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Abstract: Pluripotent stem cells (PSCs), which include human embryonic stem cells (hESCs) and induced
pluripotent stem cell (iPSC), have been used to study development of disease processes, and as potential
therapies in multiple organ systems. In recent years, there has been increasing interest in the use of PSC-
based transplantation to treat disorders of the retina in which retinal cells have been functionally damaged
or lost through degeneration. The retina, which consists of neuronal tissue, provides an excellent system to
test the therapeutic utility of PSC-based transplantation due to its accessibility and the availability of high-
resolution imaging technology to evaluate effects. Preclinical trials in animal models of retinal diseases have
shown improvement in visual outcomes following subretinal transplantation of PSC-derived photoreceptors
or retinal pigment epithelium (RPE) cells. This review focuses on preclinical studies and clinical trials
exploring the use of PSCs for retinal diseases. To date, several phase I/II clinical trials in patients with age-
related macular degeneration (AMD) and Stargardt disease (STGD1) have demonstrated the safety and
feasibility of PSC-derived RPE transplantation. Additional phase I/II clinical trials using PSC-derived RPE
or photoreceptor cells for the treatment of AMD, STGD1, and also retinitis pigmentosa (RP) are currently
in the pipeline. As this field continues to evolve, additional technologies may enhance PSC-derived cell
transplantation through gene-editing of autologous cells, transplantation of more complex cellular structures

such as organoids, and monitoring of transplanted cells through novel imaging technologies.
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Introduction for inherited and acquired retinal diseases. Gene therapy

is being developed as treatment for inherited retinal

Retinal diseases are among the leading causes of blindness . . . . . .
diseases with known genetic mutations and relatively intact

worldwide after uncorrected refractive error and cataracts. retinal cells, as demonstrated by the first FDA (Food and

Age-related macular degeneration (AMD) is the most
common cause of irreversible vision impairment in
developed countries (1). Inherited retinal diseases, although
less prevalent, result in debilitating vision loss in younger
patients (2).

In recent years, significant progress has been made
in the development of gene and cell-based therapeutics
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Drug Administration)-approved gene therapy treatment,
voretigene neparvovec-ryzl (Luxturna, Spark Therapeutics)
for Leber congenital amaurosis (LCA). This gene therapy
targets retinal degeneration due to biallelic mutations in
the RPEG65 gene (3). However, there is a lack of treatment
options for retinal diseases wherein significant loss of cells
has already occurred. Examples of unmet needs include
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treatment for retinal pigment epithelium (RPE) and/
or photoreceptor loss in advanced nonexudative AMD,
retinitis pigmentosa (RP), and macular dystrophy including
Stargardt disease (STGD1). Currently, there are no
approved treatments to repair the visual circuit in these
conditions and replace the damaged or degenerated retinal
cells.

Pluripotent stem cell (PSC) transplantation is a potential
therapeutic avenue to reverse the degenerative loss of RPE
and photoreceptor cells. The main goal of this review is to
summarize and discuss recent and current clinical trials of
PSC transplantation in the retina for eyes with vision loss
from retinal disease. To provide background and context,
this review will also discuss retinal cellular anatomy as
relevant to degeneration and regeneration, review PSC
differentiation and validation for therapeutic application in
the retina, and describe the main disease targets for PSC-
based retinal therapy. Several challenges of translating PSC
technology to the clinic, and future research directions, will
be discussed.

We present the following article in accordance with
the Narrative Review reporting checklist (available at
https://dx.doi.org/10.21037/atm-20-4747). We performed
a literature search in PubMed focusing on induced
pluripotent stem cell (iIPSC) and embryonic stem cell (ESC)
research involving the retina, specifically photoreceptor
and RPE cells. Published results of clinical trials, as well as
relevant studies on the development, validation, and safety
profiles of PSCs, were included in this review. Evolving
technologies including genetic engineering and retinal
organoids, and their applications to PSC transplantation,
were also queried. Relevant clinical trials were identified
on ClinicalTrials.gov. Studies that were active, recruiting,
or had completed recruitment at the time of writing this
review were included. Studies of unknown status were
excluded.

Retinal disease targets for PSC therapy
AMD

AMD is the leading cause of blindness in people aged over
55 years in developed countries (4). Clinically, patients
typically present with late-onset progressive loss of central
vision. There are two forms of AMD. Nonexudative or
dry AMD is the more common form. It is characterized by
accumulation of subretinal deposits called drusen during the
early stages of the disease when significant vision loss has
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not occurred (5). Progression of dry AMD is characterized
by dysfunction and chronic progressive degeneration of
RPE cells, which are crucial for the function and survival
of the overlying photoreceptor cells. This loss of RPE cells
leads to geographic atrophy where focal loss of overlying
photoreceptors occur (6). This is associated with significant
vision loss if the retina providing central vision becomes
affected. When geographic atrophy involves the central
vision, the eye has advanced non-exudative AMD and vision
loss that is not reversible. Advanced nonexudative AMD
is the specific stage of AMD that is the treatment target of
RPE and/or photoreceptor cell regeneration using PSCs.

Genetic and environmental risk factors are implicated
in dry AMD pathogenesis and its progression from the
early to the advanced stage (7,8). Several clinical trials
aiming to halt dry AMD progression are currently on-
going (NCT03846193, NCT03144999, NCT04358471).
Among the strategies under investigation is the reduction
of excessive activation of complement by C3 inhibition,
a shared component of all three complement activation
pathways. No product has yet been approved for clinical use.

Once significant cellular loss has occurred,
pharmacological strategies such as complement inhibition
will not be effective in restoring vision because the lost
cells cannot regenerate. PSC-based therapy may provide an
avenue for treatment at this stage. Given the localized loss
of RPE and photoreceptors in AMD, this retinal disease is a
particularly attractive for stem cell-based therapies. Only a
small focal area of cells in the macula needs to regenerate for
visual restoration or improvement to occur.

Exudative or wet AMD, another form of advanced AMD,
accounts for 10-15% of AMD cases (9). In exudative AMD,
abnormal choroidal or subretinal neovascularization leads
to vascular exudation and hemorrhage that compromise
the function and viability of photoreceptor and RPE cells.
The process is relatively acute. Although exudative AMD
is associated with greater visual morbidity, the advent of
intravitreal anti-vascular endothelial growth factor (VEGF)
therapy has significantly improved functional outcomes for
patients with exudative AMD (10,11). In general, if vascular
exudation and hemorrhage is effectively halted using
anti-VEGF therapy, then retinal cellular damage can be
minimized.

STGD1

STGD1 is the most common cause of macular degeneration
in children and young adults, with a prevalence of 1 in
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8,000 to 1 in 10,000 people (12). STGDI is an autosomal
recessive disease caused by a mutation in the ATP-binding
cassette subfamily A member 4 (ABCA4) gene (13). The
ABCAA4 protein is a transporter localized to rod and cone
outer segment discs where it facilitates the transport of
retinoids from the photoreceptors to the RPE cells (14).
Mutations in ABCA4 results in the accumulation of toxic
material within the RPE layer and decreased kinetics of the
retinoid cycle (15). Subsequent degeneration of the RPE
leads to the dysfunction and degeneration of the overlying
photoreceptor layer (12). Similar to AMD, patients with
STGD1 present with progressive central vision loss (16),
albeit at a much younger age of onset. The hallmark clinical
features of STGD1 are yellow pisiform flecks at the level of
the RPE in the macula (17).

Gene therapy is being explored as therapy for STGDI.
One issue that makes this disease challenging to address
through gene therapy is the relatively large size of
the ABCA4 gene that exceeds the carrying capacity of
conventional adeno-associated virus (AAV) vectors (12).
The AAV carrying capacity is considered to be limited to
4.7 kB. However, this size limitation appears not to be
absolute. AAV serotype-dependent packaging of much
larger cargo (up to approximately 8.9 kB of genome) has
been shown to be effective for gene delivery in mouse
models (18). Dual AAV vectors have been studied as a way
to produce large gene reconstitution by trans-splicing and/
or homologous recombination (19). Lentiviral vectors, with
a substantially larger carrying capacity than AAV, have also
been used to deliver the ABCA4 gene therapeutically (20,21).
Additional gene delivery techniques, including helper
dependent adenoviral particles and nonviral DNA particles,
may also support the delivery of large DNA material
(22,23). Since gene therapy is not likely to replace the
photoreceptors and RPE cells lost in advanced stages of this
condition, this condition is also a target for PSC therapy.

RP

RP consists of a group of inherited retinal disorders
with a prevalence of approximately 1 in 4,000 people
worldwide (24). Patients typically present early in life,
often in the first or second decade, with progressive loss of
peripheral vision and night vision. Over time, RP progresses
to central vision loss and blindness (2). The hallmark
clinical findings for RP include peripheral bone spicules,
optic disc pallor and attenuated retinal vessels (25). The
condition is inherited but the transmission can be autosomal
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dominant, autosomal recessive, or X-linked recessive. To
date, mutations in more than 80 different genes involved
in phototransduction cascade, ciliary transport, and ciliary
structure have been implicated in non-syndromic RP
(25,26). These mutations result in the dysfunction and loss
of photoreceptor cells, and dysfunction and intraretinal
migration of RPE cells (25).

Significant progress has been made in gene
supplementation for autosomal recessive and X-linked
RP, and in RNA therapeutics and genome editing for
autosomal dominant RP (27-29). Although gene therapy
is an attractive therapeutic option, it is only effective
in preserving or improving vision in patients without
significant photoreceptor loss in the macula, and in the
subset of cases in which the pathogenic mutation has been
identified. As such, there is great interest in the use of PSC-
derived photoreceptors in replacing the lost photoreceptors
in RP in an effort to limit or reverse vision loss associated
with RP (30).

In developing autologous PSC transplantation strategies
for RP and other retinal disease targets, it is important to
consider the presence of causative genetic mutations in the
donor cells. Ex vivo gene therapy to correct the genetic
defect in autologous donor cells prior to transplantation is
a potential solution. This concept has been studied recently
in a mouse model of RHO-related RP, wherein ex vivo
minicircle DNA vector-based gene correction of allogeneic
photoreceptor precursor cells prior to transplantation was
shown to have similar long-term therapeutic efficiency as
compared to AAV-based ex vivo correction (31,32).

Anatomy and cellular composition of the retina

The retina is a complex circuit of photoreceptors, neurons,
and supporting cells, with the main function of encoding
visual stimuli into neuronal signals. The retinal circuity
consists of approximately 55 cell subtypes in five classes
of neurons: photoreceptors, bipolar cells, retinal ganglion
cells, horizontal cells, and amacrine cells (33). Briefly, light
is projected through the cornea and lens onto the outer
retina where it stimulates the rod and cone photoreceptor
cells. These photoreceptors convert light into electrical
signals that are transmitted to bipolar cells and subsequently
ganglion cells through synapses (34). Additional retinal
neurons, specifically amacrine and horizontal cells,
modulate these signals. The different combinations of
spatial and temporal signal patterns transmitted to groups
of ganglion cells encode highly complex information such as
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motion and contrast (35). Ultimately, these signals provide
the building blocks of visual information, which is further
processed in the visual cortex (36).

Rod and cone photoreceptor cells are responsible
for scotopic and photopic vision, respectively (37).
Rods comprise 95% of all photoreceptors and are the
predominant cell type in the peripheral retina, which is
affected early in RP (38). The macula, which includes the
fovea, contains the highest density of cone photoreceptors.
AMD and STGD1 mainly affect the macula, although
peripheral involvement can also be noted in both
conditions (5). Both types of photoreceptors have outer
segments containing opsins bound to retinaldehyde,
which initiate the phototransduction cascade in response
to photic stimuli. Due to their high metabolic demands,
photoreceptors are particularly susceptible to stressors,
including reactive oxygen species, and require close
interactions with neighboring RPE cells for homeostatic
maintenance (37).

RPE cells, normally organized as a monolayer of
polarized cells located adjacent to the photoreceptor layer,
are essential for supporting the nutritional, structural, and
metabolic needs of photoreceptor cells (39). The RPE
provides oxygen and glucose to the photoreceptors while
transferring carbon dioxide and metabolic by-products
from the photoreceptors to the choroid, and recycling
photoreceptor outer segments (39). In addition, the RPE
plays a role in maintaining the health of the underlying
Bruch’s membrane and choroid through the secretion of
angiogenic factors, cytokines and extracellular membrane
proteins (40). RPE dysfunction and degeneration has been
shown to precede photoreceptor damage in many retinal
degenerative disorders, including AMD (41). Furthermore,
unlike photoreceptors, synaptic integration of the RPE
is not required for its functions. As such, the RPE is an
attractive target for stem cell-based therapy.

The retina provides an excellent model system for
the study of neuronal regeneration and cell replacement
strategies. As described above, the retina consists of a
well-defined synaptic network, as well as a non-synaptic
layer, the RPE (33,39). RPE degeneration has been shown
to be an integral component of the pathophysiology of
several retinal diseases and is therefore an important
and accessible therapeutic target (39). The sub-retinal
space was also previously shown to support immune
deviation by suppressing delayed-type hypersensitivity
following delivery of histoincompatible cells or protein
antigens (42). Imaging modalities, including optical
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coherence tomography (OCT), fluorescein angiography
(FA), and fundus autofluorescence (FAF), combined with
clinical assessments such as visual acuity, contrast sensitivity,
microperimetry, and electrophysiology, enable clinicians
to monitor therapeutic and adverse effects of retinal stem
cell transplantation over time (43). Furthermore, single-
cell imaging through evolving adaptive optics technology
will likely allow clinicians to monitor transplanted cells (44)
with high spatial resolution.

PSCs

PSCs have the potential to divide indefinitely and
differentiate into any cell type. Human embryonic stem
cells (hESCs) are derived from blastocysts and were
the first PSCs used to produce RPE and photoreceptor
cells (45). Another type of PSC, human iPSCs, are derived
by transdifferentiation from somatic cells. This is achieved
by introducing a specific set of pluripotency transcription
factors: the Yamanaka factors (Oct3/4, Sox2, c-Myc and
KlIf4) or the Thompson factors (Oct4, Sox2, Nanog, and
Lin28) (46,47).

If applied autologously, donor iPSCs will express the
same histocompatibility antigens as the host, thus mitigating
post-transplantation rejection (48). However, autologous
iPSCs also carry the same genetic risk factors for the retinal
disease being targeted by iPSC-based treatment (49).
Gene editing technologies, including clustered regulatory
interspaced short palindromic repeats (CRISPR) and
CRISPR-associated protein-9 nuclease (Cas9), transcription
activator-like effector nucleases (TALENSs), and zinc-
finger nucleases (ZFNs), provide tools for correcting the
genome of autologous PSCs prior to transplantation (50,51).
Furthermore, genome editing strategies targeting HLA
genes may lead to the production of immunocompatible
iPSC lines from healthy donors (52) for allogeneic therapy.

Stem cell technology was initially used to study disease
mechanisms and test putative drugs (53). In recent years,
the focus has shifted towards the regenerative treatment
potential of PSCs through direct replacement of lost
or damaged cells (54). Several studies using autologous
RPE and choroid translocation have provided proof-of-
concept data for transplantation-based therapies. These
interventional case series and prospective studies describe
structural and functional improvement in some patients with
AMD, but also report adverse events including proliferative
vitreoretinopathy (PVR) which can significantly impair
vision (55-58). These studies also point to the need for
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Figure 1 Photoreceptor and retinal pigment epithelium (RPE) replacement. (A) Normal retinal anatomy is characterized by a layer
of photoreceptor cells positioned adjacent to the RPE layer that is supported by Bruch’s membrane. For simplicity, only one layer of
photoreceptor cell nuclei is depicted. (B) In degenerative retinal diseases, the loss of photoreceptor and RPE cells occurs within areas of
retinal atrophy. Atrophic areas typically expand in size over time. Transition zones occur at the boundaries between atrophic and non-
atrophic areas, wherein photoreceptor cells exist that are only partially damaged. The partially damaged photoreceptors, with intact cell
bodies, are thought to be amenable to functional repair provided that the RPE layer is replenished. Replenishment of the RPE layer is
required to re-establish structural, metabolic, and nutritional support that photoreceptors normally require for survival and optimal function.
(C) Transplantation of stem cell-derived RPE cells (green) into the transition zone could lead to functional reactivation of overlying

photoreceptor cells. (D) Regeneration of photoreceptor cells within areas of atrophy will likely require transplantation of both photoreceptor

and RPE cells (green), as RPE cells are critical for the long-term survival and function of photoreceptor cells.

careful patient selection, including those with adequate
fixation stability, to optimize surgical benefits (57).

This review will focus specifically on PSC-derived RPE
and photoreceptor cells, and their therapeutic application
in degenerative retinal diseases (Figure 1). However, it is
important to note that non-pluripotent stem cells, are also
being studied. Bone marrow- or umbilical cord-derived
mesenchymal stem cells function indirectly through the
release of paracrine factors and exosomes (59). Fetal
neural stem cells, which are derived from neuroectodermal
cells, and lineage-committed retinal progenitor cells can
differentiate into neural cells, including photoreceptors. For
more information on mesenchymal stem cells and neural
stem cells, the reader is referred to an insightful review by
Canto-Soler and colleagues (60).

The pre-transplantation stages of PSC preparation
require differentiation into photoreceptor or RPE
cells and subsequent validation of the target cell type
structure and function. This is important not only for
efficacy but also for safety concerns regarding these PSC-
derived cells, particularly in terms of reducing the risk
of teratoma formation from inadvertent transplantation
of undifferentiated cells (61). Further work is needed to
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standardize these steps to improve the efficacy and safety of
PSC-derived transplanted cells while optimizing their ability
to integrate within the host retina. The safety of iPSC-
derived transplants will be discussed later in this review.

RPE

The spontaneous differentiation of hESCs into RPE cells
was first described in 2004 (45). Since then, several directed
differentiation techniques have been used to produce
hESC-derived RPE cells. These protocols have relied on
several supplements including nicotinamide, activin A,
transforming growth factor p (T'GFp), the nodal signaling
inhibitor Lefty-A, and the Wnt signaling inhibitors casein
kinase I inhibitor (CKI)-7 and dickkopf-related protein-1
(Dkk-1). Xeno-products have also been used to promote
ESC differentiation to the neuro-ectoderm lineage and to
committed RPE progenitors, which subsequently undergo
maturation (43,62). More recent protocols have successfully
used xeno-free conditions to derive RPE cells from both
hESCs and iPSCs—an approach that avoids the risks and
immunogenicity of animal pathogens (62-64). Furthermore,
small molecules such as chemotin (an inhibitor of hypoxia-
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inducible factors), fibroblast growth factor antagonist
(Y-27632), and nodal signaling inhibitor (§B431542), in
conjunction with additional differentiation factors, have
been used to differentiate human PSCs into RPE (65-67).

Interestingly, PSC-derived RPE cells have been shown
to exert immunomodulatory effects in the subretinal space:
they inhibit T cell activation, increase T cell apoptosis, and
enhance secretion of certain anti-inflammatory cytokines
(68,69). These effects are important to understand in the
context of using PSC-derived RPE cells for therapeutic
transplantation, as the expression of class I major
histocompatibility complex (MHC) and p2-microglobulin
are known to increase during the RPE differentiation
process (70). The use of ‘superdonor’ iPS cell lines, those
with HLA profiles that are a partial match to a portion of
the population, may enable the development of several
‘superdonor’ therapeutic RPE cell lines for scalable therapy,
thus providing an acceptable balance between immunogenic
risk of allogeneic therapy and the cost concerns of
autologous therapy (71,72).

Validation of RPE differentiation relies on iz vitro assays
demonstrating morphology, marker expression, monolayer
integrity, polarization, and lastly, phagocytic activity similar
to native RPE cells. The expression of RPE signature genes
(genes for melanogenesis, channel proteins, tight junction
proteins, visual cycle, phagocytic activity, and transporter
activity, among others) in conjunction with the polarized
expression of proteins, channels, and transporters are crucial
RPE-specific requirements for validation (49).

Photoreceptor cells

The earliest transplantation studies into adult human
retinas, which relied on fetal neural stem cells and retinal
progenitor cells to replace photoreceptors, demonstrated
the feasibility of stem cell transplantation within the
retina but resulted in limited short-term improvements in
visual acuity (73). The advent of hESC- and iPSC-derived
photoreceptors have provided new therapeutic options
for the treatment of retinal diseases with photoreceptor
loss (43). Similar to RPE cells, stepwise differentiation
protocols that recapitulate the normal differentiation of
hESCs to retinal progenitor cells and subsequently to
photoreceptors have been developed to produce mature
hESC- and iPSC-derived rod and cone photoreceptors.
These protocols require various factors such as Dkk-
1 (Wnt inhibitor), Noggin (BMP inhibitor), Lefty
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(Nodal inhibitor), insulin-like growth factor-1 (IGF-1),
retinoic acid, and taurine, among others, to generate
mature photoreceptors. Several factors overlap with
RPE differentiation protocols due to their shared
lineage (74-76). Moreover, rod and cone photoreceptors
share overlapping differentiation sequences. Taurine
and retinoic acid promote differentiation into rod-
restricted progenitors (77). Similar to RPE cells, xeno-
free differentiation protocols for photoreceptors have
also been developed (66). Furthermore, small molecule-
based differentiation protocols, using Wnt inhibitor
(IWR1), TGFp inhibitor (SB431542), and BMP inhibitor
(LDN193189), in addition to human recombinant protein
IGF-1, have also been established for photoreceptor
differentiation (78).

Validation of photoreceptor differentiation relies on
in vitro assays demonstrating appropriate morphology
and marker expression (76). However, photoreceptor cells
have the added requirements of demonstrating synaptic
integration within the retinal circuitry, interactions with
the underlying RPE to maintain the photoreceptor outer
segments, and functional responses to light stimuli. These
features have been demonstrated successfully in several
pre-clinical studies using animal models (43,75,79). Retinal
organoids also provide an avenue to assess photoreceptor
morphology and synaptic integration in an environment
more akin to human retina (80).

Despite advances in photoreceptor differentiation
protocols, several limitations to the use of hESC- and
iPSC-derived photoreceptors remain. The yield for
photoreceptor differentiation protocols is approximately
25-35% compared to 60-97% for RPE differentiation
protocols (65,78). Microarray analysis of hESC-derived
photoreceptors compared to native photoreceptors also
indicate the presence of RPE contaminants, possibly
due to shared developmental pathways (81). Moreover,
transplantation of mature photoreceptors, which require
longer culture periods, may be more successful than
immature retinal cell transplants (82). The effect of
host responses on graft survival and function is also an
important consideration. Interestingly, intercellular
exchange of materials has been demonstrated between
host and donor photoreceptors (83,84). Although the
molecular determinants of this intercellular materials
exchange are not well-understood, it may provide additional
therapeutic avenues in the future to protect surviving host
photoreceptors from continued decline.
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Cell delivery

The earliest pre-clinical and clinical studies used single-cell
suspensions to deliver either photoreceptors or RPE cells.
However, given the polarity and monolayer organization of
RPE cells, RPE cell suspension delivery may result in the
loss of cell polarity and affect cellular function. Moreover,
there is a theoretical risk of epithelial-to-mesenchymal
transition and abnormal RPE function and migration.
These concerns have generated interest in the delivery of
an RPE monolayer into the subretinal space. RPE cells
can independently form sheets without a scaffold (70).
These hESC-RPE cells in monolayers appear to survive
longer and integrate more successfully with the overlying
photoreceptors (63,85).

Scaffolds enable monolayer formation and therefore
promote the correct polarity of, and tight junction
formation between, RPE cells. Several types of extrinsic
scaffolds have been studied, including polyethylene
terephthalate (PET), parylene, collagen, poly lactic-co-
glycolic acid (PLGA), and amniotic membranes, among
others (86). In a pre-clinical study, hESC-derived RPE cells
cultured on a parylene membrane and transplanted into
rat eyes were shown to maintain polarization-dependent
function, as evidenced by phagocytosis of photoreceptor
outer segments. In this study, transplanted RPE cells were
associated with improved photoreceptor survival (87).
However, a meta-analysis of pre-clinical studies, which
included several studies with RPE sheets, did not reveal
a greater improvement in photoreceptor function as
measured by electroretinography for transplanted RPE
sheets compared to cell suspensions (88).

Single-cell suspensions can be delivered to the subretinal
space either trans-vitreally (ab interno) or trans-sclerally (ab
externo). The ab interno approach involves a vitrectomy,
followed by a small retinotomy through which the cell
suspension is injected into the subretinal space. The
retinotomy can be made to be small and self-sealing. The
ab externo approach typically involves a scleral cutdown
and delivery of cells through the suprachoroidal space. To
deliver RPE monolayers on a scaffold, a vitrectomy with a
wider retinotomy is typically required due to the size of the
delivered construct and the requirement to avoid its bending
or curling. This larger retinotomy needs to be sealed with a
laser and a tamponade agent must be injected to minimize
the risk of a retinal detachment. As a result, this approach
may be associated with greater risk of tissue damage and the
need for additional surgeries based on the tamponade agent
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selected (43). Customized devices have been developed
to deliver RPE-scaffold patches to ensure structural
integrity and appropriate apical-basal orientation (89).

Retinal organoids

Organoids are “mini-organs”, generated from embryonic
or induced PSCs. Organoids have been developed for
several organs, including the liver, lung, and pancreas (90).
In pioneering work, Eiraku and colleagues developed
approaches to differentiate mouse ESCs into a 3D structure
resembling a developing retina (91). Importantly, their
follow-up work showed that human stem cells could be
differentiated into human retinal organoids, providing a
powerful system to study human developmental biology
and a platform to develop organoid-based methods for
transplantation and therapies (92). Additional studies
showed that retinal organoids could be cultured into
relatively advanced maturity stages in vitro (93-96).

A key focus in recent years has been the development
of light-responsive, cone-rich retinal organoids that more
closely recapitulate the cone-rich cellular composition of the
human macula. These studies have provided insights into
scalable methods to produce cells that could potentially be
applied as therapy for macular degeneration, and thus have
established human retinal organoids as a system to generate
retinal tissue with distinct cone photoreceptor proportions
through genetic and pharmacological manipulations
(80,97,98).

Advances in transplantation of retinal organoids in mouse
models suggest a huge potential for this system in future
clinical therapies. In proof-of-principle transplantation
studies in mice, PSC-derived retinal sheets including the
retinal outer nuclear layer, which contains the photoreceptor
cells, were implanted in the subretinal space of mouse models
of retinal degeneration. The transplanted cells developed into
mature photoreceptors associated closely with host RPE cells
and synaptic maturation occurred (99). Since the RPE layer is
frequently damaged in retinal disease targets including AMD,
STGD1, and RP, further research on optimal methods to
co-transplant photoreceptors together with the RPE layer is
needed to achieve efficient regeneration of the damaged cells.

Clinical trials
RPE transplantation

In 2012, the first prospective clinical trial investigating
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ESC-derived RPE cells for the treatment of dry AMD
(NCT01344993) and STGD1 (NCT01345006) was
published reporting feasibility in two patients followed for
four months (100). A larger Phase I/II study of 18 patients
was published in 2015 (101). In this study, the participants
with AMD were 55 years or older and those with STGD1
were 18 years or older. The study included only those
patients with advanced disease and with BCVA of 20/400
or worse (in the worse vision cohort) and 20/100 or worse
(in the better vision cohort). The area of geographic
atrophy was 250 pm’ or greater. Although there was no
change in vision in the first four months following sub-
retinal transplantation, there was also no evidence of
hyperproliferation, tumorigenicity, or rejection. These
ESC-derived RPE cells had similar safety profiles on
medium- and long-term follow-up (101). Adverse events
included cataract formation (4 of 19 eyes), endophthalmitis
(1 eye), transient vitreous inflammation (1 eye), focal native
RPE defects (1 eye), and mild epiretinal membrane (1 eye).
Adverse events judged as being likely related to systemic
immunosuppression included headache, gastrointestinal
symptoms, fatigue, urinary tract infection, and shortness
of breath (101). Three patients required cessation of one
or more of the systemic immunosuppressive agents due to
adverse events.

Interestingly, almost half of the patients showed
improved long-term visual acuity and vision-related quality-
of-life measures. However, one patient showed a worse
visual outcome following transplantation and one patient
developed endophthalmitis (101). It is important to note
that only patients with advanced disease were included in
this study, which likely contributed to the limited visual
recovery.

In a more recent phase I/II clinical trial NCT01469832),
hESC-RPE cell suspensions were delivered in the sub-
retinal space in 12 patients with STGD1. Patients were 18
years or older with BCVA of 20/400 or worse (102). There
was no significant change in visual acuity in the subjects of
this study. Focal areas of retinal thinning with reduced light
sensitivity were noted, suggesting caution for stem cell-
based therapy in patients who do not have advanced disease
and are at risk of losing residual retinal tissue (102).

The safety and feasibility of hESC-RPE cells in treating
AMD (NCT01674829) and STGD1 (NCT01625559) was
also studied in four Asian patients. Patients with advanced
dry AMD were 55 years or older with BCVA of 20/400 or
worse and area of geographic atrophy of 250 ym” or greater.
Patients with advanced STGD1 were 20 years or older
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with BCVA of 20/320 or worse. In both patient groups,
visual acuity remained stable or improved in all patients.
No evidence of tumorigenicity was noted (103). Similar
safety results were observed in a more recent clinical trial
of subretinal implantation of hESC-RPE cells and CNV
membrane removal in three patients with wet AMD aged
60 years or older and with BCVA of 20/400 or worse
(NCT02749734) (104).

In a phase I/II trial, Kashani et a/. delivered hESC-
RPE on a parylene substrate in patients with dry AMD
(NCTO02590692). Inclusion criteria for this trial were
age 55 to 85 years, advanced geographic atrophy involving
at least 1.25 mm’ (greater than prior dry AMD clinical
trials), and BCVA of 20/200 or worse in the first half of the
study. Analysis of the first five subjects showed improved
fixation. In one patient, significant improvement in vision
was noted. OCT findings suggested a functioning overlying
layer of photoreceptors, although definitive conclusions
cannot be drawn without histological confirmation (89).

Phase I clinical trials have also investigated the safety
and feasibility of RPE patch transplantation in the
treatment of exudative AMD. In a study by da Cruz er al.
(NCT01691261), a hESC-RPE monolayer grown on a PET
scaffold was delivered in the sub-retinal space in patients
with wet AMD aged 60 years or older. Preliminary data on
the first two patients showed evidence of appropriate patch
location and cell survival in the two patients. Furthermore,
BCVA measured using the Early Treatment Diabetic
Retinopathy Study (ETDRS) letter chart improved from 10
to 39 and 8 to 29 letters in the two patients during the one-
year follow-up period (105). Complications included PVR-
associated tractional retinal detachment under silicone oil in
one patient (105).

iPSC-RPE cells grown as a monolayer were delivered
in the subretinal space following neovascular membrane
removal in a 77-year-old patient with neovascular AMD
and BCVA worse than 20/200. At one year following
transplantation, visual acuity remained unchanged and
there was evidence of RPE survival without tumorigenicity.
The second patient enrolled in this study did not undergo
transplantation due to genetic mutations that were found
in the iPSC-derived RPE cells in culture, emphasizing the
importance of careful evaluation of genetic profiles prior
to implantation (106). Specifically, the investigators found
three copy number alterations (deletions), thought to affect
the expression of deleted and flanking DNA sequences.
The iPSC-derived RPE cells passed iz vivo tumorigenicity
testing. Nevertheless, these iPSCs were not transplanted
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due to concerns regarding the genetic integrity of these
cells and also the patient’s moderate response to anti-VEGF
injections (106).

Opverall, the phase I/II studies to date suggest short-term
safety and support the feasibility of subretinal hRESC-RPE
and iPSC-RPE transplantation for the treatment of advanced
AMD and STGDI. At the time of writing this manuscript,
there were no phase III clinical trials using hESC- or iPSC-
derived RPE cells registered on Clinicaltrials.gov.

Photoreceptor transplantation

Most clinical trials to date addressing photoreceptor
layer regeneration have focused on the transplantation
of lineage-committed fetal retinal cells, and are reviewed
in depth by Grob et 4/ (107). There are no published
phase I/1I clinical trials on PSC-derived photoreceptor
transplantation for any disease indication at present. In pre-
clinical studies, both immature and mature photoreceptors
have been shown to integrate into the mouse retina with
varying efficiency (108,109). In a mouse model of RP
with areas of complete photoreceptor loss, photoreceptor
transplantation resulted in improved visual function (109).
These studies provide proof-of-principle to support the
development of photoreceptor transplantation for patients
with photoreceptor degeneration.

There is a relative lack of understanding on methods
to promote synaptogenesis between transplanted
photoreceptors and recipient bipolar cells. Several studies
have explored the potential for synaptogenesis after
photoreceptor transplantation, including strategies to
increase the efficiency of donor photoreceptor neurite
outgrowth by degrading extracellular matrix using
chondroitinase ABC and modulating environmental
light exposure (110,111). Recent work in preclinical
xenotransplantation indicated that interspecies differences
in essential triad ribbon synapse proteins may inhibit
efficient synaptogenesis (112). Further research on
the cues that govern photoreceptor neurite outgrowth
and regenerative synaptogenesis with recipient bipolar
cells will hopefully yield information on methods to
promote efficient synaptic integration of PSC-derived
photoreceptor cells.

Interestingly, retinal progenitor cell survival in vitro
is increased when co-cultured with hESC-RPE cells.
This is thought to be in part due to the high levels of
pigment epithelium-derived factor (PEDF) secreted by
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mature, polarized hESC-RPE cells (113). Sequential
or simultaneous delivery of PSC-derived RPE cells and
photoreceptor cells may become a therapeutic option in the
future (Figure 1D), although preclinical data on this specific
combinatorial approach are not yet available. Moreover,
current work on optimizing retinal organoids, that include
photoreceptor and RPE cells, may enable simultaneous
delivery of integrated and/or developmentally matched
photoreceptor and RPE layers.

Current trials

Currently active clinical trials are phase I/II studies
investigating PSC-derived RPE cell implantation in
patients with geographic atrophy in non-neovascular
AMD (NCT04339764, NCT02590692, NCT02286089,
NCT03178149, and NCT02749734), neovascular AMD
(NCT02749734), STGD1 (NCT02749734), and RP
(NCTO03944239 and NCT03963154) (1able 1). These
studies include different delivery strategies, including single
cell suspension delivery (NCT02286089, NCT03178149,
NCT02749734, and NCT03944239), RPE monolayer
delivery (NCT03963154), and RPE-plus-scaffold delivery
(NCT04339764 and NCT02590692). As described in
Clinicaltrials.gov, most of the trials involve RPE cells derived
from hESCs. However, iPSC-derived RPE cells are being
used in one clinical trial for geographic atrophy AMD
(NCT04339764). Primary outcomes in these studies include
visual acuity and adverse events. Additional testing included
microperimetry, electroretinography (ERG), OCT, FA, and
FAF to monitor the survival and function of the recipient
photoreceptors. Several studies have also included adaptive
optics, which enables single-cell imaging.

Data on bone marrow stem cell- and retinal progenitor
cell transplantation for RP have been published (30). Several
other trials using neural progenitor cells or bone marrow-
derived stem cells are currently ongoing for various retinal
diseases. Neural precursor cell (NPC)-derived astrocytes
(NCT04284293), which support neurons, and NPC-derived
RPE (NCT03073733 and NCT02320812) are currently
being investigated for the treatment of RP. Clinical trials
using bone marrow-derived cells and other mesenchymal
stem cells are currently on-going for a variety of retinal
diseases including AMD and STGD1 (NCT01518127), RP
(NCT02280135), central retinal vein occlusion (TRUST
study), ischemic retinopathy (NCT01518842), macular
holes (NCT03437759), and others (NCT03011541).

Ann Transl Med 2021;9(15):1279 | https://dx.doi.org/10.21037/atm-20-4747



Page 10 of 17 Ahmed et al. Retinal repair and regeneration for visual system disorders

Table 1 Clinical trials of hESC- and iPSC-based studies in retinal therapy

Disease Phase Cell type Dose and delivery N Population Follow-up Preliminary results Sponsor Clinical Trial
GA-AMD  I/ll Autologous Subretinal delivery. 20 Adults age 55 and 5 years N/A National Eye NCT04339764
iPSC Targeted dose older with BCVA Institute (NEI)
-derived RPE unavailable between 20/100
on PLGA and 20/500
scaffold
GA-AMD I/l hESC 100,000 differentiated 16 Adults age 55 1year First 5 participants Regenerative NCT02590692
-derived RPE RPE cells delivered to 85 years with showed improved Patch
on a parylene subretinally BCVA 20/200 or fixation, one Technologies,
membrane worse in the first patient with LLC
(CCB-RPE1) half of participants improved vision
and between (Kashani et al.,
20/80 and 20/400 2018)

(inclusive) for
the second half of

participants
GA-AMD I/l hESC 50,000-200,000 cells 24 Adults age 1year N/A Lineage Cell NCT02286089
-derived RPE delivered subretinally 50 years and Therapeutics,
(OpRegen®) as a cell suspension older with BCVA Inc.
in Balanced Salt of 20/200 or less
Solution Plus or in (first 3 cohorts)
CryoStor®5 and BCVA 20/64
to 20/250 (fourth
cohort)
GA-AMD I/l Pluripotent  Low, medium and 150 Adults age 50 5years N/A Astellas NCT03178149
stem cells high cell dose years and older Institute for
(ASP7317)  delivered subretinally. with BCVA of 37 or Regenerative
Immunosuppressive worse Medicine
agents taken for 13 ETDRS letters
weeks around time of
injection
GA-AMD, I/l hESC 1,000,000 15 Adults age 18 1 year First 3 participants Southwest  NCT02749734
CNV- -derived RPE differentiated RPE to 75 years with with wet-AMD Hospital,
AMD, cells in suspension BCVA between showed improved China
STGDA1 delivered subretinally 19 to 73 ETDRS visual acuity
letters following CNV
(inclusive) removal with a
peripheral
retinotomy and
RPE
transplantation
(Liu et al., 2018)
RP | hESC 150,000 differentiated 10 Adults between 1year N/A Chinese NCT03944239
-derived RPE RPE cells delivered 18 and 80 years Academy of
subretinally of age with BCVA Sciences

20/400 or worse

Table 1(continued)
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Table 1(continued)
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Disease Phase Cell type Dose and delivery N Population Follow-up Preliminary results Sponsor Clinical Trial
RP I/l hESC Subretinal delivery of 12 Adults between 106 N/A Centre NCT03963154
-derived RPE RPE monolayer. 18 and 65 years of weeks d’Etude des
Targeted dose age (inclusive) and Cellules
unavailable with a known Souches

monogenic
mutation

involving RPEG5,
LRAT, or MerTK.
BCVA 20/200 or
worse in the first

cohort

(2 participants) and
between 20/63
and 20/200 in the
second cohort (10

participants)

Studies included are indicated on clinicaltrials.gov to be active and either recruiting or have completed recruitment. Studies with unknown sta-
tus were not included. ClinicalTrials.gov was last accessed on September 20, 2020 for all studies included in Table 1. GA-AMD, geographic
atrophy AMD; CNV-AMD, choroidal neovascular AMD; STGD1, Stargardt disease; RP, retinitis pigmentosa; iPSC, induced pluripotent stem cell;
hESC, human embryonic stem cell; RPE, retinal pigment epithelium; PLGA, poly lactic-co-glycolic acid; N, number of participants; ETDRS, early
treatment diabetic retinopathy study; RPEGS5, retinoid isomerohydrolase RPE65; LRAT, lecithin retinol acyltransferase; MerTK, Mer tyrosine ki-

nase; N/A, not available.

Safety and ethical considerations
Pay-for-service and regulatory oversight

Detailed pre-clinical studies and strong regulatory oversight
are crucial to minimize the risks of adverse events such as
severe vision loss. Patients have developed severe bilateral
vision loss following bilateral autologous adipose tissue-
derived stem cell transplantation in pay-for-service clinical
studies that lacked regulatory oversight. In those cases,
the cell product was marketed as “stem cells” but had not
actually been characterized in depth in preclinical studies.
Furthermore, these patients only had mild to moderate
vision loss prior to the procedures (114). In contrast, the
clinical trials described in this review typically included
patients with severe vision loss, and the PSC-derived
cells were administered unilaterally in the worse-seeing
eye. This approach minimizes risk to the contralateral
eye. The ethical challenges of patient selection have been
described by Niemansburg et 4/., and ultimately require an
individualized risk-benefit assessment for each patient (115).

Safety profile of PSC-derived cells
Pre-clinical validation of hESC- and iPSC-derived
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photoreceptors and RPE cells involves the assessment of cell
purity, genomic stability, and tumorigenicity. The absence
of pluripotency, early development, and non-epithelial gene
expression, as well as the absence of cell proliferation markers
must be confirmed prior to transplantation. Methodologies
used to assess genomic stability and tumorigenicity include
G-band karyotyping, whole genome/exome sequencing,
genotyping array genomic, RNA-sequencing, DNA
methylation analysis, and single-cell gene expression
analysis (63). Immunofluorescence staining has been used
to assess migration to other regions of the eye and other
organs (63). Advances in techniques, including single-cell
transcriptomics, will continue to improve the accuracy of
validation of these cells (116). To date, there has not been any
evidence of teratoma formation in the recipient eyes, nor of
proliferation and migration of the transplanted hESC- and
iPSC-derived retinal and RPE cells into other organs (117).

Surgical risks

Adverse effects related to the surgical techniques of sub-
retinal delivery of PSC-derived cells have been reported,
representing a key challenge for the safe and effective
translation of retinal cell therapy. Patients can develop
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PVR and epiretinal membranes, which may worsen visual
acuity (43). Other complications resulting in severe vision
loss have included retinal detachment, endophthalmitis,
and suprachoroidal hemorrhage (117). Less severe
complications associated with vitrectomies have included
choroidal detachment, vitreous hemorrhage, macular edema,
glaucoma, and retinal tears, among others (118). Systemic
immunosuppression carries risks that may be particularly
concerning in elderly AMD patients. It is essential to
consider these adverse events in the individualized risks and
benefits assessment for each patient.

Conclusions

PSC-derived RPE and photoreceptor cell transplantation
provide promising treatment options for retinal diseases
such as AMD, STGD1, and RP, among others. Phase 1/11
clinical trials have demonstrated the safety and feasibility
of the subretinal implantation of PSC-derived cells in a
small number of patients. Further work on standardized
pre-implantation validation and safety assessment of PSC-
derived cells, and optimization of surgical delivery, will
facilitate progress towards phase 111 clinical trials.
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