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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
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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
Thy1

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
Islet]
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
NEEM
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)
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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
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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)



132 S. K. Ohlemacher et al.

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
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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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