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1 | INTRODUCTION

| Michiko Mandai'? | Masayo Takahashi®?

Abstract

Various advances have been made in the treatment of retinal diseases, including new
treatment strategies and innovations in surgical devices. However, the treatment of
degenerative retinal diseases, such as retinitis pigmentosa (RP) and age-related macu-
lar degeneration (AMD), continues to pose a significant challenge. In this review, we
focus on the use of embryonic stem cells (ESCs) and induced pluripotent stem cells
(iPSCs) to treat retinal diseases by harnessing the ability of stem cells to differentiate
into different body tissues. The retina is a tissue specialized for light sensing, and its
degradation leads to vision loss. As part of the central nervous system, the retina has
very low regenerative capability, and therefore, treatment options are limited once it
degenerates. Nevertheless, innovations in methods to induce the generation of reti-
nal cells and tissues from ESCs/iPSCs enable the development of novel approaches
for these irreversible diseases. Here we review some historical background and cur-
rent clinical trials involving the use of stem-cell-derived retinal pigment epithelial
cells for AMD treatment and stem cell-derived retinal cells/tissues for RP therapy.
Finally, we discuss our future vision of regenerative treatment for retinal diseases
with a partial focus on our studies and introduce other interesting approaches for

restoring vision.
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and the relatively small number of cells required for treatment. As a
result, this treatment approach has been successful for years in mod-

Regenerative medicine in the field of ophthalmology began with
corneal epithelial transplants in the 1990s, focusing on corneal epi-
thelial diseases such as Stevens-Johnson syndrome and corneal epi-
thelial stem cell exhaustion. The treatment utilized corneal epithelial
stem cells or cultured epithelial sheets derived from the oral mucosa.
Patients with corneal diseases were the first to benefit from regenera-
tive therapies because of their easy accessibility to the ocular surface

ern clinical practice. The retina and retinal pigment epithelium (RPE),
on the other hand, are located at the back of the eye, and as part of
the central nervous system, are considered to have very low regenera-
tive potential. Indeed, similar to other parts of the brain, it is generally
considered impossible to reconstruct the function of the retina once it
degenerates. Some publications indicated early on the potential ben-
efit of transplanting fetal retinal cells or tissue in patients with retinal
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degeneration (Aramant & Seiler, 2002; Radtke et al., 2008); however,
these grafts were limited due to ethical concerns regarding the use
of fetal tissue, and it was only after the establishment of protocols to
differentiate substantial quantities of retinal cells and organoids from
embryonic stem cells (ESCs) that the application of regenerative med-
icine to the posterior eye became a practical goal in clinical medicine.
The advent of induced pluripotent stem cell (iPSC) technology at the
beginning of the 21st century (Takahashi & Yamanaka, 2006) further
accelerated this trend, and researchers in the field have since contrib-
uted to building a foundation for stem-cell-based therapies for retinal
degenerative diseases. One of the major focuses of the use of these
technologies is a kind of cell-based therapy that involves RPE, which
is composed of nonneural monolayered cells that support the func-
tion of the retina. After the success of a clinical study using human
ESC-derived RPE (hESC-RPE), in another clinical study conducted in
Japan in 2014 by us, the patient's own iPSC-derived RPE sheet was
used for transplantation; subsequently, several clinical studies tested
the use of human ESC/iPSC-derived RPE cells and sheets (Table 1).
These studies collectively verified the practicality and safety of these
stem-cell-based therapies. The next global goal is the development of
regenerative therapy for neural retinal diseases, which is more difficult
because it requires the functional integration of transplanted tissue/

cells into the host neural network.

2 | BASIC STRUCTURE AND FUNCTION
OF THE EYE IN THE PERSPECTIVE OF
REGENERATIVE THERAPIES

2.1 | Basic structure of the eye

Among the five senses, vision is especially important for primates.
The basic structure of the human eye is often compared to that
of a camera. Indeed, the way the lens focuses on a target object
is analogous to how images are projected onto a film in a camera
(Figure 1a). Next, the retina converts light signals to electronic sig-
nals for further processing via transmission over a neural network.
The neurons composing the retina can be broadly classified into
three layers: photoreceptor cells; inner layer cells, including bipolar
cells, as secondary neurons; and ganglion cells, which send the en-
coded visual information to the brain through long-reaching axons
that form a bundle of nerve fibers called the optic nerve (Figure 1b).
Facing photoreceptor cells, a monolayer sheet of RPE is essential for
the function of photoreceptors and for the protection of the ocular
environment, as described below.

2.2 | RPEisimportant to maintain the
function of the sensory retina

The roles of RPE include: (a) the constituents of the outer blood-

retinal barrier (BRB); (b) recovery of the visual pigment rhodopsin,

(c) phagocytosis of photoreceptor outer segments, and (d) secretion
of neurotrophic and growth factors for the retina and choroid capil-
laries (Figure 1c).

RPE is a neuroectodermal derivative located between the
retina and choroid capillaries. These cells contribute to reduc-
ing the oxidative stress caused by strong light energy that leads
to the generation of free radicals (Beatty et al., 2000). RPE cells
have a characteristic hexagonal morphology that enables the for-
mation of tight junctions between cells to prevent the inflow of
extraretinal substances from the choroidal tissues. This process
contributes to the separation of the inner retinal environment
and to the constitution of an outer BRB. This barrier consists of
inner and outer parts: the inner BRB is formed by the endothe-
lial cells of retinal vessels, while the outer BRB is formed by RPE
(Campochiaro, 2015). RPE also controls the unique immunological
environment of the eye, known as immune privilege, by suppress-
ing the infiltration of immune cells and by secreting immuno-
modulating factors, such as transforming growth factor beta, to
suppress destructive activities by immune cells (Streilein, 2003;
Sugita et al., 2006).

The photoreceptor outer segments consist of piles of disc-like
structures that carry visual pigments on the disc membrane. Visual
pigments consist of opsins and 11-cis-retinal, with the latter chang-
ing its conformation into all-trans-retinal when hit by light. RPE con-
tains the enzymes retinal pigment epithelium-specific 65-kDa protein
(RPE65) and lecithin retinol acyltransferase (LRAT) that restore vi-
sual pigments through trans-to-cis isomerization (Kiser et al., 2012).
Damaged discs of outer segments continually turn over by shedding
and are removed by phagocytosis. RPE secretes pigment epitheli-
um-derived factor (PEDF) apically to protect photoreceptor cells and
vascular endothelial growth factor (VEGF) basally to maintain the
choroidal vascular network.

Given all these important roles, RPE dysfunction leads to im-
paired photoreceptor function and often results in the degen-
eration of photoreceptor cells, such as that observed in retinitis
pigmentosa (RP) with mutations in the coding genes MER pro-
to-oncogene, tyrosine kinase (MERTK), RPE65, LRAT, and bestro-
phin 1 (BEST1).

2.3 | Photoreceptor cells as a sensory device

Photoreceptor cells are specialized in converting light stimuli to sig-
nals for synaptic transmission in the retina and to the brain. There
are two types of photoreceptor cells: rods and cones. Moreover, var-
ious subtypes of cones respond to different ranges of wavelengths
to enable color vision. In primates, cones are densely packed in the
central fovea, surrounded by the macular zone of the retina, and
contribute to visual resolution in daylight (Figure 1d). Conversely,
rods are more densely distributed outside the macular area, and be-
cause they are extremely sensitive to light, they contribute to dim-

light or night vision.
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FIGURE 1 Schematic images of the basic structure of the healthy human eye, retina, and retinal pigment epithelium (RPE). (a) Basic
structure of the human eye. Eyeballs have a structure similar to that of a camera consisting of a lens and film parts. The cornea and lens are
clear tissues that can be crossed by light. The iris adjusts light intensity. The retina is the light sensory part of the eye, supported by RPE,
choroidal capillaries, and sclera. Retinal ganglion cells (RGC), located at the innermost part of the retina, extend and bundle their axons to
form the optic nerve, which reaches the visual cortex. (b) Hematoxylin and eosin staining of the primate retina. The neural retina is divided
into three layers: the photoreceptor cell layer, the inner cell layer, and the RGC layer. (c) RPE faces the outer part of the neural retina and
plays a variety of roles in photoreceptor metabolism, phagocytosis of photoreceptor extracellular nodes, supply of oxygen and nutrients from
the choroidal side, vascular maintenance, and secretion of protective factors such as pigment epithelium-derived factor (PEDF) and vascular
endothelial growth factor (VEGF). (d) Imaging of the primate macula through a color fundus photo and a sectional view obtained by optical
coherent tomography (OCT). The foveal zone is the densest area of cone photoreceptors in the retina and contributes to fine spatial resolution
in photopic conditions. GCL, ganglion cell layer; INL, inner nuclear cell layer; ONL, outer nuclear layer; PEDF, pigment epithelium-derived
factor; RPE, retinal pigment epithelium; VEGF, vascular endothelial growth factor

3 | ESC/IPSC-RPE THERAPY FOR AGE- is considered to be a kind of RPE degeneration without neovascu-
RELATED MACULAR DEGENERATION (AMD) larization. In the treatment of wet AMD, surgical removal or laser
photocoagulation of CNV has been conducted to terminate the exu-
3.1 | Previous therapeutic approaches for AMD dative changes, but these therapies often lead to RPE cell loss, which
results in unsatisfactory visual outcomes. More recently, intraocu-

The first targets of stem-cell-based therapy using hESC/iPSC-de- lar injections of anti-VEGF drugs have become the first-line treat-
rived RPE were AMD and Stargardt disease. AMD is a major cause ment for suppressing disease progression, but many patients must
of blindness among the elderly population in developed countries, continue intensive treatment for life to reduce the risk of persistent
and currently affects almost 200 million people; moreover, the CNV recurrence.

number of AMD patients is predicted to reach nearly 300 million Given these factors, one ideal therapeutic approach would in-
by 2040 (Wong et al., 2014). Several etiologic factors, such as oxi- volve the removal of CNV and the replacement of damaged cells
dative stress, chronic immune activation, and lipid dysregulation, with healthy RPE cells.

have been suggested to trigger the development of AMD (Zarbin &

Rosenfeld, 2010). Overall, AMD is a multifactorial progressive dis-

ease under the influence of the environment, genetic background, 3.2 | Induction of RPE cells from mammalian ESCs/
and most importantly, aging (Lambert et al., 2016). These factors IPSCs

can trigger RPE degeneration, leading to secondary degeneration of

photoreceptors and vision loss. AMD is categorized into two types: Kawasaki et al. elaborated a protocol for RPE cell differentiation
wet AMD, which accompanies ectopic choroidal neovascularization based on the stromal cell-derived inducing activity (SDIA) method,

(CNV) sub-RPE and/or in the subretinal space; and dry AMD, which using which these authors differentiated primate ESCs into midbrain
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dopaminergic neurons upon culturing with PA6 mouse stromal cells
(Kawasaki et al., 2002). Around the same time, Klimanskaya et al.
(2004) obtained differentiated RPE cells through a system that did
not require coculture with animal cells or factors, which they de-
scribed as “zoonoses-free RPE cells.” However, the induction rate of
RPE cells was initially low (Kawasaki et al., 2002: 8 + 4% after 3 weeks
of differentiation; Klimanskaya et al., 2004: <1%). Furthermore, Ikeda
et al. (2005) adapted another neural differentiation protocol, based on
serum-free floating culture of embryoid body-like aggregates (SFEB)
and exploiting the WNT antagonist DKK1 and the nodal antagonist
Lefty A to induce a rostral brain field. Next, these authors revised this
protocol by combining the use of fetal calf serum and activin-A (SFEB
and DKK1/Lefty A/FCS/activin method) to enhance the generation
of RX'/PAX6" retinal progenitor cells from mouse ESCs. Afterward,
differentiated RPE cells were successfully obtained from monkey and
human ESCs through the SFEB and DKK1/Lefty A protocol, which
was subsequently applied to human iPSC-derived RPE (hiPSC-RPE)
(Osakada et al., 2008; Osakada, Ikeda, et al., 2009). The use of small
molecules, such as the ALK4,5,7 inhibitor SB-431542 and the casein
kinase inhibitor CKI-7, was also found to be effective for RPE differen-
tiation (Osakada, Jin, et al., 2009).

For clinical application, Kamao et al. (2014) further developed a pro-
tocol for RPE monolayer sheet formation without using any synthetic
scaffold. In this protocol, the cells, seeded on collagen | on Transwell
inserts, self-produced their basement membrane consisting of collagen
IV and laminin, and the self-formed sheet was released upon collage-
nase treatment. The RPE cells in the sheet displayed structural charac-
teristics similar to those of microvilli and tight junctions, expressed RPE
markers, and showed phagocytic activity, suggesting their maturation
and function. These hiPSC-RPE cells also expressed RPE65, which was
shown to be functional both in vitro and in vivo (Maeda et al., 2013).

Other promotive methods for RPE generation include the addi-
tion of nicotinamide and activin A (Idelson et al., 2009) or the activa-
tion of the canonical/p-catenin WNT pathway through the glycogen
synthase kinase 3 beta inhibitor CHIR99021 (Leach et al., 2015). A
number of research groups have also reported induction protocols
for clinical-grade RPEs (Ben M'Barek et al., 2017, 2020; Schwartz
et al., 2012; Sharma et al., 2019; Song et al., 2015). Based on these
RPE derivatives, several clinical trials have been conducted in the

United States, France, Korea, and Japan (Table 1).

3.3 | History of transplantation approaches using
allogenic or autologous RPE cells

The idea of treating AMD by replacing damaged RPE cells with
healthy ones can be traced back to the 1990s. However, allogenic
RPE sheets were rapidly rejected by wet AMD patients in absence of
immune suppression (Algvere et al., 1999; Peyman et al., 1991). To
avoid the risk of rejection, a number of research groups conducted
autologous translocation of RPE with or without choroid (Binder
et al., 2004; MacLaren et al., 2005); For example, Van Zeeburg et al.

(2012) reported the long-term outcome of autologous RPE-choroid

CWILEY--®
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translocation in 133 eyes affected by wet AMD, some of which re-
tained good visual acuity for as long as 7 years. However, the major
disadvantage of autologous translocation is the invasiveness of the
surgical procedure. Conversely, the preparation of hESC/iPSC-RPE
cells yielded a stable and safe supply of grafts by in vitro procedures,

to be used even for autologous transplants.

3.4 | Clinical trials using hESC-RPE cells

The clinical trials that have been conducted with hESC/iPSC-RPE
cells are summarized in Table 1. These clinical trials were carried out
in patients with dry and wet AMD or Stargardt disease. In addition,
last year a clinical trial (NCT03963154) was launched for RP patients
with monogenetic mutations affecting RPE65, LRAT, and MERTK, genes
involved in the visual signaling process specifically at the RPE level.

Interestingly, in hESC-RPE suspension transplantation, subretinal
pigmentation or an RPE layer-like reflex was observed by fundus pho-
tography and optical coherence tomography, indicating the integration
of transplanted RPE cells (Liu et al., 2018; Mehat et al., 2018; Schwartz
et al., 2015; Song et al., 2015; Sung et al., 2020). Surgical techniques
may be further developed to prevent postoperative formation of
epiretinal membrane by graft cells that may leak from the subretinal
space, and to control the localization of transplanted RPE cells.

Furthermore, the delivery of a large RPE sheet using different
types of biomaterial scaffolds (described in Table 1) in order to cover
the entire macular area is a strategy that has been pursued by sev-
eral groups; For instance, Da Cruz et al. (2018) reported success-
ful transplantation of a large RPE sheet in two wet AMD patients
with massive subretinal hemorrhage. The RPE sheet was cultured
on plasma-derived human vitronectin coated with a 10-pm-thick
polyethylene terephthalate membrane. In both patients, the re-
maining photoreceptors were secured, and visual acuity and read-
ing speed improved. Moreover, in vivo examination showed that the
transplanted RPE sheets covered the full area characterized by dark
pigment and showed uneven autofluorescence, which suggested
functional RPE phagocytosis. Another group transplanted RPE
sheets on parylene (CPCB-RPE) into dry AMD patients, covering the
atrophic area of the transplanted eye. One eye improved 17 letters,
and two eyes demonstrated improvement in the vision fixation test
(Kashani et al., 2018).

All these studies verified the overall safety and practicality of
hESC-RPE cell-based therapies, in which any major complications
could be primarily attributed to the use of immunosuppressants

during allogenic transplantation.

3.5 | Clinical trial using autologous hiPSC-RPE sheet
transplantation for a wet AMD patient

The transplantation of autologous iPSC-RPE sheets represents an alter-
native option to avoid the risk of rejection and the use of immunosup-

pressants; For instance, Mandai et al. (2017) conducted a clinical trial
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FIGURE 2 Summary of the process of induced pluripotent stem cell retinal pigment epithelium (iPSC-RPE) transplantation to a wet-type
age-related macular degeneration (AMD) patient. (a) Stem-cell-derived RPE transplantation strategies for wet-type AMD patients in which
the choroidal neovascular (CNV) membrane grows into the subretinal space in the macular area. Cell-based RPE replacement of damaged
RPE with healthy cells, either after CNV removal, or along with the administration of anti-VEGF drugs in the presence of non-fibrotic CNV,
may represent a new treatment strategy. (b-b’) Color fundus photos (upper panel) and sectional views by optical coherent tomography (OCT)
imaging (lower panels) before, and 12 and 48 months after transplantation of an autologous iPSC-RPE sheet. CNV was removed before
iPSC-RPE sheet transplantation. Red arrows indicate the main body of the sheet, and green arrows indicate some fragmented parts of the
pigmented graft (b). A 1.3 x 3 mm iPSC-RPE sheet was prepared by laser dissection for grafting (b’) (adapted from Mandai et al., 2017; Takagi
et al., 2019). (c) Preparation of an RPE sheet without a synthetic scaffold. RPE cells were seeded on collagen gels on a Transwell membrane.
The RPE cell sheet growing in the Transwell culture dish was then released from the membrane after collagen digestion by collagenase
(adapted from Kamao et al., 2014). (d-d’) Fundus images before and after transplantation of a human leukocyte antigen (HLA)-matched
iPSC-RPE suspension into a wet-type AMD patient combined with anti-VEGF injection. The transplanted graft survived and expanded 1 year
post transplantation (white arrows) (d). Representative images by polarization-sensitive OCT, showing a layer of melanin-containing RPE cells
covering the surface 1 year after transplantation (white arrows) (d') (adapted from Sugita et al., 2020). CNV, choroidal neovascular membrane;
RPE, retinal pigment epithelium

in which an autologous iPSC-derived RPE sheet was transplanted
into a wet AMD patient without systemic immunosuppression. The
patient's own iPSC clones were established from skin fibroblast
cells, and then differentiated into RPE cells to create a 1.3 x 3 mm?
self-formed sheet by laser dissection as illustrated in Figure 2a-c
(Kamao et al., 2014). The sheet was gently inserted subfoveally after
the removal of CNV. The grafted sheet was crumpled immediately
after transplantation but expanded and flattened after 2 months to
subsequently cover approximately 1.5 times the area of the origi-
nal sheet size, possibly due to migration and proliferation of graft
cells. There was no sign of rejection or unexpected growth of the

graft, and the sheet remained stable over 4 years (Figure 2c). After

4 years, visual acuity remained stable with no additional anti-VEGF
injections. The presence of hiPSC-RPE physiological function in the
graft was suggested by the preservation of choroidal thickness at
the graft site compared with that in the surrounding bare RPE area
after CNV removal, and the characteristic RPE morphologies were
also identified at the graft marginal area using an adaptive optical
camera (Takagi et al., 2019). The major problem with autologous iP-
SC-RPE cell therapy was the high expense and extensive preparation
time needed for each individual patient (which was 10 months in this
clinical case). Additionally, although the removal of CNV with RPE
sheet transplantation is a straightforward therapeutic approach,

repeated anti-VEGF injections often result in minimal formation of
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fibrotic CNV, which is not adequate for surgical removal. In these
cases, a less invasive transplantation approach using cell suspension
would be more appropriate (Figure 2a). Based on these results, we
used stocked iPSC-RPE cells in suspension and expanded previous
indications in our recent clinical study, which we describe in the next

section.

3.6 | Clinical trial using human leukocyte antigen
(HLA)-matched homologous hiPSC-RPE

To reduce the time and cost of graft preparation and yet avoid the risk
of graft rejection, we planned to use RPE cell stocks differentiated
from HLA-matched homologous iPSC lines that were prepared at the
Center for iPS Cell Research Application (CiRA). CiRA started offering
iPSC stocks for regenerative medicine in 2015, based on the idea that
the ten cell lines that carry the most frequent three HLA homologous
loci (HLA-A, -B, and -DR) can cover 50% of the Japanese population
in terms of avoiding rejection risk in cell-based therapies (Umekage
et al., 2019). The iPSCs with the six most frequent HLA homology loci
in Japan, estimated to cover 17% of the Japanese population, were the
first to be available, and the frequency of matches to this HLA combi-
nation was similar (18.8%) among AMD patients (Takagi et al., 2018).
Therefore, in our second clinical study, we recruited five patients with
the most frequent HLA type at these six loci, who were not eligible for
CNV removal but suffered from RPE atrophy, and injected homolo-
gous hiPSC-RPE cells subretinally together with anti-VEGF. Additional
anti-VEGF injections were administered as needed for the back-
ground disease during the follow-up period. Transplanted RPE cells
survived for over 1 year in all cases, without the need for systemic
immune suppression. Moreover, although one patient showed mild
signs of rejection during in vivo and in vitro assays using peripheral
blood mononuclear cells, these clinical signs were well controlled with
the local administration of a steroid (Figure 2d; Sugita et al., 2020). In
this clinical trial, however, the use of cell suspensions resulted in an
insufficient number of cells delivered to the targeted area, another
problem that should be solved.

3.7 | Future directions in hRESC/iPSC-RPE cell
transplantation

Thus far, clinical studies using hESC/iPSC-derived RPE cells have con-
sistently demonstrated the safety of this therapeutic approach, and
that HLA matching is one strategy to reduce the risk of rejection even
without the application of immune suppression. Recently, the CRISPR/
Cas9 system has been applied for the production of iPSCs with selec-
tive HLA gene disruption (Xu et al., 2019), which will be very useful
when considering large-scale RPE transplantation. Currently, we are at
the stage of exploring and evaluating which diseases or pathologies are
best suited for the use of hESC/iPSC-derived RPE cell-based therapies.
One example is a recent clinical trial for a specific type of RP with muta-
tions in disease-causing genes that affect RPE function (NCT0963154

& Differentiation
in Table 1). In particular, this clinical trial aimed to restore RPE function
and protect photoreceptors from degeneration by targeting diseased

tissue at a relatively early stage.

4 | REGENERATIVE THERAPY
USING PHOTORECEPTOR CELL
TRANSPLANTATION FOR RETINAL
DEGENERATION

4.1 | Photoreceptor cells primarily degenerate in RP
patients

RP is a group of diseases characterized by mutations in different
genes that lead to the primary degeneration of rod photoreceptor
cells. It is currently the second leading cause of blindness in Japan,
with a prevalence rate of approximately 1 in 3,000 people (Morizane
et al., 2019; Wako et al., 2014).

More than 100 genes were reported to be responsible for RP.
Rod photoreceptor degeneration affects night vision and leads to a
progressive loss of peripheral vision. The speed of disease progres-
sion differs according to the causal genes, but in advanced cases, se-
vere loss of visual acuity can result from the secondary degeneration
of cone photoreceptors (Hartong et al., 2006). Reduced secretion of
rod-derived cone viability factor (RDCVF) by rod photoreceptors is
considered to be a candidate source of secondary cone degeneration
(Ait-Ali et al., 2015). Therefore, it would be ideal to supply viable
photoreceptors while the host photoreceptor cells are gradually lost
but other retinal cells remain functional. Interestingly, the innovation
of retinal organoid technology enabled this cell transplantation ap-
proach, and it is possible to choose to transplant only purified pho-
toreceptors or parts of retinal sheet dissected from the organoid.

4.2 | Retinal cells/organoid induction from ESCs/
IPSCs

RX"/PAX6" mouse retinal progenitor cells were first generated using
SFEB and the DKK1/Lefty A-based method (lkeda et al., 2005); co-
culture with embryonic retinal cells was required for low-efficiency
differentiation of photoreceptors. On the other hand, Lamba et al.
(2006) successfully induced a CRX" photoreceptor precursor through
the combination of SFEB and adhesive culture. Specifically, cells were
cultured for 3 days together with three factors: noggin, DKK1, and
insulin-like growth factor (IGF)-1. About 80% of cells expressed eye
field transcription factors, and 20% of cells expressed CRX markers
after three weeks of culture in six-well plates coated with Matrigel.
Moreover, in 2011, Eiraku et al. (2011) reported a breakthrough strat-
egy to produce three-dimensional structural retinal organoids (3D ret-
ina) from mouse ESCs using the SFEB method with quick aggregation
(SFEBQ).This protocol was adapted for hESCs (Nakano et al., 2012), and
efficient methods such as the timed treatment of bone morphogenic
protein 4 (BMP4) have been published (Kuwahara et al., 2015, 2019;
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Atsus). Other methods for 3D organoid formation have also been re-
ported, including a protocol in which 3D organoids were mechanically
picked up from two-dimensional (2D) cultures during differentiation
(Meyer et al., 2011; Reichman et al., 2014; Zhong et al., 2014), which
was further optimized using a xeno/feeder-free two-step culture
system for hiPSCs (Reichman et al., 2017). Organoid technologies
can contribute to disease modeling or preclinical studies through the
use of gene editing (Deng et al., 2018; Parfitt et al., 2016; Shimada
et al., 2017) as well as for the preparation of substantial amounts of

high-quality retinal organoids for clinical application.

4.3 | Retinal cell transplantation

In 2006, MacLaren et al. reported that suspended photoreceptor
precursors transplanted from NRL-GFP-labeled developing mice
at postnatal day 4-8 into the wild-type retina could robustly in-
tegrate into the host photoreceptor layer with a complete mature
morphology. Furthermore, these transplanted integrated cells could
restore visual function by improving optokinetic head tracking and
the results of water maze tests in Gnat1™™ mice (characterized by
the present but dysfunctional rod photoreceptors), suggesting their
potential to contribute to functional recovery in blind mice (Pearson
et al., 2012). Subsequently, it was reported that transplantation ther-
apy using mouse and human ESC/iPSC-derived purified photorecep-
tor precursors as an alternative for fetal mice was also effective for
restoring vision in retinal degeneration models (Gonzalez-Cordero
et al., 2013; Lamba et al., 2009; Tucker et al., 2011). In recent years,
however, these observations were revealed to originate mostly
from a phenomenon known as “material transfer,” whereby bio-
material such as proteins and/or mRNA is transferred from donor
to host photoreceptors, thereby restoring some visual function by

rescuing remaining photoreceptor cells (Decembrini et al., 2017,

Ortin-Martinez et al., 2017; Pearson et al., 2016; Santos-Ferreira
et al., 2016; Singh et al., 2016). The problem with this phenomenon
is that the transfer of labeled fluorescent proteins, such as GFP,
to host photoreceptors was interpreted as a sign of integration of
donor cells to host neural networks, and thus donor cells have been
falsely thought to contribute to the host functional recovery. This
phenomenon calls into question the interpretation of previous stud-
ies, but also suggests the potential of a new therapeutic approach
in which a controlled material exchange mechanism exists between
donor and host cells (Ortin-Martinez et al., 2017).

4.4 | Retinal sheet transplantation

Transplantation of retinal cells and pluripotent stem-cell-derived
retinal cells showed potential for restoring vision in mice with
end-stage retinal degeneration with no outer nuclear layer (ONL)
(Barnea-Cramer et al., 2016; Singh et al., 2013); however, it would
be difficult for retinal cells to survive for a long time or form ro-
bust synapse connectivity when transplanted into a severe retinal
degeneration model with depleted ONL. Conversely, the advantages
of retinal sheets are their long survival time and the ability to sup-
ply mature photoreceptor cells in a structured manner, even in end-
stage models. Clinical trials using human fetal retinal tissue with/
without RPE or suspended fetal retinal cells for RP patients with
severe degeneration have been conducted in India and the United
States (Das et al., 1999; Radtke, 2004; Radtke et al., 1999). However,
since the preparation of embryonic retinas was ethically difficult, it
was not realistic for this approach to become a standard treatment;
nevertheless, the overall results showed the safety of transplanta-
tion therapy as well as some promising effects, including a possible
trophic effect. Fortunately, the notable progress in technology for

in vitro differentiation of 3D retina from pluripotent stem cells has

FIGURE 3 Proof-of-concept studies of stem-cell-derived retinal sheet transplantation in animal models of retinal degeneration. (a-a'’)
Shuttle avoidance system (SAS) behavioral test after transplantation. Electric shock transmitted after 5 s of continuous light with or without
beeping (a). Representative results of SAS tests of a wild-type mouse (C57BL/6J) and blind mouse (Rd1-2J), with the former showing a
deviation of the behavioral pattern as success count > intertrial interval (ITI) count (i.e., signal-associated escape > random escape) (a’ top).
Representative positive (M10) and negative (M8) results after transplantation (a’ below). The light-associated behavioral pattern (positive
response) was observed in some transplanted mice (a’’). (b) Ex vivo electrophysiology experiments using a multi-electrode array (MEA)
recording system. The left panel shows a retina with an NRL-GFP graft with overlayed electroretinogram (ERG) responses. The right panels
show the light responses from a host retinal ganglion cell (RGC). Representative channels (yellow and orange squares) show spikes that were
abolished by L-AP4, specific agonists of mGIluRé but recovered after washout, indicating that the responses originated from photoreceptors.
(c) Graft miPSC-retina expressing CTBP2-tdTomato matured subretinally with rhodopsin-positive outer segment-like structures in L7-green
fluorescent protein (GFP)/rd1 mice. tdTomato-labeled graft presynaptic markers contacted the tips of the dendrites of host bipolar cells
labeled with GFP, suggesting host-graft synapse formation (adapted from Mandai et al., 2017). (d) In vivo imaging of a transplanted eye
at postoperative day 112 (differentiation day: DD176) with fluorescent angiography, showing Crx::Venus-positive grafted photoreceptors
under the retinal vessels. The same retina (graft DD204) was placed on the MEA electrodes with RGCs on the electrode side. Peri-stimulus
histograms from each channel, with red arrows indicating normal light-responses and with blue arrows with hypersensitive responses. The
bottom panel shows the number of RGCs recorded by each electrode, showing normal (red bars) or hypersensitive (blue bars) light responses
(one cell: square, two cells: rectangle) before, during, and after removal of the ONL-blocker LAP4. Yellow boxes represent graft area. In the
right panel, yellow arrowheads mark the potential synaptic connections between PKCa-positive host rod bipolar cells and the presynaptic
marker CTBP2 on Crx::Venus-positive grafted photoreceptor cells (adapted from Iraha et al., 2018). (e) Human iPSC-derived retinal sheets,
implanted in a local photoreceptor degeneration model by laser coagulation, matured and expressed the photoreceptor maturation markers
peripherin 2 and S and L/M opsin (adapted from Tu et al., 2019). INL, internuclear layer; ITl, intertrial interval; ONL, outer nuclear layer. Scale
bars: ¢, 20 um; d, 20 pm; d’, 50 pm
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offered the opportunity to refocus this therapeutic approach. As
a proof of principle, we prepared a retinal sheet as a graft from a
mouse ESC (mESC)/iPSC-derived 3D retina and transplanted it into
the subretinal space of an end-stage retinal degeneration mouse
model (rd1), which is used as a model of rapid photoreceptor degen-
eration. The transplanted graft, often in the form of a rosette, ena-
bled the observation of photoreceptor maturation with formation of
outer segments (OS). Some transplant grafts showed close contact
between the OS of grafted photoreceptors and the host RPE. This
study provided a proof of concept (POC) for the retinal sheet trans-
plantation approach (Assawachananont et al., 2014). For a more de-
tailed analysis of host-graft synaptic connectivity, we transplanted
a gene-labeled graft expressing Ctbp2-tdTomato at the photorecep-
tor synaptic terminal as a presynaptic marker into a rd1 mouse line-

age that carried GFP-labeled rod bipolar cells and observed direct

Jof

LIM opsin

contact between donor and host cell terminals. The restoration of
visual function after transplantation of retinal sheets in rd1 mice
was also suggested by the examination of shock avoidance behavior
and ex vivo multiple electrode array (MEA) recordings (Figure 3a-c)
(Mandai et al., 2017). In addition, transplantation of retinal sheets
derived from hESCs/iPSCs into an immunodeficient mouse, nude
rat, and RP-induced monkey model showed robust survival of graft
photoreceptors, sometimes in a well-orientated manner, in the ab-
sence of tumorigenesis and severe immune rejection; moreover,
the potential of this approach for functional recovery was demon-
strated by multielectrode array (MEA) recordings and a visual field
test based on visual-guided saccade (Figure 3d) (Iraha et al., 2018;
Shirai et al., 2016; Tu et al., 2019). These data support the useful-
ness of hESC/iPSC-derived retinal sheet transplantation for clinical

applications.
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5 | FUTURE PROSPECTS FOR
REGENERATION THERAPY USING ESC/
IPSC-DERIVED RETINAL CELLS

Recently, the first clinical study using hiPSC-derived retinal sheets
for the treatment of RP patients started in Japan as a safety study
(JRCTa050200027). However, the optimization of regenerative cell
therapy for retinal degeneration is still in progress; For example, in
our retinal sheet transplantation, grafts also contain inner retinal
cells connected to graft photoreceptor cells, sometimes appearing
to prevent direct host-graft synaptic contact. To solve this problem,
genetically engineered ESC/iPSC-derived retinas were produced, in
which rod bipolar cells degenerate as the graft retina matures after
transplantation. The rationale behind this novel tool is to eliminate
the photoreceptor partners in the graft at the time of synapse for-
mation between graft photoreceptor cells and host bipolar cells,
thereby enhancing this process (Tu et al., 2018). In addition, contact
with the RPE is essential for photoreceptor cells to function prop-
erly; therefore, new strategies should be found to prevent rosette
formation and to transplant novel RPE at the same time when the
original one degenerates. Other attempts have been made to facili-
tate efficient network formation with host retinal cells by seeding
purified photoreceptor cells onto biomaterial sheets and transplant-
ing them (Jung et al., 2018). Another approach to cell-based therapy
is to introduce optical sensors into grafted photoreceptor cells to
make them function stably and independently of the RPE (Garita-
Hernandez et al., 2019).

The collaboration of various experts in engineering, cell biology,
genetics, and clinical medicine is essential for the development of
these types of cellular therapies. Counting on appropriate collabora-
tions, we expect further progress in the development of treatment
approaches for retinal degenerative diseases.
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