for disease development in vivo. Furthermore, available animal models of
RP do not fully recapitulate the heterogeneous RP phenotype observed in human
patients that develops partially due to differences in genetic make-up of affected
individuals [154—157]. These limitations make hiPSC technology particularly
attractive to study RP as the disease pathomechanism can be interrogated in an indi-
vidual cell type (photoreceptor, RPE) using patient’s own cells.

Most hiPSC models of RP have typically been developed using a two-dimensional
approach by differentiation of patient-derived hiPSCs into either RPE or photorecep-
tors depending on the cell types affected by the disease-causing gene. The Takahashi
group was one of the first groups to successfully generate multiple patient-derived
hiPSC lines from five distinct RP patients carrying mutations in RP/ (721Lfs722X),
RP9 (H137L), PRPH2 (W316G), or RHO (G188R) genes [138, 158]. Given that
these mutations affect photoreceptor cells, hiPSCs in this study were differentiated
into photoreceptor cells. Furthermore, electrophysiological and gene expression
analysis confirmed the functional and molecular characteristics of hiPSC-photore-
ceptors. Further analysis of patient-derived hiPSC photoreceptors showed elevated
oxidative stress and ER stress markers with the selective loss of mature rod photore-
ceptor cells, whereas cone photoreceptors remained unaffected [138, 158]. Similar
observations were made in hiPSC photoreceptors derived from an RP patient carry-
ing a different RHO mutation (E181K) [159]. To further corroborate causal role of
mutant RHO gene on development of the RP-disease phenotype in this study, the
authors introduced the mutant RHO gene harboring E181K mutation in control hiP-
SCs, with similar results. Remarkably, the authors also reverted the observed disease
phenotype in hiPSC-photoreceptors by correcting the mutation using helper-depen-
dent adenoviral vector [159]. In addition, using hiPSC photoreceptors for drug
screening studies, Yoshida et al. demonstrated the protective effect of rapamycin,
5-aminoimidazole-4-carboxyamide ribonucleoside (AICAR), Nuclear Quality
Assurance-1 (NQDI-1), and salubrinal on rod photoreceptor cell survival [159].

Tucker et al. demonstrated a novel mutation in a newly identified RP gene encod-
ing male-germ cell-associated kinase using an array of sequencing techniques and
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hiPSC-derived retinal cells [160]. Using a similar approach, applying a combination
of sequencing and molecular studies on hiPSC-derived retinal precursor cells, Tucker
et al. also identified disease-causing mutations in USH2A gene and showed that
disease-causing USH2A variants lead to protein misfolding and ER stress [123].

A similar approach of using patient-specific hiPSC lines has been utilized to
study and pharmacologically target the RPE-disease phenotype in RP patients.
Schwartz et al. generated hiPSCs from X-linked RP patients carrying the nonsense
mutation ¢.519C>T (p.R120X) in RP2 gene and differentiated them into RPE cells
[161]. The RP2 protein was not detectable in RP2 R120X patient-derived hiPSC-
RPE cells. In conjunction, RP2 R120X hiPSC-RPE showed defects in Intraflagellar
Transport 20 (IFT20) localization, Golgi cohesion, and G protein beta subunit (Gf1)
trafficking. Remarkably, using translational read-through-inducing drugs (TRIDs),
the authors partially recovered RP2 protein and consequently reversed the pheno-
typic abnormalities observed in R/20X hiPSC-RPE cells [161]. Using a similar
approach and utilizing TRIDs on patient-derived hiPSC-RPE from an individual
having RP due to the presence of a nonsense variant of MERTK gene, Ramsden
et al. were also effective in partially restoring the affected function of MERTK,
recognition, and internalization of photoreceptor outer segments (POS), in patient-
derived hiPSC-derived RPE cells [21].

Li et al. developed an hiPSC-RPE cell model of an autosomal recessive form of
RP with mutations in the Membrane Frizzled-Related Protein (MFRP) gene that
displayed defects in RPE cell pigmentation, morphology, and tight junction forma-
tion [81]. Notably, utilizing a gene therapy approach, the authors reversed the
disease-specific phenotype in patient-derived hiPSC-RPE cells by AAV8-mediated
delivery of wild-type MFRP. Furthermore, this study provided novel insights into
the role of MFRP in RPE physiology, including (1) modulating actin polymeriza-
tion and (2) an antagonistic dose-dependent relationship between MFRP and
CTRPS proteins.

1.3.3 hiPSC Models of Other RPE-Related Disorders

Several groups have demonstrated the role of utilizing iPSC-RPE cells to model
pathophysiological events in other retinal degenerative disorders including Best
Vitelliform Macular dystrophy (BVMD) [69, 135], Gyrate Atrophy [127], and
Leber Congenital Amaurosis (LCA) [162].

Given the lack of animal models that recapitulate the BD pathology [105, 106],
exclusive localization of BESTI in a single-cell type, RPE, in the retina [163]
involvement of numerous BESTI mutations (>200) [62, 164] in the disease, and
phenotypic variability between the several different classified bestrophinopathies
(AVMD [61], ARB [62], ADVIRC [63], RP50 [64]), hiPSC-based disease modeling
and molecular studies are particularly well-suited for studying BEST1 function and
the consequence of specific disease-causing mutations on BEST1/RPE cell function
in the disease. Moshfegh et al. generated patient-specific hiPSC-RPE from three
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different patients harboring the mutations R218H, A243T and L234P in the BESTI
gene and utilized a novel biosensor imaging system to demonstrate impaired Cl~ ion
efflux in patient-derived hiPSC-RPE compared to control hiPSC-RPE thus suggest-
ing a putative role of BEST1 in regulation of CI~ ions across RPE cell membrane
[66]. Li et al. utilized electrophysiological studies on hiPSC-RPE from patients with
two distinct BEST] mutations, P274R and 1201T, to show defective Ca’* dependent
CI" currents in mutant BEST1 hiPSC-RPE cells [65]. Remarkably, this defect was
rescued by viral supplementation of wild-type BESTI. Marmorstein et al. used
hiPSC disease modeling approach to investigate the pathogenesis of ARB [68]. Their
specific focus was on the recessive inheritance pattern of ARB that is postulated to be
the result of nonsense mediated decay (NMD) that represents null phenotype for
BEST1I [62]. Utilizing hiPSC-RPE from ARB patients harboring compound hetero-
zygous BESTI mutations and unaffected controls, they demonstrated that patient-
derived hiPSC-RPE display detectable levels of BEST1 mRNA but reduced levels of
mutant BESTI compared to control hiPSC-RPE cells. Furthermore, consistent with
the disease pathology, ARB hiPSC-RPE in this study also showed impairment of
POS internalization and phagocytosis. Highlighting a role of defective POS handling
in bestrophinopathies, Singh et al. had also previously utilized hiPSC-based disease
modeling on two patients harboring distinct mutations in BESTI (A146K and
N296H) and showed defects in POS degradation by BD hiPSC-RPE compared to
control hiPSC-RPE [69]. Overall, these studies have provided insights into both the
function of BEST1 in human RPE cells as well as the pathophysiology underlying
bestrophinopathies.

Gyrate Atrophy is a progressive autosomal recessive disorder with childhood-
onset inducing diffused atrophy of the choroid, RPE and sensory retina caused by
mutations in OATI. Meyer et al. utilized hiPSCs to generate patient-derived
optic-vesicle like structures and RPE. Importantly they showed that disease-specific
functional defect, reduced OAT activity, could be targeted by both gene repair and
Vitamin B6 supplementation of gyrate atrophy-hiPSC-RPE cultures [127].

LCA is a rare autosomal recessive retinal disorder associated with early onset of
visual loss, pigmentary and retinal abnormalities, nystagmus and reduced electro-
retinogram responses. Mutations in at least 20 different genes, including RPE6S5,
have been identified as causative in LCA [165]. Using a combination of genome
sequencing and a hiPSC-based approach, Tucker et al. identified a novel intronic
RPE65 mutation, IVS3-11 A>GRPEG6S in LCA. Notably, using an hiPSC-approach
the authors demonstrated that the pathogenicity of this novel intronic mutation
(IVS3-11 A>GRPEGS) causes induction of abnormal splicing, translational frame-
shift and insertion of a premature stop codon [162].

A recent study by Chichagova et al. utilized a hiPSC-based approach to generate
hiPSC-RPE from patients with m.3243A>G mitochondrial DNA mutation that is
implicated to manifest a range of neurological and ocular phenotypic features [166].
In relation to ocular disease manifestation, patients harboring the m.3243A>G muta-
tion exhibit progressive vision loss with retinal and macular dystrophy [167—-169].
The authors demonstrated RPE dysfunction including inability of patient hiPSC-
RPE to efficiently phagocytose POS, correlating with lipofuscin accumulation in
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postmortem eyes of patients [166, 170, 171]. Additionally, m.3243A>G mutation
manifested ultrastructural aberrations of mitochondria, hollowed melanosomes, and
decline in apical microvilli abundance in patient hiPSC-RPE cells.

1.4 Innovation, Limitations and Plausible Future
Approaches for hiPSC-Based Disease Modeling
Strategies Focused on Retinal Degenerative Diseases

The brief synopsis of the hiPSC/hESC studies for interrogating retinal degenerative
diseases (Sect. 1.3) shows that this human cell model platform has already been
successfully utilized to gain important insights into the pathomechanism of both
early onset (e.g., Best disease [65, 66, 68, 69]) and late-onset (e.g., AMD [22, 136,
137, 144, 148, 172]) retinal diseases. Remarkably, the utility of hiPSC-derived tar-
get cells as a platform to investigate and therapeutically target RDDs has incorpo-
rated a variety of different approaches, including gene therapy and drug screening/
testing (Fig. 1.1a). Furthermore, the utility of standalone photoreceptor and RPE
cultures (derived from patient’s own cells) and when relevant, non-diseased physi-
ological stressor (e.g., POS, serum, A2E) has provided a unique strategy to dissect
the singular effect of a specific cell type (photoreceptor vs. RPE), in the absence of
complex RPE-photoreceptor interaction, on disease-specific molecular and patho-
logical changes (Fig. 1.1b). For instance, by utilizing patient-derived hiPSC-RPE
cells from patients with AMD [136, 137, 144, 148, 172] and related macular dystro-
phies (SFD, DHRD [22]), several groups have recently shown that cellular defects
localized to RPE cells are singularly sufficient to cause both molecular (e.g., altera-
tions in complement pathway genes [22, 136, 137]) and pathological structural
alterations (e.g., formation of drusen-like basal deposits [22, 137]) in these diseases.
Importantly, these studies have provided a cell culture platform where a precise
molecular defect in a specific retinal cell type can be directly linked to disease-
characteristic clinical phenotype (e.g., autofluorescence accumulation, drusen for-
mation) in a patient-derived human model of the disease. This is particularly relevant
given the fact that numerous RDDs affecting the outer retina, impact both the RPE
and photoreceptor cell layer. Furthermore, because the photoreceptor-RPE layer in
the retina acts as a functional unit, determining the consequence of cell-specific
defects in the disease development and progression in vivo has proven difficult. Of
note, the capability to mimic pathological phenotype(s) like autofluorescence accu-
mulation, that is a result of chronic physiological insults and develop over time has
been assisted by the fact that hiPSC-derived target cells like RPE and photorecep-
tors (unlike previous cell culture models) can be cultured for an extended period of
time (>3 months) [22, 173-176].

Although major advances have already been made utilizing hiPSC-based disease
modeling of specific RDDs, it is important to realize that there are limitations of
both using a cell culture model derived from hiPSC/hESCs and current disease
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Fig. 1.1 The current hiPSC-based in vitro approaches for retinal degenerative diseases. (a)
Schematic showing the differentiation of patient-derived hiPSCs to photoreceptor and RPE cells to
create a human cell model of the disease that is subsequently utilized for multiple applications
including gene/mutation identification in the disease, gene therapy, disease mechanism studies,
and drug screening/identification. (b) Physiological stressors utilized to metabolically stress
hiPSC-RPE in culture that includes exposure to POS, complement/serum, and aging the cells with
prolonged time in culture

modeling approaches utilizing a single-cell layer (e.g., photoreceptor, RPE cells)
for molecular and therapeutic (gene therapy, drug screening) studies. For instance,
hiPSC-RPE in culture lacks the complexity of functional and structural interactions
with other cell type(s), including photoreceptors in the retina. Furthermore, hiPSC
generation resets their developmental clock, and therefore, hiPSC-RPE in culture
are relatively young, and this can pose challenges for studying late-onset diseases,
like AMD [177]. As mentioned previously, to overcome these issues, several
approaches have been utilized. For example, pharmacological and physiological
stressors have been used to metabolically stress and mimic aging of RPE cells
in culture [69, 166, 178]. However, there are legitimate concerns with the use of
hiPSC/hESC-derived cells that need to be considered in each individual study.
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The biggest concern with a cell culture-based model is that of variability, and there
are several different reasons underlying the variability in a patient-derived hiPSC
model. For instance, a study incorporating multiple patient samples to model and
study a disease in an hiPSC-based model system could result in a different cellular
phenotype of the same disease in an hiPSC-based model due to variability in the
genetic background and clinical presentation of distinct patients. This is consistent
with studies in numerous RDDs, where patients harboring the same gene mutation
present with different clinical symptoms and pathological characteristics [179].
Another confounding factor is clonal variability, specifically different hiPSC clones
generated from the same individual having drastically different cellular characteris-
tics [180]. Furthermore, even in studies limited to a single hiPSC clone per patient
sample (a single clone), serial passaging could lead to several changes in the cellular
characteristics, including introduction of undesired mutations and chromosomal
abnormalities [181]. The fidelity of differentiation is a unique variable in hiPSC-
derived cell populations, which becomes relevant when hiPSCs are used to produce
two or more cell types that are involved in the disease process, where the percentage
of cells forming one cell type vs. other could vary significantly between two distinct
hiPSC differentiation runs. Ultimately, there is also the possibility of differences
arising between different wells of the same differentiation or differences between
cell types in the same well. The resolution of many of these issues is careful study
design, increased sample size of experiments, cell population purification (to estab-
lish consistency of cell culture for use in downstream experimentation), and estab-
lishment of strict quality control metrics. For instance, to account for differences in
genetic background and clinical presentation, when the possibility of variable phe-
notypes has previously been demonstrated in clinical studies, a plausible disease
modeling approach would be to group patient samples by phenotype with the inclu-
sion of isogenic control/gene-corrected line (in inherited diseases with known
genetic defect) for each patient line. Another approach to resolve this situation
would be to use hiPSC-based disease modeling to study diseases that are solely by
a singular gene defect with complete penetrance. To account for clonal variability,
each individual clone should be thoroughly characterized before experimentation.
Furthermore, usage of nonintegrating plasmid vectors for reprogramming and
karyotyping of all clones can ensure the absence of any unwanted genetic mutation
and chromosomal rearrangement. Genome sequencing can also be used to verify
that clones from the same individual are genetically consistent. Most importantly to
overcome the variability and likelihood of false-positive results, before formulating
any conclusions about the molecular/cellular changes between control and patient
cells, it would be important to ascertain that the results are consistent after analysis
of multiple clones of patient and control hiPSCs. Similarly, limiting the passage
number of hiPSCs utilized in the study helps to maintain genomic integrity that can
be monitored through genome sequencing and karyotypic analyses at different pas-
sages eliminating variability arising from serial passaging in hiPSC-derived cultures.
Ultimately, the baseline characterization of the target cell type (e.g., RPE) in each
differentiation run, utilizing some defined criteria (e.g., morphology, pigmentation,
polarity) is critical for meaningful experimentation and data interpretation in an
hiPSC-derived model system.
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The various strategies that have been used for hiPSC-based disease modeling
include utilizing isolated cell type(s), complex cell models, 3D culture system, and
human—animal chimeras [174, 182, 183]. Of note, as shown by the various exam-
ples cited here (see Sect. 1.3), some of these approaches have already been utilized
for study of RDDs using hiPSCs. The utility of a single approach is dependent on
what phenotypically mimics the disease most accurately with limited complexity.
Individual cell types are most relevant when the disease is caused due to dysfunc-
tion of a singular cell type, and in case of a genetic disease, the gene responsible for
the disease is expressed by that cell type. Alternatively and more complex, interac-
tion between two or more cell type(s) or a specific tissue in its entirety is required
for studying the disease pathogenesis and disease pathology. To address such a sce-
nario, complex cell models incorporating multiple cell layers (e.g., photoreceptor-
RPE-choriocapillaris) may be necessary (Fig. 1.2). This would first necessitate
bioengineering individual cell layers that physiologically and functionally recapitu-
late their in vivo counterpart (photoreceptor, RPE, choriocapillaris). Important in
the proposed scenario, significant advances have already been made into address
this goal in both photoreceptors and the RPE [154, 183]. 3D culture systems are also
uniquely suited for studying diseases where the complex microenvironment sur-
rounding the cells in vivo is relevant for disease development. 3D culture systems
can achieve compartmentalization of different cell type(s) or help promote cellular
polarity in an in vitro model system. Finally, the most complex strategy is the
generation of humanized animal model. Both hiPSC and hiPSC-differentiated

Individual Complex
Cell Types Cell Models
Photoreceptors
- -

hiPSCs RPE

R

Choriocapillaris

Fig. 1.2 The incorporation of individual cell layers vs. complex cell models in hiPSC-based dis-
ease modeling of retinal diseases. Schematic representing the current and future approaches to the
utility of a single-cell layer (RPE vs. photoreceptor vs. choriocapillaris) and complex retinal cell
models (photoreceptor-RPE, RPE-choriocapillaris, and photoreceptor-RPE-choriocapillaris) in
retinal degenerative disease modeling and therapeutic studies (gene therapy, drug screening)
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target cells have been injected into animal models (brain, retina), and preliminary
studies have shown that these cells can integrate into the mouse tissue and yield
humanized neurons and glia [184—186]. However, their utility in modeling and
studying RDDs has not yet been established.

1.5 Conclusion

The use of pluripotent stem cell technology has revolutionized our approach to
study and therapeutically targeting human diseases and has put the concept of per-
sonalized medicine within grasp. This is particularly relevant to RDDs that are a
major cause of blindness in children and adults and where few therapies currently
exist to target these debilitating disorders. Importantly, over the last decade, we have
identified several hundreds of genes that are responsible for specific RDDs (266,
https://sph.uth.edu/retnet/sum-dis.htm#B-diseases), but the disease mechanisms in
most of these diseases still remain unresolved. Future studies in a patient-derived
hiPSC model system are bound to increase our understanding of the molecular basis
of several of these diseases thereby leading to the development of rational drug
therapies.
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Chapter 2

Utility of Induced Pluripotent Stem Cell-
Derived Retinal Pigment Epithelium

for an In Vitro Model of Proliferative
Vitreoretinopathy

Whitney A. Greene, Ramesh R. Kaini, and Heuy-Ching Wang

Abstract The advent of stem cell technology, including the technology to induce
pluripotency in somatic cells, and direct differentiation of stem cells into specific
somatic cell types, has created an exciting new field of scientific research. Much of
the work with pluripotent stem (PS) cells has been focused on the exploration and
exploitation of their potential as cells/tissue replacement therapies for personalized
medicine. However, PS and stem cell-derived somatic cells are also proving to be
valuable tools to study disease pathology and tissue-specific responses to injury.
High-throughput drug screening assays using tissue-specific injury models have the
potential to identify specific and effective treatments that will promote wound heal-
ing. Retinal pigment epithelium (RPE) derived from induced pluripotent stem cells
(iPS-RPE) are well characterized cells that exhibit the phenotype and functions of
in vivo RPE. In addition to their role as a source of cells to replace damaged or
diseased RPE, iPS-RPE provide a robust platform for in vitro drug screening to
identify novel therapeutics to promote healing and repair of ocular tissues after
injury. Proliferative vitreoretinopathy (PVR) is an abnormal wound healing process
that occurs after retinal tears or detachments. In this chapter, the role of iPS-RPE in
the development of an in vitro model of PVR is described. Comprehensive analyses
of the iPS-RPE response to injury suggests that these cells provide a physiologically
relevant tool to investigate the cellular mechanisms of the three phases of PVR
pathology: migration, proliferation, and contraction. This in vitro model will provide
valuable information regarding cellular wound healing responses specific to RPE and
enable the identification of effective therapeutics.
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2.1 Introduction

A stem cell is broadly defined as a self-renewing entity that can generate several dif-
ferentiated somatic cell types [1, 2]. Based on their potency to differentiate along
different lineages of development, they are classified as pluripotent stem (PS) cells or
multipotent stem cells [1-4]. PS cells have the ability to differentiate into cells of all
three germ layers, so they can potentially produce every somatic cell type in the
human body [4]. The first PS cells identified were embryonic stem (ES) cells discov-
ered in 1981 by two groups who derived them directly from mouse blastocysts [5, 6].
The inherent properties of PS cells have created an exciting new field of scientific
research, focused on the exploration and exploitation of their potential as cells/tissue
replacement therapies for personalized medicine [7]. PS cells-derived somatic cells
are also currently being used to model human developmental processes [8, 9].
Importantly, the PS cell-derived somatic cells display the phenotype and functions of
their corresponding somatic cell types in the human body; therefore they are pivotal
in experimental models of disease pathology [8—11]. In addition to models of disease
pathology, stem cell-derived somatic cells are proving to be valuable tools to study
tissue-specific responses to injury. High-throughput drug screening assays using tis-
sue-specific injury models have the potential to identify specific and effective treat-
ments that will promote wound healing. This chapter is devoted to a discussion of a
tissue-specific injury model that uses retinal pigment epithelium (RPE) derived from
induced pluripotent stem (iPS) cells (iPS-RPE) to study cellular responses to injury
and to identify potential therapeutic molecules that will promote wound healing.

2.2 Stem Cell Sources

Stem cell research was revolutionized when Yamanaka successfully reprogrammed
adult somatic cells into iPS cells by introducing the four pluripotency transcription
factors (Oct 4, c-Myc, KIf4, and Sox2) into their genome [12, 13]. Since iPS cells
are directly derived from adult cells, they circumvent the ethical dilemmas associ-
ated with ES cells, which require the destruction of human embryos. iPS-derived
products are also autologous in source; therefore they can be transplanted without
the risk of immune rejection [14—16]. Most importantly, adult somatic cells from
diseased tissues can be reprogrammed back to the pluripotent state and further dif-
ferentiated into specific somatic cell types. The stem cell-derived somatic cells are
then expanded to provide large numbers of cells for the development of physiologi-
cally relevant in vitro models to study disease and injury pathology [17, 18].
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2.3 Reprogramming Techniques

Within a decade after the first successful reprogramming of fibroblasts into iPS cells,
several alternative methods have been described in the literature. Early iPS cells
were generated by using retroviral gene delivery systems to introduce the aforemen-
tioned Yamanaka factors into adult somatic cells [12, 13]. However, retroviral vec-
tors insert randomly into the host genome and may cause insertional mutagenesis
[19, 20]; in addition, the transgenes may reactivate after differentiation of the cells
into somatic cell types [21]. Therefore the development of alternative gene delivery
methods became critical; subsequently various gene delivery methods have been
investigated to identify safer alternatives, including lentiviral, transposon, and bac-
teriophage gene delivery systems [22-24]. These methods still depend on integra-
tion of transgenes into the genome and can cause insertional mutagenesis [25].
Consequently, ongoing research efforts are directed at developing integration-free
iPS cells. Several methods have been defined, such as adenovirus [26], Sendai virus
[27], minicircle vector [28], and episomal vectors [24]. In these methods, the trans-
genes are expressed in the host cell without integration into the genome; they will
be diluted overtime due to host cell division and therefore require multiple transfec-
tions. Direct delivery of synthetic modified mRNA [29] and recombinant proteins of
the reprogramming factors [30] have also been successfully applied to generate iPS
cells. These alternate reprogramming methods are advantageous for development of
xeno-free protocols that are safer for clinical applications; however, reprogramming
efficiency is sharply lowered in nonintegration approaches compared to the genetic
integration strategies [15, 31].

When considering a reprogramming strategy for generation of iPS cells for
in vitro purposes, safety issues are less important than the efficiency and scalability
of the application. In general, lentiviral and retroviral vectors are the most efficient
gene delivery systems for reprogramming purposes [31, 32]. However, retroviruses
require cell division for integration into the genome, so it may not be suitable for all
cell types [31]. In contrast, lentiviruses do not require cell division to integrate into
the genome and are capable of infecting a wider range of somatic cell types than the
retrovirus. Finally, different combinations of transcription factors have been shown
to affect reprogramming depending on the cell types; therefore the reprogramming
strategy needs to be tailored based on the source of cells for disease modeling [31].

2.4 RPE Derived from iPS Cells

Recent innovations in stem cell technology have led to the development of protocols
for the efficient differentiation of specific somatic cells from both human ES cells
and iPS cells. Somatic cells derived from either human ES cells and iPS cells offer
many advantages over primary cells and tumor-derived transformed cell lines.
Primary cell lines typically have reduced capacity for growth and proliferation
in vitro, and tumor-derived cells often acquire undesirable characteristics such as
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drug resistance. In fact, iPS-derived cells have been used to study a multitude of
human disorders, including hematopoetic, hepatic, neuorological, endothelial, car-
diovascular, and retinal diseases. For the purposes of this review, the remainder of
this discussion is focused specifically on iPS-RPE and their utility for in vitro mod-
els of injury, wound healing, and drug screening. iPS-RPE has been characterized
by our research group and others [33-39]. iPS-RPE expresses RPE-specific genes
including LRAT, RPE65, CRALBP, and PEDF. In addition, iPS-RPE exhibits char-
acteristic hexagonal, pigmented morphology and is able to internalize vitamin A
and convert it into 11-cis retinaldehyde through a series of enzymatic reactions
(Figs. 2.1 and 2.2). The ability to process vitamin A indicates that these cells express
all the essential enzymes of the visual cycle and are therefore fully functional RPE
[37]. The iPS-RPE so closely mimics in vivo RPE that it has been transplanted into
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Fig. 2.1 iPS-RPE expresses characteristic RPE genes as indicated by RT-PCR (a, b), immuno-
fluorescence (c—j), and western blot detection (I-n)
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animal models of retinal degeneration. Animals that received iPS-RPE transplants
exhibited restoration of RPE function [34], integration of RPE into host tissues, and
even modest improvements in visual function [40]. Of course the gold standard is
successful transplantation of RPE and restoration of vision in humans. To date, a
limited number of clinical trials have been conducted in patients suffering from
RPE-based disorders such as Stargardt’s macular dystrophy and age-related macu-
lar degeneration. In these studies, patients were injected with RPE derived from
human ES cells in order to assess the safety of the transplanted tissue. Preliminary
results from those studies confirmed long-term safety of the stem cell-derived RPE,
graft survival, and even provided evidence of improved vision in treated eyes [41,
42]. The evidence that stem cell-derived RPE can function in vivo confirms their
identity as an authentic source of RPE. In addition to their role as a source of cells
to replace damaged or diseased RPE, stem cell-derived RPE provides a robust plat-
form for in vitro drug screening. iPS-RPE provides several advantages over other
cell types for high-throughput screening of pharmacological compounds and novel
molecules. As mentioned earlier, iPS cells are obtained by reprogramming adult
somatic cells into pluripotent stem cells, thereby avoiding the need for human
embryos [43]. The protocol for differentiation of RPE from iPS cells has been care-
fully optimized, and the iPS-RPE can be reproducibly isolated and characterized.
Once the iPS-RPE is derived and enriched, the cells are cultured according to well-
established methods. The availability of culture reagents and established culture
protocols ensures sufficient numbers of cells to conduct experiments and reduces
variability [40, 44, 45].

2.5 InVitro Model of Injury, Wound Healing, and Drug
Screening

The advent of technology to efficiently derive RPE from stem cells enables multiple
lines of research, which will lead to improved clinical care for patients with RPE-
based pathologies. Ongoing research efforts are using stem cell-derived RPE to
investigate retinal degenerative diseases such as BEST disease [46], age-related
macular degeneration (AMD) [47], Stargardt’s disease [41], choroideremia [48],
and LCHAD deficiency [49].The progress of those studies is detailed in other excel-
lent reviews [50]. The purpose of this article is to introduce the concept of using
iPS-RPE to develop in vitro models of injury and wound healing. These in vitro
models will facilitate high-throughput drug screening, with the potential to identify
pharmacological compounds that will promote beneficial wound healing after reti-
nal injury. The eye is a highly specialized organ. Although well-protected within the
orbital socket, injuries to the eye can have devastating effects on visual function.
The delicate tissues of the eye, including the RPE, do not heal well following injury.
This abnormal wound healing response leads to the development of fibrosis and
scarring. Several post-traumatic intraocular fibrotic conditions have been described,
including unilateral subretinal fibrosis [51], aqueous shunt implantation fibrosis



2 Utility of Induced Pluripotent Stem Cell-Derived Retinal Pigment Epithelium... 39

[52], submacular fibrosis [53], occlusion and chronic ocular inflammation [54],
traumatic glaucoma [55], traumatic Brown syndrome [56], postsurgical fibrosis
after orbital fracture repair [57], post-traumatic orbital reconstruction complications
[58-60], commotio retinae causing traumatic maculopathy [61], punctate inner cho-
roidopathy [62], and proliferative vitreoretinopathy (PVR) [63] after perforating
injury of the posterior segment [64].

PVR is a frequent secondary outcome of combat-related ocular trauma. A signifi-
cant number of ocular trauma patients will develop PVR after eye injury; approxi-
mately 20% closed-globe and 60% of open-globe eye injuries will progress to
develop PVR [65-67]. The risk of PVR after ocular trauma is increased by the pres-
ence of two major risk factors: retinal detachment and vitreal hemorrhage. Following
trauma to the retina such as a perforating eye injury, PVR is characterized by both
the proliferation and migration of cells into the vitreous. The cells secrete extracel-
lular matrix (ECM) proteins; this leads to the formation of either epiretinal or sub-
retinal membranes [66, 68, 69]. The membranes contract over time, pulling on the
vitreous and the retina. This in turn causes the secondary retinal detachments that
lead to vision loss. In this respect, PVR is considered to be the result of aberrant
postinjury wound healing that leads to fibrosis. Currently the standard of care for
PVR patients is vitreoretinal surgery to remove these membranes and reattach the
retina; although these procedures are anatomically successful, the visual outcomes
are poor [70]. Unfortunately, with severe PVR, the retina can subsequently detach
again due to development of tractional forces during the postoperative period [68].
As aresult, ongoing efforts are focused on the development of therapeutics to inhibit
vitreoretinal fibrosis and contractile responses. Several clinical studies have been
conducted to compare the results of surgical techniques and medical treatments for
PVR. Surgical techniques used include pars plana vitrectomy [71-73], scleral buckle
[74-76], inferior retinectomy [77-79], and application of tamponade agents to the
inferior retina [80-82]. Medical treatments include intravitreal and oral administra-
tion of anti-inflammatory agents such as aspirin [82], triamcinolone [83-85], pred-
nisone [86], dexamethasone [87, 88], chemotherapeutic agents such as daunorubicin
[89, 90] and 5-fluorouracil combined with low-molecular weight heparin [91-93],
vitamin A derivatives such as isotretinoin [94, 95], anti-angiogenesis agents such as
bevacizumab [96], and the antiproliferative agent VIT100 ribozyme [97-99]. In gen-
eral, the pharmacological compounds tested in clinical studies to mitigate the pathol-
ogy of PVR fall into five major categories: anti-inflammatory, antiproliferative,
anti-angiogenesis, antineoplastic, and vitamin A derivatives. The net result of all
these studies remains the same; despite the best efforts of many clinicians and
research scientists, a proven therapeutic or prophylactic option for the treatment,
repair, or prevention of PVR pathogenesis has not been found [99]. Prevention and
successful treatment of PVR remains a challenge for many reasons. PVR progres-
sion is the result of a series of complex pathological events and must be considered
to be the result of interactions between multiple cell types, extraocular substances,
and factors entering the vitreous cavity after the breakdown of the blood—ocular bar-
riers [100]. Trauma that results in separation of the retina from the RPE causes
ischemic damage to the retina, inflammation, cell proliferation, and local production



40 W. A. Greene et al.

of cytokines, chemokines, and growth factors [101, 102]. Breakdown of the blood—
ocular barrier is the first step in the pathogenesis of PVR, as this facilitates the infil-
tration of inflammatory cells from general circulation [103]. Retinal detachment
separates the outer nuclear layer from the RPE, which eventually leads to photore-
ceptor ischemia and death; retinal detachment also activates glial cells in a nonspe-
cific tissue repair response [101, 104]. Upon exposure to the vitreous and extraocular
factors, RPE cells transdifferentiate into fibroblastic cells and migrate into the vitre-
ous cavity. Cells in the vitreous cavity produce the characteristic fibrocellular mem-
branes that induce contraction and secondary retinal detachments.

The cellular basis of PVR was first described in 1975 [105-107]. Subsequent
studies have implicated pigment epithelial cells (from retina and/or ciliary pigment
epithelia) [108], macrophage-like cells, glial cells, and fibroblast-like cells [68, 108]
as the essential elements that drive PVR pathogenesis. Polymorphonuclear neutro-
phils, T and B lymphocytes, platelets, red blood cells, and pigmented cells of
unknown origin have also been detected in PVR specimens [63, 66, 68, 109—112];
however, these cells seem to play a secondary role in the pathogenesis of PVR. As
researchers continued to search for the primary suspect(s) responsible for the devel-
opment of PVR, two main cell types came into focus: the Miiller glial cells and the
RPE. Miiller glial cells, activated after retinal injury, are activated in both PVR and
retinal detachments that do not develop into PVR. Although Miiller cells are impor-
tant contributors to the pathological process, RPE cells are the key difference
between retinal detachment and retinal detachment that progresses into PVR. Several
lines of evidence have been developed that support the hypothesis that RPE is criti-
cal to the pathogenesis of PVR: (1) RPE cells are present in almost 100% of PVR
membranes [100, 108, 113]. (2) The presence of viable RPE in PVR membranes is
associated with a poor clinical outcome [114]. (3) RPE cells begin to proliferate
within 48 h of retinal detachment [115]. (4) RPE cells are multipotent. Treatment of
RPE cells with TGFf induces conversion from an epithelial phenotype to a fibro-
blastic phenotype and collagen synthesis [116] and expression of fibronectin,
a-smooth muscle actin (a-SMA), and acquisition of myofibroblast characteristics
[117]. (5) After transdifferentiation, RPE cells secrete factors and promote contrac-
tion of collagen [118], thereby superseding the activity of glial cells in the patho-
geneses of PVR [119]. (6) Many animal models of experimental PVR are based on
the intravitreal injection of RPE cells to induce the pathology of PVR [120].

The RPE is a single layer of cells positioned at the back of the eye closely juxta-
posed to the retina (Fig. 2.3a). Under normal conditions, the RPE comprised highly
pigmented hexagonal cells that are nonproliferative when tight cell—cell contacts are
maintained, in a state of contact inhibition. However, when a retinal break or detach-
ment disrupts contact inhibition, the RPE at the site of injury undergo epithelial—
mesenchymal transition (EMT) and invade the vitreal cavity where they become
proliferating, fibroblastic, and contractile cells (Fig. 2.3) [121]. When the blood—
retina barrier is compromised due to a perforating eye injury, the RPE is exposed to
a variety of cytokines and growth factors in the blood and vitreal fluid. While the
exact etiology of PVR remains elusive, the growth factor hypothesis suggests that
vitreal growth factors and cytokines are essential drivers of the pathogenesis of this



2 Utility of Induced Pluripotent Stem Cell-Derived Retinal Pigment Epithelium... 41

Fig. 2.3 (a) The retinal pigment epithelium (RPE) is a single layer of pigmented cells located at
the posterior segment of the eye between the retina and choroid (arrow). (b) Perforating injuries
that cause retinal tears expose RPE to the vitreous cavity. (¢) RPE will transdifferentiate into fibro-
blasts due to EMT and migrate into the vitreous cavity. (d) Fibroblasts will secrete ECM compo-
nents to form the epiretinal membrane (yellow fibers). Some fibroblasts will further differentiate
into myofibroblasts. The epiretinal membrane will attach to the retina. The myofibroblasts provide
the contractile force that causes secondary retinal detachments (arrows)

blinding disease. Studies have identified growth factors/cytokines in the vitreous
and the epiretinal/subretinal membranes from PVR patients, including transforming
growth factor f (TGFp), platelet-derived growth factor (PDGF), hepatocyte growth
factor (HGF), vascular endothelial growth factor (VEGF), epidermal growth factor
(EGF), transforming growth factor a (TGFa), and connective tissue growth factor
(CTGF) [122-124]. Among these factors, TGFf has been proven to be a multifunc-
tional cytokine that stimulates transdifferentiation of RPE into fibroblasts/myofi-
broblasts and potently induces the expression of contractile proteins, specifically
a-SMA [125-129]. Therefore, TGFp, TGFp receptor or the TGFp-dependent path-
way (Smad) are promising therapeutic targets for the treatment of PVR. In addition
to TGFP, PDGF expression is strongly associated with PVR pathology. The level of
PDGF in the vitreous from patients with PVR is higher than in patients with retinal
conditions other than PVR [130, 131]. Similarly, the vitreal levels of PDGFs
increase as experimental animals develop PVR [132, 133]. Furthermore, PDGFs are
present in PVR membranes, as are activated PDGF receptors [134]. Strategies to
inhibit or neutralize the vitreal growth factors/receptors or their cognate signaling
pathways may provide effective treatment options.

A number of studies have been conducted in efforts to elucidate the cellular sig-
naling mechanisms that underlie RPE activation in response to injury. In 2002,
Hinton et al. examined surgically excised PVR membranes for the presence of HGF
and CTGF. Based on the results of that analysis, the authors proposed a model of
PVR pathogenesis in which injury to the retina induces an inflammatory response
and upregulation of growth factor expression, particularly HGF and CTGEF. The
RPE separates from the monolayer and forms a multilayered group of dedifferenti-
ated, migratory cells. Exposure to growth factors in the vitreous such as TGFp
causes the dedifferentiated cells to express a-SMA as they convert into myofibro-
blasts. The myofibroblastic RPE cells contract the extracellular matrix resulting in
tractional secondary detachment of the retina [123]. The conversion of RPE into
fibroblasts and then myofibroblasts has been determined to be the result of EMT
[113, 116, 135]. During EMT, activation of cell surface receptors induces transloca-
tion of P-catenin from the cell membrane to the nucleus, where it promotes the
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transcription of genes that regulate EMT [136]. Increased f-catenin signaling has
been demonstrated in an in vitro model of PVR using cultured RPE sheets, as
-catenin was found to be strongly localized in the nuclei of dedifferentiated RPE
[137-139]. In addition to p-catenin signaling, other signaling pathways have been
implicated in the promotion of EMT of RPE, including Erk1/2 [140, 141], mTOR
[141], PI3K/AKT [142], TGFp [140, 143-145], PDGF [102, 132, 146], and Jagged/
Notch [140], to name a few. Furthermore, a variety of molecules have been shown
activate these signaling pathways in RPE, including microRNA-29b [147], throm-
bin [141, 148-150], reactive oxygen species [151], and of course the growth factors
EGF/FGF-2 [152], CTGF [153], HGF [145, 154], PDGF [132, 134], VEGF [102,
155], and TGFp [145, 156—-158]. These research efforts have provided valuable
knowledge and insight into the cellular events that contribute to EMT as well as
PVR and revealed multiple potential therapeutic targets. In fact, several follow-up
studies have examined the ability of pharmaceutical and chemical inhibitors of
those pathways to prevent the onset of EMT in RPE cells. DAPT to inhibit Notch
[159], C2 ceramide inhibition of CTGF [160], troglitazone [143], glucosamine
[161], and genetic inhibitors to target the TGFp pathway [162, 163], anti-PDGF
antibodies [164], trichostatin A to inhibit histone deacetylation [165], the antioxi-
dant n-acetyl-cysteine [166], ROCK inhibitors [158], retinoic acid inhibition of
bFGF activity [167], and dasatinib to inhibit tyrosine kinases [168] are a few of the
compounds that have been tested in experimental PVR models for their effects on
RPE proliferation, migration, and contraction. Although each pathway has specific
functions, crosstalk and overlap between pathways potentially contribute to PVR
pathogenesis [140], and certainly increase the degree of difficulty in identification
of therapeutic targets. With every pathway identified thus far, studies have been
attempted in animal models to test the efficacy of pathway inhibition to prevent or
repair PVR, with limited success, and as stated earlier, none of these have led to
effective treatments for PVR patients. Given the complex nature of PVR pathogen-
esis, it is not surprising that strategies to hit only one target have yet to yield thera-
peutic success in the clinic.

In order to develop an in vitro model that accurately recapitulates the pathogen-
esis of PVR, the cells used for experimental analysis must exhibit the phenotypic
and functional characteristics of in vivo RPE. The cells used for these studies should
express essential RPE characteristics: pigmentation, hexagonal morphology, expres-
sion of RPE-specific genes, and the ability to process vitamin A. Comprehensive
analyses of iPS-RPE phenotype and function suggest that these cells provide a
physiologically relevant tool to investigate the cellular mechanisms of the three
phases of PVR pathology: migration, proliferation, and contraction. As shown in
Fig. 2.4, the basis of this in vitro model is a wound-healing assay. The iPS-RPE is
grown until fully confluent and pigmented, and then scratched to create a wound
(Fig. 2.4a). Studies have shown that the addition of 5% fresh normal vitreous fluid
to the iPS-RPE during wound-healing induces dramatically increased expression of
a-SMA, indicating a fibrotic response that accurately represents the pathology of
PVR (Fig. 2.4b). Analysis of the iPS-RPE during wound healing has demonstrated
that the cells undergo EMT at the wound edge, which allows the cells to migrate
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Fig. 2.4 (a) Wound healing assay (patent applied for) with iPS-RPE without vitreous exposure
(top) and with vitreous exposure (bottom). Note the highly pigmented (black) phenotype of the
iPS-RPE. Arrows indicate tears in the monolayer due to contraction. (b) Western blot analysis of
iPS-RPE demonstrates a significant increase in a-SMA expression after vitreous exposure
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Fig. 2.5 Activation of EMT at the wound edge. Immunofluorescence of iPS-RPE during wound
healing. B-catenin (red) has translocated from the plasma membrane to the nucleus at the wound
edge, indicating activation of EMT. Reduced expression of a RPE marker, microphthalmia-
associated transcription factor (MiTF) (green), indicates conversion of the cells to mesenchymal
phenotype. Cell nuclei are indicated with DAPI (blue)

into the wound area and proliferate (Fig. 2.5). This model will be used to identify
pharmacological agents and novel molecules, such as microRNAs (miRNAs) that
inhibit PVR pathogenesis. This model has several advantages over other in vitro
models of PVR: (1) The iPS-RPE is of human origin. (2) The iPS-RPE displays the
correct phenotype with pigmented, polygonal morphology when cultured to conflu-
ence. (3) The iPS-RPE has been thoroughly characterized; the cells express charac-
teristic RPE genes and are able to process vitamin A to complete the visual cycle.
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(4) A consistent source of cells ensures experimental reproducibility; the acquisition
of reliable data from high-throughput drug screens demands the use of a homoge-
nous, physiologically relevant cell population. (5) The iPS-RPE model of PVR
pathology can be used to identify compounds that effectively inhibit the early, inter-
mediate, and late stages of PVR progression. (6) The iPS-RPE model of PVR
pathology can be used to identify compounds that effectively inhibit proliferation,
migration, and contraction of iPS-RPE during wound healing and vitreous expo-
sure. (7) The iPS-RPE model of PVR pathology can be used to identify compounds
(such as miRNA) that promote the early, intermediate, and late stages of PVR
progression, and those that activate proliferation, migration, and contraction of
iPS-RPE during wound healing and vitreous exposure.

2.6 Conclusion

RPE cells derived from stem cells offer several advantages for the in vitro study of
wound healing after retinal injury. They are functionally and phenotypically vali-
dated as authentic RPE. They can be expanded under controlled conditions to yield
large numbers of high-quality cells. We have demonstrated that iPS-RPE recapitu-
lates the pathological wound healing response that occurs in vivo. These character-
istics make iPS-RPE a valuable tool for the study of post-traumatic ocular fibrosis
and will enable the identification of novel molecules for the treatment of these
blinding disorders.
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Abstract In developed countries, blindness and visual impairment are caused
mainly by diseases affecting the retina. These retinal degenerative diseases, includ-
ing age-related macular dystrophy (AMD) and inherited retinal diseases such as
retinitis pigmentosa (RP), are the predominant causes of human blindness world-
wide and are responsible for more than 1.5 million cases in France and more than
30 million cases worldwide. Global prevalence and disease burden projections for
next 20 years are alarming (Wong et al., Lancet Glob Health 2(2):e106—e116, 2014)
and strongly argue toward designing innovative eye-care strategies. At present,
despite the scientific advances achieved in the last years, there is no cure for such
diseases, making retinal degenerative diseases an unmet medical need.

The majority of the inherited retinal disease (IRD) genes codes for proteins act-
ing directly in photoreceptors. Yet, a few of them are expressed in the retinal pig-
ment epithelium (RPE), the supporting tissue necessary for proper functioning of
the photoreceptors. Among retinal degenerative diseases, impairment of some RPE
genes engenders a spectrum of conditions ranging from stationary visual defects to
very severe forms of retinal dystrophies in which the RPE dysfunction leads to
photoreceptors cell death and consecutive irreversible vision loss. The accessibility
of the eye and the immune privilege of the retina, together with the availability
of noninvasive imaging technologies, make such inherited retinal dystrophies a
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particularly attractive disease model for innovative cell therapy approaches to
replace, regenerate, and/or repair the injured RPE tissue. Proof-of-concept studies
in animal models have demonstrated the safety and efficacy of the engraftment of
therapeutic cells either to support RPE cell functions or to provide a trophic support
to photoreceptors. These different approaches are now in the pipeline of drug devel-
opment with objective to provide first cell-based treatments by 2020.

This chapter will focus on the different cell-based strategies developed in the
past and current approaches to prevent photoreceptor death in RPE-associated
degenerative eye diseases.

Keywords RPE - Human pluripotent stem cells - Cell therapy - Clinical trials -
Inherited retinal diseases

3.1 Retinopathies Induced by a Primary RPE Defect

The retina is a 500 pm-thick light-sensitive tissue lining the inner surface of the eye.
It is formed by multiple layers of interconnected neurons and is in charge of the first
steps of visual processing (Fig. 3.1). The photoreceptors (rods and cones) are,
together with the ganglion cells, the photosensitive cells of the retina. Rods and
cones initiate the conversion of light energy into electrical signals through a process
called phototransduction. Retinal interneurons (amacrine, bipolar, and horizontal
cells) further codify the electrical signals into optic nerve impulses (through gan-
glion cells), which are subsequently interpreted by the brain as visual images [2].
Underlying the photoreceptors layer, we could find the RPE, constituted by a polar-
ized monolayer of epithelial cells, which are real babysitters for photoreceptors.
The RPE cells display a hexagonal shape and form a pigmented epithelium that lies
between the choroid and the neural retina (Fig. 3.1). It is flanked by the Bruch’s
membrane on its basal surface and by the outer segments of the photoreceptors on
its apical portion. The cells in this layer are connected by tight junctions and consti-
tute the outer components of the blood—retinal barrier [3, 4]. In the subretinal space
(SRS) filled with the interphotoreceptor matrix, microvilli from RPE cells appose to
the photoreceptor outer segments, forming the physical components that can con-
tribute to the maintenance of retinal adhesion [5].

RPE cells perform a number of functions that are critical for the survival and
proper functioning of the photoreceptors [6]. RPE cells, among other functions, are
involved in the recycling of the vitamin A, buffer ion composition in the SRS,
secrete growth factors, regulate T-cell activation in the eye, and phagocytize shed
outer segment of photoreceptors [7, 8]. All these functions are essential, and a
failure of any of them can lead to photoreceptors death, degeneration of the retina,
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Fig. 3.1 Structure of normal retina (a) and after RPE and photoreceptor degeneration (b, ¢)

loss of visual function, and ultimately blindness. Several disease conditions specifi-
cally alter RPE cells with major consequences in vision.

3.1.1 Retinitis Pigmentosa

RP is a highly heterogeneous group of retinal diseases affecting either photorecep-
tors or RPE or both [4, 9, 10] with incidence of 1/3500-4000 [11]. These diseases
are rare monogenic dystrophies. Some mutations specifically affect RPE genes
(https://sph.uth.edu/retnet/disease.htm) such as lecithin retinol transferase (LRAT),
retinal pigment epithelium-specific 65-kDa protein (RPE65), the MER tyrosine
kinase proto-oncogene (MERTK) and bestrophin (BESTI) [4]. They are mainly
inherited autosomal recessive, except for some dominant mutations on the bestro-
phin gene [12]. Though RP has a highly variable clinical presentation and progres-
sion, the majority of patients initially experience problems in night vision, since the
rod photoreceptors are typically damaged first (Fig. 3.1). Then the peripheral vision
is progressively lost leading to tunnel vision. In many cases, this can progress to
include the central visual field and blindness [11].

Impairment of some RPE genes involved in the visual cycle leads to a spectrum
of conditions ranging from stationary visual defects to very severe forms of retinal
dystrophies. Additionally, in RPE disorders, pigment deposits in retina are scarce,
even at late disease stages. This feature could reflect impaired RPE migration and
proliferation, while with primary defects in photoreceptor cells, the RPE could be
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healthier. RPE65 was the first RPE gene reported to be involved in human retinal
dystrophy. Mutations in RPEG65 are responsible for 5-10% of the cases of Leber
congenital amaurosis (LCA) [13] and a few cases (1-2%) of recessive RP [14—17].
The condition is usually severe and congenital. However, milder phenotypes could
be encountered and reported as RP or retinal dystrophy [17, 18]. In contrast to
RPEG65, LRAT mutations are a very rare cause of severe retinal dystrophy. The phe-
notypes of CRALBP (RLBP1) and RDH5 mutations are quite similar, although with
some differences. For both genes, night blindness is present from the first years of
life and dark adaptation thresholds are elevated [19, 20].

One of the most important functions of the RPE is to participate actively in the
photoreceptor membrane turnover. It has been calculated that each rod regenerates
its outer segment (ROS) within 7-12 days [21]. Photoreceptor membrane turnover
is composed of two phases, necessarily balanced in order to preserve cellular integ-
rity: an anabolic aspect involving RNA transcription, protein synthesis, transport,
and generation of new membranes; and a catabolic aspect consisting of exhausted
membrane removal, digestion by RPE cells (phagocytosis), and recycling of some
components to the photoreceptors [22]. Different receptors were identified to have
a role in photoreceptor membrane phagocytosis by RPE cells: a mannose-6-
phosphate receptor [23], CD36 [24, 25], aVP5 integrin [26], and a number of
glycoproteins expressed on the RPE surface [27]. A real breakthrough was the
identification of the c-mer transmembrane tyrosine kinase (MERTK) receptor as
responsible for photoreceptor outer segment (POS) internalization [28, 29].
Mutations in the MERTK gene have been linked to subgroups of patients with inher-
ited retinal degeneration [30, 31].

Macular dystrophies are inherited retinal dystrophies in which various forms
of deposits; pigmentary changes and atrophic lesions are observed in the macula
lutea, the cone-rich region of the human central retina. Mutations in several
genes, expressed in RPE cells (BEST1, CDH3, TIMP3), are associated with these
conditions [14].

3.1.2 Age-Related Macular Degeneration

AMD is the leading cause of visual impairment in western countries in patients over
50 years of age. The prevalence of 0.05% before the age of 50 years increases to
about 12% in population older than 80 years old. While the disease is particularly
prevalent in developed countries, it is becoming a global health concern due to the
worldwide increase in life expectancies [1]. Besides age, family history has become
the second largest risk factor, and smoking, diet, obesity, hypertension, and chronic
inflammation have been reported as other environmental risk factors. Although the
primary site of the pathologic insult in AMD is not completely determined, different
observations support the involvement of oxidative damages, inflammatory changes,
and the gradual accumulation of deposits within the RPE cells [32].
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Early AMD is characterized by the thickening of Bruch’s membrane, deposits
under the RPE layer, and by pigmentation changes in the macula. More advanced
stages of the disease demonstrate either subretinal neovascularization or atrophy of
the retina and RPE. Based on the absence or presence of abnormal choroidal blood
vessels’ growth below the RPE layer, two different forms of AMD can be distin-
guished; (1) the ‘dry’ or geographic atrophy form, the most frequent one (around
90% of AMD patients), resulting from RPE dysfunction leading to accumulation of
pigment debris and drusen (deposits of proteins and lipids) and slowly progressing
photoreceptor cell death, and (2) the ‘wet’ or choroidal neovascular form arising
from a more rapid and destructive process of choroidal neovascularization through
the Bruch’s membrane and the RPE in the SRS accompanied by exudation and
hemorrhage [33]. The resulting damage to the macular region leads to a loss of
vision in the central visual field.

With age, the eye undergoes several changes, some of which affect the RPE.
The accumulation of lipofuscin, a reduction in melanin, diminished antioxidant
capacity, and the progressive accumulation of deposits underlying Bruch’s mem-
brane are hallmarks of aging eyes [3, 34]. Acute and chronic progressive dysfunc-
tions of RPE cells and the age-related deterioration of this tissue have been shown to
play a relevant role in AMD [5]. The inflammatory responses observed in AMD retinas
are similar but more severe than those observed in normal aging [35]. Moreover,
different lifestyle factors, environmental conditions, and gene alterations are likely to
explain why certain individuals develop AMD with age, while others do not [36].

In both the atrophic and neovascular forms of AMD, the mutualistic and symbi-
otic relationship between the photoreceptors, RPE, Bruch’s membrane, and chorio-
capillaris is lost, which results in the death and dysfunction of all the components in
the complex [37, 38]. Emerging evidences show that both “dry” AMD and “wet”
AMD involve a common pathophysiological background and share similar initiat-
ing molecular and cellular alterations [39]. However, the differentiation of dry AMD
and wet AMD is clinically relevant because of their distinct clinical presentation
and therapeutic options.

3.1.3 Global Burden and Treatments

Altogether, diseases caused by RPE malfunction affect at least 30 millions of people
worldwide, a figure that will triple with the increase in the aging population in the
next 3040 years [1]. In addition, as the population is growing older and higher
expectations of better quality of life including ability of driving and reading are
being asked by patients, morbidity resulting from AMD is becoming increasingly
significant. A recent systematic review and meta-analysis has shown that 8.7% of
the worldwide population has age-related macular degeneration, and the projected
number of people with the disease is around 196 million in 2020, increasing to 288
million in 2040 [1].
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Despite a crucial need for therapies, there is no treatment approved for RP. For
AMD, due to the complex multifactorial nature of the disease, therapeutic options
have evolved slowly. Lifestyle modifications, including smoking cessation and
high-dose antioxidant supplements, were shown to decrease disease progression
rate. Photocoagulation ablation of extrafoveal new vessels was the first treatment
proposed by clinicians for wet AMD and is still in used in selected cases [40].
Photodynamic therapy with systemic administration of a photosensitizing agent and
more selective ablation of abnormal vessels were also tested, but recovery was not
complete and high rate of recurrence was observed [41]. Anti-VEGF (Vascular
Epithelial Growth Factor) agents, which can prevent new vessel development, have
significantly improved the prognosis of wet AMD. Repeated injections of these
agents formulated by different companies, such as Pegaptanib (Macugen; Eyetech/
Pfizer) [42], Ranibizumab (Lucentis; Genentech) [43-45], Aflibercept (Eylea;
Regeneron) [46], or Bevacizumab (Avastin; Genentech) [47—49] show the capacity
to slow the rate of vision loss but have no more than a 30% rate of effectiveness in
all AMD cases.

Emerging treatment modalities include RNA interferences and attempt to block
pathways down- or upstream of VEGF to prevent new vessel growth. Anti-PDGF
(Platelet-Derived Growth Factor) agents (FovistaTM; Ophthotech, USA) that block
pericytes’ recruitment were tried in combination with anti-VEGF medications [50].

While promising, gene therapy aiming at restoring gene defects in the RPE
(like RPEG65) shows limitations. Indeed, the prerequisite to this type of gene therapy
is to know precisely the defective gene, and a second limitation is to develop a gene
delivery candidate drug for each one of the defective genes. Moreover, recent data
from preclinical and clinical studies show that, despite stabilization of vision during
the follow-up period, patients treated by RPE65 gene therapy still undergo photore-
ceptor degeneration [51].

Although prognosis of wet AMD has been improved during the last decade,
many patients may lose their sight because of late diagnosis or inadequate treat-
ment. For dry AMD, no treatments are available. Different treatment strategies for
both AMD could be envisioned: (1) preventing RPE dysfunction or death [52, 53],
(2) providing support to stressed RPE [10], and finally (3) replacing RPE and even-
tually photoreceptors [54].

3.2 Therapeutics Based on Fetal or Adult Cells

The treatment of RPE-associated degenerative eye diseases by cell therapy was first
proposed by Gouras and collaborators in early 1980s [55, 56]. This group success-
fully transplanted RPE cells in a monkey model, demonstrating the feasibility of
such approach. By the end of the 1980s, it was well established that RPE cells can
not only be transplanted in degenerated retina but also can delay photoreceptor
degeneration in a rat model of retinal degeneration [57], opening the path to the
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development of therapeutic cell-based strategies. Laboratories from all over the
world developed and tested methods to produce cells that can replace defective or
degenerated endogenous RPE cells.

3.2.1 Use of Fetal-Derived Cells to Replace RPE Cells

One of the first sources identified was the fetal RPE cells. However, the use of such
cells required ethical agreement from the civil society and is legally regulated in
each country. Researchers and physicians agree to the ethical tenets that regulate
experimentation requiring human material including informed consent, no incentive
for abortion, procurement of human material that, if not used for research, would be
discarded, and review of the protocol from ethical committees. In addition, in case
of a clinical use of fetal cells, a detailed medical history of the donor and a complete
separation of donor and recipient are required. This set of principles was adopted by
the World Medical Association in the declaration of Helsinki (now in its seventh
revision) [58].

Human fetal RPE cells from eyes of 10-21 weeks gestational age are sepa-
rated from the anterior segment and the neural retina by dissection [59—61]. Then
RPE cells can be either mechanically dissected or enzymatically separated in
order to have an enriched cell culture [60, 61]. After 1 week, a mean of 1.4 x 10°
RPE cells can be obtained and passaged for up to ten times [61]. Another proto-
col from the National Eye Institute (NIH, Bethesda, MA) allows obtaining
between 160 and 250 millions of fetal RPE at Passage 1 (P1) per eye, increasing
thus the yield [60].

To test the potential for cell therapy of fetal cells, the most useful model is the
Royal College of Surgeons (RCS) rat. This model is characterized by a mutation in
the MERTK gene coding for the transmembrane receptor tyrosine kinase MERTK
[62]. In RCS rats, RPE are not able to phagocytosis photoreceptor outer segments
[63]. This dysfunction leads to an accumulation of debris between RPE and photo-
receptors. As the mutation affects primarily RPE cells, the RCS rat is a good model
for both AMD and RP in which the mutation affects RPE cell functions [28, 30].
The photoreceptors begin to die from the third postnatal week. The degeneration
progresses quickly, and by 2 months of age, the electroretinogram (ERG) is almost
flat in response to light. It indicates that the retina is no more sensitive to light due
to the photoreceptors’ degeneration. In addition, the decline in vision of RCS rats is
also measured in the optokinetic paradigm. In that test, the animal is placed in a
platform and exposed to moving stripes. When the rat detects the stimulus, a reflex
movement of the head is observed. By modulating the size of stripes, a visual acuity
is measured corresponding to the limit of the stimulus detection. In RCS rat, the
visual acuity decreases drastically by 2 months of age.

In 1996, Little and collaborators have clearly demonstrated in RCS rats that
human fetal RPE cells harvested from enucleated eyes of 10—16 weeks gestational
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age fetuses have a rescue effect [64]. Indeed 24-day-old rats were grafted with these
fetal RPE cells and were sacrificed 1 month later. They reported, after histological
examination, that photoreceptors were preserved in the areas surrounding the
grafting site compared to sham injected site. They confirmed the presence of the
cells by analysis of pigmented cells in the nonpigmented rat eye. RCS rats were
immunocompromised by a daily injection of cyclosporine. This treatment was
sufficient to prevent rejection during the follow-up.

Another strategy consisted of grafting small patches of fetal RPE still organized
as a monolayer (1-5 mm?) [65]. Transplanted fetal RPE was rejected within 1 month
into the rabbit eye but survived at 3 months in the monkey retina without immuno-
suppression. Moreover grafted RPE is able to phagocytosis outer segments as dem-
onstrated by the presence of phagosomes in electron micrographies of rabbit retinas
[65]. Berglin and collaborators had grafted human fetal retinas in six monkeys with-
out immunosuppression. Integrity of local photoreceptors and survival of RPE patch
transplants were effective for at least 6 months [66]. Interestingly rejections occur
more frequently around fovea (60%) than at the periphery (30%). Prevention of
rejection can be managed by Cyclosporin A treatment into the vitreous [67]. Lai’s
report compared intravitreal release of Cyclosporine A from a capsule sutured in the
vitreous or through weekly injections in rabbits transplanted with fetal RPE cell
suspensions. The mean survival of the human fetal RPE xenograft was about
10 weeks with local immunosuppression compared to 4 weeks without Cyclosporin
A [67]. In order to evaluate long-term effect of the transplant into the retina, Aramant
and Seiler grafted a fetal sheet containing both RPE and neural retina into an
immunocompromised model, the nude rat [68]. In that context, all xenografts
survived an average of 40 weeks, indicating that the transplant can achieve long
survival periods.

Fetal allogenic RPE transplantation showed no visual improvement and signs
of rejection in nonimmunosuppressed AMD patients [69, 70]. Another group
grafted a suspension of healthy fetal RPE in a 65-year-old legally blind women
without systemic immunosuppressant. The patient did not show any visual
improvement [71]. In that case, signs of immune rejection were also observed.
Radtke and collaborators used intact sheets of fetal neural retina with RPE for
grafting into five patients with RP without immune suppression [72]. There was
no sign of rejection at 6 months despite HLA mismatch of the patient with the
fetal tissue. However, no visual improvement was reported using multifocal ERG,
probably due to advanced retinal degeneration. Following these results, a phase II
clinical trial was conducted in ten patients (six RP and four AMD) between 2002
and 2005 [73]. Despite no immune suppression, investigators did not report any
signs of rejection at 1 year post surgery. However, the pigmentation had decreased
over time and was lost in eight out of ten patients at 3 months post operation, and
there was no control group. They reported improvement in seven out of ten
patients in the ETDRS scale but no improvement using other measures like mul-
tifocal ERG [73].
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3.2.2 RPE Cells from Adult Eyes as a Source for Cell Therapy

Several cell sources were evoked for RPE cell therapy rising from the adult eye:
autologous RPE cells harvested from the peripheral retinal, allogenic RPE graft
harvested from cadavers, and recently a new potential source has been identified
with the discovery of human RPE stem cells (RPESC).

The group of Suzanne Binder has proposed autologous RPE cell sources. Indeed
they demonstrated in 14 human eye cadavers that RPE can be gently harvested and
aspirated from the nasal area with a constant efficacy and a sufficient number [74].
The functionality of such cells was previously demonstrated in the RCS rat [75].
A research group of the University of Rochester has used human eye cadavers of
10- and 49-year-old for the isolation of adult RPE cells. Then these cells were
grafted in 4-week-old immune-suppressed RCS rats (a time where photoreceptors
are still present) [75]. After 1 month, rats were sacrificed and histological evaluation
revealed that photoreceptors were preserved. Interestingly RPE from a 49-year-old
donor was as effective as the one from a 10-year-old donor in rescuing rat photore-
ceptors [75]. Phillips and collaborators demonstrated in rabbit the feasibility of har-
vesting RPE in a subretinal nasal localization and graft the harvested RPE cells to
another localization where the RPE cells were previously mechanically debrided
[76]. At 30 days post surgery, debrided area grafted with autologous RPE decreases
choriocapillaris atrophy and photoreceptors loss compared to debrided areas with
no graft. In a prospective pilot study, 13 patients with AMD and foveal choroidal
neovascularization (CNV) were operated in order to remove this foveal CNV and
were grafted at the same time with autologous adult RPE freshly harvested from the
nasal subretinal area [77]. Visual outcomes were encouraging after 17 months with
visual acuity improvement in eight eyes without major adverse effects, and a pro-
spective trial with a larger cohort was analyzed. Over a 36 months period, visual
gain remained limited, probably due to the poor prognosis expected from these
patients [74].

The human adult RPE cell line ARPE-19 was derived from a 19-year-old man
who died from a head trauma following motor vehicle accident in 1986. This cell
line is easy to grow and retains characteristics of RPE cells through the expression
of specific markers and the ability to form cobblestone monolayers [78]. These
cells were extensively used to characterize human RPE functions and were used
for proof of concept of the cell transplantation approach in the RCS rat. Indeed
Pinilla and collaborators had grafted ARPE-19 cells at postnatal day 22 (P22)
[79]. Retinas had a preserved connectivity, and photoreceptors were preserved by
the treatment. Moreover, ERG recording later during the follow-up (at P90 and
P120) demonstrated that transplanted rats maintain their ERG responses com-
pared to control condition, indicating that photoreceptors were still functional
[79]. In addition Coffey and collaborators have developed a system to analyze
cortically mediated vision following ARPE-19 cell transplantation in RCS rats
[80]. In this study, they demonstrated that the primary visual cortex of trans-
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planted rats was responsive to visual stimulation while the one of nonoperated rats
was not at 6 months of age.

These different studies demonstrated the feasibility of the use of human adult
RPE cells harvested from cadavers to prevent photoreceptors from death. The major
limitation for the use of allogeneic RPE from cadavers and autologous RPE is the
yield of cells obtained, limiting thus large-scale use due to low amplification poten-
tial. For the millions of patients to be treated, a more industrialized manufacturing
process is required. To achieve this aim, other cell sources should be investigated.

Recently a new potential source of human RPE came from the discovery of
human RPE stem cells (RPESCs) [81]. It was known that RPE cells retain some
plasticity like in amphibians where RPE can regenerate retinal cells in vivo upon
injury [82]. However, this is not the case in vivo for human RPE cells. In 2012,
Salero and collaborators identified a subpopulation of human RPE cells (about
2-3%) that have the potential to be activated upon culture in vitro, acquiring self-
renewing properties that they named RPESCs [81]. These cells were harvested from
human eyes of 22- to 99-year-old cadavers. They highly express c-Myc and Klf4
indicating stem cell-like properties. RPESC multipotentiality was illustrated
through the ability to differentiate into neural or mesenchymal lineages but not into
the endoderm lineage. RPESCs are cultured clonally at low density and form non-
adherent spheres in a medium containing knockout serum replacement (KSR) sup-
plemented with FGF2 (Fibroblast Growth Factor). Finally, these cells, if they are
proven to rescue classical animal models of RPE pathology, might be another poten-
tial source of RPE cells for cell therapy. In 2014, Stanzel and collaborators brought
the first evidence that these RPE cells obtained from human RPESCs retain funda-
mental characteristics of RPE when grafted as a monolayer into the rabbit eye [83].
Moreover, these cells survive (95%) for at least 1 month in this model and maintain
their monolayer and polarity (ezrin protein localized at the apical side). However,
their isolation and amplification remain difficult, and alternative cell types might be
better choices.

3.2.3 Alternative Cell Types

The use of functional RPE cells to replace the defective ones is the best treatment to
give to patients. However, the sources for RPE cells (essentially fetal or adult RPE
sources) were still limited at the beginning of the twenty-first century. The cell
transplantation, independently of the cell type, produces a trophic effect that is ben-
eficial for photoreceptor survival. Moreover, some RPE functions like phagocytosis
are not restricted to RPE cells. That is why, it is not surprising that several laborato-
ries have developed cell-based therapeutics with different cell types.
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3.23.1 Iris Pigment Epithelium

RPE and Iris pigment epithelium (IPE) share a common embryonic origin. IPE cells
possess phagocytic properties, as demonstrated by the ability of porcine IPE cells to
phagocytize rod outer segments [84]. IPE cells form a monolayer with tight junc-
tions suitable to form a de novo blood—retinal barrier. Rat IPE cells were isolated
from 20- to 26-day-old and grafted into RCS rats through a transcleral route [85]. At
2 months post surgery, rat IPE was localized between host RPE and retina. They
contained phagosomes from rod outer segment uptake. Photoreceptors were found
preserved near IPE cells and at some distance from them in transplanted eyes. This
indicates that phagocytosis uptake is not the only rescuing mechanism, and trophic
factors are probably also released [85]. Another study by Thumann et al. confirmed
these results with both transplantation of human and rat IPE in RCS rats [86].
Photoreceptors were preserved at 3 months post surgery to a similar level of ARPE-19
cell-transplanted eyes.

A strategy of autologous human IPE transplantation was tested in 2000 [87].
Human IPE are relatively easy to obtain from patients with a local anesthesia in the
same eye than the one to be transplanted. IPE were dissociated and cultured with
15% of autologous serum for 1-2 months. Seven AMD patients with neovascular
membranes from 49 to 85 years old were transplanted subretinally. Neovascular
membranes were removed through retinotomy just before the transplantation of an
IPE cell suspension. Fifteen control patients underwent only neovascularization
removal [87]. The majority of operated patients improved their best-corrected visual
acuity by two lines or more; however, no statistical difference was found between
control and IPE-transplanted patients at up to 13 months of follow-up. The same
group followed 56 consecutive patients for at least 2 years using the same procedure
[88]. They reported also a statistically improved visual acuity until at least 48 months
compared to pretransplantation.

Semkova and collaborators proposed to engraft IPE genetically modified to over-
express the PEDF. The idea was that PEDF would act as an antiangiogenic and a
neuroprotective agent to potentiate the effect of transplanted IPE [89]. Indeed, rat
IPE was transduced with a high-capacity adenovirus vector having both low toxicity
and low immunogenicity. Thereafter RCS rats were transplanted with these IPE
cells. The authors found that, at 2 months post surgery, photoreceptors in IPE
expressing PEDF-transplanted eyes were better preserved when compared to IPE-
transplanted and nonoperated eyes. In addition in a rat model of laser-induced CNV,
IPE overexpressing PEDF prevented the formation of new vessels within the laser
burns [89]. Another strategy of growth factor overexpression was proposed based on
the effect of Brain-Derived Neurotrophic Factor (BDNF) [90]. IPE was transduced
with an adeno-associated virus 2 (AAV2) containing the BDNF gene and grafted in
a model of phototoxicity. Rats were exposed to constant light for 3 months after the
transplantation. The measurement of the outer nuclear layer thickness demonstrated
that photoreceptors were preserved in eyes transplanted with IPE overexpressing
BDNF compared to normal IPE [90].
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The concern with this approach, beside no proven efficacy in human, is the
comparability with different batches of IPE from different donors. This strategy is
not compatible with the industrial process required to treat at large-scale the millions
of patients.

3.2.3.2 Schwann Cells

The Schwann cells produce trophic factors necessary for the survival of photorecep-
tors, including basic fibroblast growth factor (bFGF), ciliary neurotrophic factor
(CNTF), and BDNF. Lawrence and collaborators proposed to graft Schwann cells
into the SRS of RCS rats in order to compensate for defective RPE cells. These
grafted cells are supposed to provide support for both RPE and photoreceptors
improving thus their functionality and their survival [91]. In this study, the supply
of the Schwann cells came from the sciatic nerves of congenic neonatal rats. When
transplanted in RCS rats, the Schwann cells allowed photoreceptors to survive
around the site of injection. Transplanted animals were then analyzed 2 and 3 months
after surgery for their visual performances. Using the optokinetic paradigm, the
authors demonstrated that transplanted rats were more prone to detect moving
stripes compared to control animals up to 3 months post surgery. Keegan and col-
laborators showed that Schwann cells transplanted in the SRS of rhodopsin knock-
out (rho™") mice; another model of acute retinal degeneration preserved the
photoreceptor survival until 1 month [92]. They addressed the release of specific
factors using reverse transcriptase polymerase chain reaction (RT-PCR) assay for
precise measurement of RNA production. BDNF, CNTF, and glial-derived neuro-
trophic factor (GDNF) transcripts were found, but there was no evidence of NGF
and bFGF in Schwann cell culture. The same group demonstrated later that
Schwann cells engineered to express GNDF or BNDF improve the survival and
function of photoreceptors, when transplanted into the SRS of RCS rat, compared
to the same cells not transfected [93]. This highlights the role of these two trophic
factors secreted by Schwann cells. For a cell therapy strategy, the supply of
Schwann cells could originate directly from the recipient’s own cells (e.g., from
the sural nerve). This approach might reduce the risk of disease transfer and of
immune response.

3.2.3.3 Fetal Brain-Derived Neural Progenitors

Human cortical progenitor cells were proposed and tested in vivo in animal models
of RP [94, 95]. Here the idea was not to replace defective RPE or even photorecep-
tors. Human cortical progenitors are rather expected to produce trophic factors that
might preserve photoreceptors. This is the mode of action of such cells when grafted
in neurodegenerative disease models [94]. The human fetal cortex could be obtained
from a brain tissue at 21 weeks of gestation and cultured as neurospheres for several
passages [95]. When such cells were grafted into the SRS of RCS rats, they showed
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the potential to sustain the vision of RCS rats for a long period of time (280 days)
as evaluated by the optokinetic paradigm. Interestingly, histological analysis
revealed that grafted cells formed an “RPE-like layer” into the SRS, with some cells
being pigmented [94]. However, they did not express typical RPE markers, and the
cells were still proliferating into the SRS until at least P150 [95]. The human corti-
cal progenitors cells were also injected into the SRS of six normal rhesus monkeys
[96]. In that context, cells were transduced with Green Fluorescent Protein (GFP) to
follow them. Monkeys recovered well from the surgical procedure, and there was no
disturbance in multifocal ERG. Cells survived as a monolayer at 39 days post opera-
tion even if treated only with 5 days of topical steroids [96]. The authors concluded
that the surgery might be safe for human, and that the cells should survive without
need of systemic immunosuppression.

Human central nervous system stem cells (HuUCNS-SCs) were purified by
StemCells, Inc. in 2000 [97]. A single fetal brain tissue (16-20 weeks of gestation)
was exposed to monoclonal antibodies for cell-surface markers and cell sorted. The
HuCNS-SC express high levels of CD133 and low levels of CD24. In addition, they
do not express antigens of the hematopoietic lineage CD45 or CD34. These cells can
self-renew, form neurospheres, and can be banked. They are developed for the treat-
ment of central nervous system diseases and were tested for retinal protection also in
AMD. When HuCNS-SCs were transplanted into the SRS of the RCS rat, photore-
ceptors were protected and the vision was preserved [98]. Donor cells remain imma-
ture and do not express retinal markers during at least 7 months. In addition, the
authors reported limited proliferation. StemCells, Inc. launched an ongoing phase
I/II clinical trial in US in 16 patients with geographic atrophy secondary to AMD in
order to investigate safety and preliminary efficacy [99].

3.2.3.4 Bone Marrow Mesenchymal Stem Cells

Bone marrow mesenchymal stem cells (MSCs) are precursors of bone, cartilage,
and adipocytes in vivo, and they provide a suitable environment for the hemato-
poietic stem cell niche [100]. These cells have the major advantage to be har-
vested from bone marrow and expanded, thus allowing autologous transplantation.
They are also poorly immunogenic, and it was demonstrated that MSCs secrete
trophic factors that promote neuronal survival, like BDNF or bFGF [101]. Arnhold
and collaborators tested the potential of MSCs for the rescue of retinal degenera-
tion in RCS rats [102]. The authors used rat MSCs transduced with GFP in order
to follow their fate in the rat eye. Transplanted MSCs adopted, in that context, an
RPE-like morphology at 2 months post surgery. This was also demonstrated
in vitro by cocultures of MSCs and RPE, where MSCs adopted a typical RPE
morphology (intracellular pigment granules, hexagonal morphology, and cyto-
keratin expression). Photoreceptors of transplanted retinas were still numerous
compared to the control ones at 2 months post operation [102]. Inoue and collabo-
rators transplanted mouse MSCs into the SRS of RCS rats. It resulted in the
slowdown of retinal degeneration with a drastic reduction of photoreceptor loss at
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8 weeks after surgery [103]. In addition, the authors analyzed retinal functions
and found that transplanted animals had a better ERG preservation compared to
SHAM-treated eyes at both 4 and 8 weeks post operation. As a conditioned MSCs
medium is able to promote survival of mouse retinal cultures, the authors sug-
gested that the rescue effect observed in RCS rats might be mediated by the
release of trophic factors that improve the environment [103]. In this study, MSCs
remained in the SRS without any migration to the retinal layers. By contrast to
Arnhold and collaborators, the authors did not report any signs of transdifferentia-
tion of MSCs into RPE-like cells. Human adult bone marrow-derived somatic
cells (derived using a proprietary process) were finally tested in RCS rats in 2010
[104]. The authors showed that transplanted RCS rats had a better visual acuity in
the optokinetic test up to 3 months postnatal despite the absence of cell at that
time. The survival of cells was not improved with a cyclosporine A treatment.
Another report stated that human bone marrow MSCs grafted into the SRS of
RCS rats did not survive more than 2 weeks [105]. They demonstrated also that
the effects were sustained for 20 weeks, and that a second transplantation did not
improve the phenotype.

3.2.3.5 Retinal Neurospheres

In the adult mammalian eye, neural progenitors are located in the pigment ciliary
bodies [106]. These cells are rare, quiescent but can be stimulated to proliferate
in vitro with bFGF. They can be amplified as neurospheres, and they are named reti-
nal neurospheres (RNS) [107]. RNS retain their pigmentation and express markers
like the neuroectodermal marker nestin. They are multipotent as they give rise to
neurons, astrocytes, and oligodendrocytes. Rat or mouse RNS express also Chx 10,
a homeobox gene that is a retinal progenitor marker [106, 108]. In human, RNS
were derived from the pars plicata and pars plana of the retinal ciliary margin [109].
These cells were isolated from early postnatal to 70-year-old postmortem donors.
When cultured under specific differentiation media, they are able to give rise to dif-
ferent retinal cell types and to RPE. Human RNS were transplanted into immunode-
ficient NOD/SCID mice of 1-day-old. The authors showed that the cells survived at
28 days and gave rise to retinal progeny. RNS stem cell nature is controversial;
some scientists stated that the pigmented ciliary epithelium contains differentiated
cells that ectopically express markers upon specific culture conditions [110, 111].
Finally, RNS cells should be tested into animal models of retinal degeneration to
demonstrate their therapeutic potential.

3.2.3.6 Umbilical-Cord Stem Cells

Human umbilical tissue-derived cells (hUTCs) are a promising cell source as it can
be amplified to at least 1 x 10" cells from a single donor without genetic abnormali-
ties or changes in phenotype [112]. Cells are obtained by a simple enzymatic
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digestion of the human umbilical cord following normal births. When grafted into
the SRS of RCS rats, hUTCs improved ERG responses to light compared to SHAM-
treated animals. In addition, visual acuity evaluated by the optokinetic response to
moving stripes was preserved in hUTCs-treated rats at 2.5 months post surgery
[112]. Neurotrophins secreted by hUTCs, like BNDF, are suggested to mediate the
preservation of photoreceptors.

3.3 RPE Derived from Pluripotent Stem Cells

Human embryonic stem cells (hESCs) and human-induced pluripotent stem cells
(hiPSCs) represent the two principal types of pluripotent cells. These unspecialized
cells are able to self-renew and could give rise to all somatic cell types. Compared
to the other cell sources described earlier, banking of these cells might be up scaled
at an industrial level to treat millions of AMD and RP patients.

In 1998, the first hESC lines were derived from the blastocyst inner cell mass of
human embryos produced by in vitro fertilization. These hESC lines showed unlim-
ited proliferation ability in vitro and maintained the potential to form derivatives of
the three embryonic germ layers: endoderm, mesoderm, and ectoderm [113].

The reprogramming of adult somatic cells, into artificial pluripotent stem cells,
called induced pluripotent stem cells (iPSCs) by Yamanaka lab allowed to overcome
ethical constraints associated to the use of human embryos [114]. Indeed human
adult somatic cells, typically human fibroblasts, were forced to express pluripotency
genes by retroviral transduction of four transcription factors: Oct3/4, Klf4, Sox2,
and c-Myc [114]. This was reproduced by Thomson’s lab using a different cocktail
of factors [115].

The hiPSCs are comparable to hESCs in terms of morphology, cell growth,
surface markers, gene expression, in vitro differentiation, and teratoma formation
when transplanted into immunocompromised animals [114]. The potential to generate
autologous cell sources from reprogrammed patient’s somatic cells make hiPSCs
very attractive for clinical applications [116]. These two cell sources (hESCs and
hIPSCs) were used to produce RPE cells that might treat RPE-associated degen-
erative eye diseases.

3.3.1 Clinically Compatible Protocols to Obtain and Bank
RPE Cells

Significant research efforts have focused on finding the ideal method for efficiently
deriving RPE from embryonic and induced pluripotent stem cells. It has been well
demonstrated that hPSCs have the potency to “spontaneously” differentiate into RPE
using the continuous adherent culture method or the embryoid body method [117].
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Protocols published in the literature could be gathered in three main methods: spon-
taneous differentiation, intermediate embryoid body (EB) formation, and 3-D cellu-
lar aggregates. In recent clinical trials, the first two types were used in order to
generate GMP (Good Manufacturing Process)-compatible RPE cells. In 2004,
Klimanskaya and collaborators reported the first spontaneous differentiation of
hESCs into RPE cells [118]. To achieve this differentiation, the hESCs were cultured
on mouse feeder cells in absence of FGF2. After 6—8 weeks, the authors observed the
presence of brown-pigmented regions in over-confluent cultures. Pigmented regions
were isolated and subcultured to generate the RPE cell population. The limitation
with this protocol was the low efficiency regarding the number of cells obtained and
the requirement of the manual selection of pigmented areas.

To improve the efficacy of RPE differentiation protocols, several teams developed
protocols based on developmental studies made in xenopus, zebrafish, and mouse.
This approach has led to the use of an increasing number of growth factor and small-
molecule supplements in the culture media [117]. The pathways targeted vary from
protocol to protocol, but the inhibition of TGF-B pathway using noggin, LDN-
193189, and/or SB-431542 is commonly used to engage neuroectodermal differen-
tiation [119]. Neuroectodermal progenitors are then specified toward an anterior fate
using inhibitors of the WNT signaling pathway (Dkk1/Nodal and Lefty A) to obtain
eye field progenitors [120]. Using this method, Lamba’s team showed that it was
possible to obtain nearly 80% of retinal progenitors [121]. For now, one of the
quicker and the more efficient protocol was published by Buchholz and collaborators
[122]. This team combined Lamba’s protocol with already described RPE-inducing
factors such as nicotinamide and activin A in order to obtain 78% of RPE cells at day
14 [122]. One year later, the same team published that the RPE differentiation is even
better with the use of activator of the WNT pathway such as CHIR99021 at the end
of the differentiation process [123]. RPE cells could be obtained without these
cytokines, but the efficiency is much lower [124]. Whatever the protocol used, the
RPE obtained from pluripotent stem cells are similar to primary human fetal RPE
[125]. Recently, a quantitative real-time PCR-based high-throughput screen was
used to establish a new differentiation protocol with small-molecule treatment and
that is suitable for a clinical application. Using this strategy, Chetomin, an inhibitor
of hypoxia-inducible factors, was found to strongly increase RPE differentiation.
The combination with nicotinamide resulted in conversion of over one-half of the
differentiating cells into RPE. Single passage of the whole culture yielded a highly
pure hPSC-RPE cell population that displayed many of the morphological, molecu-
lar, and functional characteristics of native RPE [126].

The second strategy to generate RPE cells involves an intermediate step: the
embryoid body (EB) formation. The pluripotent stem cells, when cultured onto non-
adherent culture dishes form aggregated structures that resemble early postimplan-
tation embryos and that are therefore called EBs [127]. Pluripotent stem cells
derived in EB structures acquire markers specific to the three embryonic germ lay-
ers [128] and could differentiate into multiple cell lineages. To induce the neuroec-
todermal lineage, the EBs obtained are then cultured in adherence, and after 4
additional weeks, pigmentation starts rising. These pigmented regions are expanded
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and ultimately form a monolayer of hexagonal pigmented cells [129]. This kind of
differentiation can also be improved by the sequential use of nicotinamide and
activin A, although the mechanism by which nicotinamide improves neural and eye
field differentiation remains elusive [130].

In the last years, many research teams have explored new approaches to increase
further the efficacy of RPE differentiation protocols. The most innovating approaches
are represented by the generation of RPE cells from tridimensional structures.
Gamm and collaborators developed a protocol where the pluripotent stem cells are
differentiated into neural rosette, a primitive anterior neuroepithelium structure
[131]. The neural rosette structures were isolated and cultured in suspension. After
20 days of culture, 3-D cell aggregates appeared and formed an optical vesicle-like
(OV) shape. These tridimensional structures contained photoreceptors and RPE cell
progenitors. To generate RPE cells, OV-like structures were cultured in presence of
activin A for 20 days. Pigmented OV-like structures were plated onto coated dishes
in order to promote RPE cell proliferation. This protocol was used to generate RPE
cells from hESCs and hiPSCs in a reproducible manner [131]. Recently, Goureau
and collaborators developed a new protocol of self-forming neural retina structures
containing RPE and retinal progenitor cells including precursors of photoreceptors,
without addition of exogenous molecules [132, 133]. In this study, hiPSCs were
cultured in a serum-free medium containing N2 supplement. To generate RPE cells,
the FGF was removed from culture medium to promote the neuroectoderm induc-
tion. After 14 days, neuroepithelial-like structures with pigmented areas were
observed. These pigmented patches were mechanically isolated and cultured on
gelatin-coated dishes. The pigmented patches proliferated and formed the typical
cobblestone epithelial structure of RPE [133].

Recently, automated retinal differentiation including RPE differentiation was
reported by Duncan E. Crombie and collaborators [134]. They showed the ability to
maintain and subculture pluripotent stem cells using a customized automated platform.
Then, they differentiated these cells into RPE cells using a directed protocol and
reported the apparition of pigmented areas at day 35. Although, this is a promising
step toward the scale up of the RPE differentiation that will be required for future
applications; further works are necessary to obtain a pure population of cells with
this method [134].

For the clinical translation step of RPE cell differentiation protocols, all parameters
need to be evaluated with utmost rigor. According to European and US regulatory
guidelines, the production of RPE cells requires to be reproducible and to use a fully
defined medium. Thus, the constituents of differentiation and culture medium,
cytokines and the matrix used to coat cell dishes, are selected based on their origin;
their certificates indicating that they are pathogen-free and produced in a sterile envi-
ronment. Moreover, the manufacturer should provide a full traceability of their start-
ing and raw materials. All this selection increases the translation from the initial
research protocol to the first clinical trial. This optimization process faces challenges
due to the risk of inconsistency between the non-GMP starting/raw material and the
GMP one and due to the batch to batch variability of a same product.
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In 2012, Astellas Pharma (previously named OCATA Therapeutics) announced
the first preliminary data of the clinical application of RPE derived from hESCs
[135]. In this phase I/II clinical trial, a hESC line derived from in vitro fertilization
embryo named MAO9 was used. The MAQ9 cell line was cultured and amplified on
Mitomycin C-treated mouse embryonic fibroblast (MEF) in GMP facility to gener-
ate a clinical Master Cell Bank. This manufacturing process used the EB formation
process to generate RPE cells. hESCs were treated with 0.05% trypsin-EDTA to
detach from feeder cells and subsequently plated into low-attachment cell dishes to
promote the EB formation in MEM medium containing the B27 supplement. The
EBs were maintained in culture for 1 week and seeded on gelatin-coated plates until
the pigmented colonies appeared. Using enzymatic and mechanical methods, the
pigmented RPE cells were isolated and cultured in Endothelial Growth Basal
Medium on gelatin-coated cell dishes. The RPE cells were amplified for two pas-
sages, before being frozen to create the RPE clinical bank. The hESC-derived RPE
cells were thawed and injected as a cell suspension into the SRS of patients suffer-
ing from dry AMD and Stargardt’s disease. The RPE cryovials could be sent frozen
to different hospitals without the requirement of specific cell culture materials at the
site of surgery. This allows a large-scale use of such cell product.

A second clinical trial using hPSCs-derived RPE for retinal degenerative dis-
eases started in September 2014 in Japan. This study represents the first clinical
assay using autologous iPSC therapy for the exudative form of AMD. In their
study, Dr. Takahashi and her team have transplanted sheets of hiPSCs-derived RPE
cells without any artificial matrix or scaffold ([116, 136]; Press Release, RIKEN
July 30, 2013). hiPSCs were cultured and amplified on mouse embryonic fibroblast
(MEF) feeder cells. To generate RPE cells from hiPSCs in xeno-free conditions, a
direct differentiation protocol was used, in which there was no intermediate stage
of EB formation. That process used two differentiation media and two different
coatings. The undifferentiated hiPSCs were cultured in feeder-free conditions
using gelatin-coated plates. During the differentiation process, the cells were cultured
with Glasgow Minimum Essential Medium (GMEM) in presence of decreasing
percentage of Knockout Serum Replacement (KSR) (from 20% to 10% during
20 days of culture). To induce RPE differentiation, some molecules were added in
the culture medium during the first 18 days like ROCK inhibitor (Y-27632), a
TGFp inhibitor (SB 431542), and a protein kinase inhibitor (CK17) [137]. After
3 weeks of culture, pigmented cells appeared and the differentiation media was
replaced with DMEM/F12 supplemented with B27 [116].

Our lab, in collaboration with the Institut de La Vision (Paris, France) is develop-
ing another protocol based on hESCs using a spontaneous differentiation protocol
without growth factors or small molecules [138, 139]. The clinical grade hESC line,
named RC-09 (Roslin Cell Laboratory, Edinburgh), was amplified in feeder-free
conditions, in a GMP facility, to create a clinical hRESC Master Bank. To differenti-
ate the hESCs into RPE cells, the RC-09 are cultured in DMEM medium supple-
mented with 10% of KSR in the absence of FGF2. After 4-5 weeks of cultures, the
presence of pigmented regions in the overgrowth colonies of RC-9 could be
observed. These pigmented cluster cells are then mechanical isolated and cultured
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in culture dishes in presence of 4% of KSR (Passage PO). The RPE cells are ampli-
fied and frozen at passage P1, to create the RPE Bank.

All these culture methods will be useful for the demonstration of the safety and
efficacy of hPSCs-derived RPE in ongoing and future clinical trials. The next
challenges will be the development of commercially viable sources of RPE that are
low cost, reliable, and robust.

3.3.2  Quality Controls of Differentiated RPE Cells

In most countries, the use of cellular products for medical use is regulated by gov-
ernmental agencies to ensure the protection of patients, so that novel therapies will
be the most widely beneficial for the population.

Many technical and regulatory breakthroughs in the last few years have made
stem cell-based treatment for retinal degeneration more plausible. During the manu-
facturing process of hPSCs-derived RPE cells, several important limiting key points
need to be carefully evaluated according to regulatory guidelines. It includes safety,
purity, identity, potency, and stability of differentiated cells [135, 140]. Even mini-
mal manipulation of the cells outside the human body introduces a risk of contami-
nation with pathogens, and prolonged passages in cell culture carries the potential
for genomic and epigenetic instabilities that could lead to cell dysfunctions or frank
malignancy.

The purpose of preclinical studies is to (1) provide evidence of product safety
and (2) establish proof of principle for therapeutic effects. International research
ethic policies, such as the Declaration of Helsinki and the Nuremberg Code, strongly
encourage the performance of animal studies prior to clinical trials. Before initiating
clinical studies with stem cells in humans, researchers should have persuasive
evidence of clinical promise in appropriate in vitro and/or animal models.

3.3.2.1 Safety of Therapeutic Cells

All reagents should be subjected to quality control systems to ensure the quality
of the reagents (raw and starting materials) prior to introduction into the manu-
facturing process. For extensively manipulated stem cells intended for clinical
application, GMP procedures should be strictly followed [141].

The RPE cells should be checked for safety, RPE identity, potency, and functional
activity at various steps of the manufacturing process (in-process testing during
the manufacturing, after RPE thawing and in the final clinical product) [135].
The absence of bacterial and mycoplasma contamination all along the process and in
the final product in its final formulation should also be tested. Components of animal
origin may present a risk of transferring pathogens or unwanted biological material.
For example, when cultured onto MEF (Mouse embryonic Fibroblasts), the cells
should also be monitored for the absence of residual murine viruses. In some circum-
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stances, it may not be possible or optimal to substitute these components. Researchers
need to demonstrate that the risk to use such product is mitigated by the different
additional safety tests of these animal-based components.

hPSCs, regardless of particular cell type, carry additional risks due to their pluri-
potency. These include the ability to acquire mutations when maintained for pro-
longed periods in culture, to grow and differentiate into inappropriate cellular
phenotypes, to form benign teratomas or malignant outgrowths, and to fail to mature
in the cell type of interest. Teratomas are tumors of multiple lineages, containing
tissues derived from the three germ layers [142]. It confers additional risk to patients,
and appropriate tests must be planned to ensure safety of stem cell-derived products
[143]. When undifferentiated, hPSCs are transplanted into immunocompromised
animals; they might give rise to these teratomas. For hPSCs-derived products, a
quantification strategy needs to be developed to evaluate the risk of remaining
undifferentiated cells in the final product. The level of impurities in the final product
should be enough low to prevent teratoma formation in long-term animal studies
(over 6 months). Tumorigenicity assays should actually include groups of animals
transplanted with undifferentiated hPSCs and other groups injected with serial dilu-
tions (spiking studies) of undifferentiated hPSCs with hPSCs-derived RPE cells to
set a contamination limit that is susceptible to induce a teratoma and that should not
be reached in the cell therapy product. The cells used in tumorigenic test (regulatory
toxicity studies) should be produced with a manufacturing process similar to the one
used for the clinical application [143]. Several immunodeficient animal models are
now available for such studies: NOD/SCID (NOG) mice, and NOD/SCID/IL-2rg
KO (NSG) mice, Rag2-yC double-knockout (DKO) mice. These animal models are
T-cell, B-cell, and NK-cell-deficient and show very high engraftment potential of
human cells compared to nude mice (T-cell-defective) [142].

Other important issues to consider in safety assays are related to the biodistribu-
tion of grafted cells. The stem cells and their differentiation derivatives may have
the potential to migrate from the injection site to other organs. Careful evaluation
of biodistribution, assisted by sensitive techniques of imaging and monitoring of
homing, retention, and subsequent migration of transplanted cell populations, is
crucial for measuring cell dispersion. While rodents or other small animal models
are typically a necessary step in the development of stem cell-based therapies, they
are likely to reveal only major toxic events [142]. Biodistribution tests are per-
formed in injured or healthy animals using the route of administration of the cell
therapy product. The proximity of many physiological functions between large
mammals and humans may favor testing the biodistribution and toxicity of a novel
cell therapy in at least one large animal model. Additional histological analyses or
banking of organs for such analysis at late time points is recommended. Depending
on the laws and regulations of the specific country, biodistribution and toxicity
studies often need to be performed in a GLP (Good Laboratory Practice)-certified
animal facility.

In Astellas Pharma preclinical toxicity studies, the hESC-derived RPE was
injected in the SRS of NIH III mice, a typical nude mice characterized by the
absence of thymus and T-cell function and by complications in the maturation of



3 Developing Cell-Based Therapies for RPE-Associated Degenerative Eye Diseases 75

T-independent B cells. The absence of human cells in the eyes and others organs of
these mice was determined by RT-qPCR and immunostaining at 4, 12, and 40 weeks
after grafting. All tests showed no safety issues in any animal even if hESCs-derived
RPE cells were spiked with 0.01% of undifferentiated cells [135].

Similar results were obtained with hiPSCs-derived RPE cell sheets transplanted
into the SRS. Kamao and collaborators did not observe any tumor formation in vari-
ous animal models (RCS rat, immunodeficient mouse and monkey) [116, 136].

Simplified culture conditions are essential for large-scale drug screening and
medical applications of hPSCs. However, hPSCs are prone to genomic instability,
a phenomenon that is highly influenced by the culture conditions (various culture
media, passaging techniques, and culture feeders/matrices) that may differently
affect genetic stability or impart different selective pressure on cells [144, 145].
For example, enzymatic dissociation, a cornerstone of large-scale hPSCs culture
systems, is deleterious, but the extent and the timeline of the genomic alterations
induced by this passaging technique are still unclear [144]. For the karyotype anal-
ysis of undifferentiated hPSCs and their derivatives, the G-banding and FISH
methods are used. In the protocol developed by Astellas Pharma, the chromosomal
integrity of hESC Master Cell Bank was evaluated by FISH and G-Banding meth-
ods [135]. The reprogramming process of somatic cells into pluripotent stem cells
can induce chromosomal abnormalities, as highlighted recently. The Japanese
clinical trial team has identified the presence of mutation in the hiPSCs generated
from the second patient [136]. Three single-nucleotide variations and three copy-
number variants were detectable in the hiPSCs while were absent in the original
patient fibroblasts. For this reason, it was decided not to treat the second patient
with autologous hiPSCs-derived RPE [146].

3.3.2.2 Purity of the Differentiation Process

To evaluate the purity of hPSCs-derived cells, a panel of RPE-specific markers
should be used, like ZO-1 (tight junction marker), MITF, and PAX-6 (eye field speci-
fication), RPE-65 and CRALBP (retinoid cycle), Bestrophin (chloride channels),
and MERTK (phagocytosis function) [116, 138].

In the protocol developed by Astellas Pharma, the hESC-derived RPE was
characterized by immunofluorescence. hESCs-derived RPE cells should coexpress
more than 95% of PAX-6 and MITF, 95% of PAX-6 and Bestrophin and express
more than 95% of ZO-1 [135]. The purity of RPE cells generated from autologous
hiPSCs, in the Takahashi’s protocol, was characterized by the quantification of
PAX-6 or Bestrophin-positive cells [116, 136].

Gene expression of pluripotency and RPE-specific genes could be monitored by
quantitative PCR. The absence of contaminating hPSCs in the RPE population
might be evaluated by the downregulation of OCT-4, NANOG, and SOX-2 mRNA
expression compared to undifferentiated pluripotent stem cells. The monitoring of
the upregulation of some specific RPE markers, like RPE-65, PAX-6, CRALBP, and
BESTI, indicates the RPE identity [116, 136, 138].



76 K. Ben M’Barek et al.

3.3.2.3 Functionality of the RPE Obtained from Differentiation

The functional assessment is based on typical characteristics of RPE cells as the
phagocytosis activity, the polarized secretion of growth factors, and the barrier func-
tion of epithelial cells. To maintain the excitability of photoreceptors, POS undergo
a constant renewal process [6, 31]. In the protocol developed by Astellas Pharma,
the phagocytosis activity of hESCs-derived RPE, was monitored through the uptake
of fluorescent bioparticles. The internalization of bioparticles is measured in this
approach by flow cytometry [135]. Other systems use porcine POS labeled with
fluorescent markers. When RPE cells are exposed to such POS, they are able to
phagocyte them [133, 139].

Maintaining the polarized secretion of growth factors is a crucial parameter for
restoring some RPE functions after the graft. Two growth factors are particularly
important: PEDF (apical secretion) essential for the structural integrity of the retina,
and the VEGF (basal secretion) essential for the integrity of choriocapillaries. The
concentrations of PEDF and VEGF in a conditioned RPE medium could be mea-
sured by ELISA assays and reflect functional properties of RPE cells [116].

The measure of RPE epithelial resistance is an additional method to evaluate the
potency of hPSCs-derived RPE cells. Tight junctions are a type of cell-cell adhesion
that has a fundamental role in the functionality of the RPE layer [147]. Tight junctions
form a partially occluding seal that retards diffusion of solutes across the paracellular
space. This barrier permits the RPE layer to establish and maintain concentration gra-
dients between its apical and basal environments [148]. The strength of this barrier may
be measured by the transepithelial electrical resistance in vitro [136].

3.3.3 Injection Strategy of the Cell Therapy Product

Significant research efforts are focusing on finding the ideal method for transplant-
ing hPSCs-derived RPE cells into the subretinal space. Optimizing RPE transplan-
tation procedures resulted in the development of two different therapeutic strategies:
(1) introducing a cell suspension of nonpolarized RPE cells into the subretinal space
and allowing the donor cells to integrate within the host retina, and (2) transplanting
polarized sheets of RPE to allow for improved safety and better clinical outcomes,
since normal RPE functions are dependent on specific cellular features of its apical
and basal domains [125, 149].

In phase I/II clinical trials sponsored by Astellas Pharma, the RPE cells derived
from hESCs were delivered as a cell suspension into SRS of dry AMD and
Stargardt’s patients [135]. 5 x 10* hESCs-derived RPE cells in 150 pL were injected
into a preselected region of the pericentral macula that was not completely damaged
[125]. Three cell doses were initially proposed for injections: 5 x 104, 1 x 105, and
1.5 x 10° RPE cells in 150 pL in order to evaluate the safety of the cell therapy. To
avoid the dispersion of donor RPE cells in other site than the retina, the injection site
was carefully chosen based on the presence of native RPE layer albeit damaged, to
improve the transplant integration [140].
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The most important point of success for cell transplantation into SRS region is
the integrity of the implanted region. Retinal degenerative diseases, like AMD may
lead to the destruction of RPE-Briich’s membrane, compromising the integrity of
the blood-retinal barrier. Thus, if RPE cells are transplanted as a cell suspension,
their chance to survive and integrate correctly might be compromised. To overcome
this problem, a RPE monolayer that exhibits the physiology of its natural counter-
part represents a favorable alternative to RPE cell suspension [83].

Takahashi and collaborators developed a strategy based on RPE sheets transplan-
tation without any matrix or scaffold using an ingenious system [116]. Indeed,
hiPSCs-derived RPE are cultured onto Transwell inserts coated with collagen type
I. When the RPE cells reach confluency and form a typical cobblestone pigmented
epithelium, the RPE sheet is removed from the insert by a collagenase treatment
[116, 136]. The size of the RPE sheet is then adjusted to 1.3 x 3 mm using a laser
microdissection system.

We developed an alternative approach based on a natural scaffold to graft an RPE
sheet. Our cell therapy product is constituted of a three dimensional (3D) patch of
hESCs-derived RPE cultured on a human amniotic membrane (hAM) [138]. hAMs
are obtained from cesarean sections of normal births [150]. The hAM consists of an
epithelial monolayer, a thick basement membrane, and a multilayer of collagen. The
components of the hAM create an interesting native scaffold for cell seeding in tis-
sue engineering. Moreover, the hAM presents significant biological advantages like
anti-inflammatory, healing, and antimicrobial properties [151]. For all these rea-
sons, the hAM is commonly used in clinical applications for ocular surface recon-
struction [152]. In this approach, the hAM is treated in order to remove the native
epithelia cell layer, and the denuded hAM is attached to a culture insert, which
allows the culture of RPE cells. The hESCs-derived RPE cultured on this natural
scaffold, form a typical cobblestone pigmented epithelial layer, with polarized
secretion of VEGF (Fig. 3.2).

Fig. 3.2 Macroscopic (a) and microscopic (b) observation of hESCs-derived RPE cultured for
4 weeks on human amniotic membrane. The RPE cells exhibit typical pigmented cobblestone
morphology. Scale bar 1 ¢cm (a) and 100 pm (b)
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Synthetic scaffolds may also be used to transplant RPE cells. Several parameters
must be taken into consideration, as thickness, mechanical properties, and biodeg-
radation, to prevent additional damage of the retina, and improve the interactions
between the retina and RPE [153]. The transplantation of such polarized RPE
monolayer on ultrathin parylene substrates has proven its safety and efficacy [154].

Coffey and collaborators developed a porous polyester scaffold who serves as a
matrix for the transplantation of the hESCs-derived RPE. The targeted patients for
this cell therapy suffer from wet AMD (Press Release UCL, Sept 29, 2015;
ClinicalTrials.gov NCT01691261) [155].

3.4 Clinical Trials for the Treatment of AMD and RP

3.4.1 Adult and Fetal RPE

Use of adult and fetal RPE cells demonstrated the potential of the cell therapy
approach for treating RPE-associated diseases [74, 156]. However, their reduced
availability has limited their potential for large-scale use in clinic. One of the last
strategies taking advantage of adult RPE cells is the one of the group of Sally
Temple (Neural Stem Cell Institute, NY) who had discovered and isolated RPESCs
from adult RPE cell culture [81]. They are now developing cGMP optimization of
allogeneic cells from adult RPE in order to target AMD patients with geographic
atrophy [157].

3.4.2 hiPSCs/hESCs-Based Clinical Trials

Several phase I/II clinical trials were launched by Astellas Pharma (Table 3.1) using
allogeneic hESCs-derived RPE as cell suspension both in USA and UK for
Stargardt’s macular dystrophy (SMD) and AMD. The same cells were also used by
CHABiotech CO., Ltd. in the Republic of Korea to treat patients with AMD.
Preliminary reported data indicated no major safety issue [135, 140, 158]. Astellas
Pharma is moving forward with a phase II clinical trial, which is about to be
launched (NCT02563782). Recently, the London Project to Cure Blindness and
Pfizer has started a phase I/II clinical trial with the first wet AMD patient being
treated in 2015. Here the transplant is composed of RPE derived from allogeneic
hESCs cultured over a polyester membrane [159]. Other clinical trials based on
allogeneic hESCs-derived RPE are currently recruiting AMD patients in California
(NCT02590692) and Israel (NCT02286089). In France, a consortium composed
of I-Stem and Institut de la Vision is currently optimizing a cell therapy with alloge-
neic hESCs-derived RPE over a biological substrate in order to launch a phase I/I
clinical trial targeting RP in 2019 [138].
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Table 3.1 Clinical trial planned or ongoing based on hESCs or iPSCs in order to treat RP and/or

AMD

Stage of

development Targeted disease | Sponsor/company Therapy

Phase II AMD Astellas Pharma Allogeneic hESC-RPE, cell

NCT02563782 suspension injection

Phase I/IT SMD Astellas Pharma Allogeneic hESC-RPE, cell

NCT01469832 suspension injection

Phase I/I1 Dry AMD Astellas Pharma Allogeneic hESC-RPE, cell

NCT01344993 suspension injection

Phase I/IT MMD Astellas Pharma Allogeneic hESC-RPE, cell

NCT02122159 suspension injection

Phase I/I1 SMD Astellas Pharma Allogeneic hESC-RPE, cell

NCTO01345006 suspension injection

Phase I/ Dry AMD CHABiotech CO., Ltd Allogeneic hESC-RPE, cell

NCT01674829 suspension injection

Phase I/I1 AMD Cell Cure Neurosciences | Allogeneic hESC-RPE, cell

NCT02286089 Ltd. suspension injection

Phase I/I1 Dry AMD, GA | Regenerative Patch Allogeneic hESC-RPE,

NCT02590692 Technologies, LLC epithelium on a parylene
membrane

Phase I/IT AMD RIKEN Centre for Autologous hiPSC-RPE,

Developpmental Biology | epithelium without substrate

Phase I Wet AMD Pfizer/London Project to | Allogeneic hESC-RPE,

NCTO01691261 Cure Blindness epithelium on polyester
membrane

cGMP AMD, SMD, RP | Cellular Dynamics Autologous hiPSC-RPE,

optimisation International/NEI epithelium on biodegradable
scaffold

cGMP Dry AMD, RP I-Stem/Institut de la Allogeneic hESC-RPE,

optimisation Vision, France epithelium on amniotic
membrane

Preclinical AMD, Best H MC, Israel Allogeneic hESC-RPE, cell

disease, LC A suspension injection

When registered in clinicaltrial.gov website, the reference number of the clinical trial is indicated
SMD Stargardt’s macular dystrophy, AMD age-related macular degeneration, GA geographic
atrophy, RP retinitis pigmentosa, LCA Leber’s congenital amaurosis, MMD myopic macular

degeneration

As an alternative to allogeneic cells, other laboratories develop clinical trials
based on autologous hiPSCs. The Riken Center for developmental biology in Japan
has initiated in the end of 2014 the first phase I/II clinical trial based on autologous
hiPSCs derived into RPE. The first patient had a wet AMD with CNV, and five other
patients were planned. However, due to genetic defects found in the cells from the
second patient, this first-in-man clinical trial was suspended [136, 146]. A Japan’s
new law facilitates now the commercialization of hiPSCs. Indeed, regenerative ther-
apy will be conditionally approved if they are demonstrated safe. Then they have up
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to 7 years of commercialization to demonstrate efficacy. New strategies have been
adopted, and Riken now pushes toward the use of allogeneic hiPSCs to reach ear-
lier the market. The National Eye Institute (NIH) and Cellular Dynamics
International are developing autologous hiPSCs-derived RPE cultured on a biode-
gradable scaffold [157]. They are currently optimizing the cGMP process and
expect to treat the first patient in 2018.

3.4.3 Other Stem Cell Trials

Autologous BM-derived stem cells, delivered intravitreally, are developed by many
laboratories around the world (Table 3.2). The surgery is easier as a trophic effect is
expected; the cells do not need to be located in the SRS like RPE cells.

Human central nervous system stem cells derived from fetal brain are under
investigation for dry AMD patients. The phase I/II clinical trial was started in 2012,
and preliminary results in 15 patients indicate no safety issues (Table 3.3). The
Phase II study is currently recruiting patients. Other companies use human retinal
progenitors injected either through an intravitreal (jCyte, Inc.) or subretinal route
(ReNeuron Limited). jCyte, Inc. had currently treated 4 out of 16 patients at the
2015 summer in California. They will be followed for 12 months to report any
safety issue. The effect of the cells is expected to be trophic.

An ongoing phase I/I clinical trial sponsored by Janssen Research &
Development, LLC is based on a subretinal delivery of human umbilical tissue-
derived stem cells. The cells are delivered through a catheter delivery system [159].
Finally, a clinical trial was launched based on autologous adipose-derived stem
cells (NCT02024269) by the Hollywood Eye Institute in Florida and US Stem
Cell, Inc. The cells are obtained via liposuction. After isolation of adipose-derived
stem cells, they are injected into the vitreous [160]. However, recent results
observed in three patients treated in a stem cell clinic with such cells raised con-
cerns about their safety. Loss of vision acuity was reported, one patient been blind
due to the treatment [161].

3.5 Management of the Graft Rejection

The eye is a prototypic immune-privileged tissue that resists immunogenic inflam-
mation through multiple mechanisms [162, 163]. Inside the eye, the SRS is even a
better transplantation site than the vitreous cavity. Indeed, cells grafted into the SRS
demonstrated better survival than the ones transplanted into the vitreous cavity
[105, 164]. Moreover, stem cells have low immunogenic capacities [165-167],
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Table 3.2 Clinical trial planned or ongoing based on bone marrow (BM) stem cells in order to

treat RP and/or AMD
Stage of Sponsor/
development Targeted disease company Therapy
Phase [ RP Mabhidol Intravitreal injection of
NCTO01531348 University BM-derived MSCs
Phase /11 AMD Al-Azhar Intravitreal injection of
NCT02016508 University autologous BM derived
stem cells
Phase /11 AMD and SMD University of Intravitreal injection of
NCTO01518127 Sao Paulo autologous BM stem cells
Phase I1 RP University of Intravitreal injection of
NCTO01560715 Sao Paulo autologous BM stem cells
Phase I RP University of | Intravitreal injection of
NCTO01068561 Sao Paulo autologous BM stem cells
Phase I/I1 RP Chaitanya Autologous BM derived
NCT01914913 Hospital, Pune | Mono Nuclear Stem Cell
(BMMNCs)
Phase I Non-exudative AMD, diabetic | University of | Autologous CD34+ bone
NCTO01736059 | retinopathy, retina vein California, marrow stem cells,
occlusion, RP, hereditary Davis intravitreal injection
macular degeneration
Phase [ RP Red de Terapia | Intravitreal injection of
NCT02280135 Celular autologous BM stem cell

When registered in clinicaltrial.gov website, the reference number of the clinical trial is indicated
SMD Stargardt’s macular dystrophy, AMD age-related macular degeneration, RP retinitis pigmentosa

Table 3.3 Clinical trial planned or on-going based on fetal cell types in order to treat RP and/or

AMD

Stage of Targeted Sponsor/

development disease company Therapy

Phase I/I1 RP jCyte, Inc. Human retinal progenitor cells as an

NCT02320812 intravitreal cell suspension injection

Phase /11 RP ReNeuron Human retinal progenitor cells, as a subretinal

NCT02464436 Limited cell suspension injection

Phase II AMD StemCells, Human Central Nervous System Stem Cells

NCT02467634 Inc. (HuCNS-SC), as a subretinal cell suspension
injection

Phase I/I1 AMD StemCells, Human Central Nervous System Stem Cells

NCT01632527 Inc. (HuCNS-SC), as a subretinal cell suspension
injection

When registered in clinicaltrial.gov website, the reference number of the clinical trial is indicated
AMD age-related macular degeneration, RP retinitis pigmentosa
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reducing their chances of rejection. Thus, the eye appears as a good candidate organ
for stem cell therapy. Despite these characteristics, most studies using stem cells for
SRS transplantation faced poor survival rate of the graft [168, 169]. The potential
for the stem cell-derived RPE cells to replace degenerated endogenous cells in reti-
nal diseases is challenged by this threat of immune rejection. Although immunosup-
pressive agents were used to address the rejection, significant morbidity is associated
with such treatments, especially in the elderly. More knowledge is then necessary
about the immune characteristics of the SRS and RPE cells [149].

3.5.1 Immune Privilege of the Eye

The SRS, area between the RPE layer and the outer limiting membrane of the retina,
is considered as an immune-privileged site within the eye [170] and thus a logical
target for cell transplantation. The integrity of the RPE layer appears to be critical
for the immune-privileged status of the SRS [171]. Some studies found that RPE
cells in vitro can suppress T-cell activation by direct cell-to-cell contact [172] and
by using supernatant of RPE eyecups; others demonstrated that RPE could secrete
factors that suppress T-cell activation and production of interferon [173]. RPE pos-
sesses characteristics that promote its own survival even when transplanted to
nonimmune-privileged site [174]. Indeed CD95-deficient RPE cells (cells lacking
Fas Ligand) promote immune reaction leading to the rejection [174]. Transplantation
of fetal retina/RPE tissue under the retina of patients suffering from RP or AMD
was not associated with significant immune rejection reactions [73]. One explana-
tion proposed by the authors is that the absence of detectable graft rejection, even in
patients with donor-specific antibodies before implantation, may indicate that the
blood-retinal barrier is restricting antibody access into the SRS. This mechanism
could be parallel to the Anterior Chamber-Associated Immune Deviation (ACAID)
process existing in the anterior chamber of the eye [73, 163]. Other studies pro-
posed a regulation of T-cell differentiation through TGF-f} secretion by RPE cells
[175, 176] and/or Interleukin-10 (IL-10) secretion by macrophages [177]. Evidence
suggests that innate and adaptive components of the immune system could be regu-
lated through surface expression of molecules on RPE cells, as well as through
autocrine and paracrine effects of cytokines and growth factors secreted from the
basal and apical sides of the cells [172, 178—181]. The most important molecules
secreted by RPE cells and identified to have a role in the regulation of the immune
system are (1) TGF-f and thrombospondin (acting on adaptive immune system) and
(2) PEDF (Pigment epithelium-derived growth factor) and somatostatin (for innate
immune system) [173, 176].

Even if, RPE cells could secrete anti-inflammatory molecules, there are also
some evidences that RPE cells could behave as antigen presenting cells to the T
cells, stimulating their activation [182]. Regulatory T cells (Tregs) are part of intra-
ocular immunosuppressive mechanisms [183], and their activation depends on
TGF-f signaling. To the best of our knowledge, MHC-class II molecules (e.g.,
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HLA-DR antigens) are not expressed on RPE cells [181], and there is little or no
expression of positive costimulatory molecules (e.g., CD40, CD80, and CD86) by
RPE cells under normal conditions [181, 184]. Moreover, RPE cells express nega-
tive costimulatory molecules such as B7-H1 (PD-L1), [181] suggesting that T cells
infiltrating the graft site after transplantation might interact with these molecules
and be inactivated.

Recent studies specifically addressed the capacities of hPSCs-derived RPE cells
to regulate subretinal and retinal immune environments. These studies observed that
hPSCs-derived RPE cells injected into the SRS survived short-term without evident
immune inflammation [116, 185-187]. hiPSCs-derived RPE cell sheets exhibit the
morphological properties, in vitro and in vivo function, gene expression, and immu-
nogenicity of authentic RPE cells [116]. In addition, recent clinical trials presumed
that hESCs-derived RPE transplants in patients with dry AMD and Stargardt’s dis-
eases were not rejected [135, 140]. hiPSCs express low levels of MHC-class I (MHC-
I) and B,-microglobulin ($,-MG) proteins, which increase upon differentiation [116].
Based on the findings that hiPSCs-derived RPE cells exclusively suppress T-cell acti-
vation (e.g., production of IFN-y) through immunosuppressive factor(s), recent stud-
ies showed that cultured hiPSCs-derived RPE cells significantly inhibited cell
proliferation and IFN-y production by T cells when the target T cells were stimulated
with anti-human CD3/CD28 antibodies, PHA-P, and recombinant IL-2. The hiPSCs-
derived RPE cells constitutively expressed and secreted TGFp, and TGFp siRNA-
transfected hiPSCs-derived RPE cells did not inhibit T-cell activation. Thus, cultured
hiPSCs-derived RPE cells fully suppress T-cell activation in vitro, and hESCs-
derived RPE does not stimulate Peripheral Blood Monocytes Cell (PBMC) prolifera-
tion (as shown by BrdU assay) nor cytotoxicity (as shown by Mixed Lymphocyte
Reaction assay) [116, 188]. However, this is mitigated by a recent study that detected
antibody-mediated rejection generated by B cells in allogeneic RPE transplantation
in a monkey model [189]. Finally, the maturation status of RPE cells and their orga-
nization as polarized cells have effects on the immunosuppressive potential of these
cells. Sonoda and collaborators demonstrated that the polarity is associated with a
significant shift in growth factors and other cytokines production capacity of the cells
[190]. In addition, RPE cells in suspension have a lower tolerance to oxidative stress
than those in monolayers [191]. Whether hPSCs-derived RPE cells in suspension
culture differ from sheets attached is not clearly determined, but polarized hPSCs-
derived RPE might differ in the rate of secretion of molecules involved in immune
suppression [116]. Many nonbiodegradable and biodegradable substrates are being
tested as scaffold for hPSCs-derived RPE as an alternative to cell suspension. Cons
and pros arise from these two strategies as cell suspension confers less surgical
trauma but shows a lower tolerance to oxidative stress and a lower survival than
epithelial RPE sheets [191].

Even if the SRS is largely an immune-privileged site, attention should be drawn
toward the fact that surgical trauma during cell transplantation compromises the
blood—ocular barrier and subjects surrounding cells to an increased level of recogni-
tion and reactions. Moreover, in the case of diseased patients and particularly in
AMD patients where the deregulation of the complement system appears to be a
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major pathogenesis contributor, promoting the long-term survival of grafted cells in
a proinflammatory microenvironment could be a real challenge [149].

In conclusion, the mechanisms conferring immune privilege to the SRS may
include (1) suppression of T-cell activation by the release of cytokines from RPE or
hPSCs-derived RPE [172, 179, 183, 184, 192—194]; (2) production of other immu-
nosuppressive factors by RPE cells that suppress innate immune activity [173, 194];
(3) surface expression of program death-1 (PD-L1) and Fas ligand [179, 195, 196]
by RPE cells; (4) conversion of CD8+ and CD4+ T cells into regulatory T cells
[193]; and (5) the intact physical barrier of the RPE layer [171].

3.5.2 Current Immunosuppressive Treatment and Global
Haplotype Cell Banking Initiative

Occurrence of chronic loss of transplanted RPE cells in the SRS indicates that the
immune privilege is not perfect despite these immunosuppressive mechanisms
[163, 197]. Several laboratories demonstrated that even with robust anti-
inflammatory regimen, gradual loss of allogeneic or xenografted RPE could occur
and starts 1-2 months after grafting into the SRS [83, 198, 199]. Local inflamma-
tion can be induced by numerous factors among which any artificial scaffold asso-
ciated to the transplanted cells.

In order to obtain long-term survival and function of the transplanted cells, we
might provide some protection against the inflammatory response that could be trig-
gered at the time of surgery by using robust immunosuppressive regimen (mycophe-
nolate mofetil and tacrolimus, [135, 140]) or intraocular corticosteroid capsules
(intravitreal dexamethasone or fluocinolone acetonide implants [200, 201]).

Matching MHC, ABO blood groups and minor antigens improve the survival of
hiPSCs-derived RPE grafts [116]. However, allofactors other than MHC antigens of
the transplanted cells are recognized as a heterogeneous group of targets for immune
recognition and the importance of such molecules is illustrated by the observation
of transplant rejection in HLA identical siblings [202].

Generation of hPSCs-derived RPE with known HLA genotypes may reduce risks
of rejection [141, 203]. This concept already exists for cord blood [204]. HLA genes
are located on chromosome 6 and represent the most polymorphic system in the
human genome. They are divided into two groups of antigens, HLA class I or HLA-I
(HLA-A, HLA-B, and HLA-C) expressed by nearly all nucleated cells and HLA
class II or HLA-II (HLA-DR, HLA-DP, and HLA-DQ), which are expressed by
some specific cells, such as dendritic or B cells [205]. Studies are now conducted to
determine whether allogeneic T cells can recognize hiPSCs-derived RPE cells from
HLA-3 locus homozygote donors [206]. In solid organ transplantation, many stud-
ies have demonstrated the importance of HLA-A, HLA-B, and HLA-DR for the
long-term graft survival in addition to immunosuppressive drugs. Matching for
these loci not only reduces the allograft rejection but also diminishes the use of
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immunosuppressive drugs [207]. Sugita and collaborators demonstrated that
hiPSCs-derived RPE from HLA homozygous did not elicit a T-cell response in vitro
[208]. This group also demonstrated that MHC homozygous donor of iPSCs-derived
RPE transplanted to a compatible recipient monkey did not induced the infiltration
of inflammatory cells to the graft. By contrast, MHC mismatched donor and recipi-
ent monkeys had inflammatory cell infiltration into the transplanted RPE sheet
[209]. Due to HLA diversity, the best possibility is a bank of HLA homozygous cell
lines. Nakajima et al. calculated that if a bank possesses hPSC lines from 100 ran-
domly healthy selected donated embryo, 19% of patients were expected to find at
least one hiPS cell line with a complete matching for HLA-A, HLA-B, and HLA-DR
in the Japanese population [210]. Taylor and collaborators showed that, in the UK,
150 donors would cover 18.5% of the population with a full match. Interestingly,
using this number of 150 donors would also cover 21% of the Japanese population
with a full match [203]. Gourraud and collaborators developed a probabilistic model
and demonstrated that using a bank comprising the 100 iPSC lines with the most
frequent HLA in each population would leave out only 22% of the European
Americans, but 37% of the Asians, 48% of the Hispanics, and 55% of the African
Americans [211]. International strategies started now in order to create such banks,
which might be useful as a source of allografts in retinal disorders [141].

3.6 Conclusions

Human retinal degenerative diseases are currently incurable, and retinal degenera-
tion, once initiated, is irreversible. As RPE cell defects are involved in some RP and
AMD pathogenesis, reestablishment of a healthy RPE layer through implantation of
hPSCs-derived RPE has created hope for preventing blindness of millions of patients.
Recent US clinical trials demonstrated the safety of nonpolarized hESCs-derived
RPE approaches, and other ongoing clinical trials are promising in evaluating func-
tional outcomes for nonpolarized and polarized hPSCs-derived RPE transplantation.
As pointed out by the NEI, technical and logistical roadblocks remain to be identi-
fied, and potential solutions will come from collaboration between academic labs
and private companies [157]. We are now entering a very exciting era leading to
different treatment options for patients.
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Chapter 4
Immunological Considerations for Retinal
Stem Cell Therapy

Check for
updates

Joshua Kramer, Kathleen R. Chirco, and Deepak A. Lamba

Abstract There is an increasing effort toward generating replacement cells for neuro-
nal application due to the nonregenerative nature of these tissues. While much prog-
ress has been made toward developing methodologies to generate these cells, there
have been limited improvements in functional restoration. Some of these are linked to
the degenerative and often nonreceptive microenvironment that the new cells need to
integrate into. In this chapter, we will focus on the status and role of the immune
microenvironment of the retina during homeostasis and disease states. We will review
changes in both innate and adaptive immunity as well as the role of immune rejection
in stem cell replacement therapies. The chapter will end with a discussion of immune-
modulatory strategies that have helped to ameliorate these effects and could poten-
tially improve functional outcome for cell replacement therapies for the eye.

Keywords Immune modulation - Cell replacement - Microglia - Macrophages -
Muller glia - Complement system - Immune rejection - Inflammasome

4.1 Introduction

Much progress has been made in the field of cell transplantation in the retina, with
various groups demonstrating improved cell survival and integration. For individu-
als with chronic degenerative conditions, this progress in the field of cell transplan-
tation provides promise for future success in replacement of dead or dying cells
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with new healthy ones in tissues with no regenerative capacity. Our lab and many
others have been working toward developing technologies to generate replacement
cells for the retina, including photoreceptors, retinal pigment epithelium (RPE),
and retinal ganglion cells [1-7]. While there is currently a major effort to improve
protocols for the generatation of retinal cell types, and to optimize delivery methods
and substrates, improvements in integration efficiencies can still be made, espe-
cially with regard to the microenvironment these cells require for survival and inte-
gration. One key factor to consider in cell transplantation is the role of the immune
system in tissue damage, recovery, and donor cell rejection. Here, we review the
current work being done to understand immune modulation as it relates to cell
replacement therapies in the retina.

4.2 Immune System Development and Role in Ocular Tissue
Maintenance

Immune protection within the retina is carried out through cell-based immune
systems, including the innate and adaptive immune systems, as well as the protein-
based complement system. Although the majority of components and activities
within these systems are identical whether they are acting inside or outside of the
eye, there are a few distinct differences that are inherent to the central nervous sys-
tem (CNS), or to the retina specifically. For example, acting as an initial line of
defense, the CNS is protected from harmful pathogens and other toxic substances
via the blood-brain barrier (BBB) and blood-retinal barrier (BRB). An array of cell
types are required for the formation of these barriers, including endothelial cells,
pericytes, basement membrane, retinal pigment epithelium (RPE, in the case of the
retina), glia (astrocytes and/or Miiller glia), and microglia. The BRB, which con-
sists of an inner and outer barrier, allows for precise regulation of ions, oxygen,
nutrients, and cells that pass between the blood and the retina. More specifically, the
outer BRB refers to the tight junctions between RPE cells and provides a barrier
between the choroid and the outer neural retina. The inner BRB, which more closely
resembles the characteristics of the BBB, surrounds the inner retinal microvascula-
ture. Despite its important role in defense against invading pathogens and harmful
substances, the existence of the BRB is not, by itself, sufficient to protect the retina
from extensive tissue injury or disease.

Beyond these barriers, the microenvironment of the eye plays an immunosup-
pressive role. Interstitial transforming growth factor beta (TGF-f) is ubiquitous
within the vitreous of the adult eye, acting to inhibit immune activation [8—10]. TGF-f§
works by blocking synthesis of p21 and p15, proteins that block cyclin-CDK [11, 12].
In vitro studies have shown that TGF-f produced by RPE cells can drive CD4+
T cells to become Tregs in the presence of CTLA-2a [13]. This has been confirmed
in vivo using Foxp3-GFP mice that mark Tregs following local antigen recognition
[14]. While the above-mentioned barriers to cell rejection may promote immune-
privilege in the retina, these barriers do get compromised with both aging and disease.
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Autoimmune and immune-mediated diseases of the eye occur at high frequency
suggesting that this barrier can be easily broken. Therefore, the retina must rely on
other arms of the immune system to remain protected and overcome disease.

4.2.1 Innate Immune System

Cells of the innate immune system are crucial in mediating the response to injury and
aiding in recovery. Neutrophils, which exhibit both pro- and anti-inflammatory func-
tions, are the first responders to damaged tissue. In addition to their ability to metabo-
lize hydrogen peroxide via the release of myeloperoxidase at the injury site, they also
play a key role in the recruitment of monocytes to the tissue for rapid clearance of
dying cells and debris. Another early responder to tissue injury is the mast cell. Mast
cells are extremely heterogeneous cells that have the potential to secrete eosinophil-
and monocyte-specific chemoattractants, such as eosinophil chemotactic factor,
TNF-a, and IL-4. Mast cells also release various effector molecules that can promote
angiogenesis and epithelial cell growth, encourage glial scarring, and increase
inflammation, depending on the requirements of the tissue (reviewed in [15]).

In response to specific chemokines and cytokines, monocyte-derived macro-
phages are recruited from the vasculature to sites of damage and inflammation.
Macrophages are present at all stages of the tissue repair process and play an inte-
gral role in both amplification and mitigation of the immune response to tissue dam-
age [16—18]. When macrophages are primed by injury-driven interferon-y (IFN-y),
they become pro-inflammatory M1 macrophages [19]. M1 macrophages are charac-
terized by the production of TNF-a and interleukin-12 (IL-12) and are associated
with tissue damage. On the other hand, macrophages activated in the presence of
IL-4 differentiate into the nonclassical, wound-healing M2-type, marked by produc-
tion of the immunosuppressive cytokine IL-10 [20, 21]. In contrast to the M1 sub-
type, M2 macrophages are involvedin tissue remodeling (Fig.4.1). Monocyte-derived
macrophages phagocytose dying cells and tissue debris to aid in their rapid removal.
Macrophages can also activate and/or propagate the innate and adaptive immune
systems to aid in tissue repair.

Unique to the CNS, microglia are long-lived, self-sustaining phagocytic mono-
nuclear cells that perform similar functions to monocyte-derived macrophages in
other tissues [17]. As the principal resident innate immune cell within the retina,
microglia reside in a horizontal lattice within the inner and outer plexiform layers,
which coincides with retinal synaptogenesis [22-24]. Microglia have the ability to
trigger apoptosis in unfit cells, phagocytose dead or dying cells and debris, and
constitutively monitor the function of retinal synapses and surrounding extracellular
matrix [25-27]. Along with the traditional role of immune defense, microglia play
crucial roles in development, homeostasis, and neurodegeneration.

Early microglia express markers such as CD68, CD45, F4/80, and isolectin, along
with known inflammatory markers not usually present in healthy adult microglia,
including iNOS, superoxide ions, and TNF-a [28]. Expression of these markers
may allow for microglial control of neuronal programmed cell death during retinal
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Fig. 4.1 Microglia/Macrophage activation in retinal disorders. Cartoon shows changes in resident
microglia and migrating macrophages during acute and chronic degenerative conditions. Damage
results in inflammatory activation of resident microglia and invasion of circulating macrophages
into the retina. These cells transition to a prorepair M2 state to allow the tissue to heal. However,
chronic degenerative disorders lead to persistent inflammatory activation that will require immune
modulators including MANF to promote repair

development as part of the normal pruning process, which is likely made easier by
microglial proximity to developing retinal synapses [29-32]. Additionally, develop-
ing microglia secrete growth factors for both neurons and vasculature [33-35]; there-
fore, neovascularization may, at least in part, be dictated by developing microglia via
secreted trophic factors. Once matured to adulthood, the uniformly spaced microglia
of the inner and outer plexiform layer transition from an ameboid into a ramified
resting state use their processes to clear metabolic waste and to continually survey
nearby synapses and vasculature [30]. In the healthy retina, microglia exist as a self-
sustaining immune cell population with low turnover, with some individual microg-
lia persisting for the lifetime of the organism [36, 37].

Acting as one of the first lines of defense against tissue damage or dysfunction,
Miiller cells, or Miiller glia, are sensitive to changes that occur within the retina,
especially those resulting from a disease state. The Miiller cell is a retina-specific
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glial cell that spans the neural retina from the inner limiting membrane to the outer
limiting membrane. Miiller glia are generated from the terminal division of retinal
progenitor cells and are one of the last cell types born in the retina [38—40]. Their
main role is to provide structural and functional support to retinal neurons, includ-
ing neurotransmitter uptake and recycling, regulation of water and ion levels,
waste removal, and recycling of cone photopigments, in addition to contributing
to the outer BRB (reviewed in [39]). Acute disruptions to normal retinal function
result in a protective form of Miiller cell gliosis, which is primarily characterized
by increased glial cell rigidity (via upregulation of GFAP and vimentin intermedi-
ate filament proteins) and an increased number of processes. Gliotic Miiller cells
can also produce antioxidants to protect the neural retina during stress (reviewed
in [26]). However, in chronic conditions (e.g., retinal degenerative diseases),
Miiller glia upregulate proinflammatory molecules to increase inflammation
(discussed below).

4.2.2 Adaptive Inmune System

The adaptive immune system comprises two major types of lymphocytes: T cells and
B cells. Although adaptive immunity is typically activated in response to an invading
pathogen, recent work suggests an alternative role for T cells in maintaining normal
tissue health. For example, in response to a foreign antigen, both effector T cells,
which ramp up the immune response, and regulatory T cells (T,,), which help to
dampen the immune response, are utilized in a tightly controlled balance [41].
However, in addition to their role in adaptive immunity, recent studies have impli-
cated a subset of Ty, cells in healthy tissue repair mechanisms [15, 42]. The absence
of T, cells has been shown to impair muscle tissue repair [43, 44], and importantly,
T, cells demonstrated an ability to regulate macrophage and monocyte numbers
within the damaged tissue and promote an M2 phenotype. T, cells also negatively
regulate the number of effector T cells present in damaged tissue, which aids in
tissue repair [43].

4.2.3 Complement System

The complement system is made up of over 30 serum- and tissue-associated pro-
teins that are traditionally viewed as mediators in immune response induction or
regulation [45]. Three major pathways make up the complement system, each of
which is triggered by a unique initiation event, followed by a cascade of protein
cleavage events. Key components that are common to all three complement path-
ways include C3, the anaphylatoxin C3a, the formation of a C3 convertase (either
C4b2a or C3bBb), C5, the anaphylatoxin C5a, the formation of C5 convertases
(either C4b2a3b or C3bBb3b), and the formation of the terminal complement
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complex, also known as the membrane attack complex (MAC; C5b9). Although
their exact initiation events differ, the primary role of all three complement path-
ways throughout the body is to help clear pathogenic cells as well as dead or dying
host cells. To carry out this role, the complement system can (1) opsonize harmful
antigens (via C3b activity), (2) trigger or amplify the inflammatory response by
attracting marcophages and neutrophils to the site of tissue damage or infection,
and/or (3) disrupt pathogenic cell membranes by depositing MAC onto the surface
of the organism. Many regulators of complement activation act in concert with pro-
inflammatory complement proteins (e.g., factor H, protectin, and decay-acceler-
ating factor), as complement regulation is critical to prevent unnecessary activation
or propagation of an immune response.

In addition to participating in an immune response, studies performed in the
embryonic chick retina revealed the anaphylatoxin, C3a, as an inducer of retinal
regeneration in vivo [46]. Injection of recombinant C3a was found to be sufficient
to trigger regeneration of the chick retina from stem cells located in the ciliary mar-
gin. C3a-mediated regeneration utilizes the MAPK/STAT3 signaling pathway and
requires the phosphorylation of STAT3 at serine 727 [46]. This work presents an
intriguing hypothesis that complement proteins could aid in retinal regeneration
(reviewed by Hawksworth et al. [47]). Furthermore, extracellular MAC levels in the
choroid (behind the RPE layer) increase with age in healthy human eyes, beginning
as early as 5 years of age [48]. This phenomenon could suggest a beneficial role for
the MAC in the eye, although more work is required to confirm this. While these
data provide promising insight into the complement system as a tool for improving
tissue health and regeneration, care must be taken to maintain the balance between
complement activation and regulation, and tissue-specific differences in complement-
mediated regeneration must be taken into consideration.

4.3 Damage- and Disease-Associated Inflammation
in the Eye

Degenerative diseases of the retina often coincide with or directly cause inflamma-
tion. When it comes to treating such diseases, especially in the case of cell trans-
plantation, the disease-mediated inflammatory environment in the recipient tissue
must be carefully considered.

4.3.1 Microglia/Macrophage Activation

As stated above, the mononuclear immune cells including microglia and macro-
phages are critical innate immune responders to any retinal damage. The retinal
inflammation process is moderated by microglia, which upon sensing the injury
becomes activated M1 microglia [49]. Intracellular miRNA-155 expression has
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been shown to be important to keep them in an M1 state [50]. These M1 microglia
migrate to the source of injury, proliferate, and phagocytose debris, working with
nearby astrocytes to release inflammatory cytokines and chemokines such as TNF-
a, IL-1p, IL-6, IL-8, glutamate, reactive oxygen species, and nitric oxide, all of
which can result in the death of nearby susceptible neurons [51]. Upon activation,
microglia have also been shown to initiate cross-talk with nearby Miiller glia, which
can induce a gliotic response [52].

As the initial damage-signaling attenuates, M1 microglia transition to an M2
anti-inflammatory phenotype or undergo apoptosis to make way for new
M2-polarized microglia. The M2 transition process normally occurs by activation
of intrinsic molecular switches such as STAT6, IFR-4, PPARy, and C/EBPB, along
with miRNA-124 [50]. There are three distinct M2 expression profiles: M2a, M2b,
and M2c. Beginning chronologically, M2a microglia primarily participate in inflam-
mation inhibition and secretion of anti-inflammatory cytokines (IL-4, IL-13, and
IL-10; [20, 21, 53]). Once this process is initiated, M2c microglia initiate restora-
tion and repair of damaged surviving cells by (1) secreting neurotrophic factors
such as the calcium binding protein oncomodulin [54] and IGF-1 to induce neuro-
genesis [55], (2) secreting vascular endothelial growth factor (VEGF) to stimulate
angiogenesis [56, 57], and (3) promoting oligodendrogenesis and remyelination
[58, 59]. M2b microglia, which form via the final microglia subdivision, have the
ability to activate complement, are involved in the memory immune response, and
can help to stimulate or reduce inflammation as necessary [60]. At the conclusion of
this polarization process, microglia return to a ramified resting state.

The M2 transition typically occurs under states of acute injury or stress and can
help return the retina to homeostasis. However, if the insult persists, as in the case of
inherited retinal degenerations or age-related macular degeneration, the inflammatory
response becomes increasingly toxic to the cells and surrounding tissue within the
microenvironment [49]. Furthermore, our innate immune system becomes increas-
ingly dysregulated with increasing age, which has been made evident by a persistent
M1-type inflammatory response in numerous aged tissues [61]. These overreactive
M1 microglia/macrophages release proinflammatory and cytotoxic factors including
TNF-a and IL-1p. Additionally, it has been described recently that this can lead to
complement pathway dysfunction [62]. Activated microglia can cause upregulation of
complement activators C3, CFB, Clq, and C5AR1 and downregulating complement
inhibitors CFH, CFI, CD46, and CD93. These observations are supported by addi-
tional studies showing reduced light damage-induced recruitment of microglia to the
outer retina and the subretinal space in mice lacking functional C5aR [63].

As previously mentioned, Miiller cells typically undergo reactive gliosis in
response to damage, infection, or other inflammatory conditions within the retina.
Chronic gliosis causes damage through the production of proinflammatory cyto-
kines and nitric oxide. Additionally, Hippert and colleagues recently reported an
increase in Miiller glia reactivity with increasing age in control mice. This increase
in gliosis was accompanied by an increase in chondroitin sulfate proteoglycan
(CSPG) deposition throughout the neural retina, including the photoreceptor inner
and outer segment layer [64]. Elevated levels of CSPGs in the retina have been
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shown to inhibit axon regeneration and may represent a significant concern that
needs to be addressed in cell replacement therapies [65, 66]. Recently, IL-33 has
been observed in the nucleus of Miiller cells of the healthy human macula. The
number of IL-33+ Miiller cells was increased in areas of retinal atrophy and in the
vitreous of patients with AMD [67]. IL-33 is released from Miiller cells in response
to stress, which leads to CCL2 expression, macrophage recruitment, and tissue
damage [68]. In cases of significant photoreceptor cell loss, reactive Miiller glia can
also insert their processes into the empty spaces left behind by lost photoreceptor
cells to form a protective barrier around the remaining inner retina. Consequently,
these barriers interfere with neuronal survival by limiting synaptic remodeling of
the remaining neural retina ([64]; reviewed in [69]). In cases of transplantation,
these barriers could significantly hinder the successful integration of donor cells.
For example, high levels of reactive gliosis has been observed in response to trans-
plantation of both fetal retina sheets [70] and photoreceptors [64], resulting in dis-
rupted contact between donor and recipient tissue. Gliosis therefore represents a
major hurdle to overcome when considering cell transplantation to treat various
forms of retinal degeneration, as both an inflammatory environment and a physical
barrier must be overcome in many cases.

There is increasing evidence that Miiller glia—microglia crosstalk drives neuroin-
flammation [71, 72]. Recent studies in diabetic mice show that retinal inflammation
is dependent upon CD40 activation in Miiller glia [73, 74]. CD40 activation induces
release of ATP by Miiller glia leading to activation of P2X7 purinergic receptors on
retinal microglia and subsequent inflammatory cytokine secretion. On the other
hand, Miiller glia cocultured with activated microglia increase expression of adhe-
sion molecules (VCAM-1 and ICAM-1), inflammatory cytokines (CCL2 and
CCL3), and proinflammatory factors such as IL-1p, IL-6, and iNOS [75].

Recently there has been a lot of focus on inflammasome activation in the CNS.
It has been shown that paracrine factors secreted by reactive migrating subretinal
microglia can trigger NLRP3 inflammasome activation in RPE cells [76, 77].
Proinflammatory factors such as TNF-a, IL-1a, and reactive oxygen species (ROS),
secreted by reactive microglia, drive RPE cells to trigger inflammasome formation
by activating the NFkB pathway. This promotes expression of NLRP3, and precur-
sor forms of IL-1f and IL-18. Once the inflammasome is primed, it can be activated
by various factors, including complement factors Clq [78], C3a [79], and the MAC
[80], as well as amyloid f in drusens [81], and ROS and ATP from reactive microg-
lia [62, 82]. Successful assembly of the inflammasome triggers activation of procas-
pase-1 into active caspase-1 and the cleavage of pro-IL-1p and pro-IL-18 into
bioactive peptides [83]. Taken together, inflammasome activation is becoming more
widely recognized as an important regulator of inflammation and tissue damage in
the brain as well as the retina.

Another phenomenon that occurs with normal aging is the accumulation of the
membrane attack complex (MAC), also known as the terminal complement com-
plex (C5b-9), in the human choriocapillaris. Although the precise cause and direct
repercussions of MAC accumulation in the eye have yet to be determined, the
increase in complement activation over time may result in chronic low-grade inflam-
mation, pathogenic angiogenesis, and significant tissue damage [84].
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4.4 Cell Rejection Response Following Transplantation
of Allogenic Cells in the Retina

Regardless of the source, inflammation often influences or is elevated by cell loss in
many retinal degenerative diseases. While some diseases may benefit from immune
modulation alone (discussed below), many retinal diseases progress to cell loss and
require cell replacement to restore or improve vision. Cell rejection is a major con-
cern when planning and/or executing cell replacement strategies; this is especially
true when utilizing nonautologous donors. In such cases, the use of immune-
suppressive strategies are often required.

For example, in mouse studies looking at photoreceptor integration, even par-
tially matched donor cells were lost over 612 months post-transplantation with
increasing inflammatory cell infiltration. However, the observed inflammation could
be slowed by chemical immunosuppression using cyclosporine [85]. While integra-
tion efficiency may be overestimated in a number of transplantation studies due to
the recent discovery of material transfer between transplanted cells and host ret-
ina[86—89], the commonly observed presence of inflammatory cells in the retina
suggests a rejection response[85, 90]. Another study by Magdalena Seiler’s group
[91] demonstrated improved integration in their immunodeficient rat model follow-
ing human cell transplantation. The group transplanted human neural progenitor
cells into rhodopsin mutant Foxnl™ rats and found long-term survival and
proliferation of the transplanted cells in the host subretinal space. Our lab looked to
further assess human photoreceptor integration following transplantation in wild-
type, IL2ry~"~, and Crx"™% mice [92]. Following transplantation in IL2ry~'~ mice,
which lack natural-killer (NK) and dendritic cells (DC) and have immature B and
T cells [93], we observed robust integration of human cells, which was confirmed
by the presence of human-specific markers [92, 94]. Transplantation in Crx"m6
mice bred onto the IL2ry~~ background resulted in long-term donor cell survival, as
far out as 9 months post-transplantation. This successful transplantation model
allowed us to assess functional efficiency of the transplanted photoreceptors. We
observed robust improvements in pupillary light responses and light-mediated CNS
neuronal activity [92].

Several studies looking at cell rejection after RPE cell transplantation have been
carried out in large animal models. For example, Masayo Takahashi’s group com-
pared allogeneic MHC-matched induced pluripotent stem cell (iPSC)-derived RPE
transplants to mismatched RPE transplants in monkeys [95]. They observed that
MHC-mismatched allografts did not survive following transplantation. Postmortem
analysis revealed retinae containing inflammatory nodules consisting of inflamma-
tory cells, including macrophages, inflammatory APCs, and CD3+ T cells, around
the RPE grafts. In contrast, the transplanted retina allografts showed good survival
with very few immune cells and APCs around the graft site. Further analysis by the
same group showed RPE-specific alloantibodies in immune attack animal models
that had B-cell (CD20+ and/or CD40+ cells) invasion in the retina at transplantation
sites [96]. More recently, Trevor McGill’s group similarly looked at allogeneic iPSC-
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derived RPE transplants injected into the subretinal space in non-immunosuppressed
rhesus macaques [97]. They observed a strong inflammatory response localized to
the site of transplanted cells within 4 days post-transplantation, which persisted for
2 months post-transplantation. This response was associated with the death of the
transplanted RPE cells and the formation of subretinal plaques. Similar results have
also been reported in mini-pigs [98]. In those studies, allogeneic transplantation of
iPSC-derived RPE cells into mini-pigs resulted in an innate immune response, which
was associated with the presence of activated macrophages and increased TGF-f
levels in the vitreous of injected animals [98].

4.5 Strategies to Circumvent Cell Rejection

As described above, the immune-privilege status of the retina and RPE are relative
and affected by factors that will likely require some form of intervention to promote
survival of transplanted stem cell derivatives (Fig. 4.2). The most obvious approach,
which is relatively difficult to implement in practice, is to use patient-specific autol-
ogous iPSC-derived cells [99]. While this method would provide the best host-
recipient match, the procedure may be cost- and time-prohibitive, as generating the
cells and testing for the presence of reprogramming-induced mutations can be time-
consuming. Additionally, it is possible for protein expression changes or epigenetic
changes to arise during the reprogramming process, and exposure to media compo-
nents in culture could potentially generate immunogenic antigens on the surface of
the cells [100]. As an alternative to the use of autologous cell lines, pools of HLA-
matched lines could be generated. This strategy would require the identification of
individuals who are homozygous for various HLA alleles and generate iPSC lines
that would match large segments of the transplant recipient population [101, 102].

Cellular Host
Strategies Strategies

Broad Spectrum
Immunosuppressant

IL2R antibodies

Glucocorticoid
Depots

Autologous iPSCs
HLA-matched iPSCs

HLA-engineered
iPSCs

Fig. 4.2 Strategies to prevent cell rejection. Successful integration of transplanted photoreceptors
will require a careful and focused approach to prevent cell rejection. These include approaches to
reduce the immunogenicity of cells and also chemotherapeutic options for the hosts. The central
image shows human GFP-expressing photoreceptors integrated into a mouse host retina 3-months
post-transplantation
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It has been estimated that about 55 donor iPSCs would match over 80% of HLA
genotypes in the Japanese population [103], or a bank of 150 HLA-genotyped
iPSCs could match 93% of the UK population based on HLA-A, B, and DR homo-
zygous combinations [102]. Even for a diverse region like the state of California in
the US, approximately 80 lines would cover almost 50% of the population [104]. Of
course, the challenge here lies in identifying those homozygous individuals and col-
lecting tissue or blood to generate these super-donor stem cell or retinal cell pools.
A recently published study working toward this goal analyzed cord blood bank tis-
sue to identify HLA matches within a Korean population [105]. After looking at
over 4200 samples, the researchers identified the 10 most common homozygous
HLA haplotypes and generated iPSCs from these samples. It was estimated that
these 10 lines would match over 40% of the target Korean population [105]. An
alternative approach being actively pursued is the generation of HLA-engineered
lines, which involves knock-down of both alleles of p2-microglobulin [106] or
HLA-E in iPSC lines [107]. This was tested in proof-of-principal studies using
human iPSC-derived RPE cells that overexpressed HLA-E antigen. The found that
the transplantations using the overexpressed line had much less natural-killer cells
activation compared to controls [108]. This would circumvent the need to identify
super-donors within the general population.

Alternatively, or in combination with providing HLA-matched cells, more
effective immunosuppressive strategies should be considered. Ideally, immunosup-
pression efforts would need to prevent both acute and chronic rejection while max-
imizing allograft survival and long-term function. Based on our own work, IL-2
receptor antagonists, which are antibodies directed against the o subunit of the
CD25 cell surface protein (i.e., IL-2 receptor), would be beneficial during trans-
plantation, especially when utilizing direct delivery into the eye [92, 94]. A chime-
ric IL-2 receptor antibody, known as Basiliximab, is currently in use within the US
[109-111]. Glucocorticoids may also play a critical role in maintaining immuno-
suppression and preventing chronic donor cell rejection[112-114]. As with
Basiliximab, glucocorticoids would ideally be delivered locally within the eye, as
is commonly carried out for the treatment of uveitis; direct delivery will help pre-
vent systemic side-effects. One important consideration when using local gluco-
corticoids, however, is the increased risk of developing cataracts and ocular
hypertension [115].

4.6 Overcoming Inflammation in the Retina

As described above, aging or chronic degenerative conditions lead to inflammatory
environments that are detrimental to stem cell-based repairs. It goes to reason that
(1) immune modulation aimed at harnessing the prorepair functions of innate
immune cells or (2) generating anti-inflammatory environments will likely enhance
regenerative efforts.
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4.6.1 Immunomodulatory Factors

Work done by Neves et al. provides evidence for immune modulation as a key factor
in tissue regeneration [116]. Specifically, this work reveals the importance of
mesencephalic astrocyte-derived neurotrophic factor (MANF) as a regulator of the
immune response during tissue repair and transplantation. MANF acts to promote
the M2 prorepair activation state of innate immune cells in the eye (Fig. 4.3). Our
study tested and found that MANF, through its immunomodulatory effects, delays
retinal degeneration in mutliple differing models of photoreceptor loss in mice as
well as a number of Drosophila models of retinal degeneration. Additionally, we
found that use of MANF recombinant protein as an adjuvant promotes integration
of transplanted photoreceptor cells in mice. Similarly, insulin-like growth factor 1
(IGF-1) has been shown to enhance the regenerative environment in skeletal mus-
cles through immune modulation by alleviating inflammation and promoting anti-
inflammatory phenotypes of macrophages [117]. Other factors, such as nerve
growth factor [118], brain-derived neurotrophic factor [119], glial-derived ciliary
neurotrophic factor [120], and leukemia inhibitory factor [121] have been shown to
play a role in reducing inflammation and thereby may create a receptive environ-
ment for regenerative therapies.

4.6.2 Synthetic Immunomodulation

Minocyclin is a second-generation tetracycline antibiotic that exhibits anti-
inflammatory properties by attenuating the expression of proinflammatory factors,
including IL-6, IL-1p, and TLR-2 in murine brain [122—124]. Minocycline also
inhibits the upregulation and release of IL-1p, TNF-a, and nitric oxide following
bacterial LPS exposure in retinal microglia [125]. Additional studies have shown

Fig. 4.3 MANF drives M2 activation of macrophages. Image of the mouse retina following
human recombinant injection in a light-damaged animal. Most CD11B-expressing macrophages
(green) in the subretinal space (arrowheads) and in the choroid (arrows) express M2 marker YM1
(red) following MANF exposure
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that minocyclin (1) promotes photoreceptor survival following acute light stress by
inhibiting proinflammatory activation of immune cells in the eye [126], (2) rescues
retinal degeneration in juvenile neuronal ceroid lipofuscinosis mice [127], and (3)
attenuates retinal degeneration in Abca4~~-Rdh8~/~ mice [128].

Similarly, translocator protein (18 kDa; TSPO) is a mitochondrial protein
expressed on reactive glial cells [129]. A synthetic and highly specific TSPO ligand,
XBD173 (AC-5216, emapunil), has been shown to attenuate microglial reactivity in
the acute white light-induced retinal degeneration mouse model [130]. XBD173
treatment also reduced the expression of proinflammatory genes CCL2 and /L6 in
LPS-challenged microglia in vitro [129].

Acting as a synthetic progesterone, Norgestrel exerts neuroprotection against
retinal degeneration in an acute light-induced retinal degeneration mouse model and
in the rd10 mouse model of retinitis pigmentosa [131, 132]. Norgestrel works
directly on microglia, suppressing expression of proinflammatory cytokines, che-
mokines, and nitric oxide, thereby abrogating proinflammatory microglia-driven
photoreceptor death [133] and increasing prosurvival factors including LIF [134]
and bFGF [135].

Interferon beta (IFN-f) has been described to have potent immunomodulatory
functions on microglia in the CNS. Mice lacking the /FN-f gene or its receptor
display extensive microglia activation [136]. In contrast, IFN-f treatment strongly
inhibits retinal microglial activation and enhances the transition to an M2-type,
prorepair microglia phenotype in a mouse model of laser-induced choroidal
neovascularization [137]. These effects have also been observed in larger animal
models of choroidal neovascularization, such as rabbit and monkey [138, 139].

4.7 Conclusion

In this chapter, we have reviewed literature demonstrating the importance of immune
modulation in promoting a receptive microenvironment for regenerative therapies.
Understanding and overcoming these immune barriers will bring us another step
closer to restoring vision in patients. Although each disease and cell type may
require a slightly different approach, once the appropriate method has been estab-
lished, reducing immune response should significantly enhance exogenous cell inte-
gration after transplantation within the retina and thereby enhance functional vision.
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Michael C. Edler, and Jason S. Meyer

Abstract Human pluripotent stem cell (hPSC) technology has revolutionized the
field of biology through the unprecedented ability to study the differentiation of
human cells in vitro. In the past decade, hPSCs have been applied to study develop-
ment, model disease, develop drugs, and devise cell replacement therapies for
numerous biological systems. Of particular interest is the application of this tech-
nology to study and treat optic neuropathies such as glaucoma. Retinal ganglion
cells (RGCs) are the primary cell type affected in these diseases, and once lost, they
are unable to regenerate in adulthood. This necessitates the development of strate-
gies to study the mechanisms of degeneration as well as develop translational thera-
peutic approaches to treat early- and late-stage disease progression. Numerous
protocols have been established to derive RGCs from hPSCs, with the ability to
generate large populations of human RGCs for translational applications. In this
review, the key applications of hPSCs within the retinal field are described, includ-
ing the use of these cells as developmental models, disease models, drug develop-
ment, and finally, cell replacement therapies. In greater detail, the current report
focuses on the differentiation of hPSC-derived RGCs and the many unique
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characteristics associated with these cells in vitro including their genetic identifiers,
their electrophysiological activity, and their morphological maturation. Also
described is the current progress in the use of patient-specific hPSCs to study optic
neuropathies affecting RGCs, with emphasis on the use of these RGCs for studying
disease mechanisms and pathogenesis, drug screening, and cell replacement thera-
pies in future studies.

Keywords hPSCs - Retinal ganglion cells - Pluripotent stem cells - Retina - Optic
neuropathies

Retinal ganglion cells (RGCs) play a crucial role in transmitting visual information
from the eye to the brain. This transduction pathway can be severed due to disease
or injury, which can inhibit light information from reaching the appropriate process-
ing centers, and further result in loss of vision and blindness. Damage to the RGCs
can occur in response to injury to the tissue, as well as following the onset of dis-
eases known as optic neuropathies. Such debilitating conditions lead to the degen-
eration and eventual loss of RGCs, as these cells do not possess the capacity to
regenerate in adulthood.

To date, no therapies exist to delay or halt the progression of RGC degeneration.
Furthermore, by the time a clinical diagnosis has been delivered to a patient, a sig-
nificant percentage of the RGC population has already been irreversibly lost [1].
This shortcoming necessitates the development of strategies to study the progres-
sion of RGC degeneration and pathogenesis as well as develop translational thera-
peutic approaches targeting RGCs. Human pluripotent stem cells (hPSCs) serve as
an attractive model for such studies as they can be derived from patient somatic
sources and can provide an unlimited source of cells that can be differentiated to any
cell type of the body [2, 3]. As such, the utilization of hPSCs as a model system has
revolutionized the field of developmental biology, translational disease modeling,
and personalized medicine [4-7].

5.1 Applications of hPSCs

hPSCs can be used as an impactful and resourceful developmental model as they
allow access to some of the earliest time points of embryonic development that
would otherwise be unavailable. Before the discovery of hPSC technology, our
understanding of retinal development was largely informed by animal models, with
a limited option for studying the retina in humans through the use of human fetal or
postmortem tissue. However, obtaining such samples was associated with numerous
difficulties, as they were only accessible at limited developmental time points and
ethical and legal issues limited their availability. Following the discovery of hPSCs,
studies have effectively demonstrated their use as a novel model to study the major
stages of human retinogenesis, including the primitive eye field giving rise to the
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evaginating optic vesicle, as well as the development of an optic cup-like structure
deemed retinal organoids [8—11]. These hPSCs give rise to distinct populations of
retinal neurons which not only follow the temporal sequence of embryonic retinal
development, but also recapitulate the cellular mosaicism and lamination of the
in vivo retina, allowing for a more bonafide model to study retinal development and
disease [9, 11-16]. Furthermore, patient-specific hPSC-derived retinal neurons can
be used for studying cell-specific mechanisms and have future implications for
studying regeneration of retinal tissue following injury or disease [14, 17-20].

The studies of optic neuropathies caused by genetic determinants using hPSCs
are of particular interest as they are the result of known mutations, which allow for
a more direct connection of cellular changes to a particular phenotype [5, 7].
Patient-specific hPSCs can be differentiated into retinal cell types such as photore-
ceptors and RPE in a consistent and reproducible manner to study retinal degenera-
tive disorders that cause damage to more outer retinal cell types, with the remarkable
ability to use such cells for drug screening, cell replacement, and targeted therapeu-
tics [11, 12, 20-27]. Such studies have conducted thorough and in-depth experi-
ments that have identified specific cellular changes in outer retinal cell types such
as oxidative and ER stress, autophagy deficits, alterations in protein trafficking, and
phagocytotic defects associated with disease-causing mutations. Disorders in which
inner retinal cell types, such as RGCs, are the primary affected cell type remain less
explored, with a limited number of studies available which describe cell-specific
disease deficits and pathogenesis [14, 28-35]. As such, the use of hPSCs to study
RGC-specific diseases is critical to unveiling disease mechanisms that cause the
degeneration and eventual death of these cells in various optic neuropathies.

With the ability to elucidate mechanisms of neurodegeneration, which underlie
numerous retinal diseases, hPSCs can be used to differentiate and enrich large popu-
lations of cells for drug development, including those high-throughput assays that
utilize large chemical libraries to identify potential targets and pathways for drug
development [4-6, 36]. This includes screening enriched populations of cells for
safety and toxicity purposes, as well as developing new drugs which are able to
target specific cellular pathways and circuits, with the hope of using such drugs for
future therapeutics to treat neurodegenerative diseases [5, 6]. More specifically,
patient-derived hPSCs have been differentiated into retinal cells such as RPE and
photoreceptors and utilized to effectively screen drugs for future therapeutic pur-
poses [20, 25, 27, 37] with studies using hPSC-derived RGCs for drug screening
applications remaining largely unexplored [14, 38]. Although these strategies are
not targeted at late-stage disease progression, the development of these approaches
will be effective in early and mid stages of progression where few retinal neurons
have degenerated and those remaining neurons can be rescued by pharmacological
approaches.

Lastly, hPSCs can be utilized for the development of cellular replacement strate-
gies, with these approaches often targeting late-stage disease progression where the
majority of the cell population has degenerated, and as such, cellular replacement is
no longer an option. Cell replacement strategies require the ability to derive specific
cell types in a timely and reproducible manner as well as the capacity to identify a



124 S. K. Ohlemacher et al.

given cell type in living cultures. hPSC replacement strategies have been most suc-
cessful for those cell types with relatively short-distance synaptic targets such as
cells of the outer retina including photoreceptors and RPE [17-19, 21, 39]. These
studies have generated functional retinal cell types with the ability for these cells to
perform as they normally would within the innate retina [11, 19, 26], allowing for
successful transplantation following late-stage diagnosis of outer retinal diseases.
However, cell replacement for projection neurons of the retina such as RGCs pres-
ents numerous difficulties, as these cells will need to extend axons over long dis-
tances and navigate through an unhealthy environment to connect with their proper
synaptic targets in the brain. In order for hPSC-derived RGCs to be used as an effec-
tive cell replacement strategy, many obstacles remain including proper integration
into the retina, the extension of long neurites that can find their appropriate synaptic
targets, and the formation of proper and functional synapses in the brain.

5.2 RGC Differentiation from hPSCs

In order to efficiently derive RGCs from hPSCs, a clear understanding of retinal
development is essential, as many of the same principles are translated from devel-
opment in vivo to inform in vitro systems. For instance, RGCs are one of the earli-
est born cell types in the retina, followed closely by amacrine cells, cones, and
horizontal cells. At later stages of retinal development, rods are generated, fol-
lowed by bipolar cells and eventually Muller glia. Similarly, when hPSCs are
directed to differentiate toward a retinal lineage, a similar temporal sequence of
development is recapitulated, with RGCs being one of the first cell types specified,
followed sequentially by later-born retinal cell types as predicted from in vivo
studies [8, 10, 14, 20, 40-42].

RGC:s serve as the final output of the retina by sending light to brain regions such
as the lateral geniculate nucleus or superior colliculus [43, 44]. As such, RGCs tend
to have much larger cell bodies and thicker axons, both of which are needed for
long-distance propagation of action potentials [45-47]. These axons fasciculate
together in the nerve fiber layer and form the optic nerve, which relays information
to multiple brain regions. hPSC-derived RGCs have been known to display similar
distinct morphologies (Fig. 5.1), with long neurites, fasciculated axons, and large
three-dimensional cell bodies [14, 31, 32, 48-50]. These RGCs have also shown
some degree of target specificity, with neurites preferentially targeting superior col-
liculus explants in vitro [51]. Additionally, the RGC layer occupies a distinct posi-
tion in the retinal architecture, residing in the innermost layers [52-54]. Similarly,
as hPSCs have shown the ability to self-organize into optic cup-like structures called
retinal organoids that recapitulate in vivo retinal organization, RGCs reside within
the innermost layer of these structures and photoreceptors occupy the more periph-
eral layers [8, 10, 11, 14].

Within the retina, glutamate is used as the main excitatory neurotransmitter,
and similar to their in vivo counterparts, it has been shown that hPSC-derived
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BRN3 /ISL1

BRN3 / MAP2 1 BRN3 / TUJ1

Fig. 5.1 Common markers of hPSC-derived retinal ganglion cell. hPSC-derived RGCs exhibit
transcriptional and morphological features. (a) DIC imaging of retinal cultures demonstrated
RGC-like morphology with large, three-dimensional somas, and long neurite projections. (b, ¢)
hPSC-derived RGCs can be identified by the expression of RGC-associated transcription factors
such as ISL1 and BRN3. (¢, d) Immunocytochemistry displayed unique morphological features of
RGCs with BRN3-positive cells extending lengthy MAP2- and TUJ1-positive neurites. Scale bar
for (a) is 50 and 100 pm for (b—d)

RGCs have the ability to respond to glutamate, recapitulating the presynaptic
organization in vivo [55, 56]. These cells have also exhibited EPSCs [31], action
potentials [14, 31, 56, 57], spontaneous calcium transients [32], and are sensitive
to the voltage-gated potassium and sodium channel blockers TEA and TTX,
respectively [14, 57]. While these features do not definitively distinguish RGCs
from other neuronal cell types, RGCs are the predominant cell type within the
retina that have the capacity to both respond to glutamatergic stimulation and con-
duct action potentials [58].

In order to identify RGCs apart from other cell types in differentiating cultures
of hPSCs, a variety of genetic markers are often used to confirm the identity of these
cells (Table 5.1). Early studies utilized TUJ1 as a common marker of RGC-like
cells [40, 55], which is expressed by RGCs but does not necessarily confer any
specificity, as many projection neurons throughout the central nervous system also
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Table 5.1 A summary of studies to date outlining the differentiation of retinal ganglion cells from
human pluripotent stem cells

Authors

ihc markers

Functional characteristics

Disease state
modeled

References

Huang

Brn3
Math 5
SNCG
Islet-1
Thyl
TUJ1

Spiking activity, EPSCs

N/A

Riazifar [31], Chen
[28]

Fingert

Math5
NF200
Thyl

N/A

TBK1-Normal
Tension Glaucoma

Tucker [33]

Zack

Brn3
Isletl
TUJ1
Map2
NEFH
NeuN
Pax6
RBPMS
SNCG
Tau
Thyl

Action potentials,
responsive to AMPA/
Kainate

N/A

Sluch et al. [56],
Sluch [59]

Takahashi

Brn3
SMI312
TUJ1
Thyl

N/A

N/A

Maekawa et al. [49],
Kobayashi et al. [30]

Meyer

Brn3
Isletl
Map2
Tau
HuC/D
RBPMS
Melanopsin
Pax6
CART
CDH6
FSTL4
SPP1
CB2
DCX

Action potentials,
voltage-gated channels

E50K-normal
tension glaucoma

Ohlemacher [14],
Langer [48]

‘Wong

Brn3
Thyl
NEEFM
HuC/D
TUJ1

Voltage-gated channels,
Axonal transport

Leber’s Hereditary
Optic Neuropathy

Gill et al. [57],
Wong [34]

Ahmad

Brn3
TUJ1
Thyl

Voltage-gated channels,
action potentials, calcium
transients

Six6-primary
open-angle
glaucoma

Teotia et al. [32, 51]

(continued)



5 Advances in the Differentiation of Retinal Ganglion Cells from Human Pluripotent... 127

Table 5.1 (continued)

Disease state
Authors | ihc markers | Functional characteristics | modeled References

Azuma | Brn3 Voltage-gated channels, N/A Tanaka et al. [50],
Math5 action potentials Yokoi et al. [35]
Pax6
Isletl
TUJ1
SNCG
Tau
NFL/M
NFH
Ge Brn3 N/A N/A Huang et al. [29]
Isletl
Map2
Math5
NF200
Thyl

express this marker [60, 61]. Therefore, more specific markers were needed in the
field to identify RGCs when derived from hPSCs.

The most common transcription factor used to identity RGCs has been BRN3
(Fig.5.1). BRN3 is expressed specifically by RGCs within the retina and is expressed
shortly after RGC specification persisting into adulthood [62—-64]. However, BRN3
expression is also present in other cells including somatosensory and auditory neu-
rons [62, 63, 65, 66]. Thus, when starting with a population of hPSCs that can dif-
ferentiate into any cell type of the body, caution must be taken not to rely solely on
one marker as proof of identity. Instead, the combinatorial expression of genetic
markers, morphological features, and functional characteristics must be combined
to definitively identify a presumptive RGC in vitro.

A variety of additional markers have been used to identify RGCs, including ISLET,
HuC/D, and SNCG. Within the retina, these markers show a high degree of specificity
for RGCs but are less reliable in identifying hPSC-derived RGCs as the expression of
these markers can be found in other neuronal cell types [67—70]. More recently, RNA-
binding protein with multiple splicing (RBMPS) has been shown to specifically label
RGCs, although this expression often occurs later in development, with limited use of
this protein to identify RGCs early in hPSC differentiation [71].

Current research regarding RGC development and maturation has highlighted
the diverse nature of these cells, with the discovery and identification of more than
30 subtypes that differ in molecular, morphological, and physiological properties in
animal models [72, 73]. These subtypes express specific molecular markers which
categorize RGCs into distinct subtypes. The identification of RGC subtypes further
enhances the understanding of RGC characteristics including their molecular signa-
tures as well as their mosaicism in the retina, with recent studies identifying a num-
ber of RGC subtypes in hPSC-derived cells [48]. This ability to identify hPSC-derived
RGC subtypes will allow for the ability to tailor future studies identifying RGC
subtypes in human-derived cells.
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5.3 Translational Applications of hPSC-Derived RGCs

Human pluripotent stem cells provide a fundamental and unique tool in the study of
human retinal degenerative diseases, including optic neuropathies such as glau-
coma, which explicitly target RGCs. As these cells provide the critical connection
between the eye and the brain to transmit visual information, their degeneration
results in vision loss and eventual blindness. Traditionally, the study of disease
states has been limited to the development and use of animal models, which have
led to significant advances in understanding retinal disease progression but some-
times fail when translated to humans in a clinical setting due to important differ-
ences between species [74, 75].

In order to address these obstacles, researchers have focused their work on the
use of human stem cells to study the pathogenesis and treatment of human degen-
erative diseases. The development of hPSCs revolutionized the field of disease mod-
eling with the ability to generate cells from patient-specific sources with
disease-causing mutations [2, 3, 76]. Furthermore, the use of hPSCs allows for the
high-throughput screening of thousands of compounds for their therapeutic efficacy,
as well as providing critical safety and toxicity information in human cells to drug
developers that cannot be fully elucidated with animal models.

Many hPSC-based genetic models of RGC degeneration, specifically glaucoma-
tous degeneration, have been developed over the past few years [14, 32, 33], includ-
ing mutations in SIX6, TANK Binding Kinase 1 (TBK1), and Optineurin (OPTN),
all of which have been associated with forms of familial normal tension glaucoma
(NTG). SIX6 is widely known for its role in eye development and morphogenesis,
although mutations in this transcription factor have also been implicated as a con-
tributor to NTG [77, 78]. Interestingly, hPSCs derived from patients with a missense
mutation in SIX6 generated neural and retinal cells inefficiently, with reduced
expression and dysregulation of key developmental genes [32]. In addition, SIX6-
mutant patient RGCs displayed severe developmental, morphological, and electro-
physiological deficits, with reduced neurite outgrowth and deficiency in the
expression of axonal guidance molecules. Furthermore, SIX6-mutated RGCs dem-
onstrated significantly higher levels of activated caspase-3. It is hypothesized that
this missense mutation in SIX6 results in developmentally defective RGCs that
might put these RGCs at higher risk for degeneration in adulthood.

When hPSCs are derived from a patient population with a known genetic basis of
underlying retinal disease, the resulting cells recreate certain features of the disease
phenotype and model the degeneration associated with retinal diseases. Duplications
in TBK1 have been associated with development of NTG, although its exact role
remains poorly understood. It is hypothesized that due to the close association of
TBK1 with autophagy, duplications could disrupt the autophagic pathway, leading to
RGC degeneration [79-82]. Interestingly, the generation of hPSCs from patient
sources with the TBK1 duplication demonstrated decreased levels of autophagy acti-
vation when compared to control RGCs, thereby allowing for subsequent studies of
disease mechanisms leading to degeneration of RGCs [33]. The accumulated results
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of studies such as these provide an important stepping stone towards the develop-
ment of therapeutic approaches for retinal degenerative diseases.

The directed differentiation of RGCs from hPSCs provides a large quantity of
cells for drug screening efforts, which can then specifically target RGCs to assess
the ability of candidate compounds to rescue a disease phenotype. hPSC-derived
RGCs allow for the screening of new drug compounds as well as the development
of personalized treatment therapies, particularly when derived from patient-specific
sources with a confirmed degenerative phenotype. With this in mind, recent studies
have successfully recapitulated some of the degenerative process associated with
optic neuropathies in hPSC-derived RGCs, with subsequent drug screening
approaches identifying candidate treatment factors capable of rescuing RGC
degeneration. Mutations in the OPTN protein have been associated with multiple
types of neurodegeneration, including glaucoma and amyotrophic lateral sclerosis
and glaucoma [38, 83]. The ESOK missense mutation in OPTN has been associated
with severe and early-onset NTG in a clinical setting [84]. Like TBK1, OPTN is
closely associated with the autophagy pathway as it can act as an autophagy recep-
tor [85, 86]. It is thought that OPTN mutations lead to degeneration through the
dysregulation or blockage of the autophagy pathway. In a recent study, hPSC-
derived RGCs derived from a patient with an ES0K mutation in the OPTN gene
displayed elevated levels of activated caspase-3 compared to control lines, with the
ability to rescue these damaged RGCs following the treatment of these cells with
neuroprotective factors such as BDNF and GDNF [14]. Therefore, the use of
patient-derived hPSCs has provided an in-depth understanding of disease progres-
sion and mechanisms, which have subsequently enabled the identification of com-
pounds to combat the degeneration of RGCs.

Postautosomal dominant optic atrophy (DOA) is the most common hereditary
optic atrophy that culminates in degeneration of RGCs and eventual central vision
loss [87]. Mutations in the OPA1 gene, which affect inner mitochondrial membrane
proteins, are the most common cause of DOA, resulting in mitochondrial dysfunc-
tion, decreased ATP production, as well as mitochondrial fragmentation [88-90].
Consequently, generation of hPSCs from patients carrying an OPA1 mutation
exhibited significantly more apoptosis and inefficiently differentiated into RGCs,
suggesting that mutations in OPA1 mediate apoptosis and contribute to the patho-
genesis of optic atrophy. In addition to modeling a disease, hPSC-derived RGCs can
also be used to uncover neuroprotective agents that slow or even halt the progres-
sion of RGC degeneration. The addition of Noggin and estrogen to OPA 1-mutated
iPSCs promoted the differentiation of RGCs, representing potential therapeutic
agents for OPA1-related optic atrophy. Taken together, these studies represent the
first demonstration of disease modeling using hPSC-derived RGCs and are an
important step forward in understanding disease mechanisms and identifying poten-
tial therapeutic interventions.

Traditional approaches to combat RGC degeneration have relied on treatment
during early stages of the disease process when neuroprotection is still feasible.
hPSC-derived RGCs can be used to effectively study early stages of retinal degenera-
tive diseases, and subsequent drug screening approaches may aid in the development
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of neuroprotective strategies for degenerating RGCs. Unfortunately, a majority of
optic neuropathy patients have experienced significant RGC loss by the time of diag-
nosis, and the large number of cells that are irreversibly lost at later stages in the
disease renders neuroprotection futile. In such cases, the transplantation of healthy
RGC:s to replace degenerated cells remains the final option to restore visual function.
However, there has been a lack of successful development of replacement strategies
for RGCs due to obstacles such as the long-distance projection of RGC axons as
well as the functional formation of synapses with appropriate postsynaptic targets.
In spite of these obstacles, studies have demonstrated the ability of hPSC-derived
RGC:s to survive on a tissue-engineered scaffold following transplantation into the
vitreous chamber of rabbits and rhesus monkeys [91].

Recent work has described the ability to elegantly combine the use of CRISPR
gene editing and hPSC technology to elucidate potential therapeutic pathways
involved in RGC degeneration and find suitable compounds to intervene within this
pathway [36, 59]. In such studies, hPSC-derived RGCs have engineered to express
a tdTomato-P2A-Thy1.2 reporter driven under the expression of RGC marker
BRN3, with the use of the Thyl.2 surface receptor to further immunopurify and
isolate RGCs. The resultant tdTomato-positive RGCs were treated with colchicine
to simulate axonal injury allowing for the subsequent investigation of pathways that
mediated RGC death. In particular, the dual leucine zipper kinase (DLK) pathway
and its downstream partner leucine zipper kinase (LZK) pathway were discovered
as mediators of RGC cell death and were proposed as possible targets for interven-
tion to increase cell survival. Treatment of RGCs with Sunitinib, a FDA-approved
drug that is known to interfere with the DLK and LZK pathways, was shown to
enhance survival of injured hPSC-RGCs in a dose-dependent manner. This study
provided integral insights into RGC degeneration, particularly the role of the DLK
and LZK pathway in RGC injury, and demonstrated the first use of CRISPR-
engineered hPSC-derived RGCs for drug screening applications.

Taken together, the generation of genetic disease models from hPSC-derived
RGC:s allows for the previously unattainable insight into early disease mechanisms
and the development of tests for early detection in a clinical setting. In addition,
hPSCs also allow for the generation of large populations of patient-specific cells for
high-throughput drug screening. Finally, the derivation of patient-specific cells is a
groundbreaking advancement in personalized medicine as the ability to screen com-
pounds on a patient’s own cells could greatly optimize the process of discovering
the most effective therapies for retinal degeneration.

5.4 Future Applications of hPSC-Derived RGCs

Efforts from the past decade have utilized hPSCs to study the development and
disease pathologies of all different cell types of the retina. While most efforts have
emphasized cells of the outer retina, the use of hPSCs to study RGC-specific devel-
opment and disease is largely lacking, with important implications for future



5 Advances in the Differentiation of Retinal Ganglion Cells from Human Pluripotent... 131

studies elucidating developmental and disease mechanisms within such cells.
Future applications of hPSC-derived RGCs include the use of retinal organoids as a
model for RGC development and disease, exploring RGC subtypes in human cells
and how these subtypes may be differentially affected in disease states, studying
cell replacement and drug screening therapies for treating optic neuropathies, and
utilizing genome editing to enhance the study of human RGCs in vitro.

The term retinal organoid refers to a three-dimensional structure derived from
stem cells, which recapitulates the temporal development and spatial lamination of
the retina. As RGCs are one of the first cells to develop, retinal organoids display
similar lamination to the in vivo retina, with RGCs found within inner layers and
photoreceptors residing in more peripheral layers (Fig. 5.2). Recent efforts have
utilized retinal organoids for studying cells and diseases of the outer retina includ-
ing photoreceptors and RPE due to their short synaptic contacts and the ability for
these cells to mature in this environment [11, 16, 26, 92]. However, there have been
a limited number of studies focusing on RGC development within retinal organoids.
As RGCs are one of the first to develop within the retina, the accessibility of study-
ing RGC differentiation within retinal organoids provides a more feasible timeline
than that of photoreceptors that take upward of 200 days to become fully mature.
Although the timeline of development is considerably shorter, the ability for RGCs
to fully mature into a bonafide cell type remains unclear. As the projection neurons
of the retina, RGCs extend long axons out of the eye and into the brain to synapse

BRNJ / SMI-32

BRN3 / HuC/D BRN3 /I8L1

Fig. 5.2 Retinal organoids sustain unique morphology and cellular lamination. (a) Retinal organ-
oids exhibit a bright outer ring around the periphery indicating retinal organization and lamination.
(b—d) Retinal organoids exhibit widespread expression of the RGC marker BRN3, neural markers
HUC/D, and ISLET1, as well as cytoskeletal marker SMI-32 co-localized within apical layers of
the organoid. Scale bars equal 500 pm for (a) and 50 pm for (b—d)
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with postsynaptic targets. Within retinal organoids, RGC axons are limited to the
space and confinement of these structures, without the current accessibility to
extend outward toward a specific target. Additionally, RGCs are one of the only cell
types in the retina to fire action potentials in order to conduct their visual informa-
tion to the brain. No studies currently exist displaying RGCs within retinal organ-
oids to possess this capability, which is crucial for using cells grown in such a
manner for reliable developmental and disease studies, although dissociated hPSC-
derived RGCs have demonstrated functional properties [14, 31, 32, 51, 56, 59].
Future studies in this area may find the need to incorporate biomechanical engineer-
ing approaches in order to devise an exit for RGC axons confined within retinal
organoids using an extracellular matrix mold or scaffolding device. Additionally,
future studies will need to focus on expediting the maturation of RGCs within retinal
organoids, including their ability to fire action potentials, in order for these cells to be
used as a model which closely recapitulates the mechanisms of the human retina.

In recent years, the study of RGCs has become more complex with the discovery
of more than 30 different subtypes of these cells, all of which possess varying
molecular, structural, and functional characteristics [72, 73]. Although the majority
of RGC subtypes have been characterized in animal models, more recently a variety
of these subtypes have also been identified in hPSC-derived cells [48]. Future efforts
will focus on the differentiation of specific subtypes from hPSCs as well as their
ability to conduct similar functional characteristics in vitro as observed within the
in vivo retina. Not only have these animal studies described the complex nature of
these many subtypes, they have also described the differential survival and regen-
eration of different subtypes following acute injury or disease [93—99]. As such, this
leaves opportunity to study this phenomenon within hPSC-derived RGCs in order to
properly understand the degeneration of specific RGC subtypes in different optic
neuropathies as well as provide a greater understanding of how to address degenera-
tive cell loss in cell replacement studies and therapeutics in the future.

hPSC-derived RGCs also have the ability to be used for large-scale drug screen-
ing to address early disease progression as well as provide an opportunity for cell
replacement strategies to address late-stage degeneration [5, 6]. In the future, hPSC-
derived RGCs can be grown in large, reproducible quantities from numerous patient
sources harboring disease mutations to utilize large chemical libraries and data-
bases, with the hope of finding specific compounds that may provide rescue and
therapeutic benefits to diseased RGCs. More so, the discovery of therapeutic com-
pounds could be utilized for early disease diagnosis and progression in order to halt
or rescue cell-specific deficits. To address late-stage disease progression, hPSCs
provide an advantageous source for cell replacement strategies as these cells can be
expanded indefinitely and differentiated into all cell types of the body, including
RGCs [14, 31, 32, 35, 57, 59, 100]. In order to be able to use hPSC-derived RGCs
for cell replacement strategies, many obstacles need to be addressed by future stud-
ies. To be used for cell replacement, hPSC-derived RGCs must possess the capacity
to differentiate and function as an in vivo RGC would, including the ability fire
repetitive action potentials, extend axons long distances to a proper target, and make
functional synaptic connections. Each of these points will need to be addressed fully



5 Advances in the Differentiation of Retinal Ganglion Cells from Human Pluripotent... 133

by future studies in order for hPSCs to be used as a reliable source for cell replace-
ment in end-stage disease progression affecting RGCs.

Lastly, CRIPSR engineering is an emerging and fast-growing technology which
can be used to better study RGC development and disease at high and in-depth
capacities in future studies [101]. To study early RGC development, CRISPR tech-
nology has the ability to engineer transcriptional activators or repressors [102—104].
These allow for the conditional expression of genes at specific time points in devel-
opment, with the ability to identify pathways which are essential for proper RGC
maturation and may be dysfunctional in disease states. hPSC-derived RGCs can
also be engineered to express epitope tags that allow for visualization of proteins
that are especially difficult to study or for which no antibodies exist, including
those involving apoptotic and autophagy pathways [105, 106]. More so, this tech-
nique would also allow a fluorescent reporter to tag a protein of interest, allowing
for the identification and study of proteins in living cultures, including the ability
to easily identify RGCs in vitro and study their electrophysiological properties [56,
59, 102, 105].

CRISPR engineering can also be used to create specific gene mutations [101,
107], including those known to cause various optic neuropathies including muta-
tions in TBK1, OPTN, and SIX6. This technology allows for the generation of
disease-harboring hPSCs for rare genetic determinants where patient sources are
scarce and allows for the direct creation of an isogenic control which is important
for identifying disease phenotypes across many cell lines. More so, CRISPR tech-
nology can be used to correct gene mutations in cases where patient samples are
abundant and hPSCs can be readily reprogrammed and differentiated. The ability to
correct these specific gene mutations allows for a more direct connection of disease
mechanisms and phenotypes between healthy and diseased samples. CRISPR-
engineered hPSCs also provide a personalized source of cells for cell replacement
therapy with the ability to collect somatic cells from patients, correct gene-causing
mutations, reprogram them into healthy hPSCs, and use patient-specific cells for
replacement of degenerated RGCs [108, 109]. CRISPR engineering will be essen-
tial and necessary for future studies of hPSC-derived RGCs in regard to studying
their proper development in vitro, how they are affected in disease states, and how
these cells can be used for cell replacement strategies.

5.5 Conclusions

Over the past decade, hPSC technology has been utilized as a reliable tool to eluci-
date cell development and various neurodegenerative diseases when derived from
patient-specific sources. hPSCs can be readily differentiated into all cell types of the
retina in a manner which closely recapitulates retinogenesis, with a variety of cell
types exhibiting characteristics of bonafide retinal cell types such as photoreceptors
and RPE. The majority of these studies have observed outer retinal cell develop-
ment and disease, with limited studies available looking at RGC differentiation and
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maturation and diseases that target RGCs such as glaucoma. A greater understand-
ing of RGC-specific differentiation and maturation is needed in order to elucidate
important development pathways and signaling cascades, which may be adversely
affected in disease which target RGCs. CRISPR engineering has opened up the pos-
sibilities of studying the development of RGCs in vitro by the insertion of fluores-
cent reporters driven by important neural, retinal, and RGC-specific genes, allowing
a more comprehensive technique for studying cell-specific differentiation. An
enhanced understanding of RGC development will create the opportunity to develop
a cell type that closely resembles native RGCs and can be used as a more reliable
model for studying disease phenotypes as well as their ability to be used for cell
replacement therapies for optic neuropathies in the future.
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Abstract Developing successful surgical strategies to deliver cell therapeutics to
the back of the eye is an essential pillar to success for stem cell-based applications
in blinding retinal diseases. Within this chapter, we have attempted to gather all key
considerations during preclinical animal trials.

Guidance is provided for choices on animal models, options for immunosuppres-
sion, as well as anesthesia. Subsequently we cover surgical strategies for RPE graft
delivery, both as suspension as well as in monolayers in small rodents, rabbits, pigs,
and nonhuman primate. A detailed account is given in particular on animal varia-
tions in vitrectomy and subretinal surgery, which requires a considerable learning
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curve, when transiting from human to animal. In turn, however, many essential sub-
retinal implantation techniques in large-eyed animals are directly transferrable to
human clinical trial protocols.

A dedicated subchapter on photoreceptor replacement provides insights on prep-
aration of suspension as well as sheet grafts, to subsequently outline the basics of
subretinal delivery via both the transscleral and transvitreal route. In closing, a
future outlook on vision restoration through retinal cell-based therapeutics is
presented.

Keywords Age-related macular degeneration - Retinal pigment epithelium -
Photoreceptor - Transplantation - Cell-based therapy - Cell replacement - Surgery -
Anesthesia - Mouse - Rat - Rabbit - Pig - Nonhuman primate - Monkey - Preclinical
study - Vitrectomy - Immunosuppression

6.1 Introduction

Delivery of novel therapeutic agents to the retina, in particular for cell replacement
of the retinal pigment epithelium (RPE) and photoreceptors (PR), has gained con-
siderable interest since the introduction of efficient protocols for the generation of
pluripotent stem cell (PSC)-derived cell transplants for clinical application. Initial
feasibility of RPE transplantation was demonstrated using primary cell sources by
Gouras et al. in monkeys [1] and subsequently also for photoreceptors in rats by
Silverman and Hughes [2]. Surgical clinical experience with replacement of dys-
functional or lost RPE in age-related macular degeneration (AMD) or photorecep-
tors in retinal dystrophies has been available since the 1990s [3, 4].

Since then, diverse distinct animal models as well as treatment modalities in
patients have been explored. While the RCS rat remains the gold standard for visual
testing for the FDA, athymic rats and humanized mice enable high-throughput test-
ing, such as teratogenicity assays of human PSC-derived retinal cells as regards
human immune system characteristics. Rabbits and pigs enable refinement of surgi-
cal instrumentation and techniques, as well as immune suppression protocols imme-
diately applicable to human use, with nonhuman primates offering a uniquely
precious opportunity to validate all prior findings in a foveate animal.

Given the complexity of photoreceptor transplantation a number of different
inherited mouse models characterized by photoreceptor dysfunction and degenera-
tion have been introduced. These include autosomal recessive, dominant, and
X-linked models affecting either rods, cones, or both photoreceptor types. The dif-
ferent mouse models of retinal degeneration were derived either by spontaneous
mutations or genetic engineering. Phenotypically, the available mouse models often
resemble the disease phenotypes observed in humans. Particularly inherited retinal
degeneration can be quite precisely modeled by gene-modified mice, including
rapid to slow degeneration patterns spanning time lines from a few days to several
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months for the loss of main parts of the ONL. However, proper mouse models for
more complex retinal diseases like AMD have not been established. While specific
aspects of AMD have been recapitulated in rodent models, the complete spectrum
could not been reproduced, what might be not surprising given, for example, the
short life span of nocturnal rodents besides the lack of a macula. Though mouse reti-
nopathy models have been and further will be of utmost importance for developing
photoreceptor transplantation strategies for the treatment of retinal degenerative
diseases, the use of large, diurnal animal models is more and more recognized as an
important translational step toward clinical application. Indeed, first pig models
with inherited retinal dystrophies have been generated and given the recent advance-
ments in gene editing using CRISPR/Cas technology more specific models are
expected in the near future. Of interest may be further already available dog strains,
that suffer from spontaneous mutations in vision related genes due to intensive
inbreeding for the generation of particular strains [5]. Given the existence of a mac-
ula in nonhuman primates these animals represent highly reliable animal models.
However, besides limitations in regard to organization, finances, time, and regula-
tory requirements for experimental work with monkeys, there are currently no
genetic primate models of inherited retinal degeneration available. Though, first
transplantations studies using human embryonic stem cell-derived retinal tissue
were performed in photoreceptor degeneration monkey models, generated by acute
chemical or light/laser damage [6].

Clinically, RPE delivery under the macula has been achieved with cell suspen-
sions, RPE-choroid patches, isolated RPE sheets—both cultured and uncultured—
and recently aided by a cell carrier as a cultured monolayer from human embryonic
PSCs. Clinical subretinal neural retina transplantation techniques have utilized both
suspensions [7] and isolated cadaveric fetal human retinal sheets [8].

Here we provide the required surgical essentials stratified by species and animal
model to bring retinal derivatives of PSCs into the subretinal space in preclinical
studies.

6.2 General and Anesthetic Considerations

6.2.1 Logistic and Management Advice

The animals should be held indoors in a specialized facility in an air-conditioned
room with temperatures between 18 °C and 20 °C, exposure to regular daylight and
in standardized individual cages with free access to food and water [9].

To ensure the animals’ operative affinity, an animal health score sheet is fol-
lowed. This includes the following definitive animal exclusion criteria: 20% weight
loss compared to weight on admission; inability to eat or drink; behavioral abnor-
malities such as CNS signs, vocalization, hunched posture, shivering, decreased
activity, immobility; apparent cyanosis of the animal; has cramps or cannot move in
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coordination; ataxia/paresthesia (e.g., paralyses); apathy; extreme automutilation
(skin wounds, severed limbs).

All perioperative parameters should be carefully recorded and in case of abnor-
malities discussed with the surgeon and/or principal investigator in due time.
Electronic record keeping and database filing is strongly encouraged. Animal IDs,
such as tattoos, plastic tags, or even subdermal chips, should be considered, as they
facilitate their identification during busy surgical days and follow-up
examinations.

6.2.2 Animal Choices

During the last 2 decades, there has been extensive research with animal models of
retinal diseases. To date, several species—including mice, rats, cats, dogs, rabbits,
pigs, and nonhuman primates—have been used as models to provide valuable infor-
mation on the cellular and molecular aspects of pathogenesis of retinal diseases.

6.2.2.1 Small Rodents

The Royal College of Surgeons (RCS) rat is widely used for research as a hereditary
retinal dystrophies model. It was identified to be a mutation in Mertk gene and
results in defective retinal pigment epithelium phagocytosis of photoreceptor outer
segments [10]. The RCS rat remains an obligatory disease model to evaluate the
efficiency of RPE cell therapy in preclinical regulatory studies accepted by the US
food and drug administration (FDA) to approve clinical trials for RPE cell therapeu-
tics. However, several studies provided evidence that diverse cell populations other
than RPE transplanted into RCS rats have also beneficial effects on ONL preserva-
tion [11-14]. Therefore, detailed analysis has to be performed to identify the RPE-
specific effects on photoreceptor rescue in this model. Additional small rodent
models used for long term teratogenicity assays were also the athymic nude rats
[15] and humanized mice [16].

There is a naturally occurring mouse model of (retinitis pigmentosa-like) retinal
degeneration, called the rd mouse, which exists in several variants [17]. Due to the
often rapid retinal degeneration, the transplantation may need to be done at a very
early stage [18], which makes it more challenging to operate on half smaller eyes
compared to RCS rats [19].

6.2.2.2 Rabbits

We recommend Dutch Belted rabbits weighing a minimum of 1.5 kg due to less
fibrin reaction than Chinchilla Bastard Hybrid rabbits [9]. Another alternative are
New Zealand Reds, which are a pigmented crossbreed with New Zealand Whites
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(albinos). The former have a very robust eye wall (rigid sclera) for retinal surgery
and lesser bleeding tendency in the authors’ experience. Albino rabbits (New
Zealand White) are of limited value in our opinion, given aberrant RPE physiology
and challenging contrasts of the retinal surface (due to the total lack of pigmenta-
tion), thus making subretinal manipulation difficult. One option to circumvent this
challenge may be the use of chromovitrectomy dyes to stain the ILM such as triam-
cinolone or a commercially available mixture of trypan blue, brilliant blue G and
PEG (Membrane Blue Dual® or Brilliant Peel Dual Dye ©).

6.2.2.3 Pigs

The structure of the retinal vascular system in pigs is very similar to that of humans,
which makes them very useful for research on eye diseases especially for retinal
diseases.

Domestic Pigs

It is recommended to utilize smaller size domestic pigs (body weight 8—12 kg) to
avoid management issues. Domestic pig growth rate is very fast as compared to
mini and miniature pigs. The disadvantages of domestic pig models include lack of
availability of molecular reagents and antibodies, difficulty in maintenance, and less
precise genetic characterization and manipulations.

Mini-Pig

To develop effective cell therapeutics for RPE/Retina, it is imperative to establish an
animal model that is reproducible, closest in anatomy to the human eye and most
representative of the human disease. There is an increased interest to use mini-pigs
in ocular experimental studies due to their anatomical similarities with human eyes
and as a substitute for nonhuman primates. Pharmacologically, the mini-pig eye
behaves similarly to the human eye, making it ideal for testing new therapeutics and
surgical approach.

Yucatan Pig

Recently, there is an increased interest to use Yucatan pigs in ocular experimental
studies due to their anatomical and physiological similarities with human eyes and
as a substitute for nonhuman primates. Pharmacologically and physiologically, the
Yucatan pig eye behaves similarly to the human eye, making it ideal for testing new
therapeutics.



146 B. Stanzel et al.

At the NEI, we use Yucatan minipigs weighing 30-35 Kg (around 6—8 months
old). Yucatan’s are preferred because of their fundus pigmentation; allowing us to
use a micropulse 532 nm laser 48 h before surgery to damage the RPE in the visual
streak (cone rich area) inducing a retinal degeneration. The laser induced retinal
degeneration created allowed us to evaluate post-surgical retinal recovery (OCT,
mfERG) in transplanted areas.

Recently, Ross et al. described a pig model of Retinitis pigmentosa with a
Rhodopsin mutation, [20], thus offering a potent large-eye animal model for photo-
replacement studies.

6.2.2.4 Nonhuman Primates

Cynomolgus (Macaca fascicularis) and Rhesus monkeys (Macaca mulatta) weigh-
ing at least 3 kg and aged at least 2 years have been used by most investigators
[21-25]. Some investigators used Saimiri sciureus, a New World monkey [26].

It appears as if rhesus macaques have a somewhat more robust foveal architec-
ture for submacular surgery. Whenever feasible, the use of specific pathogen free
(SPF) animals is recommended.

6.2.3 Immunosuppression
6.2.3.1 Mouse and Rat

Rodents were immunosuppressed with cyclosporine either by intramuscular injec-
tion (10 mg/kg) with cyclosporine blood level above 1500 pg/l [27] or when added
(210 mg/1) to drinking water [28, 29], resulting in a mean cyclosporine blood level
of 321 £ 21.9 pg/l [30]. Cyclosporine was given 1 day before transplantation until
the end of the study. Lu et al. also included dexamethasone as an additional immu-
nosuppressive drug by intraperitoneal injection (1.6 mg/kg/day) for 2 weeks after
surgery [31]. Body weight and general physical condition of each animal were
closely monitored every other day.

An alternative way is to use immunodeficient mouse disease model. Iraha et al.
described two mouse models (NOG-rd1-2] and NOG-rd10) of end-stage retinal
degeneration with immunodeficiency [32].

6.2.3.2 Rabbit

Immunosuppression regimens in rabbits have been utilized extensively for RPE
replacement. It is recommended to induce the animals at least 3 days before starting
the surgery to avoid immune sensation already at surgery.
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The most simple is perhaps the use of 1-2 mg intravitreal preservative-free tri-
amcinolone under short-term intramuscular general anesthesia and local numbing
drops (e.g., Oxybuprocaine), if few weeks of experimental follow up are planned
[33, 34]. We discourage the use of systemic dexamethasone for subretinal RPE
xenograft protection, as this resulted in disruption and/or cell loss within scaffold-
supported RPE monolayer grafts [33]. To avoid steroids, both local [35] and sys-
temic cyclosporine [7] protocols are available.

A triple immunosuppression regimen (prednisone, cyclosporine, and azathio-
prine) from the day of surgery throughout the experiment utilized by Del Priore [36]
for aggregates of uncultured pig RPE sheets encapsulated in gelatin xenografted
into the subretinal space of rabbits failed to provide protection at 4 and 12 week
time points to both the graft and the host outer retina. This may be related to gelatin
encapsulation being pro-inflammatory and was seen also by Stanzel et al. in human
to rabbit RPE xenotransplantation experiments [33].

Our current recommendation is per oral Sirolimus (1 mg/day), Doxycycline
(15 mg/kg/day) and Minocycline (15 mg/kg/day) started 3 days prior to surgery
and continued throughout the experiment combined intravitreal triamcinolone at
the time of surgery. The protocol is effective in protecting subretinal RPE xeno-
grafts in animals with a sodium iodate compromised outer blood-retinal barrier,
see Fig. 6.1.

An intravitreal injection of Sirolimus (220 pg, DE-109, Santen Incorporated)
[37] with a documented efficacy of up to 2 months in nonvitrectomized animals
may obviate the need for repeated intravitreal injections or laborious systemic

hiPS-RPE on assym.NF PLGA

Fig. 6.1 Effect of quadruple immunosuppression on subretinal human iPS-RPE xenograft integra-
tion in rabbits with damaged blood-retinal barrier
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application. Here the drug typically deposits to the anterior vitreous and can be
readily recognized as a whitish precipitate. Thus if during vitrectomy extensive
vitreous removal is avoided, which is also safer to avoid lens touches, then the slow
release formulation can be preserved in place, and may not necessitate repeated
injections.

6.2.3.3 Pig

Since scaffolds with human derived iPSC-RPE cells are introduced in the subretinal
space, to minimize xenograft immune reaction, pigs are immunosuppressed starting
9 days before surgery and continued throughout until euthanasia. Tetracycline anti-
biotics doxycycline and minocycline are used orally with doses of 5 mg/Kg twice a
day, mainly because of its suppressing effect on microglia activation. Steroids are
used because of its broad-spectrum immunosuppressive effects. A loading dose of
intramuscular methylprednisolone is used at doses of 5 mg/Kg, followed by similar
daily oral single dose of prednisone. Both rapamycin (sirolimus) and tacrolimus are
used to suppress adaptive immune response. Rapamycin is used orally with a load-
ing dose of 2 mg, followed by a 1 mg daily dose. Tacrolimus is used in oral doses of
0.5 mg/day.

Koss et al. described pig model with perioperative sustained dexamethasone
release implant (Ozurdex®, Allergan Inc.), along with a sophisticated continuous
intravenous Tacrolimus application to protect monolayers of human embryonic
derived RPE on porous parylene scaffolds, for further details, please refer to [38].

6.2.3.4 Monkey

Systemic immunosuppression drugs in monkeys include sirolimus, doxycycline and
minocycline. The animal should be immunosuppressed 7-10 days prior and
throughout the experiment to avoid immune sensation at the time of surgery and
immune rejection after surgery.

Systemic sirolimus is given per oral as follows: On first day 2 tablets of 1 mg/tab
sirolimus once a day (2 mg/day), thereafter 1 tablets of 1 mg/tab once a day (1 mg/
day) until enucleation. Difficulties in administering sirolimus orally (monkeys are
picking and throwing the drugs even when disguised with gel, pudding or marsh-
mallow) can be overcome by crushing the tablets and mixing into chocolate milk or
if unavoidable, animals under light sedation (ketamine 5 mg/kg BW, IM).
Doxycycline and minocycline dosage is 15 mg/kg and divided into twice daily per
oral application in all animals of both cohorts. As an alternative fall back strategy
systemic prednisone 5 mg/kg and tacrolimus extended release (Astagraf) 0.5 mg/
day can be added to the above regimen in case control of over xenograft rejection
reactions is not adequate.
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6.2.4 Anesthesia
6.2.4.1 Small Rodents (Mice and Rats)

Prior to starting anesthesia the animals are given food and water ad libitum and left
in their own respective cage until needed. To ensure proper dosage of analgesics and
anesthetics, the animal’s weight is recorded. About 1-2 days prior to surgery pain
management is started with Carprofen 5 mg/kg SC every 12-24 h or Metamizol
25 mg/drop in a solution 1:4, 0.2 to 2 drops every 6 h perorally.

Premedication is best achieved with a chamber for inhalation with isoflurane,
alternatively an injection of Xylazine 5-10 mg/kg intraperitoneally can also be
used. To avoid hypothermia you need a warm and soft pad throughout the proce-
dure. Pupils are dilated by topical application of 1% tropicamide (1 drop) and a
local anesthetic (to reduce dependence on general anesthesia), such as paraprocaine
instilled on the ocular surface.

General anesthesia is then induced by intraperitoneal injection of a solution of
ketamine 65 mg/kg (range 40-80 mg/kg), xylazine 13 mg/kg (range 10-15 mg/kg),
and acepromazine 1.5-2 mg/kg; this will suffice for about 50 min. Observation of
vital parameters, particularly hypothermia, is essential.

After the procedure the mouse/rat is taken to its own cage (isolation). The litter
is covered with a tissue. Some food and possibly some gel cushions are placed on
the bottom of the cage. The animal is closely observed until awake and has resumed
eating and drinking. Thereafter regular follow up examinations of the operated eye,
along with application of anti-inflammatory/antibiotic eye drops as per protocol are
warranted.

6.2.4.2 Rabbit
General

Prior to anesthesia, the animal is allowed free access to food and water. Each rabbit
is to be handled with care with good fixation of the rabbit, especially at the hind
limbs since there is a high risk that they injure themselves. If the rabbit is agitated,
it helps to place the palm of the hand over the ears (to pull them down to the side)
and the extended index finger (of the same hand) onto the forehead, whilst gently
pressing the head down. Once the rabbit has calmed down, it can be gently picked
up by one hand sliding down to the scruff, whilst the other supports the bum (so the
hind limbs do not hang free and start swinging/charging).

The animal’s weight is recorded for anesthesia and analgesia dosage calculation.
Pain management should be considered before, during, or directly after the surgery
with, for example, meloxicam (2 mg/ml) 0.2 mg/kg SC every 24 h for 3-5 days.

The rabbit should be covered with a blanket to calm before the anesthesia injec-
tion. Premedication is achieved using intramuscular xylazine 0.2 mg/kg (IM)
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injection into the hind limb (gluteal muscle) and massage around injection site for
30 s. A subcutaneous infusion (at the scruff) of 10 ml/kg 0.9% saline is recom-
mended to stabilize hydration before and after surgery. For induction of anesthesia
use ketamine 35 mg/kg IM and xylazine 3 mg/kg, and butorphanol 0.1 mg/kg. The
maintenance solution containing ketamine 35 mg/kg IM, xylazine 3 mg/kg, and
butorphanol 0.1 mg/kg should be injected 0.2 ml/kg every 20 min or when the rabbit
shows wake-up reflexes. Alternatively, consider placing an intravenous line into the
(well heated) auricular vein, if IV anesthesia is considered.

The first sign of the anesthesia fading away is nystagmus and must be monitored
by the surgeon. The first shot of IM anesthesia lasts about 30—60 min, depending on
the rabbit’s size, drug tolerance, fat layer, stress, and body temperature. Always
confirm proper anesthesia, by verifying hypnosis, hyporeflexia, analgesia, and mus-
cle relaxation of the animal. Ensure the proper body core temperature using rectal
thermometer (normothermia 39 + 1 °C). A heating pillow underneath the rabbit may
often not be necessary or even dangerous, if the animal is properly wrapped in blan-
ket. An oxygen line placed under the blanket cover supplied with a funnel wrapping
around the snout significantly helps to avoid accidental hypoxic brain damage dur-
ing anesthesia. If feasible intraoperatively, observation of heartbeat and breath fre-
quency can further improve anesthetic success.

After the procedure, the rabbit should be carefully transferred into warm cage
with fresh hay, consider either a blanket or heating lamp, and positioned as speci-
fied by the surgeon (operated eye facing up or down). Do not leave the animal
unattended until it regains sufficient consciousness to maintain sternal recum-
bence. Regular observation is warranted until the rabbit resumes fluid and
food intake.

Head Positioning

The optimal position of the rabbit under surgical microscope is with the nose slightly
elevated through a mold of the blanket, so that it is level with ocular surface. Align
the left eye perpendicular to microscope objective. We recommend using the left
eye due to the positioning of the eye muscles. The eyelashes must be cut using scis-
sors (some ointment on blade) to reduce postoperative infections.

Eye-Specific Preparations

It is recommended to dilate the pupil prior to anesthesia with 2.5% phenylephrine
and 1% tropicamide 1 h before surgery every 10 min, repeated three times; this will
yield a faster and more lasting mydriasis. To disinfect the eye use 2-3 drops of
0.1 g/ml povidone—iodine topically for I min and rinse with sterile BSS. Then, the
eye should be covered with sterile drape with a precut opening in the middle for the
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eye and then covered with (sticky) surgical incision drape 12 x 17 cm. Methylcellulose
or preferably a clinical grade dispersive viscoelastic lubricant should be added every
5-10 min to the operated eye, and lids in the nonoperated eye should be given lubri-
cating ointment (e.g., Bepanthen®) and taped.

Postoperative eye care is recommended for 1 week twice a day, preferably with
ointments containing a steroid and antibiotics (e.g., Isopto-Max®).

6.2.4.3 Pig
General

The last feeding should be about 12 h before the start of the surgery, while access to
water is not restricted. The weight of the animal is recorded for the dosage of anes-
thesia and analgesia. For sedation and to enable transport the pig to surgical suite for
intubation inject intramuscular 5.0 mg/kg telazol, 0.2 mg/kg butorphanol, and
0.035 mg/kg dexmedetomidine. For premedication, 0.02 mg atropine/kg deep IM is
given. Then the monitoring probes are placed on the animal.

General anesthesia is induced by inhalation of 2—5% isofluorane. To prevent eye
drift and possibly fatal oculocardiac reflexes during surgery application of neuro-
muscular block Rocuronium at 2 mg/kg I'V; injection is repeated as necessary.

Analgesia is administered while pig is still anesthetized, 0.005-0.01 mg/kg
Buprenorphine IM. Pigs are sedated during recovery phase with 1.0 mg/kg Diazepam
IV and 1.1 mg/kg Acepromazine IM, to prevent eye trauma.

Head Positioning and Eye Specific Preparations

Pigs are position in the surgical table in lateral recumbency and the head position so
the cornea is perpendicular to the microscope objective. Eye lashes are trim and
povidone-iodine 10% is used to clean the skin around the eye. Povidone—iodine 5%
should be used for the cul-de-sac.

A single-piece drape with an integral fluid collection is the most efficient
method of draping. Drapes without an opening for the eye should be used and a cut
is made in the drape after it is adhesively applied with the lids open. The flaps cre-
ated are then folded over the lid margins and kept in place by the lid speculum. To
better expose the surgical area, a temporal canthotomy is made and a traction
suture to proptose the eye is applied to the inferior rectus; if needed the nictitans
membrane can be retracted with sutures to better expose the nasal sclera. The cor-
neal epithelium should be constantly irrigated with BSS or (a dispersive)
viscoelastic.
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6.2.4.4 Macaques/Nonhuman Primates
General

Presurgical preparation includes overnight fasting with no access to food from 6 pm
onward to prevent regurgitation and vomiting during anesthesia and surgery.

In immediate preparation for surgery the monkey is sedated with intramuscular
injection of Ketamine (10-20 mg/kg) and atropine 0.05 mg/kg (SC). An IM
administration of Buprenorphine at 0.005-0.03 mg/kg BW (as pain reliever) is
given 30 min to 1 h before surgery. The dose can be repeated 6 h after surgery, if
necessary.

The animal should be weighed to ensure the accurate medication dosage. The
60—120 min procedure has to be performed under general anesthesia. A qualified
veterinarian should perform intubation and general anesthetic procedure using 2%
Isoflurane and an appropriately sized endotracheal tube according to the weight of
the monkey. Vital signs such as electrical activity of the heart, respiratory rate, blood
pressure, and oxygen saturation are tracked using monitoring equipment. The oper-
ation site is disinfected with alcohol, and finally swabbed with povidone iodine.
Finally, the monkey is draped and ready for surgery.

During surgery, animals should receive vital signs monitoring including heart
rate, respiration rate and/or end-tidal CO,, SpO,, temperature, and blood pressure.

Postprocedure analgesia is achieved with buprenorphine (0.005-0.1 mg/kg IM
at 6- to 12-h intervals) or carprofen (2—4 mg/kg SC) for up to 3 days following all
surgical procedures, and/or at any other time deemed necessary by the principal
investigator or attending veterinary staff. The analgesia dosing depends on the
animal’s signs of pain (e.g., squinting, swollen eyelids, rubbing of the eyes, or
tearing).

Animal Positioning

It is recommended to shave the periocular region to allow better access to the orbit
and to improve adhesion of surgical draping. The optimal position of the monkey
under surgical microscope is in supine position. To stabilize head position the use of
a (custom-made) head mold is highly encouraged. Given occasional uncontrolled
movements intraoperatively, we also suggest to secure the forehead with an adhe-
sive tape which reaches to the surgical table. Ensure perfectly horizontal alignment
of the limbal plane to ensure good surgical visualization and access to the macula.
Retrobulbar injections to achieve a more proptosed position of the globe are very
challenging.

Postoperatively, animals are then recovered in the recovery suite with the surgi-
cal eye stably positioned looking down for 1 h or longer to allow further reattach-
ment of the macula.
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Eye Specific Preparations

For pupil dilatation, the monkey should be given a mixture of 2.5% phenylephrine
and 1% tropicamide eye drops prior to vitrectomy. To commence the procedure,
tetracaine eye drops should be applied. Methylcellulose lubricant should be added
every 5—10 min in the operated eye, and lids in the nonoperated eye should be taped.
A sterile field is established by disinfection of periocular structures by exposure to
10% Povidone-lodine and the ocular surface with 5% povidone—iodine for at least
1 min and rinse with sterile BSS. Thereafter, the animal has to be covered with a
sterile drape and following placement of a lid speculum.

Postoperative application of Tobradex eye drops 5x/day and homatropine eye
drops 3 times/day is followed for 1 week.

6.3 Subretinal RPE Graft Delivery

6.3.1 Mouse and Rat

6.3.1.1 Cell Suspension Preparation

Cultured RPE cells were trypsinized and resuspended (50,000 cells/pl) in BSS and
loaded in a NanoFil syringe (RPE-kit, World Precision Instruments, USA) with
33-gauge bevelled needle. The needle was preflushed to avoid bubbles before
injection.

6.3.1.2 Cell Sheet Preparation

An RPE monolayer was cultured on scaffolds (e.g., porous polyester terephthalate/
PET) for 4-8 weeks. Before the transplantation, implants (monolayer on top of scaf-
folds) were cut off with a fine blade or puncher with the size approximate
0.7 mm x 1.2 mm for RCS rats [39, 40] or 0.5 mm wide section for mouse [32]. The
implants were loaded in a custom-made implant tool [28, 40, 41] and/or kept in BSS
before implantation. We recommend these steps to be carried out under a micro-
scope station with a sterile surface in a clean room or surgical suite.

6.3.1.3 Animal Preparation Before Surgery

At the beginning of the surgery, the rats were placed on a sterile gauze under a surgi-
cal microscope. Eyes were dilated as described above. The skin around the eye was
sterilized with 10% povidone—iodine and 1 drop of 5% povidone—iodine is applied
to the eye surface followed 1 min later by a generous washout with BSS.
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6.3.1.4 Cell Suspension Injection

After the conjunctiva was cut open by a 33-gauge needle, a full-thickness cut
through sclera was made 1.0—1.5 mm posterior to the limbus at the temporal equator
of the host eye [30, 42], 0.5-2 pl BSS was injected at same side of the sclera-
choroid opening into the subretinal space [29, 30, 42] or through the diametrically
opposed retina with a blunt needle gently touching the retina [43]. The bleb was
further verified by putting a glass coverslip on the cornea to visualize the fundus
under surgical microscope.

6.3.1.5 Cell Sheet Implantation

After the conjunctiva was opened, a small incision (approximately 0.8—1 mm for
rats, 0.6-0.8 mm for mouse) was cut transsclerally approximately 1.5 mm posterior
to the limbus at the temporal equator of the host eye by a 27 gauge needle until the
choroid is exposed. A transcorneal anterior chamber paracentesis is performed by a
31-gauge needle to reduce IOP. A local retinal bleb is created by injecting approxi-
mately 5 pl BSS through the transscleral opening into the subretinal space by a
33-gauge or smaller blunt needle with a NanoFil syringe (RPE-kit, World Precision
Instruments, USA). The bleb is further verified by putting a glass coverslip on the
cornea to visualize the fundus under surgical microscope. The choroid was cut with
a fine blade, while the retina remains intact. Occasional bleeding can be stopped
with a cotton bud. The transplant is gently placed into the area of the subretinal bleb
through the choroidal incision using a custom-made implantation tool [28, 40, 41]
or 25 G intraocular forceps (with rigid scaffolds, such as PET). Optical coherence
tomography (OCT) can be used to confirm the position of the implant immediately
following the surgery. At the end of the surgery, the incision is closed with 10-0
Vicryl sutures.

6.3.2 Rabbit Surgery
6.3.2.1 Instrument Preparation

Establish and maintain a sterile field, by working in a closed room, wearing surgical
scrubs, facial mask and hair cover. Disinfect hands prior wearing sterile surgical
gloves. Place the sterilized instruments on a sterile drape. Place 1 ml syringe filled
with 40 mg/ml triamcinolone attached to a 27 G needle for injection, 10 ml syringe
with Balance salt solution (BSS), and 5 ml syringe of lubricant on drape. Also, place
3-0 silk, 7-0 vicryl, ocular sticks (to stop conjunctival/scleral bleeding), twister
gauze sponges, wound closure strips (to fixate the vitrectomy tip tubing), and chan-
delier endoillumination fiber wire on a drape [9, 44]. The 27 G chandelier endoil-
luminator has to be connected to a light machine. Connect a vitrectomy set including
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high speed vitrector and (Venturi) cassette to a vitrectomy machine. A 500 ml oph-
thalmic grade BSS bottle has to be connected to the cassette according manufac-
turer’s instructions. Some vitrectomy machines will require priming of the system
to be operational.

6.3.2.2 Vitrectomy

First, make a lateral canthotomy and proptose and secure the eye with 3—0 silk using
inverted caliper. Then, perform a conjunctival peritomy and incise the conjunctiva
with Vannas’ scissors close to the limbus, but far enough from the blood vessels
(~1 mm distance). Dissect the conjunctiva by creating a “T-cut” by enlarging the
peritomy with the scissor parallel to the limbus and then incise the conjunctiva verti-
cally in form of a “T” for about 67 mm. Carefully separate conjunctiva/tenon by
blunt dissection. A two-port, 25 G core vitrectomy can be performed through a non-
contact, wide-angle system with a 27 G chandelier illumination system.

To create a sclerotomy, use a 25 G microvitreoretinal (MVR) blade or 25 G flat
head trocar at 4 o’clock on left eye (OS) is carefully inserting the sharp tip of the
blade in the direction toward the optic nerve. We recommend starting 3.5-4 mm
behind the limbus. This will result in a transretinal rather than trans pars plana
approach, but is thereby lens-sparing. Then, slowly retract the blade in the same
direction and avoid enlarging the sclerotomy. Insert the custom side port-infusion
cannula [45] and suture it using a 7-0 Vicryl suture and set the intraocular pressure
(IOP) at 15-24 mmHg (at lower range if valved trocars with good seal are avail-
able). The second sclerotomy should be performed with a 27 G needle at 10 o’clock
on OS. Then, insert a 27 G chandelier light into flat head trocar and fixate it with
sticky tape and turn on the light source at ca. 20-30% (as per surgeon preference).
To better visualize the ocular fundus, the corneal epithelium typically requires
scraping with a surgical blade (judge by appearance of fine intraepithelial bullae).

Similar to the first sclerotomy, perform a sclerotomy at 2 o’clock on OS and (pre)
place u-shaped 7-0 sutures around the sclerotomy without tying the knot if no tro-
cars are used, otherwise secure the trocar with releasable sutures. Then insert the
vitrectomy cutter tip by strictly pointing toward the posterior pole.

Start the vitrectomy around the entry port, to relieve vitreous traction at the trans-
retinal entry site (see above) and ensure infusion flow. Meanwhile, 20 units/ml hep-
arin and 0.001 mg/ml epinephrine should be added into the BSS infusion solution in
parallel to reduce fibrin reaction. As heparin and epinephrine are not injected intra-
ocularly, their effects are delayed depending on the infusion flow rate.

Then continue over the optic disc and the fibrae medullares using high speed
vitrector by cutting the vitreous gel into small pieces at max 2000-8000 cuts/min
and aspirating at max 100200 mmHg [46]. A posterior vitreous detachment (PVD)
has to be performed by separating the vitreous humor from the retina by holding the
cutter over the posterior pole and (if feasible gently) superior of the optic disc, while
aspirating only at max 50-200 mmHg without cutting (depending on how well
sealed the system is, too much vacuum if eye wall collapse). The posterior hyaloid
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face can be engaged in aspiration mode with the cutter, immediately inferior to the
optic disc and then separated from the inner limiting membrane (ILM) using
mechanical traction [9]. To visualize and facilitate (near total) removal of the float-
ing vitreous over the posterior pole and midperiphery during vitrectomy inject ca.
50 pl (40 mg/ml) triamcinolone or diluted fluorescein (ca. 0.1 mg/ml) intravitreally
and then thoroughly remove it with vitrectomy over the entire posterior pole. Avoid
crossing over under the lens; if more peripheral removal is necessary we suggest
using a third well sealing valved 25 G or 27 G trocar. Indentation to shave the
peripheral vitreous (optionally by a skilled assistant) is recommended if gas or oil
tamponade is desired; we recommend performing this step after the actual implanta-
tion procedure in an air-filled eye as the eye wall will become very unstable.

6.3.2.3 Loading Implantation Instrument (Shooter)

Herein we describe the preparation of an instrument for subretinal implantation of
RPE monolayer grafts on cell carriers; for subretinal injection of cell suspensions a
commercially available 38 G Teflon tip cannula (MedOne) can be utilized. An air
bubble to initiate the bleb retinal detachment and then, immediately following sub-
retinal deposition of the RPE cell suspensions, another air bubble to seal the reti-
notomy, can facilitate the procedure [47]. For more details on loading the cannula
with a suspension, the interested reader is referred to [8].

An RPE cell culture, regardless of source, should be rinsed prior to preparation
of the implant three times with calcium- and magnesium-containing Hank’s bal-
anced salt solution (CM-HBSS).

A standard cell culture dish (100 x 20 mm) with 10 ml ophthalmic grade BSS
should be centered under a light microscope. With a sharp, oval, custom-made hol-
low needle a 2.4 x 1.1 mm implant can be punched out to obtain a flat, bean-shaped
substrate with two long edges and two round edges [9]. Then, gently flood the nee-
dle through the second port with BSS to flush out the implant. Optionally cut one
round end of implant (<0.5 mm), just to obtain a third edge. Ensure that the implant
is in the right orientation with the monolayer upside on the cell carrier. To change
positioning carefully use two scalpels. Then, push the implant gently and com-
pletely into the shooter instrument using a needle holder until all of the implant is
secured inside of the tip. The plunger should remain retracted and the “loaded”
shooter tip should be kept under CM-BSS in dark until the moment of implantation.

6.3.2.4 Implantation

Approach the neural retina with an extendible 38 G or 41 G subretinal injection
needle connected to a gastight syringe, ensuring that all air bubbles have been evac-
uated from tubing. Then, create a bleb retinal detachment (bRD) (approximately
2-3 disc diameters) by slowly injecting 20—30 pl BSS subretinally by an assistant,
with the IOP set to 25 mmHg or less. Two bRD per eye can be raised safely. The
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same aforementioned procedure suffices to deliver a suspension of RPE, see above
and [8].

A retinotomy enlarged to ca. 1.5 mm with a vertical 25 G VR-scissors is then
created at the base of the 20-30 pl, so that the subretinal space is accessible for
implantation or further maneuvering. The RPE underneath the bRD can be atrau-
matically scraped at high IOP (30-50 mm Hg), with a custom made 20 G extensible
Prolene-loop instrument [44].

Before implantation, the sclerotomy at 4 o’clock (OS) must be enlarged (pre-
cisely) with a 1.4 mm incision knife to 20 G approach. Attempt passing through the
sclerotomy with a 20 G shooter dummy and enlarge as needed to ensure smooth, yet
snug transition of the loaded shooter. Then, pass with the loaded shooter through the
sclerotomy at 15-25 mmHg [9]. Approach the retinotomy edge and eject the implant
subretinally from an epiretinal position. The implant may be adjusted with half-
closed 23 G scissors, forceps, or 38 G needle to make sure it is positioned well
under the retina, away from the retinotomy. The RPE monolayer transplants should
be placed cell-carrier-side down on bare Bruch’s membrane or intact host RPE,
ensuring that the xenografted RPE face photoreceptors. Drainage of subretinal fluid
is optional, as the bRD will spontaneously resolve within few days or less [48]. If
desired a slow-paced fluid-air exchange (FAX) with brush-tip silicone active extru-
sion cannula, rather than using perfluorocarbon liquids (PFC) based bRD flattening
followed by FAX is preferable to avoid subretinal PFC entrapment. We discourage
the use of expandable gases.

6.3.2.5 Wound Closure

After removing 27 G chandelier and 25 G infusion cannula, suture all sclerotomies.
Prior to suturing the last sclerotomy, inject 25-50 pl (40 mg/ml) triamcinolone
intravitreally. The IOP should be checked by palpation and adjusted by injection of
BSS via 30 G needle/syringe, if needed. Then, suture the conjunctiva with 7-0 vicryl
and remove the proptosing 3-0 silk sling slowly. Avoid the deep orbital venous
plexus as this may lead to uncontrollable hemorrhage. Concluding, suture the tem-
poral canthotomy with 5-0 silk and add dexamethasone/antibiotic ointment under
the lid.

6.3.3 Pig Surgery
6.3.3.1 Instrument and Equipment Preparation

Instrumentation and equipment depends on the surgeon’s preferences. We use an
Alcon Constellation® vitrectomy system and a Zeiss OPMI Lumera 700 microscope
equipped with the Resight® noncontact fundus viewing system and Rescan 700 for
intraoperative OCT (iOCT). The microscope is connected to the Alcon NGENUITY®
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3D Visualization System for heads-up 3D visualization of surgical maneuvers.
Hand instruments are best kept on a Mayo stand between the surgeon and the assis-
tant with a back table placed behind for other surgical tools and disposables. A
Mayo stand over the animal carries the vitrectomy probe, endolaser, bipolar hand-
piece, infusion and extrusion tubing. Powder free gloves should always be used.

6.3.3.2 Vitrectomy and Induction of Retinal Detachment

A four-port pars plana vitrectomy is done 3.5 mm from the limbus. Only the nasal
port conjunctiva is dissected to allow widening of the sclerotomy during implanta-
tion. Transconjunctival 25 G valved entry systems are used to ensure working in a
closed system. To ensure sutureless ports, blades are introduced using a single plane
15° incision to create a scleral tunnel; only the nasal port blade is introduced per-
pendicular to the sclera with the flat edge in horizontal position to ensure a linear
incision when widening the sclerotomy. The infusion port is located at the level of
the external canthus and the infusion pressure set at 45 mmHg. The endoilluminator
(chandelier) is located inferior nasally and 2 working ports (superior nasal and supe-
rior temporal) are made. A central and midperipheral vitrectomy is done using max-
imum cutting speed and aspiration (7500-10,000 cpm/650 mmHg). The lens should
be spared so anterior vitreous cortex vitrectomy is avoided. A posterior vitreous
detachment is induced using maximum aspiration beginning in the border of the
optic nerve; if difficult, preservative-free triamcinolone acetonide is used to facili-
tate posterior vitreous identification. Triamcinolone is aspirated in the vitrectomy
tip and released using the proportional reflux mode function in the foot pedal. A
localized retinal detachment is produced in the laser-induced retinal degeneration
area (visual streak) using an extendable PolyTip® 25/38 G cannula connected
through a MicroDose™ injection kit (MedOne Surgical) to the viscous fluid injector
system (VFI) set at 18 mmHg allowing precise food pedal control of the injected
BSS. A 2.5 mm retinotomy is made with curved scissors. The temporal location of
the infusion port prevents collapse of the retinal detachment due to turbulence when
the nasal port is widened using a 2.4 mm slit knife (Mani®). We use a custom-made
tissue clamp to close the enlarged sclerotomy while preparing for implantation.

6.3.3.3 Implantation

Custom made injector design consists of hydraulically operated plastic ergonomic
handle with an S-shape metal cannula and flattened plastic tip attached through the
MicroDose™ injection kit to the VFI system where viscous fluid is replaced by a
hyaluronic acid aqueous solution allowing for foot pedal control atraumatic delivery
of implants into the subretinal space, see Fig. 6.2. This instrument accommodates a
2 x 4 mm oval shaped native tissue-like implant (iPSC-RPE monolayer on PLGA
scaffold) that is cut from the transwell plate with a custom-made trephine.
Transplanted cells are loaded in the injector manually using a syringe with hyaluronic
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Fig. 6.2 Subretinal a
implantation of a
PLGA-scaffold supported
iPS-RPE monolayer in pig.
(a) Foot-pedal control
subretinal release of
iPSC-RPE PLGA patch
from injector in micropulse
induced retinal
degeneration area (visual
streak). (b) iOCT
visualization of subretinal
iPSC-RPE PLGA patch.
Subretinal fluid is aspirated
with extrusion cannula to
flatten the retina while
retinotomy is closed by
apposition

acid aqueous solution connected to the MicroDose™ injection kit through a two-
way valve [49].

6.3.3.4 Ending Surgery

After implantation, the injector is released and the nasal sclerotomy temporally
closed with the custom-made tissue clamp while fluid air exchange is used to reat-
tached the bleb retinal detachment. The retinotomy is closed by apposition without
retinopexy while iOCT confirms retinal flattening and implant location, see Fig. 6.2.
The nasal sclerotomy is closed under air (nylon 8-0), air/gas exchange is made and
ports withdraw. Always withdraw the infusion port at the end. Nasal conjunctiva is
suture with Vicryl 7-0 and canthotomy with Vicryl 5-0. Administer subconjunctival
0.1 ml Depo-Medrol (20 mg/ml), 0.4 ml Gentamicin (100 mg/ml) followed with a
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triple antibiotic ointment. Use an eye patch until the animal recovery. Ketoprofen
3 mg/Kg is used for 3 days and triple antibiotic ointment is applied BID for 5 days.

6.3.4 Monkey Surgery
6.3.4.1 Instrument and Machine Preparations

Are identical to the general recommendations given for rabbits in Sect. 6.3.2.

6.3.4.2 Vitrectomy

First, perform a lateral canthotomy and insert a speculum. If globe exposure is
insufficient, lids have to be retracted with traction sutures. Alternatively, a 360°
conjunctival peritomy could be performed and a 3/0 silk sling suture is passed
underneath rectus muscles to allow further exposure by suitable rotation of the
globe. Preselecting (older) animals with good globe exposure can further facilitate
surgical parameters.

Perform a conjunctival peritomy and incise the conjunctiva with a Vannas scissor
close to the limbus, but far enough from the blood vessels. Dissect the conjunctiva
by creating a “T-cut” by enlarging the peritomy with the scissor parallel to the lim-
bus and then incise the conjunctiva vertically in form of a “T” for about 67 mm.
The conjunctiva and Tenon are carefully separated from sclera by blunt dissection
by the opening Vannas’ scissor branches.

To perform a sclerotomy, use a 25 G microvitreoretinal (MVR) blade or 25 G
trocar at 8 o’clock on right eye (OD) by carefully inserting the blade at 3 mm behind
the limbus in direction toward the center of the globe. Then, slowly retract the blade
in the same direction and avoid enlarging the sclerotomy. Insert a custom side port-
infusion cannula and suture it using a 7-0 Vicryl suture and set the intraocular pres-
sure (IOP) at 20 mmHg [45]. For a four-port vitrectomy, sclerotomies should be
performed with a 25 G trocar at 2, 4, 8, and 10 o’clock on OD and preplace u-shaped
7-0 sutures around the sclerotomy with a releasable knot. Illumination is preferable
with handheld endoillumination, rather than a trocar-based chandelier light source
for improved maneuverability and light levels. The cornea should be lubricated and
meticulously protected throughout the procedure with a mixture of ophthalmic
grade viscoelastic (e.g., Viscoat®) and BSS; in case of corneal epithelial edema an
abrasion with a surgical blade should not be deferred to improve fundus visualiza-
tion (and surgical procedure time). Noncontact wide-angled fundus lenses attached
to a surgical microscope (optionally equipped with an intraoperative OCT) are pref-
erable for the rather small and often deep-set eyes.

Begin with core vitrectomy and vitreous removal around the main instrument
ports. To visualize the vitreous fibers and facilitate surgical induction of posterior
vitreous detachment inject ca. 20-50 pl (40 mg/ml) triamcinolone or diluted
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Fig. 6.3 Submacular hES-RPE Implantation sequence in nonhuman primate. (a) Shows
triamcinolone-aided detachment of posterior cortical vitreous from retinal surface, (b) shows sub-
retinal BSS injection to induce detachment of the macula, (c¢) shows retinotomy temporal and
distal to the immediate macular arteriole, (d) submacular implantation of hES-RPE monolayer on
a porous polyester scaffold

fluorescein (ca. 0.1 mg/ml) intravitreally. The posterior vitreous detachment (PVD)
is performed by separating the vitreous gel from the retina by holding the vitrector
over the optic disc at maximum vacuum without cutting, see Fig. 6.3a. Avoid elevat-
ing IOP to values beyond 30 mmHg as this may result in inner retinal damage. If
engagement of the posterior hyaloid face cannot be achieved with the vitrectomy
cutter alone, then use an end-gripping forceps to create a tiny break in the cortical
vitreous near the optic disc and repeat. Upon creating the PVD, remove the vitreous
skirt up to the vitreous base.

6.3.4.3 Preparing Implantation Instrumentation

Following same recommendation as in the rabbit section for scaffold supported
RPE monolayer grafts. An alternative delivery technique for monolayer supported
by its basement membrane was in part detailed (and tested in rabbits) by Kamao
et al. [24, 50]. For RPE suspension grafts the recommendations are similar to what
was given in the rabbit sect. 6.3.2.3, further details can be obtained by the interested
reader in [22, 24, 51].
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6.3.4.4 Implantation

Approach and blanch the neural retina with an extendible 38 G subretinal injection
needle connected to a gastight syringe (e.g., 100 ul Hamilton) with BSS, ensuring
that all air bubbles have been evacuated from tubing. Then, create a gentle con-
trolled bleb retinal detachment (bRD) by an assistant of about 2-3 disc diameter
(DD) involving the macula with subretinal injection of BSS, see Fig. 6.3b.

Wilson et al. investigated the use instrumentation and route for subretinal injec-
tion of RPE cell suspensions in rhesus macaques. Following a trans-pars plana
induction of a bRD, a 30 G cannula reproducibly delivered a suspension graft in the
subretinal space via a trans-scleral approach [51].

For scaffold supported RPE monolayer grafts, a vertical 1.5 mm long temporal
retinotomy is created distal to a temporal arteriole of the macula with a vertical 25 G
VR-scissors at elevated IOP (ca. 30 mm Hg), so that the subretinal space is acces-
sible for implantation or further maneuvering, see Fig. 6.3c. Diathermia should to
be avoided if possible.

Before implantation, the trocar at the main right hand sclerotomy is removed, 7/0
vicryl sutures need to be preplaced, and the sclerotomy must be enlarged (precisely)
with a 1.4 mm incision knife (M VR blade) to fit subsequent 20 G instrumentation.

The submacular RPE removal underneath the bRD can be achieved by scraping
at high IOP with a custom made 20 G extendible Prolene-loop instrument [44].
Attempt passing through the sclerotomy with a 20 G shooter dummy and enlarge as
needed to ensure smooth, yet snug transition of the loaded shooter. Meanwhile, the
custom subretinal implant shooter need to be loaded by a sterile assistant as speci-
fied above. The graft loaded into the shooter instrument is then handed to the sur-
geon, who will pass it swiftly through the sclerotomy ideally at 20 mmHg to then
eject the implant from epiretinal into the subretinal space. Upon removal of the
shooter instrument, immediately close the main sclerotomy by preplaced 7-0 vicryl
sutures to avoid ocular hypotension. Alternative approaches have been described for
RPE monolayer grafts by Kamao et al. [24, 50].

The implant is preferably adjusted with the 38 G Teflon cannula (as it carries the
least risk for Bruch’s membrane injury) to make sure it is positioned well under the
macula, away from the retinotomy. The RPE monolayer transplants should be
placed cell-carrier-side down on bare Bruch’s membrane with the xenografted RPE
facing photoreceptors.

Fluid air exchange is performed via active extrusion through the left hand trocar
(or newly inserted right hand trocar) using a brushed silicone soft tip cannula.
Gentle subretinal fluid aspiration from the bleb retinal detachment and retinotomy
edge apposition is attempted at very low vacuum settings. Laser retinopexy to sta-
bilize the retinotomy edges should be avoided. All steps of the submacular implan-
tation may be monitored or guided if possible with intraoperative optical coherence
tomography (iOCT). The left hand trocar port can be then used to for 1-2 mg pre-
servative free triamcinolone (e.g., Triesence®) instillation.
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6.3.4.5 Wound Closure

After removing 25 G chandelier and 25 G infusion cannula, remove all trocars and
suture the sclerotomies. The IOP should be checked by palpation and adjusted if
needed. Suture the conjunctiva with 7-0 vicryl and the temporal canthotomy with
5-0 silk. Polymyxin/neomycin/bacitracin antibiotic ointment is administered into
the conjunctival sac.

6.4 Photoreceptor Transplantation

6.4.1 Considerations for Photoreceptor Graft Preparation

Retinal sheet transplantation offers the possibility of targeting both photoreceptors
and RPE degeneration, and it can also consistently achieve a large continuous layer
of photoreceptors with outer segments in contact with host or donor RPE, in recipi-
ents with a severely degenerated photoreceptor layer [52]. Due to the availability of
stratified retinal tissue generated from pluripotent stem cell-derived retinal organ-
oids, first studies provide evidence for proper orientation and polarization of
in vitro-generated donor transplants including RPE contacts and synapse formation
to endogenous second order neurons resulting in some functional improvements in
the blind rd1 mouse model [53]. However, sheet transplantation approaches also
show several limitations, when compared with the injection of suspended cells. The
procedure is difficult and requires extensive training, as well as the acquisition of
custom devices to deliver the sheet. The isolation of pure photoreceptor sheets from
fetal or retinal organoid sources remains challenging, as in most cases inner retinal
cell populations, that is, bipolar, horizontal, or amacrine cells besides Miiller glia,
are still attached to the photoreceptors, thus interfering with proper graft—host con-
nectivity. Furthermore, transplantation of sheets frequently leads to rosette forma-
tion within the photoreceptor layer thus disrupting photoreceptor—RPE interactions,
resulting in limited outer segment phagocytosis and consequently reduced chromo-
phore recycling [53].

In contrast, the transplantation of dissociated cells, despite also requiring exten-
sive training to master the subretinal injection procedure, has the advantage that
only a small, self-healing incision is necessary for cell delivery, thus reducing tissue
trauma. A minimal invasive procedure will be of particular importance in patients
with advanced retinal degeneration, as such disease stages are associated with sig-
nificant tissue thinning, which increases potential complications, such as retinal
ruptures or complete retinal detachment. While preclinical studies provided evi-
dence for proper maturation of donor photoreceptors, including synapse and outer
segment formation following suspension injections, donor suspension transplants
mainly generate disorganized cell clusters in the subretinal space, lacking a strict
apical-basal orientation [54, 55].
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6.4.2 Photoreceptor Transplant Delivery Strategies

The delivering technique of donor photoreceptors is another factor that significantly
impacts the efficiency of transplantation. Subretinal transplantation in rodents can
be performed by two alternative routes: transscleral and transvitreal injection, see
Figs. 6.4 and 6.5.

While the trans-scleral approach allows relatively easy accessibility to the sub-
retinal space (Fig. 6.4), visibility during the injection is reduced. If the instrument
nozzle is placed at the wrong angle, it can damage Bruch’s membrane, disrupting
the RPE and the blood-retinal barrier (BRB), which in turn may cause bleeding
and/or infiltration of the transplant with lymphocytes and macrophages, thus lead-
ing to transplant loss or rejection.

Transvitreal injections offer a clear visualization of the injection site and of the
blood vessel network, thus reducing the risk of hemorrhage (Fig. 6.5). However, it
induces some local retinal gliosis when the needle pierces through the retina.

Two methods for cell delivery in the subretinal space have been proposed: the
transplantation of whole retinal sheets and the injection of suspended disaggregated
cells. Retinal sheet transplantation methods were first developed in the 1990s for the
delivery of gelatin embedded donor tissue, which is rolled up to fit into a round
nozzle, and then unfolded after insertion into the subretinal space [56]. This method
requires the formation of a subretinal bleb, as well as significant amounts of fluid to
deliver the sheet, which causes trauma to both host and donor tissue. Retinal reat-
tachment after delivery is also necessary. An improvement over this method was
proposed later, in which a custom implantation device allowed a gentle placement
of the retinal sheet, in the correct orientation and with minimal amount of fluid [57].
This variation does not require retinal reattachment and has been shown to produce
cell integration within a degenerating retina [58].

6.4.3 Future Outlook for Photoreceptor Replacement

While photoreceptor transplantation is currently still at the preclinical stage, it is
expected that, with the acquired knowledge in subretinal delivery of stem cell-
derived RPE in first patients [59—-62], clinical transplantation of photoreceptors will
be performed within the coming years. Improved phenotyping of the degenerating
retina with defining specific disease stages will be of utmost importance to identify
the proper surgical method for donor cell delivery. Besides the degree of photore-
ceptor loss, additional environmental factors within the retina, like glial reactivity
and scar formation, RPE constitution, hemorrhage, and inflammation might have
significant influence on transplantation success.
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Primary rodent O ESC/iPSCs-derived
retina O 3D retinal
organoids
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Fig. 6.4 Transscleral delivery of retinal transplants



166 B. Stanzel et al.

Primary rodent ESC/iPSCs-derived
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Fig. 6.5 Transvitreal delivery of retinal transplants
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Chapter 7
3D Engineering of Ocular Tissues
for Disease Modeling and Drug Testing

M. E. Boutin, C. Hampton, R. Quinn, M. Ferrer, and M. J. Song

Abstract The success rate from investigational new drug filing to drug approval
has remained low for decades despite major scientific and technological advances,
and a steady increase of funding and investment. The failure to demonstrate drug
efficacy has been the major reason that drug development does not progress beyond
phase II and III clinical trials. The combination of two-dimensional (2D) cellular
in vitro and animal models has been the gold standard for basic science research and
preclinical drug development studies. However, most findings from these systems
fail to translate into human trials because these models only partly recapitulate
human physiology and pathology. The lack of a dynamic three-dimensional micro-
environment in 2D cellular models reduces the physiological relevance, and for
these reasons, 3D and microfluidic model systems are now being developed as more
native-like biological assay platforms. 3D cellular in vitro systems, microfluidics,
self-organized organoids, and 3D biofabrication are the most promising technolo-
gies to mimic human physiology because they provide mechanical cues and a 3D
microenvironment to the multicellular components. With the advent of human-
induced pluripotent stem cell (iPSC) technology, the 3D dynamic in vitro systems
further enable extensive access to human-like tissue models. As increasingly com-
plex 3D cellular systems are produced, the use of current visualization technologies
is limited due to the thickness and opaqueness of 3D tissues. Tissue-clearing tech-
niques improve light penetration deep into tissues by matching refractive indices
among the 3D components. 3D segmentation enables quantitative measurements
based on 3D tissue images. Using these state-of-the-art technologies, high-
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throughput screening (HTS) of thousands of drug compounds in 3D tissue models
is slowly becoming a reality. In order to screen thousands of compounds, machine
learning will need to be applied to help maximize outcomes from the use of chemin-
formatics and phenotypic approaches to drug screening. In this chapter, we discuss
the current 3D ocular models recapitulating physiology and pathology of the back
of the eye and further discuss visualization and quantification techniques that can be
implemented for drug screening in ocular diseases.

Keywords 3D in vitro model - Biofabrication - High-throughput screening -
Human-induced pluripotent stem cell - Microfluidics - Optic cup - Organoid -
Outer blood-retina barrier - Tissue clearing

7.1 Introduction

For years, the pharmaceutical and biotechnology industries have been incorporating
major advances in scientific knowledge, “omics”, engineering, and computational
technologies to discover new disease targets, and develop the next generation of
therapeutics. Despite the many scientific and technological advances of the last
decades, the success rate from investigational new drug (IND) filing to drug approval
has remained very low [1]. Over the past 60 years, the number of approved drug
compounds per billion US dollar spent on research has continuously decreased, and
the approval of a single drug now costs more than a billion dollars. Success rates
have been reported for each phase of clinical trials: phase I (overall, 64%; ophthal-
mology, 84.8%), phase II (overall, 32%; ophthalmology, 44.6%), phase III (overall,
85.3%; ophthalmology, 77.5%), and Likelihood of Approval (overall, 10%; oph-
thalmology, 17%) [2, 3]. Most drug failures during phase II (48%) and III (55%)
were due to a failure to demonstrate drug efficacy [4]. This high failure rate in drug
development is in large part due to the use of overly simplistic in vitro cell assays
and in vivo mouse models with limited predictive value during drug discovery.
Two-dimensional (2D) in vitro systems have provided assay models for studying
healthy and diseased cellular and molecular mechanisms, and for the discovery of
targets and biomarkers. These cellular systems have provided data on cytotoxicity
of drugs [5], material for proteome/genome/transcriptome analysis [6], and a plat-
form for gene editing [7]. However, results from these cellular systems must be used
with caution because a 2D monoculture environment does not recapitulate the three-
dimensional (3D) environment of in vivo tissue. Animal model systems, mostly
murine and rabbit systems for ocular pathologies [8] and development [9], have
been critical for the understanding of disease biology and drug testing in a more
relevant in vivo setting. With the advent of biologics in the pharmaceutical field,
these animals have helped establish the efficacy of several anti-vascular endothelial
growth factor (VEGF) antibodies for the treatment of wet-form age-related macular
degeneration (AMD) as well as other neovascularizing pathologies [10]. The com-
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bination of 2D in vitro and in vivo models has been the gold standard for drug devel-
opment in the preclinical stages. However, due to the many physiological differences
between model animals and humans, the results of animal studies often fail to
translate to human trials. Humanized animal models have been developed to mini-
mize the discrepancies between species by transfecting human genes or introducing
human hematopoietic stem cells (HSCs) into immunodeficient mice, which has pro-
duced promising models of human infectious disease [11]. In parallel, the develop-
ment of co-culture systems containing multiple cell types, in many cases generated
using primary or induced pluripotent stem cell (iPSC)-derived cells, has initiated a
paradigm shift for in vitro systems, in which researchers have also moved from 2D
to 3D assays. Additionally, the field of microfluidics has led to the generation of new
in vitro systems by providing mechanochemical cues to 3D cellular components.
Hence, two major fields, microfluidics and tissue engineering, are becoming main-
stays in the development of 3D in vitro systems by providing dynamic and 3D
microenvironments.

Microfluidic “chips” contain micro/mesoscale (100-500 pm width) fluidic chan-
nels which provide mechanical cues and a dynamic milieu to cells. One of the first
applications of in vitro microfluidics systems was to mimic the vascular system.
Vascular endothelial cells (ECs) are exposed to hemodynamic forces in the human
physiological system (venous system, 1-6 dyn/cm?; arterial system, 10-70 dyn/
cm?) [12]. It has been shown that flow shear stress is critical to the structure and
function of ECs, according to the study of an EC monolayer within a fluidic chan-
nel/chamber. This study showed shear flow-induced cytoskeletal rearrangements
and significant mechanotransduction by activating transmembrane proteins (e.g.,
VEGF receptor, ion channel, integrin, PECAM-1) [13]. The addition of a fluidic
channel alongside this “vascular” channel, with a porous membrane separating
these two channels, enabled a dynamic co-culture system, so-called “organ-on-a-
chip”, to study interfaces between two mechanobiological regimes [14, 15]. The
addition of hydrogel material in the microfluidic system further advanced the struc-
ture of the “vascular” channel by providing a 3D microenvironment where multiple
cell types can be introduced. Fibroblasts and pericytes, major stromal cells, have
been previously reported to play a crucial role in EC’s viability. Fibroblasts secrete
not only extracellular matrix (ECM) proteins but also VEGF, which is essential for
vessel viability and development [16]. Pericytes, perivascular cells, secrete angio-
poietin-1 (ANG-1), which is a ligand of the EC TIE-2 receptor. ANG-1 is a well-
known factor involved in the regulation of angiogenesis in human development and
pathology [17, 18]. Inclusion of these cells within the hydrogel space promotes EC
tube formation and provides the 3D architecture of “vascularized” tissue. The self-
assembled tubes of ECs within a fibrin-based hydrogel-filled chamber (~1 mm?) are
connected to the adjacent microfluidic channels where an EC monolayer was per-
formed on the wall. The 3D “vascular” network in the chamber has been success-
fully perfused through anastomoses between ECs from the chamber and ECs from
the adjacent channel. Perfusion and connectivity were confirmed by introducing
dextran into the adjacent channels [19-23].



174 M. E. Boutin et al.

Tissue engineering technologies that bridge the gap between 2D in vitro and
in vivo systems have grown rapidly in recent years. Bioprinting is a tissue engineer-
ing tool that provides a 3D microenvironment for cell/tissue growth by generally
dispensing a mixture of hydrogel with cells, called “bioink”. Rapid, scalable, and
reliable fabrication of architecturally and physiologically defined functional human
tissues still remains a challenge which bioprinting promises to address by integrat-
ing five recently emerging technologies: (1) 3D bioprinters are now available with
precise XYZ control to reproducibly fabricate tissues with defined 3D geometries,
(2) biomaterial and biocompatible hydrogels are being developed to support the 3D
structure of tissue-embedded cells, (3) bioreactors are now being designed to deliver
mechanical and chemical cues to the cells seeded in the printed tissue, (4) it is also
now possible to obtain autologous cells from patients, including human iPSCs, and
finally, (5) the ability to quantitatively characterize the morphology and functional-
ity of printed tissues is also now possible using noninvasive technologies such as
high-resolution fluorescence confocal/multiphoton microscopy and image analysis
techniques.

In ophthalmology, while there are multiple 3D systems currently available,
few studies have demonstrated applications of the systems which mimic human
ocular physiology. In this chapter, we discuss current options to 3D model ocular
tissues using the aforementioned technologies and to authenticate engineered ocular
tissues. We further discuss the current challenges in modeling diseases and drug
screening of ocular diseases.

7.2 3D Modeling of the Back of the Eye: Outer Blood—Retina
Barrier

7.2.1 Background

The back of the eye is a light-sensing layered tissue composed of neurosensory
retina, retinal pigment epithelium (RPE), and choroid. Given its unique structure
and location between the choroid and retina, the RPE acts as a major homeostatic
unit, regulating both choroid and retina tissues. For example, the RPE phagocytoses
shed photoreceptor rod outer segments to protect retina, forms tight junctions to
prevent large molecules from infiltrating into retina from the blood, and secretes
growth factors in a polarized manner to maintain choriocapillaris. Pigment epithe-
lial derived factor (PEDF), an antiangiogenic factor, is predominantly secreted in
the apical region, whereas VEGF, a proangiogenic factor, is predominantly
secreted in the basolateral region [24-26]. Imbalance of the secretion pattern is
thought to initiate choroidal neovascularization (CNV), which is the pathological
condition of excessive growth of choriocapillaris toward RPE. RPE cell death debil-
itates its phagocytic capability, which maintains the viability of photoreceptors.
RPE cell death also breaks the mechanical integrity of the RPE barrier by disrupting
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intercellular junctional proteins such as ZO-1, occludin, cadherins, and p-catenin
[27]. The disruption of intercellular junctions disturbs apicobasal polarity, which
regulates the microenvironment of both apical and basal sides by controlling the
secretion of distinct molecules at each side. It has been previously reported that,
once tight junction and cell polarity are disrupted, the protein secretion pattern of
the RPE and the microenvironment of choriocapillaris and photoreceptors are sig-
nificantly changed [26].

7.2.2 3D Modeling of the Back of the Eye: Engineered
Systems

Hamilton et al. showed RPE-EC interactions in an outer BRB model by forming a
monolayer of ARPE-19 on one side of an amniotic membrane and forming an
HUVEC monolayer on the other side of the membrane in a transwell format [28].
The model demonstrated barrier function, as measured by transepithelial electrical
resistance (TEER), and EC fenestration, which is a key feature of choriocapillaris,
by transmission electrical microscopy (TEM). Increasing the complexity of the cho-
roid tissue, Chung et al. developed a model containing 3D vascularized “choroid”
tissue within a microfluidic channel adjacent to two additional channels [23].
Acellular fibrin-based hydrogel was introduced in the middle channel providing
spaces for angiogenesis from the “vascular” channel and facilitating quantification
of angiogenesis toward RPE cells (ARPE-19) of the third channel. By increasing
VEGF concentration (10-100 ng/ml) in the RPE channel, directional angiogenesis
toward the RPE channel was demonstrated. Although the method of creating the
VEGF gradient was not physiologically relevant, this was the first model mimicking
CNV of wet AMD. The model was further tested with therapeutic intervention
using an anti- VEGF drug, Bevacizumab (0.3 mg/ml), which is the gold standard for
treatment of CNV [23]. Permeability was assessed by GFP and RFP dextrans to EC
and RPE channels, respectively.

We recently developed an outer BRB model using bioprinting technology with
iPSC-derived ECs and RPEs (Fig. 7.1). The iPSC technology provides extensive
access to human cells as it enables the reprogramming of human somatic cells into
pluripotent stem cells. Bioprinting of the fibrin-based gel containing fibroblasts,
pericytes, and iPSC-derived ECs, called “bioink”, formed choroid-like 3D vascular-
ized tissue on an electrospun biodegradable polymer scaffold. The scaffold pro-
vided mechanical support to the bioprinted tissue until stromal cells secreted
sufficient amounts of ECM proteins. Human iPSC-derived RPE cells formed a
monolayer on the other side of the scaffold. This model demonstrated fenestrated
capillaries, and barrier function was assessed by measuring TEER [29, 30, 31].
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Fig. 7.1 3D Bioprinting of outer BRB using iPSC derived cells: modeling age related macular
degeneration for drug discovery

7.2.3 3D System Validation

During the visual cycle, 11-cis-retinal is photoisomerized to all-trans-retinol in pho-
toreceptors. In RPE cells, all-trans-retinol is reversed to 11-cis-retinal by retinoid
isomerohydrolase (RPE 65), and the converted 11-cis-retinal is transferred to the
photoreceptor for phototransduction. RPE 65 is widely used for identifying RPE,
and this can validate RPE location within the engineered BRB tissue. Polarized
morphology of RPE can be confirmed by immunostaining for Ezrin, which is a
linker protein between the plasma membrane and cytoskeleton. Ezrin expression is
localized on the apical region of RPE when it is fully polarized. RPE tight junctions
are the major contributor to RPE barrier function, and tight junctions of the RPE can
be visualized by ZO-1, Occludin, and Claudin19. TEM visualizes apical processes,
polarization, pigmentation, basal infolding, and tight junctions. Barrier function of
the RPE monolayer can be assessed by measuring TEER or permeability of dextran
[23, 32, 33].

Bruch’s membrane is the basement membrane located between RPE and cho-
roid. Bruch’s membrane is composed of multiple layers of ECM: RPE basal lamina,
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inner collagenous layer, elastic layer, outer collagenous layer, and choriocapillaris
basal lamina [34]. Since it consists of multiple types of ECM, the presence of the
essential ECM components for in vitro models need to be confirmed.

Choriocapillaris is a key component in the choroid for gas exchange and nutrient
delivery. The fenestrated features of choriocapillaris leads to extensive gas exchange
between RPE and blood. The fenestration can be tested by expression of the fenes-
tration marker, fenestrated endothelial cell linked protein (FELS). However, the
expression of FELS does not provide sufficient evidence of fenestrated morphology.
Visualization of ultrastructure by electron microscope is suggested for the final con-
firmation [35]. EC biomarkers such as PECAM-1, VE-cadherin, and Isolectin-B4
can be used to visualize 3D tube formation. 3D reconstruction of confocal images
or histological cross sections can confirm the hollow structure of the EC tubes.

7.3 3D Modeling of the Back of the Eye: Pluripotent Stem
Cell-Derived 3D Retina Organoids

7.3.1 Background

Both classical experiments and recent progress in embryology have offered insight
into the genetic underpinnings of the stepwise development of the eye and neuro-
sensory retina. Greater understanding within this body of knowledge in conjunction
with advances in stem cell technology (specifically the generation of iPSCs [36])
has provided opportunities to engineer signaling cascades for the differentiation of
pluripotent cells. In this way, it becomes possible to model various developmental
stages of the neurosensory retina.

Developmentally, the eyes are bilateral extensions of diencephalon that begin as
optic cups on day 23 of gestation. Between day 25-35, these optic cups evaginate
and extend toward overlying surface ectoderm through mesenchyme [37]. Inductive
signaling occurs here between the optic vesicle and the surface ectoderm, which
eventually becomes the lens placode. More superficial surface ectoderm is fated to
become cornea. This evaginating optic vesicle has dorsal-ventral pattern specifica-
tion, with RPE developing dorsally, optic stalk developing ventrally, and neurosen-
sory retina between the two. Subsequent invagination of the optic vesicle and lens
placode leads to formation of the bilayered optic cup, which begins to resemble the
ultimate shape of the eye. At this time point, the regions of presumptive neural ret-
ina and RPE that were bipotential start to become fated. RPE and neural retina pat-
terning occurs over week 5, with neurogenesis thereafter. Progenitors rapidly
proliferate with subsequent differentiation, migration, and organization from weeks
7 to 24. Ganglion cells, cones, and horizontal cells are first to appear first while rods,
bipolar cells, and muller glia come later. Development of one cell type leads to pro-
duction of the subsequent types in sequence secondary to local signaling mecha-
nisms. Maturation and outer segment formation appears from weeks 18 to 28.
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This process is mediated by a self-regulatory transcriptional network. Eye-field
transcription factors include PAX6, RX, LHX?2, SIX3, and SIX6 [38], with expres-
sion of OTX2 preceding neural induction. Activin-like factor induces
microphthalmia-associated transcription factor (MITF) and RPE specification,
while activation of the ERK pathway via fibroblast growth factor (FGF) from the
lense ectoderm induces VSX2 (CHX10) and SOX2, promoting retinal development.
Simultaneously, transcriptional repression limits the potentiality as development
proceeds.

7.3.2  Pluripotent Stem Cell-Derived Optic Cup

With the use of factors to manipulate the signaling cascades associated with these
networks, it becomes possible to manipulate the fates of stem cells in culture. There
has been significant progress in both 2D and 3D culture methods for obtaining cells
fated to a retinal lineage. For example, high efficiencies (80%) of retinal progenitor
cells (primarily ganglion and amacrine cells) can be generated from human embry-
onic stem cells (ESCs) by first antagonizing the bone morphogenic protein (BMP)
and Wnt pathways while treating with IGF-1, then treating with FGF [39]. This
method resulted in expression of CRX, the earliest known photoreceptor marker, in
10 days of culture. The genetic profile of cells cultured under these conditions
showed an accelerated rate of maturation, with 25 days of culture resembling that of
the human fetal day 91 retina.

Inhibition of Wnt and Nodal before treatment with retinoic acid and taurine in a
stepwise fashion allows increasing maturity, specifically identification of rods and
cones [40]. With this culture method, by day 35, around 15% of colonies express
RX and PAX6. CRX expression was observable within progenitor colonies by day
90; however, extension of the culture duration to 120 and 170 days led to increasing
expression of CRX and mature markers like rhodopsin, recoverin, red/green opsin,
and blue opsin. Manipulation of the culture conditions, and exposing cells to antag-
onists and cytokines that direct pluripotent cells to a ventral, eye field, and photore-
ceptor specific fates, results in higher differentiation efficiencies [41]. Further
modification, with the use of RGD hydrogels can increase optic vesicle formation
within embryoid bodies [42].

Even greater maturation of retinas-in-a-dish was demonstrated with the self-
organizing optic cups from both mouse and human ESCs [43, 44]. With a serum-
free culture of embryoid body-like aggregates with quick aggregation and a
basement membrane component, which is either matrigel or laminin and entactin
[later replaced with a transient BMP4 treatment, [45]], aggregates of stem cells can
become stratified retinal tissue in a dish. Slight modifications to the protocol devel-
oped for mouse ESC (high knockout serum replacement enhancing retinal epithe-
lium formation, Wnt inhibition to prevent caudalization, and addition of fetal bovine
serum and sonic hedgehog to augment retinal differentiation) allow for human
ESCs to form homogenous stem cell aggregates that first form hollow spheres.
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These latter develop hemispherical vesicles evaginating from the main body that
develop into a two-walled optic cup-like structures. Treatment with Wnt agonists to
induce RPE differentiation during day 15-18 enhances MITF expression without
suppressing CHX10/VSX2 and allows for RPE/neural retina interaction. The distal
portion of the vesicle then invaginates from day 19 to 24 expressing VSX2 (CHX10),
SIX3, RX, and PAX6, while proximal cells express PAX6, MITV, and OTX2.
Treatment with Activin leads to significant increase in RX expression.

Furthermore, these tissues exhibited interkinetic nuclear migration with progeni-
tors maturing into photoreceptors, ganglion cells, bipolar cells, horizontal cells,
amacrine cells, and muller glia. Similar to embryogenesis, ganglion cells appeared
first around day 24 at the basal zone of the neural retina. CRX-positive photorecep-
tor progenitors were present in these earlier time points, but relatively sparse.
However, by day 60, the engineered retina contained recoverin-expressing photore-
ceptors that become substantially denser after day 91. Additionally, the rod-specific
marker neural retina leucine zipper (NRL) and the early cone marker retinoid X
receptor (RXR) gamma appeared after day 126. Further modification of the protocol
with removal of antibiotics and feeder cells was later demonstrated to increase mat-
uration, as observed through the formation of outer segment-like structures [46].
Trisecting of aggregates was shown to enhance yield [47], which would be benefi-
cial for potential transplantation procedures as photoreceptor integration has been
demonstrated in mouse models [48].

However, even in the absence of exogenous factors, human anterior neuroecto-
dermal ESCs mature into a population expressing eye-field transcription factors.
These can subsequently grow into neural rosettes on a laminin-coated culture dish
before being lifted and grown as neurospheres, which acquire a retinal fate and
developmentally mimic normal retinogenesis [49, 50]. In this stepwise differentia-
tion, pluripotency is rapidly lost. By day 2 of differentiation cells expressed both
PAXG6 and RX, and by day 10 LHX2, OTX2, and SOX1. Maintenance of the cul-
tures showed increasing MITF expression from day 16 to 37 and coexpression of
VSX2 (CHX10) by day 40. Similar to embryonic retinogenesis, these bipotential
populations of cells became subsequently fated by day 50, expressing exclusively
either MITF or VSX2 (CHX10). CRX, recoverin, and cone-specific opsin were
identified within neurospheres by day 80. Electrophysiological testing of recoverin-
positive cells showed a current—voltage relationship consistent with mammalian
photoreceptors. This culture method supports the endogenous signaling mecha-
nisms that allow for the recapitulation of retinogenesis and maturation of the retina.

Exploitation of these intrinsic cues occurring between stem cells can allow for the
generation of mature retinal structures such as the outer segment and behaviors such
as responsiveness to light [51]. Culture of pluripotent stem cells in a neural induction
medium first leads to development of anterior neuroepithelial cells expressing PAX6
and SOX2 with subsequent LHX?2 from retinal progenitors by day 8. Concomitant
expression of VSX2 (CHX10) and MITF illustrates the bipotential nature of the pro-
genitors; however, similar to development, these cells become restricted. These
regions expressing PAX6, LHX2, RX, and VSX2 (CHX10) segregate to neural retina
and those expressing MITF and PAX6 to RPE. The tissue then begins to resemble the
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developmental optic cup from day 17 to 25 with subsequent center-to-periphery neu-
rogenesis occurring over days 35-49 with maturation of photoreceptors, amacrine
cells, and horizontal cells expressing OTX2, AP2a, and PROX1. Maintenance of the
culture until day 147 allows for cells to segregate into a well-organized outer nuclear
layer, expressing more mature markers like rod opsin, L/M-opsin, and S-opsin. Outer
segments begin to appear around day 175, with cells expressing proteins involved in
phototransduction including the o-subunit of rod transducin (GTla), the a- and
[-subunits of the rod cGMP-phosphodiesterase (PDE6af), the rod cyclic-nucleotide-
gated channel a-subunit and p-subunit, and retinal guanylate cyclase 1. One limita-
tion inherent in using intrinsic cues for retinal differentiation and maturation is the
variability in the differentiation capacity of various cell lines. However, the addition
of Wnt antagonists enhances the ability of progenitors to self-organize [52] and can
allow for more efficient generation of retinal tissue.

Alternative protocols use sheets of human ESCs suspended in matrigel and cul-
tured in suspensions. First, cells are differentiated toward a neural fate with N2B27
medium, then, in the absence of extrinsic patterning cues, mature to retinal progeni-
tor cells that express eye-field transcription factors by day 10 (SIX3, PAX6, RAX,
OTX2) and markers of photoreceptor progenitors by day 13 [53, 54]. Cells cultured
in this way first form epithelialized cysts, which spontaneously attach to the culture
surface. These can be isolated with dispase and grown in suspension during days
12—17 to enrich VSX2 expression. Long-term culture of these organoids results in
stratified neural retina with mature photoreceptor markers like rhodopsin and recov-
erin by day 152, and outer segments by day 187.

There have been a variety of published protocols regarding the differentiation of
mature retinal tissue. Key differences between methods include the application of
exogenous factors ultimately leading to differences in the ease of the protocol, and
the time at which cell types are acquired. All result in the ability to generate mature
human retinal tissue for disease modeling, opening the door for new studies in teas-
ing out pathological mechanisms of disease, developing platforms for drug discov-
ery, and ultimately tissue transplantation. In fact, exploratory transplantation
procedures in mouse and monkey models have shown some success, with possible
host-graft synaptic connections [55] and some recovery of light-responsive behav-
iors in diseased animals [56].

7.4 Visualization and Quantification of Markers in 3D Tissue
Models

7.4.1 Traditional Histology

Historically, assessment of tissue morphology has been performed by collecting
thin physical sections of a tissue and staining to improve visualization of the struc-
tures of interest. Tissues are sectioned by embedding in a wax paraffin block for
paraffin sectioning or optimum cutting temperature medium for cryosectioning. For
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visualization of the retinal layers, the most commonly used stain is the colorimetric
stain hematoxylin and eosin (H&E), which colors cell nuclei blue and the protein-
rich cytoplasm and extracellular matrix shades of pink. Additionally, specific pro-
teins can be labeled through fluorescent immunocytochemical protocols or
colorimetric immunohistochemical protocols.

A consideration when performing staining in retinal tissue is the presence of
melanin pigmentation within the RPE and choroid layers. This pigment is similarly
colored to the commonly used immunohistochemical chromogen DAB
(3,3’-Diaminobenzidine), making it difficult to distinguish DAB labeling within
pigmented tissues. For immunofluorescently stained samples, pigment may prevent
signal collection from pigmented areas by absorbing light. Notably, melanin pig-
mentation can also interfere with genomic analysis, such as RNA/DNA quantifica-
tion and the polymerase chain reaction [57, 58]. Due to these challenges, methods
have been developed to decrease pigmentation in tissues through melanin bleach-
ing, using chemicals such as potassium permanganate/oxalic acid or dilute hydro-
gen peroxide. While most of these protocols have been developed for melanin
present in skin or melanoma tissue [59, 60], they are also effective in retinal tissue
[61, 62]. Melanin bleaching protocols are performed following tissue sectioning,
prior to immunostaining protocols.

7.4.2 Tissue Clearing

While traditional histology is effective for visualizing layered tissue morphology
such as the retina, it is difficult to understand the 3D organization of a tissue from
thin sections. Fluorescent confocal and two-photon imaging provide alternative
solutions to acquire 3D images from intact tissues. However, these imaging tech-
niques encounter technical issues due to the opacity of dense tissues. Light scatters
as it travels through cellular compartments with different refractive indices and
through extracellular matrix. This scattering makes the collection of fluorescent sig-
nal during imaging challenging, especially in 3D tissues. While imaging ability
varies widely between different tissue types, this scattering phenomenon typically
leads to an inability to image deeper than several cell layers into tissues
(~50-100 pm). Additionally, in retina and skin, melanin pigmentation absorbs light
and further prevents tissue imaging.

Different techniques have been developed to decrease light scattering within 3D
samples and increase the amount of fluorescent signal recovered. Optical tissue
clearing is a technique that aims to homogenize refractive index mismatches within
tissues and decrease scattering caused by extracellular matrix components. During
the past 5—10 years, the number of published protocols has dramatically increased,
spurred by improvements in microscope objectives and analysis capabilities (for
comprehensive reviews, please see [63] and [64]).

Clearing techniques can be broadly grouped into reversible, chemical protocols
and irreversible, crosslinking protocols. Within tissues, a large difference in refractive
indices exists between proteins and lipid bilayers (RI ~ 1.50, [65]), and cellular com-
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partment mediums (RI ~ water 1.33). The reversible chemical clearing protocols aim
to decrease the refractive index differential within tissues by incubating in reagents
with high refractive indices. Some protocols use high refractive index solutions such
as organic solvents (BABB [66]; 3DISCO [67]), or concentrated sugar solutions
(SeeDB [68]). Other protocols incubate in high refractive index aqueous solutions and
additionally reduce the scattering of lipid and protein components with reagents such
as urea and triton X-100 (Scale [69]; ScaleS [70]; CUBIC [71]). The first published
crosslinking clearing technique, termed CLARITY, achieves its effect by crosslinking
tissue proteins to an acrylamide gel and using detergent to remove tissue lipids, either
passively over an extended time scale, or actively by pulling the detergents using elec-
trophoresis [72]. As lipids are one of the main light scattering components of tissues,
this method has been successful in enabling imaging deep into different tissue types,
and many new protocols have been developed based on this approach [73-76].

The choice of clearing reagent and protocol must be designed carefully, consid-
ering characteristics such as the tissue type of interest, the refractive index of the
tissue type, sample size, necessary imaging depth, macromolecules of interest,
reagent cost, time/throughput requirements, and fluorophore compatibility. For
example, for small (<500 pm thickness) tissue samples, the complex and involved
steps of the CLARITY acrylamide crosslinking protocols might not be necessary
for imaging. To visualize an endogenous fluorophore or fluorescent antibody, some
of the organic solvent protocols should be avoided, as they have been shown to
quench fluorophores. If the macromolecule of interest is a lipid, the delipidation
CLARITY protocols and perhaps the Scale and CUBIC protocols would be avoided,
whereas if the macromolecule of interest was a protein, compatibility would need to
be checked with the urea-containing Scale protocol. Most protocols take on the
order of days-weeks, depending on the protocol and the sample being cleared.
Higher-throughput protocols have been developed to clear samples in a shorter time
frame with fewer steps [77-80].

As described above, due to the light-absorbing properties of pigmentation found
in the RPE and choroid layers, retinal tissue adds an additional hurdle to fluorescent
imaging of 3D tissue samples. The aforementioned melanin bleaching strategies for
sectioned tissues can also be adapted to 3D retinal tissue and enhance deep tissue
imaging [61]. Bleaching protocols are very effective at removing the dark melanin
pigmentation; however, in 3D samples, the opaque tissue of the eye remains. To
achieve a sample with minimal light scattering, we have found that the combination
of bleaching, followed by immunocytochemical staining and optical clearing,
results in optically transparent and imageable tissue.

7.4.3 3D Segmentation and Quantification

Improvements in clearing and microscopy technology have led to an increased abil-
ity to resolve fine details within 3D samples, and a push to develop more advanced
analysis methods for 3D tissues. For screening, the most common measurements
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currently taken of 3D tissues are tissue size by brightfield analysis, and overall fluo-
rescence by widefield microscopy, assessments which do not begin to analyze the
wealth of 3D information within the tissue structure. Initial work to improve analy-
sis strategies in 3D have begun by improving segmentation of cell nuclei, a task
complicated by light scattering and by the differences in resolution between the x,
v, and z imaging axes. Several protocols have demonstrated highly accurate seg-
mentation of cell nuclei in 3D samples [8§1-83]. However, these protocols have not
yet been applied to large data sets. In an effort to develop nuclear segmentation
protocols that efficiently analyze large data sets, our group recently developed a
protocol that combines optical clearing of 3D tissues, high-content imaging, and
high-throughput nuclear segmentation analysis [78]. Using this analysis, we per-
formed nuclear segmentation in an automated fashion for a 384-well plate of spher-
oids in 5-6 h. By creating the analysis such that it can be run in parallel, we also
improved the processing speed by analyzing in parallel on hundreds of cloud-based
cpu workers. Protocols such as these can be used to analyze nuclear fluorescent
signals, for example, markers of DNA damage, promoter activity, and transcription
factors and can be built upon to analyze cytosolic labeling.

Machine learning is a type of artificial intelligence that is being rapidly applied
within the field of high-content image analysis. These analyses typically use a sam-
ple image data set to train, identify patterns, and learn about the data behavior.
Based on this control data set, the program then makes predictions on novel data
sets. Machine learning methods have been used successfully in 2D data sets, for
example, to classify and score cellular subtypes [84]. Ultimately, the combination of
3D segmentation and analysis protocols with innovative machine learning technolo-
gies will enable sophisticated analyses that can adapt to different 3D data sets.

7.5 Drug Screening of Ocular Tissue Models

7.5.1 High-Throughput Drug Screening (HTS) with Stem
Cell-Derived Ocular Disease Model

The development of 3D ocular tissue models using iPSC-derived cells and clear-
ing/imaging techniques described above provides a unique opportunity to imple-
ment drug screening for ocular diseases using assay systems that are more
physiologically-relevant. It is expected that using patient iPSC-derived cells in the
context of a relevant tissue, where native physiological cell-cell and cell-microen-
vironment interactions are maintained, will yield drug responses that are more
similar to those obtained in humans, and as a consequence, these assays systems
will be more predictive of drug responses in clinic. In the field of drug screening,
assay robustness, reproducibility, and sample throughput are key aspects that
determine the stage in the drug discovery pipeline at which an assay can be used
[85]: primary screening of chemically diverse collections for lead identification for
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new drug discovery programs (100,000—-1 M compounds) and focused collections
for drug repurposing or annotated collections for chemical biology studies (1000s
compounds); secondary assays for HTS hit validation or optimization during
medicinal chemistry efforts (100-1000s compounds); and tertiary assays for lead
optimization and validation (10-20s compounds). Assays used for primary screens
are in most cases developed in 384- or 1536-well microplate format in order to
increase throughput by using laboratory automation, and reduce cost of reagents
because of the smaller volumes used. Because large number of cells are needed to
implement primary screens (at least 1000-5000 cells per well in 1536-, and
5000-20,000 cells per well in 384-well), cell production, scale-up, homogeneity of
the cell population, and stability of responses with passage and time are critical to
have robust and scalable cell-based assays. For this reason, cell lines engineered to
express reporters such as GFP or luciferase are widely used in primary high-
throughput screens. There are many examples of drug screens using iPSC-derived
cells, both to increase the efficiency of differentiation protocols as well as for the
correction of disease phenotypes [86]. In many cases, these screens use HTS
friendly readouts such as cell viability and reporters, which are engineered at the
ESC (mostly from transgenic mice) or iPSC stage of the cells.

High content screening (HCS) is the leading methodology to implement this type
of phenotypic screen [87, 88], in which the levels of relevant physiological markers
of interest are quantitated either by fusing a protein to a fluorescence reporter, or by
immunostaining, followed by cell imaging using automated fluorescent micro-
scopes, coupled with data analysis using algorithms designed to quantify one or
more specific phenotypes of interest [89]. One example of a reporter screen has
been described for the identification of compounds that accelerate photoreceptor
differentiation by stimulating expression of CRX and, consequently, its downstream
targets [90]. The strategy applied for this HTS was to use a CRXp-GFP H9 human
ESC line. This group showed that human ESC can differentiate and self-organize
in vitro to 3D retina cultures in a sequential process starting with floating aggregates
of human ESC, which form optic vesicles where neural retina and pigment mass
develop. Transcriptomics analysis during the process of differentiation and optical
cup formation allowed for the identification of specific sets of genes expressed at the
different stages of differentiation. With that information, fluorescent reporters con-
trolled by promoters of such genes can help identify defined developmental stage(s)
or individual cell types. Expression of CRXp-GFP reporter in differentiating human
ESCs provided the reading output for determining whether a compound accelerated
photoreceptor differentiation. The group adapted the assay to 1536-well microplate
HTS and went on to screen three-focused collections, the library of pharmacologi-
cally active compounds (LOPAC, 1280 compounds), a NIH mechanism interroga-
tion plate (MIPE) collection of annotated compounds (1900), and a drug repurposing
collection (~ 3000 compounds). The authors indicated the development of a panel
of reporter cells at different stages of photoreceptor differentiation for future drug
screening. In another example, Fuller et al. [91] described the use of a rhodopsin
(Rho)-GFP-engineered primary retinal neuron from transgenic mice to identify
molecules that promoted photoreceptor differentiation. In this example, a hRhoGFP
knock-in mouse was generated by replacing the mouse rho open reading frame with
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a human Rho-GFP fusion construct, thus creating a rhodopsin reporter controlled
by native regulatory mechanisms. The primary retinal neurons extracted from the
mice were seeded in a 1536-well plate, and after 21 days, photoreceptors in the
culture developed bright GFP fluorescence with bright punctate labeled as “peak
rhodopsin” objects, believed to be proto-outer segments. This assay was used to
screen the LOPAC collection. These are two examples of focused drug screening
using ESC- or iPSC-derived cells to identify compounds that enhance differentia-
tion for potential therapeutic use, both as a treatment to induce photoreceptor regen-
eration in vivo and also as reagents to enhance the production of iPSC-derived cells
for cell-based therapies. In the work by Fuller et al. [91], they also describe how the
same cell system can be used to screen for compounds that correct a disease
phenotype.

A cell viability assay after stress-induced photoreceptor cell death was devel-
oped to identify compounds that were neuroprotective by preventing the slow but
progressive loss of photoreceptors and thus could be developed as potential treat-
ments for diseases of retinal degeneration. An HTS friendly readout such as
CellTiterGlo, which measures cellular ATP as a surrogate of cell viability, was used
to screen the LOPAC collection. In a similar approach, Chang et al. [92] reported a
cell viability assay using AMD-patient iPSC-derived RPE cells in which damaging
oxidative stress was induced with H,O, treatment. Chronic oxidative stress induces
RPE damage that is responsible for the aging process and plays a significant role in
the pathogenesis of AMD. These patient-derived RPEs with the AMD-associated
background (AMD-RPEs) exhibited reduced antioxidant activity compared with
normal RPE cells. As a proof of concept, the authors tested a small set of dietary
supplements for retinal protection and natural compounds for antioxidant effects
using a methyl thiazol tetrazolium (MTT) assay to measure cell viability. Among
several screened candidate drugs, curcumin caused the most significant reduction of
reactive oxygen species (ROS) in AMD-RPEs and protected these AMD-RPEs from
H,0,-induced cell death.

7.5.2 3D Organoids: Human iPSC-Derived Retinal Cup

The examples above illustrate the development of ESC or iPSC-derived assay sys-
tems that are amenable to drug screening. While there are not yet studies screening
collections of compounds using the recently developed 3D retinal cup organoids,
there have been reports of work towards the validation of these systems for screen-
ing, including developing HTS friendly assays, extensive morphological, physio-
logical, and pharmacological characterization and validation, and streamlining of
iPSC production protocols [52]. Several proof-of-concept studies have been pub-
lished which demonstrate how 3D retinal cup models can be used as systems to
discover new therapeutic interventions. In an approach similar to that described
above, induced photoreceptor cell death in mouse iPSC-derived 3D retinal organ-
oids (3D-retinas) by 4-hydroxytamoxifen (4-OHT), which induces photoreceptor
degeneration in mouse retinal explants, was established, and then a live-cell imag-
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ing system to measure degeneration-related properties was developed to quantify
the protective effects of representative ophthalmic supplements for treating the pho-
toreceptor degeneration [93]. In this work, GFP expressing optic cups were pre-
pared from mouse Nrl-GFP iPSCs. Real-time measurements of total intensity from
the GFP expressing optic cup using an InCuyte Zoom (Essen BioScience, Inc)
enabled the quantitation of 4-OHT-induced acute cell death in the ERRf-expressing
rod photoreceptors. In order to validate the pharmacological relevance of this assay,
vitamin E, which is a supplement known to prevent 4-OHT-induced photoreceptor
cell death, and lutein, astaxanthin, and anthocyanidin, known to have protective
effects against light-induced photoreceptor degeneration in mouse native retina,
which is considered to model AMD and Retinitis Pigmentosa (RP), were tested. The
results confirm that while vitamin E was able to prevent 4-OHT-induced photore-
ceptor cell death, the other compounds did not, as was expected from their protec-
tive effect being for a different photoreceptor degeneration mechanism. In a similar
approach, GFP and YFP reporters were engineered in hiPSC cells, and fluorescence
reads were used to measure the effects of H,O, ROS induction on the viability of 3D
retina organoids, while a mitochondrial membrane potential fluorescent probe was
used to quantify the effects of carbonyl cyanide m-chlorophenyl hydrazone (CCCP),
a mitochondrial uncoupler [94]. This 3D automated reporter quantification (3D-
ARQ) assay platform was extensively validated for HTS robustness in a 96-well
plate format. In another published work [95], 3D human iPSC-derived optic cups
were used as disease models of Leber Congenital Amaurosis (LCA), an inherited
retinal dystrophy that causes childhood blindness. In LCA, photoreceptors are espe-
cially sensitive to an intronic mutation in the cilia-related gene CEP290, which
causes mis-splicing and premature termination. LCA optic cups were created using
iPSCs with the common CEP290 mutation. Even though these iPSCs differentiated
normally to 3D optic cups and RPE, the highest levels of aberrant splicing and cilia
defects were observed in optic cups. In this case, they did not use compounds to
validate the pharmacological value of this model but showed that treating the optic
cups with an antisense morpholino oligomer effectively blocked aberrant splicing
and restored expression of full-length CEP290, restoring normal cilia-based protein
trafficking. In this case, the readouts used to quantitate the correctional effect of the
morpholino on the disease phenotype were immunostaining and RT-PCR-based,
which are complex to implement for drug screening, and therefore, even though the
system was validated as disease model that could be corrected with a treatment,
efforts will still need to be made to further develop the system for drug screening.

7.5.3 HTS Readouts and Validation

The complex nature of 3D tissue systems, including scale-up of production and
complexity of the disease-relevant readouts, limits their adaptation to HTS and sam-
ple throughput. These systems are currently limited to hit validation [96], pharma-
cological validation of the models, and a few focused screens. Most of the reported
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3D tissue model screens have used tumor spheroids [97] or patient-derived tumor
cells self-organized organoids [98], and have screened small, focused collections of
compounds as proof-of-concept screens, in most cases using cell viability assays or
“simpler” cell imaging assays, such as measuring size of spheroids or organoids.
The challenges of developing information-rich and disease-relevant imaging-based
phenotypic HTS assays that are amenable in 3D tissue models have been discussed
above and in the literature [99]. As the technical challenges of using fluorescence
imaging-based assays in 3D tissue settings are being addressed [78], one should not
forget to consider alternative assays that might be still disease-relevant and amena-
ble to HTS. That includes label-free morphology-based imaging, which coupled to
machine learning computational approaches has been used to score for cell differ-
entiation phenotypes in 2D [100-103]. Measuring different morphological features
of disease iPSC-derived 3D optic cups using bright-field may enable drug screening
for a relatively large collection of compounds, which could provide a smaller set of
compounds to study in more complex, information-rich assays. In addition, sam-
pling tissue supernatant for disease-relevant markers such as cytokines can also pro-
vide HTS-amenable assay readouts, which could be used as a primary screen, again
followed by testing a limited number of hits in information-rich, lower throughput
assays. In this regard, liquid chromatography-mass spectrometry (LC-MS) and
matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-MS) tech-
nologies are now available with higher throughput that would enable the “secre-
tome” analysis of supernatant content of normal versus disease 3D tissue models,
and perhaps leverage any differences as a HTS readout. It is worth mentioning that,
albeit it is a low-throughput read out, MALDI-MS-based imaging of in-tissue sec-
tions is becoming a very powerful tool to image biomolecules for which antibodies
are not readily available, including lipids [104—106]. As other techniques such as
3D bioprinting are being used to develop layered systems with relevant monolayers
(e.g., RPE), measurements such as TEER [107] will enable additional readouts
which could be done in at least 96-well microplate format, which should enable
focused screens and hit validation. Finally, there are technologies that enable gene
expression analysis in HTS settings, including the QuantiGene Plex Gene Expression
Assay, the Nanostring technology and the Fluidigm’s integrated fluidic circuits’
automated PCR technology. An example of the application of one of these technolo-
gies to monitor iPSC differentiation to RPE in 96- and 384-well microplate format
was reporter by Ferrer et al. [108].

7.5.4 Machine Learning

It is now clear that to maximize the outcome from drug screens using 3D tissue
models, the application of machine learning approaches to both cheminformatics
[109] and high-content cell imaging assays will be critical [110-113]. The applica-
tion of machine learning to cheminformatics should allow for the screening of care-
fully chosen, focused diversity collections to create models of which structural
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features in compounds produce the desired activity in the assays, and rounds of
compound selection based on the prediction models generated, and testing should
be able to generate new leads for chemistry development. In addition, screening of
annotated libraries coupled to cheminformatics and genomics information on a sys-
tem should enable the identification of new targets and pathways involved in a pro-
cess [114]. An extensive amount of work is being done to apply machine learning
approaches to score and predict control versus disease phenotypes from cell imag-
ing assays, including work on photoreceptor outer segment formation [115]. Most
of this work has so far been done in 2D systems, and the hope is that with the devel-
opment of techniques that allow HT cell imaging in 3D, those will be applied to this
more complex systems.

References

1. Scannell JW, Blanckley A, Boldon H, Warrington B (2012) Diagnosing the decline in phar-
maceutical R&D efficiency. Nat Rev Drug Discov 11(3):191-200
2. Hay M, Thomas DW, Craighead JL, Economides C, Rosenthal J (2014) Clinical development
success rates for investigational drugs. Nat Biotechnol 32(1):40-51
3. BIO BaA (2016) Clinical development success rates 2006-2015. BIO, Washington
4. Harrison RK (2016) Phase II and phase III failures: 2013-2015. Nat Rev Drug Discov
15(12):817-818
5. Repetto G, del Peso A, Zurita JL. (2008) Neutral red uptake assay for the estimation of cell
viability/cytotoxicity. Nat Protoc 3(7):1125-1131
6. Trapnell C et al (2010) Transcript assembly and quantification by RNA-Seq reveals unan-
notated transcripts and isoform switching during cell differentiation. Nat Biotechnol
28(5):511-515
7. Potter H (2003) Transfection by electroporation. Curr Protoc Mol Biol Chapter 9:Unit 9 3
8. Connor KM et al (2009) Quantification of oxygen-induced retinopathy in the mouse: a model
of vessel loss, vessel regrowth and pathological angiogenesis. Nat Protoc 4(11):1565-1573
9. McAvoy JW, Chamberlain CG, de Iongh RU, Hales AM, Lovicu FJ (1999) Lens develop-
ment. Eye (Lond) 13(Pt 3b):425-437
10. Ferrara N, Hillan KJ, Gerber HP, Novotny W (2004) Discovery and development of bevaci-
zumab, an anti-VEGF antibody for treating cancer. Nat Rev Drug Discov 3(5):391-400
11. Rongvaux A et al (2014) Development and function of human innate immune cells in a
humanized mouse model. Nat Biotechnol 32(4):364-372
12. Chiu JJ, Chien S (2011) Effects of disturbed flow on vascular endothelium: pathophysiologi-
cal basis and clinical perspectives. Physiol Rev 91(1):327-387
13. Li YS, Haga JH, Chien S (2005) Molecular basis of the effects of shear stress on vascular
endothelial cells. J Biomech 38(10):1949-1971
14. Huh D et al (2010) Reconstituting organ-level lung functions on a chip. Science
328(5986):1662-1668
15. Huh D, Torisawa YS, Hamilton GA, Kim HJ, Ingber DE (2012) Microengineered physiologi-
cal biomimicry: organs-on-chips. Lab Chip 12(12):2156-2164
16. Newman AC, Nakatsu MN, Chou W, Gershon PD, Hughes CC (2011) The requirement for
fibroblasts in angiogenesis: fibroblast-derived matrix proteins are essential for endothelial
cell lumen formation. Mol Biol Cell 22(20):3791-3800
17. Chen JX, Stinnett A (2008) Disruption of Ang-1/Tie-2 signaling contributes to the impaired
myocardial vascular maturation and angiogenesis in type II diabetic mice. Arterioscler
Thromb Vasc Biol 28(9):1606-1613



7 3D Engineering of Ocular Tissues for Disease Modeling and Drug Testing 189

18

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

. Wakui S et al (2006) Localization of Ang-1, -2, Tie-2, and VEGF expression at endothelial-
pericyte interdigitation in rat angiogenesis. Lab Invest 86(11):1172—1184

Moya ML, Alonzo LF, George SC (2014) Microfluidic device to culture 3D in vitro human
capillary networks. Methods Mol Biol 1202:21-27

Wang X, Phan DTT, George SC, Hughes CCW, Lee AP (2017) 3D anastomosed microvas-
cular network model with living capillary networks and endothelial cell-lined microfluidic
channels. Methods Mol Biol 1612:325-344

Jeon JS et al (2015) Human 3D vascularized organotypic microfluidic assays to study breast
cancer cell extravasation. Proc Natl Acad Sci U S A 112(1):214-219

Kim S, Lee H, Chung M, Jeon NL (2013) Engineering of functional, perfusable 3D micro-
vascular networks on a chip. Lab Chip 13(8):1489-1500

Chung M et al (2018) Wet-AMD on a chip: modeling outer blood-retinal barrier in vitro. Adv
Healthc Mater 7(2)

Becerra SP et al (2004) Pigment epithelium-derived factor in the monkey retinal pigment
epithelium and interphotoreceptor matrix: apical secretion and distribution. Exp Eye Res
78(2):223-234

Saint-Geniez M, Kurihara T, Sekiyama E, Maldonado AE, D’ Amore PA (2009) An essential
role for RPE-derived soluble VEGF in the maintenance of the choriocapillaris. Proc Natl
Acad Sci U S A 106(44):18751-18756

Sonoda S et al (2009) Attainment of polarity promotes growth factor secretion by retinal pig-
ment epithelial cells: relevance to age-related macular degeneration. Aging 2(1):28-42
Bailey TA et al (2004) Oxidative stress affects the junctional integrity of retinal pigment
epithelial cells. Invest Ophthalmol Vis Sci 45(2):675-684

Hamilton RD, Foss AJ, Leach L (2007) Establishment of a human in vitro model of the outer
blood-retinal barrier. J Anat 211(6):707-716

Song MJ, Quinn R, Dejene R, Bharti K (2017) 3D tissue engineered RPE/“choroid” to
identify mechanism of AMD-disease initiation and progression. Assoc Res Vis Ophthalmol
58(8):3760-3760

Song MJ, Bharti K (2016) Looking into the future: using induced pluripotent stem cells to
build two and three dimensional ocular tissue for cell therapy and disease modeling. Brain
Res 1638(Pt A):2-14

Hampton C et al (2018) Hypoxia of retina pigment epithelium induces type 1 CNV-like
morphology within 3D engineered iPSC-RPE/“Choroid” tissues. Invest Ophthalmol Vis Sci
59(9):3272-3272

Hotaling NA et al (2016) Nanofiber scaffold-based tissue-engineered retinal pigment epithe-
lium to treat degenerative eye diseases. J Ocul Pharmacol Ther 32(5):272-285

Ablonczy Z, Crosson CE (2007) VEGF modulation of retinal pigment epithelium resistance.
Exp Eye Res 85(6):762-771

Curcio CA, Johnson M (2012) Structure, function, and pathology of Bruch’s membrane.
Elastic:465-481

Baba T et al (2009) Maturation of the fetal human choriocapillaris. Invest Ophthalmol Vis Sci
50(7):3503-3511

Takahashi K et al (2007) Induction of pluripotent stem cells from adult human fibroblasts by
defined factors. Cell 131(5):861-872

Reh TA (2017) The development of the retina. Ryan’s Retina. Elsevier, Amsterdam

Zuber ME, Gestri G, Viczian AS, Barsacchi G, Harris WA (2003) Specification of the verte-
brate eye by a network of eye field transcription factors. Development 130(21):5155-5167
Lamba DA, Karl MO, Ware CB, Reh TA (2006) Efficient generation of retinal progenitor
cells from human embryonic stem cells. Proc Natl Acad Sci U S A 103(34):12769-12774
Osakada F et al (2008) Toward the generation of rod and cone photoreceptors from mouse,
monkey and human embryonic stem cells. Nat Biotechnol 26(2):215-224

Mellough CB, Sernagor E, Moreno-Gimeno I, Steel DH, Lako M (2012) Efficient stage-
specific differentiation of human pluripotent stem cells toward retinal photoreceptor cells.
Stem Cells 30(4):673-686



190

42

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

M. E. Boutin et al.

. Hunt NC et al (2017) 3D culture of human pluripotent stem cells in RGD-alginate hydrogel
improves retinal tissue development. Acta Biomater 49:329-343

Eiraku M et al (2011) Self-organizing optic-cup morphogenesis in three-dimensional culture.
Nature 472(7341):51-56

Nakano T et al (2012) Self-formation of optic cups and storable stratified neural retina from
human ESCs. Cell Stem Cell 10(6):771-785

Kuwahara A et al (2015) Generation of a ciliary margin-like stem cell niche from self-
organizing human retinal tissue. Nat Commun 6:6286

Wahlin KJ et al (2017) Photoreceptor outer segment-like structures in long-term 3D retinas
from human pluripotent stem cells. Sci Rep 7(1):766

Volkner M et al (2016) Retinal organoids from pluripotent stem cells efficiently recapitulate
retinogenesis. Stem Cell Rep 6(4):525-538

Gonzalez-Cordero A et al (2013) Photoreceptor precursors derived from three-dimensional
embryonic stem cell cultures integrate and mature within adult degenerate retina. Nat
Biotechnol 31(8):741-747

Meyer JS et al (2009) Modeling early retinal development with human embryonic and
induced pluripotent stem cells. Proc Natl Acad Sci U S A 106(39):16698-16703

Meyer JS et al (2011) Optic vesicle-like structures derived from human pluripotent stem cells
facilitate a customized approach to retinal disease treatment. Stem Cells 29(8):1206-1218
Zhong X et al (2014) Generation of three-dimensional retinal tissue with functional photore-
ceptors from human iPSCs. Nat Commun 5:4047

Luo Z et al (2018) An optimized system for effective derivation of three-dimensional retinal
tissue via wnt signaling regulation. Stem Cells 36:1709

Zhu Y et al (2013) Three-dimensional neuroepithelial culture from human embryonic
stem cells and its use for quantitative conversion to retinal pigment epithelium. PLoS One
8(1):e54552

Lowe A, Harris R, Bhansali P, Cvekl A, Liu W (2016) Intercellular adhesion-dependent cell
survival and ROCK-regulated actomyosin-driven forces mediate self-formation of a retinal
organoid. Stem Cell Rep 6(5):743-756

Shirai H et al (2016) Transplantation of human embryonic stem cell-derived retinal tissue in
two primate models of retinal degeneration. Proc Natl Acad Sci U S A 113(1):E81-E90
Mandai M et al (2017) Autologous induced stem-cell-derived retinal cells for macular degen-
eration. N Engl J Med 376(11):1038-1046

Dorrie J, Wellner V, Kampgen E, Schuler G, Schaft N (2006) An improved method for RNA
isolation and removal of melanin contamination from melanoma tissue: implications for
tumor antigen detection and amplification. J Immunol Methods 313(1-2):119-128

Eckhart L, Bach J, Ban J, Tschachler E (2000) Melanin binds reversibly to thermostable DNA
polymerase and inhibits its activity. Biochem Biophys Res Commun 271(3):726-730
Chung JY et al (2016) A melanin-bleaching methodology for molecular and histopathologi-
cal analysis of formalin-fixed paraffin-embedded tissue. Lab Invest 96(10):1116-1127

Liu CH et al (2013) Melanin bleaching with dilute hydrogen peroxide: a simple and rapid
method. Appl Immunohistochem Mol Morphol 21(3):275-279

Kim SY, Assawachananont J (2016) A new method to visualize the intact subretina from
retinal pigment epithelium to retinal tissue in whole mount of pigmented mouse eyes. Transl
Vis Sci Technol 5(1):6

Thanos A et al (2012) Evidence for baseline retinal pigment epithelium pathology in the
Trp1-Cre mouse. Am J Pathol 180(5):1917-1927

Tainaka K, Kuno A, Kubota SI, Murakami T, Ueda HR (2016) Chemical principles in tis-
sue clearing and staining protocols for whole-body cell profiling. Annu Rev Cell Dev Biol
32:713-741

Silvestri L, Costantini I, Sacconi L, Pavone FS (2016) Clearing of fixed tissue: a review from
a microscopist’s perspective. J Biomed Opt 21(8):081205



7 3D Engineering of Ocular Tissues for Disease Modeling and Drug Testing 191

65

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

. Jacques SL (2013) Optical properties of biological tissues: a review. Phys Med Biol
58(11):R37-R61

Spalteholz W (1914) Uber das Durchsichtigmachen von menschlichen und tierischen
Priparaten und seine theoretischen Bedingungen, nebst Anhang: Uber Knochenfirbung.
S. Hirzel, Leipzig

Erturk A et al (2012) Three-dimensional imaging of solvent-cleared organs using
3DISCO. Nat Protoc 7(11):1983-1995

Ke MT, Fujimoto S, Imai T (2013) SeeDB: a simple and morphology-preserving optical
clearing agent for neuronal circuit reconstruction. Nat Neurosci 16(8):1154-1161

Hama H et al (2011) Scale: a chemical approach for fluorescence imaging and reconstruction
of transparent mouse brain. Nat Neurosci 14(11):1481-1488

Hama H et al (2015) ScaleS: an optical clearing palette for biological imaging. Nat Neurosci
18(10):1518-1529

Susaki EA, Ueda HR (2016) Whole-body and whole-organ clearing and imaging techniques
with single-cell resolution: toward organism-level systems biology in mammals. Cell Chem
Biol 23(1):137-157

Chung K et al (2013) Structural and molecular interrogation of intact biological systems.
Nature 497(7449):332-337

Yang B et al (2014) Single-cell phenotyping within transparent intact tissue through whole-
body clearing. Cell 158(4):945-958

Murray E et al (2015) Simple, scalable proteomic imaging for high-dimensional profiling of
intact systems. Cell 163(6):1500-1514

Zheng H, Rinaman L (2016) Simplified CLARITY for visualizing immunofluorescence
labeling in the developing rat brain. Brain Struct Funct 221(4):2375-2383

Phillips J et al (2016) Development of passive CLARITY and immunofluorescent labelling
of multiple proteins in human cerebellum: understanding mechanisms of neurodegeneration
in mitochondrial disease. Sci Rep 6:26013

Kuwajima T et al (2013) ClearT: a detergent- and solvent-free clearing method for neuronal
and non-neuronal tissue. Development 140(6):1364—1368

Boutin ME et al (2018) A high-throughput imaging and nuclear segmentation analysis proto-
col for cleared 3D culture models. Sci Rep 8(1):11135

Grist SM, Nasseri SS, Poon T, Roskelley C, Cheung KC (2016) On-chip clearing of arrays of
3-D cell cultures and micro-tissues. Biomicrofluidics 10(4):044107

Silva Santisteban T, Rabajania O, Kalinina I, Robinson S, Meier M (2017) Rapid spheroid
clearing on a microfluidic chip. Lab Chip 18(1):153-161

Rajasekaran B, Uriu K, Valentin G, Tinevez JY, Oates AC (2016) Object segmentation and
ground truth in 3D embryonic imaging. PLoS One 11(6):e0150853

LiL, Zhou Q, Voss TC, Quick KL, LaBarbera DV (2016) High-throughput imaging: focusing
in on drug discovery in 3D. Methods 96:97-102

Schmitz A, Fischer SC, Mattheyer C, Pampaloni F, Stelzer EH (2017) Multiscale image anal-
ysis reveals structural heterogeneity of the cell microenvironment in homotypic spheroids.
Sci Rep 7:43693

Jones TR et al (2009) Scoring diverse cellular morphologies in image-based screens with
iterative feedback and machine learning. Proc Natl Acad Sci U S A 106(6):1826-1831
Inglese J et al (2007) High-throughput screening assays for the identification of chemical
probes. Nat Chem Biol 3(8):466—479

Ko HC, Gelb BD (2014) Concise review: drug discovery in the age of the induced pluripotent
stem cell. Stem Cells Transl Med 3(4):500-509

Haasen D et al (2017) How phenotypic screening influenced drug discovery: lessons from
five years of practice. Assay Drug Dev Technol 15(6):239-246

Ursu A, Scholer HR, Waldmann H (2017) Small-molecule phenotypic screening with stem
cells. Nat Chem Biol 13(6):560-563



192

89

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

M. E. Boutin et al.

. Smith K et al (2018) Phenotypic image analysis software tools for exploring and understand-
ing big image data from cell-based assays. Cell Syst 6(6):636—653

Kaewkhaw R et al (2016) Treatment paradigms for retinal and macular diseases using 3-D
retina cultures derived from human reporter pluripotent stem cell lines. Invest Ophthalmol
Vis Sci 57(5):0RSFl11

Fuller JA et al (2014) A high content screening approach to identify molecules neuroprotec-
tive for photoreceptor cells. Adv Exp Med Biol 801:773-781

Chang YC et al (2014) The generation of induced pluripotent stem cells for macular degen-
eration as a drug screening platform: identification of curcumin as a protective agent for
retinal pigment epithelial cells against oxidative stress. Front Aging Neurosci 6:191

Ito SI, Onishi A, Takahashi M (2017) Chemically-induced photoreceptor degeneration
and protection in mouse iPSC-derived three-dimensional retinal organoids. Stem Cell Res
24:94-101

Vergara MN et al (2017) Three-dimensional automated reporter quantification (3D-ARQ) tech-
nology enables quantitative screening in retinal organoids. Development 144(20):3698-3705
Parfitt DA et al (2016) Identification and correction of mechanisms underlying inherited
blindness in human iPSC-derived optic cups. Cell Stem Cell 18(6):769-781

Zhou T et al (2017) High-content screening in hPSC-neural progenitors identifies drug can-
didates that inhibit zika virus infection in fetal-like organoids and adult brain. Cell Stem Cell
21(2):274-283. €275

Mathews Griner LA et al (2016) Large-scale pharmacological profiling of 3D tumor models
of cancer cells. Cell Death Dis 7(12):e2492

Hou S et al (2018) Advanced development of primary pancreatic organoid tumor models for
high-throughput phenotypic drug screening. SLAS Discov 23(6):574-584

Carragher N et al (2018) Concerns, challenges and promises of high-content analysis of 3D
cellular models. Nat Rev Drug Discov 17:606

Fujitani M et al (2017) Morphology-based non-invasive quantitative prediction of the dif-
ferentiation status of neural stem cells. J Biosci Bioeng 124(3):351-358

Kobayashi H et al (2017) Label-free detection of cellular drug responses by high-throughput
bright-field imaging and machine learning. Sci Rep 7(1):12454

Matsuoka F et al (2013) Morphology-based prediction of osteogenic differentiation potential
of human mesenchymal stem cells. PLoS One 8(2):e55082

Sasaki H et al (2014) Label-free morphology-based prediction of multiple differentiation
potentials of human mesenchymal stem cells for early evaluation of intact cells. PLoS One
9(4):¢93952

Anderson DM et al (2014) High resolution MALDI imaging mass spectrometry of retinal
tissue lipids. J Am Soc Mass Spectrom 25(8):1394—1403

Deutskens F, Yang J, Caprioli RM (2011) High spatial resolution imaging mass spectrometry
and classical histology on a single tissue section. J Mass Spectrom 46(6):568-571

Seeley EH, Schwamborn K, Caprioli RM (2011) Imaging of intact tissue sections: moving
beyond the microscope. J Biol Chem 286(29):25459-25466

Srinivasan B et al (2015) TEER measurement techniques for in vitro barrier model systems.
J Lab Autom 20(2):107-126

Ferrer M et al (2014) A multiplex high-throughput gene expression assay to simultaneously
detect disease and functional markers in induced pluripotent stem cell-derived retinal pig-
ment epithelium. Stem Cells Transl Med 3(8):911-922

Lo YC, Rensi SE, Torng W, Altman RB (2018) Machine learning in chemoinformatics and
drug discovery. Drug Discov Today 23:1538

Horvath P, Wild T, Kutay U, Csucs G (2011) Machine learning improves the precision and
robustness of high-content screens: using nonlinear multiparametric methods to analyze
screening results. J Biomol Screen 16(9):1059-1067

O’Duibhir E et al (2018) Machine learning enables live label-free phenotypic screening in
three dimensions. Assay Drug Dev Technol 16(1):51-63



7 3D Engineering of Ocular Tissues for Disease Modeling and Drug Testing 193

112.

113.

114.

115.

Piccinini F et al (2017) Advanced cell classifier: user-friendly machine-learning-based soft-
ware for discovering phenotypes in high-content imaging data. Cell Syst 4(6):651-655. €655
Smith K, Horvath P (2014) Active learning strategies for phenotypic profiling of high-content
screens. J Biomol Screen 19(5):685-695

Strang BL et al (2018) Identification of lead anti-human cytomegalovirus compounds target-
ing MAP4K4 via machine learning analysis of kinase inhibitor screening data. PLoS One
13(7):e0201321

Fuller JA, Berlinicke CA, Inglese J, Zack DJ (2016) Use of a machine learning-based high
content analysis approach to identify photoreceptor neurite promoting molecules. Adv Exp
Med Biol 854:597-603



Index

A
Adaptive immune system, 103
Adeno-associated viral (AAV), 10
Adult-onset vitelliform macular dystrophy
(AVMD), 7
Age-related macular degeneration (AMD),
2-4, 38, 58,59, 142, 172
Alcon Constellation®, 158
Alcon NGENUITY® 3D Visualization
System, 158
Allogeneic transplantation, 108
Anesthesia
animal positioning, 153
eye-specific preparations, 153
macaques/non-human primates, 152
pig, 152
rabbit
eye-specific preparations, 151, 152
head positioning, 151
pain management, 151
premedication, 151
rectal thermometer, 151
small rodents (mice and rats), 150
Angiopoietin-1 (ANG-1), 173
Anterior Chamber-Associated Immune
Deviation (ACAID), 82
Apolipoprotein E (APOE), 8
Assay systems, 183
Autosomal dominant radial drusen
(ADRD), 13
Autosomal dominant
vitreoretinochoroidopathy
(ADVIRC), 7
Autosomal recessive bestrophinopathy
(ARB), 7

© Springer Nature Switzerland AG 2019

B
Balance salt solution (BSS), 155
Basic fibroblast growth factor (bFGF), 66
Basiliximab, 109
Best disease (BD), 7, 38
Best vitelliform macular dystrophy
(BVMD), 16
Bioink, 174, 175
Bioprinting, 174
Bipolar cells, 124
Bleb retinal detachment (bRD), 157, 162, 163
Blindness, 57
Blood-brain barrier (BBB), 100
Bone marrow mesenchymal stem cells
(MSCs), 67, 68
Bone morphogenic protein (BMP), 178
Brain-derived neurotrophic factor (BDNF), 65

C
Calcium- and magnesium-containing
Hank’s balanced salt solution
(CM-HBSS), 156
Cell rejection
allogenic cells, 107, 108
circumvent, 108, 109
prevention, 108
Cell replacement, 100, 106, 107, 132
CellTiterGlo, 185
Cell transplantation, 63, 64, 99, 100
Cellular replacement strategies, 123
Cellular retinaldehyde-binding protein
(CRALBP), 8
Cellular systems, 172
Cell viability assay, 185

195

K. Bharti (ed.), Pluripotent Stem Cells in Eye Disease Therapy,
Advances in Experimental Medicine and Biology 1186,

https://doi.org/10.1007/978-3-030-28471-8


https://doi.org/10.1007/978-3-030-28471-8

196

Central nervous system (CNS), 100, 125

Chemical biology studies, 184

Chetomin, 70

Chondroitin sulfate proteoglycan
(CSPG), 105

Choriocapillaris, 175, 177

Choroid, 174

Choroidal neovascularization (CNV), 4, 63, 174

Choroideremia, 38

Ciliary neurotrophic factor (CNTF), 66

Complement system, 103, 104

Connective tissue growth factor
(CTGF), 41

CRISPR/Cas technology, 143

CRXp-GFP reporter, 184

Cyclosporine, 107, 146

Cyclosporine A, 62

Cynomolgus (Macaca fascicularis), 146

D
Dendritic cells (DC), 107
3,3’-Diaminobenzidine (DAB), 181
Differentiated RPE cells
functionality, 76
purity, 75
safety, 73-75
Disk diameter (DD), 162
Dominant optic atrophy (DOA), 129
Doxycycline, 148
Doyne’s honeycomb retinal dystrophy/
Malattia Leventinesse
(DHRD/ML), 4-6
Drug development, 123
Drusen, 4, 9
Dual leucine zipper kinase (DLK)
pathway, 130

E

EGF-containing fibulin extracellular matrix
protein 1 (EFEMPI), 3

Electric cell-substrate impedance sensing
(ECIS), 13

Electroretinogram (ERG), 61

Embryoid body (EB), 70

Embryonic development, 122

Embryonic stem cells (ESCs), 34, 178

Endoplasmic reticulum (ER), 7

Epidermal growth factor (EGF), 41

Epithelial-mesenchymal transition (EMT), 40,
41,43

Extracellular matrix (ECM), 3, 39, 132

Index

F

Fenestrated endothelial cell linked protein
(FELS), 177

Fenestration marker, 177

Fibroblast growth factor (FGF), 178

Fibroblasts, 173

Fluid—air exchange (FAX), 157

Fluorescence imaging-based assays, 187

Fluorescence reporter, 184

4-hydroxytamoxifen (4-OHT), 185

G

Genetic disease models, 130

Genetic engineering, 143

Glasgow Minimum Essential Medium
(GMEM), 72

Glial-derived neurotrophic factor (GDNF), 66

Global Haplotype Cell Banking Initiative,
84, 85

Glucocorticoids, 109

Green fluorescent protein (GFP), 67

Gyrate atrophy, 16, 17

H
Hematoxylin and eosin (H&E), 181
Hepatocyte growth factor (HGF), 41
High content screening (HCS), 184
High-performance liquid chromatography
(HPLC), 37
High-throughput drug screening (HTS), 34,
183-185
hiPSC-based disease modeling, 18-22
Human amniotic membrane (hAM), 77
Human central nervous system stem cells
(HuCNS-SCs), 67
Human cortical progenitor cells, 66
Human embryonic stem cells (hESCs), 69
Human hematopoietic stem cells (HSCs), 173
Human-induced pluripotent stem cells
(hiPSCs), 69
AMD, 12, 14
CNV, 12
ECM, 13
L-ORD, 13
PGC-1a, 15
ROS, 13
RP, 15, 16
RPE characteristics, 12
RPE-related disorders, 1618
sources, 12
tissue-on-chip approach, 13



Index

Human pluripotent stem cell (hPSC), see
Retinal ganglion cells (RGCs)

Human umbilical tissue-derived cells
(hUTCs), 68

1
Immune modulation
factors, 110
synthetic, 110, 111
Immune privilege of eye, 82-84
Immune system development
adaptive, 103
BBB, 100
BRB, 100
complement system, 103, 104
innate, 101, 103
protein-based complement system, 100
TGF-p, 100
Immunosuppression
monkey, 150
mouse, 146
pig, 148, 149
rabbit, 148
rat, 146
Immunosuppressive treatment, 84, 85
InCuyte Zoom, 186
Induced pluripotent stem cells (iPSCs), 69,
107,173
Innate immune system, 101, 103
Inner limiting membrane (ILM), 156
Insulin-like growth factor 1 (IGF-1), 110
Interferon beta (IFN-f), 111
Intraocular pressure (IOP), 155, 161
Intraoperative optical coherence tomography
(iOCT), 158, 163
Investigational new drug (IND), 172
In vitro models
anti-inflammatory agents, 39
[B-catenin signaling, 42
blood—ocular barriers, 39
cellular signaling mechanisms, 41
drug screening, 38
EMT, 40
injury, 38
iPS-RPE, 42
myofibroblasts, 41
PDGEF, 41
post-traumatic intraocular fibrotic
conditions, 38
PVR, 39, 40, 4244
retinal detachment, 40
TGFB, 41
wound healing, 38

197

iPSC-derived cells, 173
Iris pigment epithelium (IPE), 65, 66

K
Knockout serum replacement (KSR), 64, 72

L

Late-onset macular degeneration (L-ORMD), 6

Late-onset retinal degeneration (L-ORD), 4,
6,7

LCHAD deficiency, 38

Leber congenital amaurosis (LCA), 2, 16, 17,
58, 186

Lecithin retinol acyltransferase (LRAT), 8, 57

Leucine zipper kinase (LZK) pathway, 130

Liquid chromatography-mass spectrometry
(LC-MS), 187

Low-density lipoprotein (LDL), 8

Lymphocytes, 103

M
Macrophages, 101, 110
Macula, 143
Matrix-assisted laser desorption/ionization-
mass spectrometry (MALDI-MS)
technologies, 187
Matrix-metalloproteases (MMPs), 5
Mechanical traction, 156
Mechanism interrogation plate (MIPE), 184
Membrane attack complex (MAC), 9, 106
Membrane-type frizzled-related protein
(MFRP), 8
Mendelian retinal disorders, 2
Mer tyrosine kinase receptor (MERTK), 8
Mesencephalic astrocyte-derived neurotrophic
factor (MANF), 110
Methyl thiazol tetrazolium (MTT) assay, 185
MicroDose™ injection kit, 159
Microglia, 101, 102
Microglia/macrophage activation
anti-inflammatory cytokines, 105
CD40, 106
CSPG, 105
gliosis, 106
1L-33, 106
inflammasome, 106
intracellular miRNA-155 expression, 104
MAC, 106
M2 transition process, 105
neurotrophic factors, 105
oligodendrogenesis, 105



198

Microglia/macrophage activation (cont.)
proinflammatory and cytotoxic factors, 105
remyelination, 105
retinal disorders, 102
retinal inflammation process, 104
VEGEF, 105

Microphthalmia-associated transcription factor

(MITF), 178

MicroRNAs (miRNAs), 43

Microvitreoretinal (MVR), 155

Minimal-invasive procedure, 164

Minocycline, 110, 148

Monkey, 150

Monkey surgery
implantation, 162, 163
instrument and machine preparations, 160
preparing implantation instrumentation, 162
vitrectomy, 160, 161
wound closure, 163

Monocyte chemoattractant protein 1 (MCP1), 9

Mouse, 146

Mouse embryonic fibroblast (MEF), 72

Miiller glia, 103, 106, 124

Multipotent stem cells, 34

N

Nanostring technology, 187

Nerve fiber layer, 124

Neural retina leucine zipper (NRL), 179
Neurodegeneration, 123

Neuronal cell types, 125
Neuroprotective strategies, 130
Neurosensory retina, 174
Neurotransmitter, 124

Neurotrophins, 69

Neutrophils, 101

Non-human primate, 162

Nonsense mediated decay (NMD), 17
Normal tension glaucoma (NTG), 128

(0]

Ocular tissue models
ESC/iPSC-derived cells, 185
HTS, 183-185

Ophthalmology, 174

Optic atrophy, 129

Optic nerve, 124

Optic neuropathies, 122, 123, 132

Optineurin (OPTN), 128

Optokinetic paradigm, 66

Outer blood-retina barrier, see 3D engineering

Index

P
Patient-specific cells, 130
Perfluorcarbon liquids (PFC), 157
Pericytes, 173
Peripheral layers, 124
Pharmacological approaches, 123
Photodynamic therapy, 60
Photoreceptor outer segments (POS),
3,7,16
Photoreceptors (PR), 123, 124, 142,
174, 175
Photoreceptor transplantation
graft preparation, 164
transplant delivery strategies, 164
Phototransduction, 56
Pig surgery
bleb retinal detachment, 160
implantation, 158
instrument and equipment preparation, 157
nasal sclerotomy, 160
retinal detachment, 158
retinotomy, 160
Pigment epithelium-derived factor
(PEDF), 3, 174
Pigs, 149, 152
domestic, 145
mini-pigs, 145
Yucatan, 146
Platelet-derived growth factor (PDGF), 41
Pluripotent stem cell (PSC), 34
Porous polyester terephthalate (PET), 154
Posterior vitreous detachment (PVD),
155, 161
Post-traumatic ocular fibrosis, 44
Preclinical study, 143, 164
Proliferative vitreoretinopathy (PVR)
advantages, 43
categories, 39
cellular basis, 40
compounds, 42
ECM, 39
epiretinal/subretinal membranes, 41
etiology, 40
iPS-RPE model, 44
medical treatments, 39
ocular trauma, 39
pathogenesis, 39-42
pathology, 42
progression, 39
retinal detachments, 40
surgical techniques, 39
vitreoretinal surgery, 39
Punctate inner choroidopathy, 39



Index

Q
QuantiGene Plex Gene Expression Assay, 187

R
Rabbit surgery
implantation, 156, 157
instrument preparation, 155
loading implantation instrument, 156
vitrectomy, 155, 156
wound closure, 157
Rabbits, 144, 145, 147, 148
Rapamicin, 149
Rat, 146
Reactive oxygen species (ROS), 13, 14, 185
Reprogramming techniques, 35
Resight®, 158
Retinal cell types, 123
Retinal degenerative diseases (RDDs)
AMD, 24, 8
BD, 7, 10
cell types, 2
complement system, 9
DHRD/ML, 5, 6
electron lucent particles, 8
genetic diseases, 8
knock-in mice model, 10
light absorption, 2
L-ORD, 6, 7, 10
MERTK, 11
non-human primates, 11
oxidative stress, 8, 9
POS, 3
retinoids, 3
RP, 7,8
RPE functions, 2
SED, 5
Y204H mutation, 9
Retinal development, 122
Retinal ganglion cells (RGCs)
applications, 122, 123
BRN3 expression, 127
cell types, 124
degeneration and pathogenesis, 122
future applications
apoptotic and autophagy pathways, 133
cell replacement strategies, 132
CRIPSR engineering, 133
development and disease pathologies, 130
early disease progression, 132
peripheral layers, 131
retinal organoids, 131
spatial lamination, 131

199

subtypes, 132
temporal development, 131
genetic markers, 125-127
human-derived cells, 127
molecular signatures, 127
optic neuropathies, 122
translational applications
animal models, 128
BDNF and GDNF, 129
CRISPR gene editing, 130
disease-causing mutations, 128
human degenerative diseases, 128
neural and retinal cells, 128
optic neuropathies, 128, 129
OPTN, 129
TBKI1, 128
Retinal neurospheres (RNS), 68
Retinal organoids, 124, 131
Retinal pigment epithelium (RPE), 174
adult and fetal, 78
adult eye, 63, 64
animal preparation, 154
bone marrow MSCs, 67, 68
cell sheet implantation, 155
cell sheet preparation, 154
cell suspension injection, 155
cell suspension preparation, 154
dystrophies, 57
fetal brain-derived neural progenitors, 66, 67
fetal-derived cells, 61, 62
hiPSCs/hESCs, 78-80
injection strategy, 76—78
IPE, 65, 66
logistic and management advice, 144
non-human primates, 146
photoreceptors, 56
pigs, 145
pluripotent stem cells
clinical translation, 71
continuous adherent culture method, 69
culture medium, 72
EBs, 70, 72
embryoid body method, 69
exogenous molecules, 71
in vitro fertilization, 69
neuroectodermal differentiation, 70
neuroepithelium structure, 71
pigmented regions, 70
RC-09, 72
TGF-8 pathway, 70
transcription factors, 69
types, 69
WNT pathway, 70



200

Retinal pigment epithelium (RPE) (cont.)
quality controls (see Differentiated
RPE cells)
rabbits, 144, 145
retinopathies (see Retinopathies)
RNS, 68
Schwann cells, 66
small rodents, 144
stem cell trials, 80
umbilical-cord stem cells, 68
Retinal pigment epithelium derived from
induced pluripotent stem cells
(iPS-RPE), 35, 36, 38
Retinitis pigmentosa (RP), 2, 7, 8, 57, 58, 186
Retinitis pigmentosa 50 (RP50), 7
Retinoid X receptor (RXR) gamma, 179
Retinol, 3
Retinopathies
AMD, 58, 59
global burden evolution and treatments,
59, 60
interconnected neurons, 56
photoreceptors, 56
RP, 57,58
SRS, 56
Retinotomy edges, 163
Retrobulbar injections, 153
Retroviral gene delivery systems, 35
Reverse transcriptase polymerase chain
reaction (RT-PCR), 66
Rhesus monkeys (Macaca mulatta), 146
RNA-binding protein with multiple splicing
(RBMPS), 127
Royal College of Surgeons (RCS), 144
RPE stem cells (RPESCs), 63, 64

S

Scaffolding device, 132

Schwann cells, 66

Silent information regulator T1 (SIRT1), 15
Sirolimus, 148

Sorsby’s fundus dystrophy (SFD), 4, 5
Specific pathogen-free (SPF), 146
Spontaneous mutations, 142

Stargardt’s disease, 2, 38

Stargardt’s macular dystrophy (SMD), 38, 78
Stem cell sources, 34

Subretinal space (SRS), 56

Subretinal transplantation, 164

Sunitinib, 130

Superoxide dismutase 1 (SOD1), 8

Index

T
Tacrolimus, 149
TANK Binding Kinase 1 (TBK1), 128
Teratogenicity assays, 142
Teratomas, 74
3D automated reporter quantification
(3D-ARQ) assay, 186
3D engineering
animal model systems, 172
bioprinting, 174
cellular systems, 172
diencephalon, 177
disease cellular and molecular
mechanisms, 172
engineered systems, 175
eye and neurosensory retina, 177
eye-field transcription factors, 178
fibroblasts and pericytes, 173
fluidic channel, 173
HTS readouts and validation, 186, 187
human iPSC-derived retinal cup, 185, 186
in vitro cell assays, 172
in vivo mouse models, 172
machine learning, 187
microfluidics, 173
ophthalmology, 174
pharmaceutical and biotechnology
industries, 172
physiological differences, 173
pluripotent stem cell-derived optic cup,
178-180
segmentation and quantification, 182
stem cell technology, 177
tissue clearing, 181, 182
traditional histology, 180, 181
validation, 176
vascular channel, 173
vascular endothelial cells, 173
TIMP metallopeptidase inhibitor 3 (TIMP3), 3
Transcriptomics analysis, 184
Transepithelial electrical resistance (TEER), 175
Transforming growth factor a (TGFar), 41
Transforming growth factor beta (TGF-p), 41,
100
Translational read-through-inducing drugs
(TRIDs), 16
Transmission electrical microscopy
(TEM), 175
Transscleral injection, 164
Transvitreal injection, 164
Traumatic maculopathy, 39
Tumorigenicity, 74
Tumor spheroids, 187



Index

U
Unfolded protein response (UPR), 6
US food and drug administration (FDA), 144

A\

Vascular endothelial cells, 173

Vascular endothelial growth factor (VEGF), 3,
41, 105

201

Very low-density lipoprotein (VLDL), 8
Visual impairment, 58
Vitrectomy, 155

w

Wt pathways, 178

World Precision Instruments, 154
Wound healing, 34, 38, 42-44



	Preface
	Introduction
	Contents
	Contributors
	Chapter 1: Pluripotent Stem Cells to Model Degenerative Retinal Diseases: The RPE Perspective
	1.1 Overview of Retinal Degenerative Diseases with a Focus on RPE Cell Layer
	1.1.1 Age-Related Macular Degeneration (AMD)
	1.1.2 Sorsby’s Fundus Dystrophy (SFD)
	1.1.3 Doyne’s Honeycomb Retinal Dystrophy (DHRD/ML)
	1.1.4 Late-Onset Retinal Degeneration
	1.1.5 Best Disease (BD)
	1.1.6 Retinitis Pigmentosa

	1.2 Animal Models of Retinal Degenerative Diseases
	1.3 The Pluripotent Stem Cell Technology and Its Utility for Studying Retinal/RPE-Based Disorders
	1.3.1 hiPSC Models to Study AMD and Related Retinal Dystrophies (SFD, DHRD, L-ORD)
	1.3.2 hiPSC Models of RP
	1.3.3 hiPSC Models of Other RPE-Related Disorders

	1.4 Innovation, Limitations and Plausible Future Approaches for hiPSC-Based Disease Modeling Strategies Focused on Retinal Degenerative Diseases
	1.5 Conclusion
	References

	Chapter 2: Utility of Induced Pluripotent Stem Cell-Derived Retinal Pigment Epithelium for an In Vitro Model of Proliferative Vitreoretinopathy
	2.1 Introduction
	2.2 Stem Cell Sources
	2.3 Reprogramming Techniques
	2.4 RPE Derived from iPS Cells
	2.5 In Vitro Model of Injury, Wound Healing, and Drug Screening
	2.6 Conclusion
	References

	Chapter 3: Developing Cell-Based Therapies for RPE-Associated Degenerative Eye Diseases
	3.1 Retinopathies Induced by a Primary RPE Defect
	3.1.1 Retinitis Pigmentosa
	3.1.2 Age-Related Macular Degeneration
	3.1.3 Global Burden and Treatments

	3.2 Therapeutics Based on Fetal or Adult Cells
	3.2.1 Use of Fetal-Derived Cells to Replace RPE Cells
	3.2.2 RPE Cells from Adult Eyes as a Source for Cell Therapy
	3.2.3 Alternative Cell Types
	3.2.3.1 Iris Pigment Epithelium
	3.2.3.2 Schwann Cells
	3.2.3.3 Fetal Brain-Derived Neural Progenitors
	3.2.3.4 Bone Marrow Mesenchymal Stem Cells
	3.2.3.5 Retinal Neurospheres
	3.2.3.6 Umbilical-Cord Stem Cells


	3.3 RPE Derived from Pluripotent Stem Cells
	3.3.1 Clinically Compatible Protocols to Obtain and Bank RPE Cells
	3.3.2 Quality Controls of Differentiated RPE Cells
	3.3.2.1 Safety of Therapeutic Cells
	3.3.2.2 Purity of the Differentiation Process
	3.3.2.3 Functionality of the RPE Obtained from Differentiation

	3.3.3 Injection Strategy of the Cell Therapy Product

	3.4 Clinical Trials for the Treatment of AMD and RP
	3.4.1 Adult and Fetal RPE
	3.4.2 hiPSCs/hESCs-Based Clinical Trials
	3.4.3 Other Stem Cell Trials

	3.5 Management of the Graft Rejection
	3.5.1 Immune Privilege of the Eye
	3.5.2 Current Immunosuppressive Treatment and Global Haplotype Cell Banking Initiative

	3.6 Conclusions
	References

	Chapter 4: Immunological Considerations for Retinal Stem Cell Therapy
	4.1 Introduction
	4.2 Immune System Development and Role in Ocular Tissue Maintenance
	4.2.1 Innate Immune System
	4.2.2 Adaptive Immune System
	4.2.3 Complement System

	4.3 Damage- and Disease-Associated Inflammation in the Eye
	4.3.1 Microglia/Macrophage Activation

	4.4 Cell Rejection Response Following Transplantation of Allogenic Cells in the Retina
	4.5 Strategies to Circumvent Cell Rejection
	4.6 Overcoming Inflammation in the Retina
	4.6.1 Immunomodulatory Factors
	4.6.2 Synthetic Immunomodulation

	4.7 Conclusion
	References

	Chapter 5: Advances in the Differentiation of Retinal Ganglion Cells from Human Pluripotent Stem Cells
	5.1 Applications of hPSCs
	5.2 RGC Differentiation from hPSCs
	5.3 Translational Applications of hPSC-Derived RGCs
	5.4 Future Applications of hPSC-Derived RGCs
	5.5 Conclusions
	References

	Chapter 6: Surgical Approaches for Cell Therapeutics Delivery to the Retinal Pigment Epithelium and Retina
	6.1 Introduction
	6.2 General and Anesthetic Considerations
	6.2.1 Logistic and Management Advice
	6.2.2 Animal Choices
	6.2.2.1 Small Rodents
	6.2.2.2 Rabbits
	6.2.2.3 Pigs
	Domestic Pigs
	Mini-Pig
	Yucatan Pig

	6.2.2.4 Nonhuman Primates

	6.2.3 Immunosuppression
	6.2.3.1 Mouse and Rat
	6.2.3.2 Rabbit
	6.2.3.3 Pig
	6.2.3.4 Monkey

	6.2.4 Anesthesia
	6.2.4.1 Small Rodents (Mice and Rats)
	6.2.4.2 Rabbit
	General
	Head Positioning
	Eye-Specific Preparations

	6.2.4.3 Pig
	General
	Head Positioning and Eye Specific Preparations

	6.2.4.4 Macaques/Nonhuman Primates
	General
	Animal Positioning
	Eye Specific Preparations



	6.3 Subretinal RPE Graft Delivery
	6.3.1 Mouse and Rat
	6.3.1.1 Cell Suspension Preparation
	6.3.1.2 Cell Sheet Preparation
	6.3.1.3 Animal Preparation Before Surgery
	6.3.1.4 Cell Suspension Injection
	6.3.1.5 Cell Sheet Implantation

	6.3.2 Rabbit Surgery
	6.3.2.1 Instrument Preparation
	6.3.2.2 Vitrectomy
	6.3.2.3 Loading Implantation Instrument (Shooter)
	6.3.2.4 Implantation
	6.3.2.5 Wound Closure

	6.3.3 Pig Surgery
	6.3.3.1 Instrument and Equipment Preparation
	6.3.3.2 Vitrectomy and Induction of Retinal Detachment
	6.3.3.3 Implantation
	6.3.3.4 Ending Surgery

	6.3.4 Monkey Surgery
	6.3.4.1 Instrument and Machine Preparations
	6.3.4.2 Vitrectomy
	6.3.4.3 Preparing Implantation Instrumentation
	6.3.4.4 Implantation
	6.3.4.5 Wound Closure


	6.4 Photoreceptor Transplantation
	6.4.1 Considerations for Photoreceptor Graft Preparation
	6.4.2 Photoreceptor Transplant Delivery Strategies
	6.4.3 Future Outlook for Photoreceptor Replacement

	References

	Chapter 7: 3D Engineering of Ocular Tissues for Disease Modeling and Drug Testing
	7.1 Introduction
	7.2 3D Modeling of the Back of the Eye: Outer Blood–Retina Barrier
	7.2.1 Background
	7.2.2 3D Modeling of the Back of the Eye: Engineered Systems
	7.2.3 3D System Validation

	7.3 3D Modeling of the Back of the Eye: Pluripotent Stem Cell-Derived 3D Retina Organoids
	7.3.1 Background
	7.3.2 Pluripotent Stem Cell-Derived Optic Cup

	7.4 Visualization and Quantification of Markers in 3D Tissue Models
	7.4.1 Traditional Histology
	7.4.2 Tissue Clearing
	7.4.3 3D Segmentation and Quantification

	7.5 Drug Screening of Ocular Tissue Models
	7.5.1 High-Throughput Drug Screening (HTS) with Stem Cell-Derived Ocular Disease Model
	7.5.2 3D Organoids: Human iPSC-Derived Retinal Cup
	7.5.3 HTS Readouts and Validation
	7.5.4 Machine Learning

	References

	Index

