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Abstract

Induced pluripotent stem cells (iPSc) are a scientific and medical frontier. Application of
reprogrammed somatic cells for clinical trials is in its dawn period; advances in research with
animal and human iPSc are paving the way for retinal therapies with the ongoing development of
safe animal cell transplantation studies and characterization of patient-specific and disease-
specific human iPSc. The retina is an optimal model for investigation of neural regeneration;
amongst other advantageous attributes, it is the most accessible part of the CNS for surgery and
outcome monitoring. A recent clinical trial showing a degree of visual restoration via a subretinal
electronic prosthesis implies that even a severely degenerate retina may have the capacity for
repair after cell replacement through potential plasticity of the visual system. Successful
differentiation of neural retina from iPSc and the recent generation of an optic cup from human
ESc /n-vitro increase the feasibility of generating an expandable and clinically suitable source of
cells for human clinical trials. In this review we shall present recent studies that have propelled the
field forward and discuss challenges in utilizing iPS cell derived retinal cells as reliable models for
clinical therapies and as a source for clinical cell transplantation treatment for patients suffering
from genetic retinal disease.
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INTRODUCTION

The capacity for stem cells to proliferate and differentiate into the diverse cell types of the
body has caused much interest both in developmental research and regenerative medicine.
The possibility of subverting the unidirectional course of differentiation by cell-
reprogramming, and thus reinstitute the capacity for a differentiated cell to adopt a new fate
is conceptually intriguing and entails a prospective paradigm shift in medicine and research.
Induced pluripotent stem cells (iPSc) are hence on the cutting edge of scientific investigation
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and hold great potential for clinical application, both for investigating disease mechanisms
and for cell replacement therapies. Perhaps not surprisingly, this year the Nobel Prize for
Medicine recognized two leading researchers who made seminal advances in cell
reprogramming in lower vertebrates (John Gurdon) [1] and mammals (Shinya Yamanaka)

[2].

The retina has emerged as an increasingly promising frontier for investigation of central
nervous system (CNS) regeneration and stem cell transplantation, owing to its unique
features as a surgically accessible, immune privileged organ that can be non-invasively
imaged. Grafted cells can be observed directly through the clear ocular media and functional
assessment of the transplantation can be provided through a vast array of visual testing.
Moreover, retinal degenerations are commonly bilateral so clinical trials in the eye may be
applied to only one eye, while making use of the fellow eye as a control. Finally, unlike long
tracts of the brain and cerebellum, transplanted photoreceptors need only to make short
synaptic connections to their immediate neighboring cells (bipolar) across non-myelinated
tissues in order to restore function, which facilitates assessment of the cells physiologically

3.

Perception of visual stimuli is dependent on light signals passing through a visual stream
from the eye to the brain. The first order neurons in this pathway are the light sensitive rod
and cone photoreceptors in the outer nuclear layer of the retina. Photoreceptors instigate the
visual stream by converting light signals into electric impulses that are then transmitted to
bipolar cells in the inner nuclear layer [4] (See Fig. 1) and travel through the optic nerve and
lateral geniculate nucleus (LGN) to be processed by the visual cortex in the occipital lobe of
the brain. Retinal neurons, like other neurons of the CNS, degenerate progressively
throughout life and show limited ability for regeneration and repair after injury. But while
single retinal neurons do not regenerate (except in specific circumstances such as during
development [5]) the visual system as a whole does exhibit quite encouraging signs of
neuroplasticity and preservation, even after severe retinal degeneration.

One reason for optimism in restoring vision by photoreceptor transplantation comes from
observations in patients with advanced retinal degeneration due to retinitis pigmentosa (RP).
Here post-mortem studies in humans revealed that although only 4% of photoreceptors were
still present in the severely degenerate eyes, 66% of the normal bipolar cell population still
remained in the degenerate tissue [6]. Furthermore, the observations that ganglion cells in
rodent mammals can regenerate to restore function through peripheral nerve grafts
demonstrates the plastic potential of the central targets of the visual pathway [7, 8]. But
perhaps most compelling evidence for the regenerative capacities of the human visual
system was heralded by the subretinal transplantation of electronic photoreceptor arrays,
after which patients with visual impairments regained a degree of vision, to the extent that
one patient could even read large print after such transplant [9]. Thus implying that the
electronic retinal implant relays signals to a preserved and functioning visual pathway
downstream to the lost photoreceptors or alternatively that there is possibility of neuronal
regeneration and reorganization in the visual pathway following treatment.

Accordingly, photoreceptor cell-replacement therapies may hold the possibility of repair in a
degenerating or completely degenerate retina, by reinstating light sensitive cells to project
and form connections with downstream retinal cells and finally the visual cortex.

Embryonic stem cells (ESc) and photoreceptor progenitors have been widely researched in
the area of ophthalmology and visual neuroscience as candidates for cell replacement. In
2006, Nrl+ rod photoreceptor progenitors were successfully transplanted and integrated into
an adult degenerate retina in a mouse model of Retinitis pigmentosa (RP) [10],
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demonstrating that the degenerate retina is receptive to integration of transplanted tissue and
establishing postmitoticphotoreceptors as better candidates for transplantation than early
progenitors. In a recent study, Singh et al. [11] have shown that end-stage retinal
degeneration may be reversed by reconstitution of a light-sensitive photoreceptor layer. In
this study, behavioural, cortical and pupil visual responses were restored in a murine model
of severe human RP after transplantation of rod photoreceptor precursors; thus highlighting
cell replacement therapies as a potential tool for vision repair in even after complete
degeneration of the outer retinal layer.

Photoreceptors have been successfully derived from mouse ESc (mESc) [12] and reported to
integrate into the host retina and improve vision in adult blind mice. Furthermore, retinal
pigment epithelium (RPE) derived from human ESc (hESc) have been shown to preserve
vision in an animal model of RPE dystrophy, where photoreceptor loss is occurring
secondary to a genetic defect in the RPE [13]. These studies provide proof of concept for
application of /in-vitro generated retinal cells in clinical rescue of vision.

Phase I/11 trials using stem cells have been initiated for treatment of disease and injury in
other regions of the CNS (for detailed review see [14]). Clinical trials using ESc-derived
cells to treat retinal degeneration are not yet prevalent, although this year a prospective trial
has been initiated [15], focused on transplanting RPE derived from hESc to patients with
macular degeneration. While this study presents a good case for the initial safety of ocular
delivery of RPE derived from hESc, it does not yet provide the desired evidence of vision
rescue or therapeutic effect of such transplants.

It has been recognized that photoreceptor precursors ideally integrate in a host retina when
obtained from donor mice around postnatal day 3 [10, 11, 16, 17], a period which is
developmentally comparable with the second trimester of pregnancy in humans; hence
greatly restricting the use of such human primary cells [18]. ESc are an important research
avenue for /n-vitro derivation of photoreceptor precursors, however their use entails ethical
obstacles and thus a challenge of using ESc derived donor cells for transplantation studies or
clinical trials. Additionally, the use of Esc derived retinal precursor cells in clinical trials
entails a risk of immune rejection, although the eyes are protected by the blood retina
barrier, the surgical manipulation to transplant cells will in itself compromise this barrier to
some extent, and introduce circulating immune cells, such as T-cells into the subretinal
space and foreign transplanted tissue would stand higher risk of rejection and would require
constant immune suppression post transplant, which is itself associated with significant
morbidity. A need therefore arises for a readily expandable, immunologically attuned source
of cells for basic and clinical research.

These barriers for cell replacement may be addressed through use of induced pluripotent
stem cells. First developed in mammalian vertebrates in 2006 [2], contingent on
breakthroughs in cell reprogramming in lower vertebrates in 1962 [1], iPSc technology
allows the reprogramming of adult somatic cells by chemically altering extrinsic signaling
pathways. This consequently reinstitutes the redifferentiation of the adult somatic cell into
embryonic cell lineages of the three germ layers.

In order to resolve not only the ethical issues arising from the use of Esc, but also the need
for continual immune suppression; which may in itself present a health risk to the patient,
disease-specific and patient-specific iPSc would be most attractive and relevant for both
research and clinic. In a model scenario, tissue would be obtained from somatic cells of a
single patient afflicted with inherited retinal degeneration, reprogrammed to a pluripotent
state, expanded /n-vitro and then differentiated to reach an appropriate developmental state
for transplantation or research. These iPSc-derived differentiated cells could subsequently be
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used either as /n-vitro models of genetic diseases and therapy development [19] (“disease in
a dish”) or subjected to ex-vivo gene correction in order to correct the genetic mutation
causing blindness. Subsequently, corrected autologous cells would be transplanted back into
the patient. Fig. (2) presents a schematic representation of this process.

In considering a complex and multi-staged therapy method, it is helpful to start from the
clinical need and gain perspective on advances and clinical implications of proceedings and
challenges facing scientists in the field. We shall first discuss the clinical need for iPSc in
treatment of retinal disease, types of retinal cells generated from iPSc and methods used for
their generation. Then we will present current research advances in the use of retinal cells
generated from iPSc in the forefront of scientific and clinical research and discuss
translation of these studies from bench to bedside. Subsequently, with this frame of
reference, we shall discuss again the scientific methods of reprogramming somatic cells,
genomic integrity and epigenetic memory of the derived pluripotent cells in the context of
retinal therapies. Finally, we shall raise probable practical impediments to producing iPSc
derived retinal cells for human clinical trials and offer solutions arising from current
research.

GENERATION OF RETINAL CELLS FROM iPSc

Retinitis pigmentosa (RP), and age-related macular degeneration (AMD) are two primary
causes of inherited retinal blindness [20] affecting over 15 million people world-wide [21],
and are therefore not surprisingly the focus of most retinal cell transplantation research.
Both diseases cause retinal degeneration leading to eventual irreversible loss of the light
sensing photoreceptors of the neural retina and vision impairment. However the underlying
cellular mechanisms are divergent; In RP, an initial loss of (usually) rod photoreceptors
leads to a cellular cascade that promotes the secondary degeneration of cone photoreceptors
[22]. In AMD, the majority of cases are characterized by an initial degeneration believed to
arise in Bruch’s membrane of the retinal pigment epithelium (RPE) which is essential for
photoreceptor metabolic activity, thus leading to a secondary loss of photoreceptors [23].
Accordingly, /n vitro differentiation of rod photoreceptors and RPE are in the spotlight of
current retinal cell generation research. As will later be discussed, these iPSc generated
retinal cells, have the potential to advance many steps on the continuum from basic science
to clinical therapy; from models of disease, to /n vitro gene therapy and clinical cell
replacement therapies for these currently incurable and inadequately understood conditions.

In vitroretinal differentiation from ESc or iPSc largely imitates developmental landmarks of
normal /n-vivo differentiation [19]. In the developing human embryo at 4-5 weeks, the optic
vesicle evaginates from the diencephalon of the neural tube and folds to form the optic cup.
After disconnection of the lens vesicle, two layers of tissue form separately; the RPE
progenitor outer layer, expressing Pax6 and the basic-helix-loop-helix-zipper transcription
factor gene Mitf [24], and the neural retina progenitor layer which expresses Pax6 and the
transcription factor gene Rx [25]. Later in development, photoreceptor precursors express
the homeobox gene Crx [26] and eventually mature to express the pan-photoreceptor marker
Recoverin. The neural retina progenitor layer differentiates into the seven principal neural
retinal cell subtypes, namely ganglion cells, horizontal cells, amacrine cells, cone
photoreceptors (opsin+), bipolar cells, rod photoreceptors (Rhodopsin+/Nrl+) and Miiller
glia, in a sequential fashion [Detailed review in [27].

In order to mimic natural development, /n vitro differentiation of retinal cells from iPSc
would require orchestration of sequential induction steps, amongst which are the inhibition
of BMP and Whnt signaling [28-32], the initiation of IGF-1 in eye field development [33] and
Notch inhibition in photoreceptor development [34]. Accordingly, a stepwise differentiation
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protocol was established for animal as well as human ESc, employing extrinsic chemical
signaling pathways to direct cell fate into retinal progenitor cells (Pax6+/Rx+) by Wnt and
Nodal inhibition [35] or direct differentiation towards photoreceptors by addition of retinoic
acid and taurine to formerly established culture media [36, 37]. Additional protocols
emerged inducing photoreceptor-precursor differentiation by recombinant noggin (a BMP
inhibitor), IGF-1 and Dickkopf-1 (Dkk-1) (an antagonist of the Wnt/B-catenin signaling
pathway) [38].

Subsequently, these protocols were directed to differentiate retinal cells from human iPSc,
generating both photoreceptor and RPE phenotypes. In one of the first such studies [39],
human iPS cell colonies were cultured in serum free media for 18 days, supplemented by
nodal signaling inhibitor, Lefty-A and Dkk-1 to facilitate Wnt signaling inhibition [reviewed
in [40]. Approximately 30 days after cell colony re-plating, Pax6+/ Mitf+ RPE progenitor
cells and Pax6+/Rx+ retinal progenitors could be detected. At day 40, RPE cells were
observed. After 90 days of /n vitro induction Crx+ retinal precursors emerged and finally by
day 120, researchers could report induction of rhodopsin+ or opsin+ photoreceptor cells.

Successful generation of retinal cells /n-vitrois largely assessed in studies by expression of
distinct cell markers; however it is important to consider that markers used to identify retinal
progenitors are in numerous cases expressed in other developing cells of the CNS. As a
consequence, characterization of cells as retinal lineage precursors cannot be viably assigned
based only on appearance of singular developmental markers, but must be examined within
the frame of chronological developmental landmarks [27]. Functional tests of
photosensitivity may provide support for ascertaining cell fate, but photosensitivity cannot
be taken as a sole measure either, as it could be indicated in any neuronal cell that expresses
melanopsin [41]. Ascertaining identity of cells prior to transplantation is imperative, the
types of cells being transplanted and their proliferative state have implications not only for
the functional success of cell replacement treatment, but may determine the overall safety of
the transplant, as transplantation of proliferative cells may induce tumor formation post
treatment. Accordingly, immunological characterization of derived cells should ideally be
accompanied by assessment of morphology, cell membrane function and capacity to
integrate successfully and safely into the retina before assessment of suitability for use in a
clinical setting.

iPSc derived retinal cells have been generated by a number of groups [e.g. 27, 42-48], using
methods similar to ones used in differentiation of ESc into retinal cells and Masayo
Takahashi from the RIKEN Center for Developmental Biology in Kobe in Japan is currently
setting up a clinical trial with iPSc derived RPE (reported in Science Now, by Dennis
Normile on 18 June 2012).

In the coming sections, we shall focus on recent studies which have generated neural retina,
and applied the derived cells to provide proof of concept for clinical application, i.e.
transplantation or /n vitro modeling of development and disease. (Table 1) provides a
summary of recent published advances in applied research of retinal cells generated from
iPSc for photoreceptor replacement. These animal and human studies represent an exciting
step forward in the understanding and treatment of retinal degeneration and provide proof of
concept for clinical trials. We shall hence discuss current advances in iPSc cell replacement
studies, modeling of retinal development and retinal-degeneration, and present a new
perspective on advantages and challenges that stand before researchers and clinicians using
iPSc.
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PURIFICATION AND TRANSPLANTATION OF iPSc DERIVED
PHOTORECEPTORS

Studies aimed at generating iPSc derived photoreceptor-precursors for transplantation, must
take into consideration not only the method of reprogramming and generation of the desired
cells, but also a reliable method of purifying these cells before transplantation, to increase
efficiency and reduce risk of teratoma formation. It is not sufficient that cell colonies used
for transplantation in a clinical setting show expression of retinal cell progenitor markers,
but it is also required that undifferentiated cells are not present in transplanted cohort, as
even a small amount of proliferating cells would be enough to render the transplant unsafe
and thus undesirable for patients and clinicians. For regulatory body approval,
demonstration of safety must precede demonstration of treatment efficacy.

Patient specific iPSc overcomes the need for immune suppression after cell transplantation,
as the autologous cells are a near perfect immunological match for the patient. However, it is
important to note that this advantage that iPSc hold becomes a drawback in case of
tumorigenesis. In the scenario of teratoma formation after transplantation of ESc, immune
suppression can simply be removed, thus permitting immune cells of the host retina
effectively to attack and reject the foreign ESc and tumors. However, this safety measure
may not pertain if malignancy occurs after transplanting patient-specific iPSc, as
transplanted proliferating cells cannot easy be identified and therefore removed via
circulating immune cells, making tumor formation a greater risk for patients who would
potentially undergo such treatments. Hence differentiation of ES, but in particular iPS, cells
must be followed by rigorous scanning and purification steps before use in a clinical setting.
In vivo transplantation studies in animals provide an opportunity to assess the clinical-safety
of using these cells as well as to assess functional changes in vision following
transplantation. Although it should be noted that the immune systems of rodent models and
primates differ considerably.

In 2010, Lamba and colleagues [46] reprogrammed and differentiated human iPSc to
generate photoreceptors /n-vitro. The differentiation protocol in this study relied on previous
work achieved in the same group differentiating hESc into photoreceptors [12]. Notably, in
this study, human photoreceptors were identified and fluorescently tagged in culture by
lentiviral infection of GFP driven from interphotoreceptor retinoid-binding protein (IRBP), a
photoreceptor specific promoter. Florescent labeling of photoreceptors allowed the
researchers to purify the culture using Fluorescence-activated cell sorting (FACS), thus
separating photoreceptors from undifferentiated cells and other cell-types present in culture.
FACS yielded a cell suspension in which 90% of cells could subsequently be histologically
labeled as rod or cone photoreceptors. Purified cells were transplanted into the subretinal
space of adult mice, showing signs of integration into the outer nuclear layer comparable to
integration found after differentiation and transplantation of hESc into adult mice. However,
these FACS purified iPSc-derived photoreceptors did not survive well; only a small number
of viable cells were integrated and no measures of visual rescue were reported.

In a recent succeeding study, Tucker and colleges [44] overcame the problem of cell
viability after purification by using Magnetic-activated cell sorting (MACS) to deplete the
culture of proliferative cells expressing stage-specific embryonic antigen 1 (SSEA1).
Regardless of differences in viability of cells post FACS or MACS sorting, purification did
not affect transplanted cells in this study because the labeled cells were the ones
contaminating the culture rather that the population to be enriched. In this protocol mouse
somatic cells were programmed using the Yamanaka transcription factors Oct4, Sox2, KLF4
and c-Myc [2], and differentiated into retinal precursors. Researchers found a significant
increase in expression of the photoreceptor markers CRX and recoverin as well as the rod

Curr Gene Ther. Author manuscript; available in PMC 2013 November 13.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Cramer and MacLaren Page 7

marker, rhodopsin in D33 differentiated cells, when compared to undifferentiated embryoid
bodies. They additionally found markers of various other retinal cell types. However, though
differentiated cells were found in culture, an order of 30% of cells remained undifferentiated
at this stage and expressed the pluripotency marker SSEAL. Cells were transplanted
subretinally into the degenerate retinas of rho—/— host mice, either with no purification steps,
with one round of SSEA1 depletion or after two consecutive rounds of SSEA1+ cell
depletion. When no purification was applied, cell transplantation induced tumorigenesis in
approximately 60% of host animals within 21 days of injection. Purifying cells with a single
MACS procedure of SSEAlexpressing cell depletion decreased the percentage of animals
developing tumors to approximately 20%. After a second consecutive round of SSEA1+ cell
depletion, researchers did not find tumor formation in any of the transplant recipients after
21 days and up to 16 weeks of transplantation. Transplanted iPSc were included into the
outer nuclear layer of the host degenerate retina and possibly led to a small increase in the
scotopic ERG response. In one case, the proliferation marker Ki67 was detected within the
animals vitreal space 21 days post SSEA1-depleted cell injection, thus although no
malignancy occurred, further optimization would be required in order to translate this
protocol into a clinical setting, where the injection of proliferative patient specific cells
would be entirely undesired. It is also noteworthy to point out, that due to the nature of
depleting-purification rather than rod enrichment, and the presence of other retinal cell types
in the differentiated culture, the changes observed in this study may not have occurred
specifically as a result of rod cell replacement and may have been caused by a number of
other cellular mechanisms.

GENERATION OF RETINAL MATRICES USING iPSc

When generating photoreceptors for therapeutic application, it is important to consider
physical challenges in their transplantation into the retina. In the current standard method of
retinal cell transplantation, and thus in most studies presented above, a single-cell
suspension of /n vitro differentiated photoreceptors is transplanted subretinally of
intravitreally. While photoreceptor precursors have been shown to integrate and form
connections with host retina when transplanted as a single-cell suspension [e.g. 10, 11], the
percentage of synapse-forming grafted precursor cells is extremely low (in the region of
0.1% of transplanted cells) [49] and the integration of photoreceptors in the correct
orientation within the outer nuclear layer is infrequently accomplished [50]. In the healthy
intact human retina photoreceptors are positioned in the outer nuclear layer of the outer
retina in a polarized manner, with outer segments projecting discs towards the RPE and
inner segments adjoin to a layer of Mdller cells at the outer limiting membrane. Orientation
and integration of these cells is important for their function and survival, as contact with
RPE is essential for foveal photoreceptor maturation [51], and correspondingly, loss of
connection in the adherens junctions between photoreceptors and Muller cells is linked to
photoreceptor degeneration [52] (reviewed in [53] & [16]). The isolated cells differentiated
from ES or iPSc /n vitro have not yet been shown to develop cilium or outer segment discs
[37], although even had these features of photoreceptors been achieved in culture, their
applicability would be relatively low, as cells are optimally transplanted during the precursor
stage [10, 11, 54, 55], when these features are not yet developed. Hence, a method is
required to ensure that these cells are polarized and can attach outer segment disks to The
RPE and inner segments to Mdiller cells.

Taking these challenges into account, transplantation of single cells into the retina may be
questioned as effective therapy for retinal degeneration. In order to promote integration of
the transplanted photoreceptors into the retina, a method that would insure their polarized
integration post transplant would be ideal. Biodegradable polymer scaffolds have
accordingly been suggested to promote cell integration and survival in areas of the damaged
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retina. Dissociated mouse progenitor cells were differentiated /n vitro and expanded on a
polymer scaffold to form artificial retinal tissue in culture, prior to localized subretinal
delivery in mouse models of retinal degeneration (Rho —/-) [56]. This innovative method
employed injection of the engineered retinal tissue on a scrollable scaffold, reducing trauma
during injection. This method may provide an important step forward in cell replacement
transplantations and may indeed prove to be applicable to the expansion and transplantation
of differentiated iPSc-derived retinal cells.

In an interesting recent study [57], human ESc were used to produce a self forming optic cup
in a 3D /n vitro culture system, previously successfully achieved by the same group using
mESc [58]. The ES derived human optic cup is a multi layered tissue, containing rod and
cone photoreceptor progenitors, inter-neurons and ganglion cells. This research unlocks the
exciting possibility of similarly generating a human optic cup from iPSc and harvesting
photoreceptor progenitors within a retinal matrix with RPE bound to the outer segment
discs, thus transplanting retinal sheets in place of single cells. An additional consideration
supporting this strategy is the fact that RP does not have a constant disease-trajectory of
degeneration, it manifests differently in different patients and in some cases loss of
photoreceptors may be accompanied by secondary retinal degeneration or RPE loss (Fig. 3),
thus in such cases transplanting photoreceptors with RPE cells may have additional
therapeutic effect.

The clinical relevance of the question whether to transplant single cells or a retinal matrix is
central not only for integration but also when considering the visual resolution expected
after cell replacement. Clinical trials carried out with electronic retinal implants may offer
important transferable lessons for the design of cell replacement therapies. In recent clinical
trial [9], an electronic microchip was transplanted subretinally under a human retina,
recovering a degree of vision to a blind patient. The electronic prosthesis was implanted
subretinally to replace the degenerate photoreceptor of the outer nuclear layer, similar to the
prospective site of integration for cells in cell replacement therapies. Visual rescue in this
trial implies that downstream processing of vision can be achieved - the electronic microchip
transfers light signals to adjacent bipolar cells remaining in the retina to transfer the signal
through intact pathways to the visual cortex. This can be compared to transplantation of
single cells into the retina; in both cases the upper limit of spatial resolution obtained by
treatment would be limited by the density of bipolar cells remaining in the patient’s retina
(Fig. 4). When transplanting a retinal matrix, however, where photoreceptors are
transplanted accompanied by their ocular environment, developing bipolar cells could form
connections with photoreceptors pre-transplantation through ribbon synapses that include
horizontal cells and therefore include lateral inhibition. Hence visual resolution would
depend on the density of transplanted cells and not relay on the remaining structure of
bipolar cells in the degenerate retina. Indeed this may also be possible with electronic
devices, if a form of lateral inhibition can be programmed into the light sensing diodes.

Animal studies of retinal sheet engraftment may also provide proof of principle and provide
perspective; In studies conducted in rodents and rabbits, after subretinal transplantation of
embryonic or early neonatal whole retinal sheets into a host retina, retinal grafts were shown
to differentiate and survive long-term [59-61] and reported to form connections with
neurons, restoring a degree of visual response in the degenerate host retina [62]. The
development of a human optic cup from iPSc mentioned above, may allow researchers to
consider iPSc derived retinal grafts for cell replacement therapies of hereditary retinal
diseases in place of single cell transplants.
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MODELING RETINAL DEVELOPMENT AND DEGENERATION USING iPSc:
“DISEASE IN A DISH”

Underlying genetic causes for retinal degenerations are extremely heterogeneous. In RP
alone, mutations have been discovered in close to 200 genes (see database in RetNet https://
sph.uth.tmc.edu/retnet/sum-dis.htm) [63]. While the biological defects and severity of RP
are extremely varied, they are encompassed under the same title as they share overlapping
phenotypic expression and are characterized by the degeneration of rod photoreceptors and
the potential subsequent secondary degeneration of cone photoreceptors, loss of lamination
of the inner retina and invasion of RPE cells into the neural retina [64] eventually leading to
loss of visual field properties and night blindness due to loss of rods or in some cases
complete blindness following secondary loss of cone photoreceptors. Genetic heterogeneity
implies that diverse mechanisms are at the base of the different subtypes of the disease;
making drug treatment extremely difficult to fit to a patient whose underlying genetic causes
for the disease are unknown, as patients with different underlying mutations may require
different drugs [19]. Furthermore, the vast number of genetic causes and expression patterns
implies that animal models of RP will unavoidably lack in translational characteristics for
the different subtypes of the disease.

iPSc have been successfully generated from patients in a number of diseases, including
Parkinson’s disease [65], sickle cell anemia [66], amyotrophic lateral sclerosis (ALS) [67],
catecholaminergic polymorphic ventricular tachycardia (CPVT) [68], muscular dystrophy
and Huntingdon’s disease [69]. Patient-specific iPSc are likely to be extremely beneficial in
the retinal line of research as they allow /n vitro recapitulation of the patient’s disease
phenotype for drug discovery, drug screening or gene-therapy optimization.

In 2011, Jin et al. [19] reprogrammed fibroblasts from five patients with identified mutations
in the RP1, RP9, PRPH2 or RHO genes, and proceeded to differentiate these patient-specific
iPSc into mature rod photoreceptors (Rho+/Nrl+) to model retinal degeneration 7n vitro. In
this study, rods were generated in-vitro by day 120, in accordance with differentiation of
human iPSc in previous studies (e.g [40]), but unlike photoreceptors derived from healthy
human iPSc, in these patient-specific iPSc, a significant reduction of cells expressing Rho+
was evident by /in vitro day 150. iPSc derived rods exhibited oxidation or endoplasmic
reticulum stress in culture after differentiation and interestingly, photoreceptor cells derived
from patients with different mutations responded differently to antioxidant drugs, sustaining
the notion that drug treatment for RP must be considered in the context of causative genetic
mutation. Later, the same group achieved a model of RP, using a non integrating Sendai-
virus vector [42], demonstrating for the first time the possibility of disease modeling with
integration free patient specific iPSc.

Pluripotent cells derived from skin cells of patients with RP have also been used recently to
conduct genetic analysis after exome sequencing and lead to identification of the cilia-
related gene male germcell-associated kinase (MAK) as a cause RP [70]. The ability to
recapitulate disease phenotype and screen drugs /77 vitro may be a step in the direction of
personalized medicine for retinal disorders and indeed be a model for other CNS diseases.
The ability to manipulate patient specific cells in culture conditions would benefit not only
drug development and screening, but could be used as an ex-vivo model in which patient-
specific iPSc would be differentiated, treated and transplanted back into the patient.

EX VIVO GENE CORRECTION

Modeling of disease-specific and patient-specific retinal degeneration provides evidence to
show that genetic mechanisms at play /7 vivoin inherited retinal degeneration are mimicked
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in vitro after cell reprogramming. This provides empirical evidence of the basic defining
barrier to patient specific cell replacement - that cells derived from patients afflicted with
retinal disease will inevitably express the same genetic phenotype. However, modeling
retinal degeneration can be a step towards crossing this barrier, as patient specific
autologous cells could undergo ex vivo gene correction in culture to produce healthy tissue
for cell replacement therapy. IPSc generated from patients with identified genetic mutations
or whose cellular degeneration has been studied /n vitro, could be corrected and used to
produce healthy cells for retinal transplantation. Nonetheless, the varied inherited genetic
mutations involved in retinal diseases will undoubtedly present a challenge in the
development of gene correction for retinal disease. Furthermore, transplantation of iPSc
derived cells that have also undergone gene therapy will require overcoming additional
regulatory restrictions when seeking approval for clinical trials.

Retinal degenerations that result in sight loss in late adulthood may still be amenable to iPS

cell treatments in which the gene has not been corrected. Whilst transplanting non-corrected
cells would not ideal, these cells may still survive for years post transplantation. This might

be the case for instance in late onset Stargardt disease or in mild rhodopsin mutations, where
the degeneration is relatively slow and new cells may possibly temporarily recover a degree

of vision, while harboring the genetic mutation.

Interestingly, there may be an exception to the need for gene correction of iPSc in a small
population of RP patients. A number of patients suffering from RP have been reported to
have another genetic condition- somatic mosaicism [71, 72], a condition in which a single
individual may carry different genotypes in various cell populations. So potentially, healthy
photoreceptors could be derived from iPSc generated from somatic cells which are not
afflicted with the mutation causing RP [20]. While this would pose an intriguing alternative
for a few patients, certainly this condition is not the norm and the majority of individuals
suffering from RP and other forms of hereditary visual loss would require gene correction
before transplantation of autologous iPSc. Similarly in mitochondrial disease, heteroplasmy
may allow the generation of cells with a larger proportion of non-defective mitochondria
which are resistant to degeneration, although purifying these cells is likely to be challenging.

Ex vivo gene correction has been achieved in a mouse model of sickle cell anemia [73],
where mice were rescued after transplantation of corrected autologous iPSc derived
hematopoietic progenitors. Gene specific targeting of the sickle hemoglobin allele was
carried out by use of retrovirus, providing notable proof of concept for such a procedure in a
clinical setting. This pioneering study sets the stage for development of autologous corrected
iPSc for transplantation in humans afflicted with genetic diseases, although the method of
gene correction would need to be reconsidered for a clinical setting. Retroviral vectors
introduce external DNA into the cells, therefore presenting the hazard of inserting novel
variation and mutagenesis into the genome while attempting to correct the target gene.
Development of genetic therapies for patient-specific or disease-specific iPSc should
attempt to use techniques that preserve genomic integrity and do not introduce oncogenic or
foreign material into cells. In order to obtain a full picture of the genomic structure and
integrity of iPSc, we should consider the induction steps cells go through prior to being
differentiated and the advances and challenges associated with cell reprogramming.

PROCEEDINGS AND CHALLENGES IN REPROGRAMMING TECHNOLOGY

In the early embryo, pluripotent stem cells can differentiate into all types of somatic cells.
Every nucleated cell in the body (excluding gametes and some immunological cells)
contains the same genomic DNA, and different cells types gain their unique characteristics
by sequential regulation of distinct genes during development. These epigenetic changes to
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chromosomal DNA regulate access of transcription factors to specific genes, providing
appropriate molecular switches required for cell division, growth and finally specific cell
function [53]. Adult somatic cells can thus be reprogrammed to regain stem-cell like
pluripotency through over-expression of defined transcription factors.

In a milestone study by Takahashi and Yamanaka in 2006 [2], mouse somatic cells were
first reprogrammed by over-expression of four transcription factors, namely oc-tamer-
binding transcription factor-3/4 (OCT3/4), SRY-related high-mobility-group (HMG)-box
protein-2 (SOX2), c-MYC and Kruppel-like factor-4 (KLF4), followed by generation of
iPSCs from human adult fibroblast cells using the same four transcription factors [74].
Although the original protocol produces the most robust reprogramming, the omission of the
potentially oncogenic factor c-Myc from reprogramming strategies reduced the risk of tumor
formation [75], potentially facilitating use of these cells in a clinical setting [53].
Reprogramming of immature fibroblasts can be successfully achieved with only the
transcription factors OCT4 and Sox2 [76], although the clinical relevance of this is low,
since most retinal degenerative diseases occur in an older age and iPSc should ideally be
optimized to be produces from adult skin. A recent study [77], suggests that retroviral
transduction of these four factors increases levels of reactive oxygen species (ROS), leading
to DNA damage and subsequent activation of p53, a tumor suppressor that is in charge of
stimulation of aging and apoptosis in the cell. Indeed in this study, these cell cycle phases
were overrepresented. These results align with the well established outcome that
downregulation of p53 enhances reprogramming of both mouse and human somatic cells
[60, 78-84]. While the most efficient method of reprogramming adult differentiated cells
into pluripotent stem cells is sought, it is important, especially for clinical purposes, to
consider a delicate balance of the genome. As p53 is a DNA damage response gene [85], by
its downregulation, enhanced reprogramming may result in DNA damage and genomic
instability [86]. Accordingly, variations in cell reprogramming protocols have been largely
explored, mostly with the aim of reducing the viral induction of potentially tumorogenic
factors, namely c-Myc and KLF4 into the genome [87-94].

Retro- and lentiviruses have largely been the main delivery method chosen to overexpress
reprogramming factors to induce pluripotency efficiently in somatic cells, but as previously
mentioned; these methods have a drawback of integrating foreign DNA into the
reprogrammed cell genome, thus presenting a threat of unpredictable effects of random
DNA integration. Therefore, methods to reduce or avoid viral integration have been sought.
Replacing viral vectors with non integrating plasmids [95, 96], episomal vectors [97, 98],
excisional techniques [99, 100], direct delivery of reprogramming protein [101], miRNA
[102], and minicircle DNA [103] to name a few. A single leading robust non-integrating
reprogramming technique has yet to ascend, but accomplishments in cell reprogramming by
non-integrating delivery methods are imperative stepping stones in the path to obtain safe
and efficient iPSc for research and therapy.

Recent research has indicated that autologous iPSc produce an immune response, and
transplanted undifferentiated autologous iPSc were rejected by matched host mice even
when pluripotency was induced using a non-integrating episomal vector, although to a lesser
degree [104] this important observation should be considered in generation of iPSc derived
cells for cell replacement research, yet more research is required in order to determine
whether the same immune response would be evident in iPSc derived photoreceptor
precursor cells. Generation and potential use of iPSc for clinical trials will be largely
influenced by the genomic state of differentiated iPSc, as genomic instability or threat of
tumor formation may render cells inappropriate for both clinical-research and
transplantation in patients. Genomic integrity of iPSc has been questioned and widely
reviewed [for recent review see [76] & [105] for its high relevance to clinical trial initiation.
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While chromosomal abnormalities [106] and mitochondrial genome mutations [107] have
been observed in iPSc, these aberrations have yet to be linked with practical deficiencies or
compromise cellular function [105].

EPIGENETIC MEMORY

A further interesting avenue to consider is the somatic source from which iPSc should be
obtained. The notion of ‘epigenetic memory’ questions whether the origin of reprogrammed
cells imprints the differentiation pattern and efficacy of resulting iPSc. This phenomenon
has been suggested to occur in iPSc, regardless of whether integrating or non-integrating
vectors were used [108] as lingering fibroblast genes have been detected in iPSc [109] and
neural genes were found in reprogrammed neural stem cells when reprogrammed without
use of integrating vectors [110]. Importantly, iPSc have been reported to differentiate back
to the original lineage from which it had been derived [111]; this property of iPSc could be
utilized for development of specific iPSc from favorable somatic tissue.

Hu et al. [112], studied the epigenetic imprint of iPSc derived from RPE by testing these
cells tendency to re-differentiate into RPE without being prompted to do so. In their report,
some reprogrammed cells did indeed retain memory of their previous state and
spontaneously differentiated to form pigmented RPE cells. Such differentiation preference
may be put to use in the future to create human disease-specific iPSc from different somatic
lineages. However, the idea of epigenetic memory remains a matter for debate. It has been
suggested that there is no intrinsic difference in the pluripotency state or iPSc as appose to
ESc, but rather that different laboratories are more attune to certain results according to the
cells that they are accustomed to work with [113]. Conversely, Ruiz et al. [114] studied
seventeen human iPSc lines, derived from six different cell types and found epigenetic
aberrations in all cell lines, regardless of cell source. Studying the existence of a genetic
imprint in reprogrammed cells could be clinically relevant and also help understand the
genomic structure of these cells and how they compare to ESc.

MAINTAINING iPSc DERIVED RETINAL CELLS FOR CLINICAL USE

A central question in the translation of iPSc to clinical trials is the feasibility of
manufacturing cells in a safe and stable manner for clinical trials. Human rod photoreceptor
differentiation requires long /n vitro culture periods, and may take roughly 80 days to
differentiate photoreceptorprogenitors from iPSc [27, 46] and in the order of 100-120 days
to produce mature photoreceptors [19, 40, 57]. This is a costly, time consuming and delicate
procedure that must be closely monitored throughout all stages to ensure viability and safety
of the final cell product. As an alternative, after initial culture, large-stocks could be
cryopreserved and delivered in frozen aliquots for short term additional culture and
generation of newly differentiated cells to produce storable neural retina generated from
human iPSc [55] for use in research and clinical trials.

The potential of safely storing iPSc would provide the possibility of maintaining
personalized human leukocyte antigen (HLA)-haplotype matched cell lines in iPSc banks
[115, 116] similar to banks formerly suggested for Esc [117]. Such banks could reduce the
financial resources and time required to produce clinically suitable patient-specific or
immune-matched cells, by maintaining differentiated and purified tissue for
immunologically-personalized transplantation. However, several hurdles still need to be
crossed in order to produce clinical-grade preserved iPSc. Recovery of human iPSc after
cryopreservation is still underway and thawed cells have been reported to demonstrate
compromised cloning efficacy and reduced cell survival [118]. A number of groups have
been working to improve cell survival and efficacy after cryopreservation using Rho-kinase
(ROCK) inhibitors [115, 119, 120] but there is still need for improvement of
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cryopreservation protocols before this strategy can be applied [78] and regulatory approval
is required before crayopreserved human iPSc are used in clinical settings.

CONCLUSION

In the short time since the development of iPSc, a great wealth of research has been
generated in the field. The potential to produce and expand and renewable source of human
cells is revolutionary for both medicine and basic research. Scientific researchers are making
commendable progress in developments and characterization of iPSc derived cells; however,
these advances have not yet been translated into iPSc clinical trials.

The key barrier standing before iPS cell translation into the clinic is the genomic state and
broad safety of these cells. Risk of proliferative cells dividing after transplantation and
inducing malignant tumors limits their use in human clinical trials, at least until genomic
structure of iPSc is better understood and methods of reprogramming and gene correction
which are both viable and safe are accomplished. Furthermore, cell purification techniques
could not only be used as a tool for depletion of target cells from tumorogenic factors, but
indeed be used to enrich the transplanted or investigated cell population. In the interim,
much may be learned from research and clinical trials carried out with embryonic stem cells,
where post-transplant immune suppression may be removed to impede tumor formation.
While transplantation studies are a stimulating and central avenue for the use of
reprogrammed iPSc, their potential use in scientific studies is no less remarkable; disease-
specific and patient-specific iPSc may revolutionize our understanding of development and
disease and may provide imperative insight into treatment of retinal degeneration.
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LIST OF ABBREVIATIONS

AMD Age-related Macular Degeneration

CNS Central Nervous System

ESc Embryonic Stem cells

FACS Fluorescence-Activated Cell Sorting

hESc human Embryonic Stem cells

iPSc Induced Pluripotent Stem cells

MACS Magnetic-Activated Cell Sorting

mESc Mouse Embryonic Stem cells

Rho Rhodopsin

RP Retinitis Pigmentosa

RPE Retinal Pigment Epithelium
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Fig. (1).
The layered structure of the retina. The first order sensory neurons of the visual system, cone
and rod photoreceptors, reside in the outer nuclear layer bordering on RPE cells. Light
signals are transferred to the bipolar cells of the inner nuclear layer and pass through
ganglion cells and the optic nerve to reach the brain.
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Fig. (2).

1. Somatic cells, such as skin fibroblasts are obtained from a patient with a genetic retinal
degeneration. 2. Cells are reprogrammed to an ES-like pluripotent state. 3. Cells are
expanded /n-vitro and differentiated to reach an appropriate developmental state. 4.
Developing cells may provide an /n-vitro model of disease development and treatment or
may be subjected to gene therapy with the aim of correcting the genetic source of
degeneration ex-vivo. 5. In order to prevent adverse consequences of therapy, cell-colonies
are to be screened and purified of proliferative and potentially malignant cells. 6. Patient
receives a subretinal injection to replace degenerate cells with reprogrammed, suitably
differentiated, corrected and purified autologous cells.
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Fig. (3).

Thger(e )is extensive genetic heterogeneity and variability in the phenotypes of outer retinal
disease. The four examples of photoreceptor degeneration shown here represent different
degeneration mechanisms with divergent phenotypes. A. Retinal degeneration due to rod
specific gene- neural retina leucine zipper (NRL). B. Retinal degeneration due to a gene
expressed outside the eye- ornithine amino-transferase (OAT). C. Retinal degeneration due
to an RPE specific gene- RPE65. D. Retinal degeneration due to acquired infection - rubella.
These different phenotypes would require different treatments based on the underlying
genetic background and cell types needing to be replaced.
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Fig. (4).

A. Subretinal electronic implant in a human degenerate retina. The retinal implant device
(Retina Implant AG, Reutlingen, Germany) is a light-sensitive electronic chip with 1,500
pixel-generating elements located under the retina in contact with bipolar cells and powered
via a subretinal cable. B. Dissociated retinal cells from early postnatal (PN3) Nrl.GFP
mouse retina in culture. C. florescence microscopy image of retinal dissociation, florescent
cells are rod photoreceptor precursors expressing Nrl. D. Merged image; Nrl.GFP cells in
the Jn vitro cultured retina. Yellow outline represents an area of light sensitive cells,
corresponding to the 1,500 pixels transmitted by the electronic chip. Scale bar 30um.
Observations of restored vision in patients with the electronic retinal implant are proof of
concept for how an iPS cell-generated photoreceptor monolayer might similarly reverse
blindness in retinitis pigmentosa (RP). The cell-therapy approach however has the advantage
of generating energy from the oxidation of glucose and would not therefore require an
external power supply.
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Recent Advances in Research of iPSc Application for Retinal Degeneration
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degeneration modeling [42]

OCT-4, KLF4, SOX2, and c-
MYC

P iPSc Reprogramming Purification and Tumor
Application source | method Key Cell type generated formation
Two cycles of magnetic bead
P depletion of cells expressing the
??;:;g?;ﬁgt?gg of Retroviral transduction Photoreceptor Precursors proliferation marker SSEAL
differentiated cells into a Mouse : (98% free fromresidual SSEAL+
retinal degeneration mouse OCT-4, KLF4, SOX2, and c- Pax6 +/CRX+/ recov erin+/ cell contamination)
MYC rho+
model (ho~/-) [44] No tumor formation 16 weeks
post transplantation
. Cells fluorescently labeled via
ggﬁ:géznst\?\}ilgg :gttiona Lentiviral transduction IRBP.GFP lentiviral infection.
(Intravenous Injection of | 5" | ocCT-4, KLF4, s0X2, Rod Photoreceptors No purifification (44%
damage) [45] and c-MYC IRBP.GFP+) Tumor assessment
g not reported
Cells fluorescently labeled via
IRBP.GFP lentiviral infection.
Transplantation of human Lentiviral transduction FACS Purification of IRBP.GFP
. ) +(90% IRBP.GFP+)
Irztslrﬁe:?zl%]a normal mouse Human OCT4, NANOG, LIN28 and Rod photoreceptors
SOX2 Insufficient cell number for post-
FACS integration.
Tumor assessment not reported.
. . Optic Vesicle, Optic Cup,
Retinal Development IMR90-4 human iPS
modeling [27] P Human | o1/ fine RPE, photoreceptor
progenitors
Retroviral transduction : :
degeneration modeling [19] OCT-3/4, KLF4, SOX2, and RPE and rod photoreceptors
c-MYC
Sendai Virus : :
. - . Retinal progenitor,
Patient specific retinal Human photoreceptor precursor,

RPEand rod photoreceptors
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RPE, Retinal Pigment Epithelium; FACS, Fluorescence-activated cell sorting; GFP, green fluorescence protein; Rho, Rhodopsin



