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Retinal degenerative diseases encompass a diverse range of eye conditions that result in blindness, many due to
photoreceptor dysfunction and loss. Regrettably, current clinical treatments are frequently not overly effective.
However, photoreceptor transplantation shows promise as a potential therapy for late-stage retinal degenerative
diseases. This article will review the various donor cell sources for this transplantation, as well as the mechanisms
and factors that impact donor cell integration and material transfer, donor cell maturation, and other auxiliary
methods that can be combined with photoreceptor transplantation to treat these degenerative retinal diseases.

1. Introduction

Retinal degenerative diseases encompass a range of conditions that
lead to the progressive loss of retinal function. These include age-related
macular degeneration and inherited retinal diseases such as retinitis
pigmentosa (RP), Leber congenital amaurosis, Stargardt disease, Usher
syndrome, X-linked retinoschisis, among others. Photoreceptor
dysfunction and loss is one of the main causes of retinal degenerative
diseases, leading to visual impairment and blindness. Currently there is
no effective clinical treatment, especially in the late stage of retinal
degenerative diseases, when a large number of photoreceptor cells have
been lost, and the lives of patients will be adversely affected (Roska &
Sahel, 2018). At present, alternative strategies aimed at restoring retinal
photosensitivity are in the exploratory stage, including photogenetic
tools, photoswitches, retinal prostheses, and photoreceptor trans-
plantation (Caravaca-Rodriguez et al., 2022; Chen et al., 2022; Van
Gelder, 2015). Photoreceptor transplantation refers to the trans-
plantation of donor photoreceptors into the subretinal space (SRS) to
replace lost photoreceptors (da Cruz et al., 2018). Many animal studies
and several phase I/1I clinical studies have been conducted on photore-
ceptor transplantation as an approach to treating retinal degenerative
diseases (clinicaltrials.gov identifier NCT03073733, NCT02464436,
NCT04284293, NCT02320812, NCT05187104; jrct.niph.go.jp identifier
jRCTa050200027) (Hirami et al., 2023; Singh et al., 2020; Van Gelder
et al., 2022). However, after photoreceptor transplantation, hurdles such
as the low integration rate of donor cells and short efficacy time remain

to be overcome. This article will review the cell sources for photoreceptor
transplantation, factors affecting donor cell integration and material
transfer (MT), maturation, as well as methods to assist photoreceptor
transplantation.

1.1. Cell sources of photoreceptor transplantation

1.1.1. Traditional cell sources

Photoreceptor transplantation has the potential to replace cells lost in
advanced retinal degeneration. One critical factor influencing its thera-
peutic efficacy is the choice of donor cell source, making it essential to
determine the appropriate donor cell type and origin. Most initial pre-
clinical researches on photoreceptor transplantation in the mammalian
retina utilized primary cells or tissues. Photoreceptor precursor cells
(PPCs) are an ideal cell source (Eberle et al., 2014; MacLaren et al., 2006;
Santos-Ferreira et al., 2015). (Fig. 1) PPCs are transplanted into the SRS
of patients with retinal degenerative diseases to improve visual function
when PPCs mature. However, it is very difficult to obtain donor cells at
this stage. This not only means that the source of donors will be subject to
ethical and legal restrictions, but also the number of donors available is
far from meeting the needs of treatment. It is imperative to find new
donor sources. Studies have used two-dimensional culture systems to
obtain transplantable photoreceptors from embryonic stem cells (ESCs)
and induced pluripotent stem cells (iPSCs). However, their overall effi-
ciency in producing photoreceptors is quite low. Researchers generated
CRX-positive cells from human embryonic stem cells (hESCs) through a

* Corresponding author. Eye Center, Renmin Hospital of Wuhan University, Wuhan 430060, Hubei, China

E-mail address: yinshen@whu.edu.cn (Y. Shen).

https://doi.org/10.1016/j.cellin.2024.100223

Received 30 August 2024; Received in revised form 3 November 2024; Accepted 12 November 2024

Available online 28 November 2024

2772-8927/© 2024 Published by Elsevier B.V. on behalf of Wuhan University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).


http://clinicaltrials.gov
mailto:yinshen@whu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cellin.2024.100223&domain=pdf
www.sciencedirect.com/science/journal/27728927
www.journals.elsevier.com/cell-insight
https://doi.org/10.1016/j.cellin.2024.100223
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.cellin.2024.100223

Y. Du, Y. Shen

Cell Insight 4 (2025) 100223

A traditional cell sources
Wz
@« .
- ,_\__‘) (4 S
mouse pig non-human primates human primary retina tissue
B 2D culture D
ESCs iPSCs RSCs
1 | . |
! ., cone rod _ |
PPCs
Cc . / |«
s % hAESCs
—
- .
RO N\ CiPCs w_
fluorescent ~
l cell sorting fibroblast
retinal sheet — «—
monocyte
RNLCs -
3D culture other cell sources

Fig. 1. Cell sources of photoreceptor transplantation. A. The retina of mammals

such as mice, pigs, non-human primates, or humans can be used as a source of

transplanted tissue. The retina was isolated and dissociated? and then transplanted. B. PPCs or cones and rods were obtained from ESCs or iPSCs by co-culture with

retinal tissue or chemically induced culture. C. Through 3D culture, ESCs or iPSCs are

induced to differentiate into retinal organoids. Retinal organoids can be minced

and transplanted, or sorted to obtain the required PPCs, cones, and rods. D. Other cells can be cultured to obtain photoreceptors, photoreceptor-like cells, or retinal
neuron-like cells. Abbreviations: ESCs, embryonic stem cells; iPSCs, induced pluripotent stem cells; PPC, photoreceptor precursor cells; RO, retinal organoids; RSCs,
retinal stem cells; RNLCs, retinal neuron-like cells; hAESCs, human amniotic epithelial stem cells; CiPCs, photoreceptor-like cells.

serum-free suspension culture system that utilized embryoid body-like
aggregates, supplemented with Dkk1 and LeftyA. After 170 days of dif-
ferentiation, the cultures exhibited less than 20% CRX-positive cells
(Osakada et al., 2008). In a separate study, OTX2-positive cells were
derived from human iPSCs (hiPSCs) using a protocol that included
human recombinant protein IGF1 along with small molecule inhibitors
IWR1, SB431542, and LDN193189. After 12 weeks of differentiation,
approximately 50% of the cells in the culture plate were found to be
OTX2-positive (Zhu et al., 2018).

1.1.2. Retinal organoids

Three-dimensional (3D) culture has developed rapidly in recent
years, and many types of organoids have now been generated using in
vitro culture and spontaneous differentiation. In 2011, researchers suc-
cessfully induced the differentiation of mouse ESCs (mESCs) into optic

cups using 3D culture technology, to facilitate the acquisition of the
desired photoreceptors (Eiraku et al., 2011). In 2012, a study successfully
used 3D culture technology to induce the differentiation of hESCs into
optic cups (Nakano et al., 2012). In 2022, nonhuman primate iPSCs were
induced to differentiate into retinal organoids (ROs). Nonhuman ROs
exhibit a more rapid differentiation rate than human ROs during devel-
opment. This accelerated process is advantageous for shortening the
experimental timelines in basic retinal biology research and for con-
ducting preclinical trials of photoreceptor transplantation (Jacobo Lopez
et al., 2022). With the progress of culture technology, it is theoretically
possible to produce a large supply of transplantable photoreceptors from
ESCs and iPSCs. In recent years, autologous retinal cell grafts have been
developed using quantitative bright field microscope and artificial in-
telligence, greatly simplifying and standardizing transplantation surgery
(Tucker et al., 2020). After inducing differentiation of ESCs and iPSCs
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into ROs through 3D culture, two main photoreceptor replacement
methods have been developed in preclinical studies: retinal sheet trans-
plantation and suspension cell transplantation.

Retinal sheet transplantation has the advantage of providing struc-
tured tissue (Reh, 2016; Seiler & Aramant, 2012). It effectively avoids the
problems of disorganized graft tissue and lack of polarity, but the in-
terneurons contained in the sheet will limit the synaptic connection be-
tween the donor photoreceptor cells and the host retina (Shirai et al.,
2016). Retinal sheet transplantation also often results in rosette forma-
tion (Uyama et al., 2022). Transplantation into animal models of retinal
degeneration using ISL1 ™/~ hESC-derived ROs showed better host-graft
contact, accompanied by a reduction in bipolar cells on the graft, indi-
cating host-graft synapse formation. The ganglion cell light response was
significantly restored (Matsuyama et al., 2021; Yamasaki et al., 2021). At
the same time, it is quite difficult to transplant the retinal sheets into the
SRS. Retinal sheet transplantation may be a better choice for the retina at
the end of retinal degenerative diseases, because when a large number of
cells have been lost in the host retina, the transplanted retinal sheets can
provide a suitable environment for survival and normal development of
immature donor cells, thus enhancing their integration potential (Assa-
wachananont et al., 2014). One study transplanted iPSC-derived ROs into
the SRS of rats, differentiated them into mature photoreceptor cells, and
showed a light response in electrophysiological analysis, proving the
effectiveness of RO sheet transplantation (Watari et al., 2023).

Before suspension cell transplantation, ROs can be purified into PPCs,
cones, rods, etc. according to treatment needs, and other cell types that
may prevent the donor cells from forming synaptic connections with host
interneurons are removed (Stone et al., 2021). Suspension cell trans-
plantation is therefore often combined with fluorescent reporter protein
technology. Researchers can express fluorescent reporter proteins in
specific types of retinal cells, enabling the isolation and enrichment of
donor cells prior to transplantation and facilitating the identification of
donor cells after transplantation into the host retina (Lingam et al., 2021;
Pan et al., 2020; Phillips et al., 2018). Potential clusters of differentiation
(CD) biomarkers can also be exploited to enrich photoreceptors for the
enrichment of photoreceptors for clinical applications, such as CD133 for
positive photoreceptor selection (Guan et al., 2022; Lakowski et al.,
2015). Antibody-free methods for enriching retinal cell populations can
also be used, such as microfluidic cell sorting devices that exploit the
physical and mechanical differences between different types of retinal
cells to enrich for specific donor cell populations, such as retinal pigment
epithelium (RPE) and PPC (Herbig et al., 2022; Stone et al., 2020). Ghost
cytometry is a high-content flow cytometric approach. In one study, a
retinal progenitor cell (RPC) reporter line was trained using the label-free
ghost cytometry-based sorting system, and then wild-type (non-reporter)
RPCs were enriched from ROs to achieve label-free sorting (Iwama et al.,
2024). For suspension cell transplantation, this process of separation and
enrichment is very critical. After transplantation of unpurified or
enriched retinal cell suspension, the improvement of visual acuity is not
obvious. The degree of maturity of transplanted cells is also critical and
depends upon the donor source, whether from mouse retina or 3D
cultured ROs. If cell maturity is too low, the number of cells that can
integrate into the host retina will be limited (Pearson et al., 2012). If the
cell maturity is too high, the subsequent integration, maturation, and
ability of the donor cells to improve vision will be reduced, and they will
mostly appear as amorphous cell clusters (Gasparini et al., 2022). Only
very early-born stem cell-derived photoreceptors are capable of auton-
omous axonal growth. In one study, the researchers observed that pho-
toreceptors within retinal organoids possess a limited period for
autonomous axonal extension. This window commences approximately
10 days post the initiation of the cone birth phase and concludes 6 weeks
thereafter. The researchers categorized photoreceptors as early-born if
they were cultured for approximately 40 days, and late-born if cultured
for over 80 days. They noted that the decline in photoreceptor motility
correlates with a reduction in F-actin levels and an increase in synaptic
marker expression in stable, maturing photoreceptor terminals (Rempel
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et al., 2022). If the number of cells is too small, they will not have sig-
nificant impact, and the goal of improving vision cannot be achieved.
Excessive cell numbers, due to a large number of donor cells remaining in
the SRS, leads to long-term separation of the outer nuclear layer (ONL)
and subsequent cell death, resulting in the loss of the host ONL, which is
clearly not conducive to achieving good transplantation results. With the
aim of increasing the yield of fully differentiated photoreceptors, there is
preliminary evidence that administering the y secretase inhibitor
PF-03084014 in conjunction with ROs derived from hESCs and hiPSCs is
an effective approach. The Notch signaling pathway is pivotal in sus-
taining the multipotency of RPCs. The intracellular domain of Notch can
be cleaved by y secretase, thereby activating the DNA-binding capability
of the CSL protein. Suppression of Notch signaling through the use of
small molecule y secretase inhibitors promotes synchronized tissue dif-
ferentiation. Consequently, the compound PF-03084014 has been shown
to effectively enhance the generation of both cones and rods (Chew et al.,
2022). One of the main limitations of this therapeutic application is the
loss of donor cells after subretinal delivery. For example, up to 95% of the
cells delivered in subretinal injection cell suspension are lost by the
combination of outflow from the injection site and apoptosis (Han et al.,
2022). Apoptosis results from both mechanical/enyzmatic dissociation of
mature cell culture and shearing stress that occurs during injection
through a small bore cannula. Besides the factors discussed, transplanted
cells in the SRS may also face challenges like immune rejection and
inflammation, oxidative stress, lack of interaction with host cells, short of
trophic factors, which all lead to apoptosis.

1.1.3. Other cell sources

Adult mammalian retinal stem cells (RSCs) have the ability to pro-
liferate, self-renew, and produce progeny that differentiate into various
retinal cells in vitro. RSC-derived progeny can be prompted to develop
into photoreceptors, positioning them as a viable option for retinal cell
transplantation therapies (Grisé et al., 2021). Human amniotic epithelial
stem cells (hAESCs) can also be used as a source of seed cells for a new
type of photoreceptor therapy. They are treated with a two-step combi-
nation of Wnt, Nodal, and BMP inhibitors, followed by treatment with a
combination of retinoic acid, taurine, and noggin. This cocktail induces
hAESCs to differentiate into photoreceptor-like cells (CiPCs) (Li et al.,
2022). Another study used a collection of five small molecules to
chemically induce fibroblasts to transform into CiPCs. Transplantation of
CiPCs into the SRS of RP mice, improved both the pupillary reflex and
vision, suggesting that CiPCs as donor cells have therapeutic potential to
restore vision (Mahato et al., 2020). Monocytes in peripheral blood are
easy to obtain. Some studies have used extrinsic growth factors to
phenotypically recondition monocytes, promoting their pluripotency and
proliferation. This is followed by their differentiation into retinal
neuron-like cells (RNLCs) using a cocktail of growth factors involved in
retinal development and growth. RNLCs showed morphological changes
similar to retinal neuron-like cells and expressed photoreceptor markers.
Subretinal transplantation of RNLCs into rd1 mice improved their depth
perception, exploratory behavior, and optokinetic response (Mishra
et al., 2020).

1.1.4. Tumorigenic risk of stem cell-derived grafts

Grafts derived from stem cells are at risk of tumorigenesis (Yamanaka,
2020). Numerous studies have investigated the tumorigenicity of grafts,
and the overall safety has been deemed satisfactory (Watari et al., 2023).
Some studies have also attempted to eliminate undifferentiated cells in
grafts. Stage-specific embryonic antigen-4 (SSEA-4) is specifically syn-
thesized by pluripotent stem cells and cancer cells, making it a potential
tool for identifying and eliminating embryo-derived cells that are
potentially carcinogenic (Berois et al., 2022). Certain studies have suc-
cessfully isolated SSEA-4-negative cells from ROs for transplantation,
resulting in an optimal therapeutic outcome while ensuring safety.
However, tumor formation was observed following ESC injection of
SSEA-4-negative cells into the groin area of SCID mice (Zou et al., 2019).
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In addition to cell surface labeling for excluding undifferentiated cells, a
more effective approach involves detecting the differentiation state of
unlabeled cells using non-invasive methods. Several studies have devel-
oped automated evaluation models capable of analyzing the differenti-
ation state of individual mesenchymal stem cells (MSCs) with high
sensitivity, offering promising prospects for research on stem cell dif-
ferentiation (Kong et al., 2023).

1.2. Integration and material transfer after photoreceptor transplantation

After photoreceptor transplantation, the integration of donor cells
into the host retina is critical if therapeutic efficacy is to be achieved. The
mechanism of the integration of donor cells into the host retina went
through several theories (Fig. 2). Based on the presence of donor cells
with fluorescent reporter signals in the host retina, the researchers
concluded that these cells would migrate to the host ONL and function-
ally integrate into the retinal synaptic circuit. However, the presence of
fluorescent reporter in the host retina can also be explained by the fusion
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of donor cells and host cells. In 2016, multiple research teams simulta-
neously used two different fluorescent reporter signals to label donor
cells and host cells respectively. Consequently, dual fluorescent cells
were observed within the host retina after photoreceptor transplantation
(Pearson et al., 2016; Santos-Ferreira et al., 2016; Singh et al., 2016). The
discovery of the double fluorescence phenomenon suggests that the
mechanism is not functional integration as previously believed, but
rather MT or cell fusion mediated processes. Separate staining of cyto-
plasm and nuclei revealed the absence of donor cell nuclei in host retina
cells, thus ruling out the possibility of cell fusion theory. Therefore, it can
be concluded that most previously observed integration phenomena are
caused by MT interactions between donor and host cells (Decembrini
et al., 2017; Ortin-Martinez et al., 2017; Pearson et al., 2016; Santos--
Ferreira et al., 2016; Singh et al., 2016). MT helps the host cell acquire
donor-derived fluorescent markers, nucleic acids, proteins, and organ-
elles. Later studies also confirmed that MT in retinal cells is not unique to
photoreceptors, also occurring in retinal ganglion cells (RGCs) (Zhang
et al.,, 2023). Analysis of the three-dimensional spatial distribution of
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Fig. 2. Integration and material transfer after photoreceptor transplantation. A.Diagram showing the delivery of donor cells to the subretinal space. B.In the
integration model, donor cells are transplanted into the subretinal space, migrate to the host photoreceptor layer and establish synaptic connections with the host
downstream secondary neurons. C.In the cell fusion model, donor and host photoreceptor cells fuse into one cell. Typical cell fusion indicators are the presence of
binucleated cells and the presence of both donor and host reporter fluorescence in a single cell. D.In the material transfer model there is an exchange of cytoplasm
between donor cells and host cells, while the donor cells themselves remain in the subretinal space of the host.
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MTs in transplanted retinas shows that MTs of cytoplasmic GFP between
photoreceptors are mediated by close-range cellular interactions (Gur-
dita et al., 2021). Mammalian photoreceptor cells can form open nano-
tube (NT)-like protrusions, which allow the transfer of cytoplasmic and
membrane-bound molecules and can regulate the gain of function of
recipient cells, demonstrating that NT-like protrusions can promote MT
between photoreceptors (Heisterkamp et al., 2022; Kalargyrou et al.,
2021; Ortin-Martinez et al., 2021). The premise of the above researches is
to deliver the donor cells to the correct location, namely SRS. One study
has delivered immature neural retinal cells, both from an RPC line of rat
origin and human RPCs derived by the authors under GMP-compatible,
to the vitreous cavity of RCS rats. This study distinguishes itself from
its predecessors by employing donor cells for a neuroprotective inter-
vention, not for the replacement of the host's photoreceptors. Moreover,
the intravitreal injection method is less technically challenging compared
to subretinal delivery, which could simplify the clinical application of
this therapeutic approach. Here the donor cells can provide trophic
support for degenerating photoreceptors and help with functional rescue
of vision (Yang et al., 2024). However, the effect may not be significant
for advanced stages of retinal diseases.

The discovery of the MT theory is a breakthrough. However, MT
cannot explain all phenomena. After photoreceptor transplantation, both
integration and MT phenomena exist. Transplantation of human cells
into mouse retinas leads to primarily cell integration (Ribeiro et al., 2021;
Surendran et al., 2021; Zerti et al., 2021). Transplantation of mouse cells
into mouse retinas results in MT (Pearson et al., 2016; Santos-Ferreira
et al., 2016). Integration vs. MT occurs also depends upon the retinal
environment of the transplanted host. The environment of a degenerated
retina is significantly different from that of a normal retina and may
adversely affect the migration of donor cells from the transplant site to
the recipient ONL. Central nervous system injury and degeneration can
lead to reactive gliosis and glial scar formation, with accumulation of
substances such as chondroitin sulfate proteoglycans, which prevent
axon and cell migration and regeneration (Yang, 2020). The external
limiting membrane at the outer edge of the ONL is also a natural barrier
within the retina. These physical barriers may affect the migration of
transplanted cells and thus affect integration (Barber et al., 2013).
Interestingly, in a particular study, donor cells were sourced from post-
natal day 3-5 mice with genotypes Nrl-gfp and Nrl™/~Cedc136GFP* .
These cells were co-transplanted with a hydrogel composed of hyaluronic
acid and methylcellulose (HAMC) into the SRS of recipient mice, aged
2-3 months, which were either Nrl™/~ or wildtype. Like pathological
physical barriers, HAMC limits donor cell contact with the host retina,
resulting in reduced MT, suggesting that methods similar to the use of
HAMC can be used to manipulate donor cell behavior in cell therapy
strategies (Ho et al., 2023). In another study, photoreceptors derived
from a CRX/4Tomat hESC reporter line were subretinally implanted into
macaques with intact retinas. These animals subsequently underwent
selective elimination of their endogenous photoreceptors utilizing an
ultrafast laser. To facilitate a direct comparison within a single macaque
eye, one transplantation was executed in the lesioned area, while another
was carried out in an adjacent non-lesioned area. At 3 weeks post
transplant, in photoreceptor-lesioned retina, donor PPCs migrated into
the host outer plexiform layer and demonstrated the potential to form
synapses with host bipolar cells and horizontal cells. Conversely, no
integration occurred in the non-lesioned healthy retina area, suggesting
that intact healthy retina may prevent integration of subretinal donor
cells (Aboualizadeh et al., 2020). In this study, the retinas of healthy
macaques possess an external limiting membrane, which directly im-
pedes the migration of donor cells in the SRS to the ONL. Consequently,
the subsequent integration of these cells is even rarer. In the
photoreceptor-lesioned retina, this physical barrier is artificially dis-
rupted, leading to increased migration and integration of donor cells.
However, the accompanying inflammatory response and other effects

Cell Insight 4 (2025) 100223

may also impact the survival and functionality of the donor cells.
Different retinal degenerative diseases often have different pathological
changes and progression rates, which may lead to different transplant
results. The cellular structure of the host retina and the retinal micro-
environment may play important roles in determining the relative
contribution of these two mechanisms to transplant outcomes. Better
transplantation effects may be achieved by regulating the host retinal
microenvironment.

1.3. Maturation of photoreceptors after transplantation

A key feature of photoreceptor maturation is the formation of outer
segments, which consist of stacked membranous discs. These discs are
packed with visual pigments and enzymes necessary for photo-
transduction, a structural arrangement that is vital for efficient responses
to light stimuli (Gonzalez-Cordero et al., 2013). Successful maturation of
the outer segments, as well as proper formation of downstream synaptic
connections with postsynaptic neurons are pivotal factors determining
the efficacy of the treatment. When donor cells are transplanted into the
SRS of a degenerating retina, they can mature within the SRS and form
synaptic connections with downstream bipolar cells, thereby partially
restoring visual function (He et al., 2021; Ribeiro et al., 2021; Ripol-
les-Garcia et al., 2022; Tay et al., 2023). This maturation process is
significantly faster compared to in vitro cultures, indicating that the
retinal microenvironment exerts a potent facilitative effect on the
maturation of donor cells (Parikh et al., 2023). Additionally, the retinal
microenvironment has the potential to stimulate or enhance the survival
of migratory cell populations that do not routinely arise from retinal
precursor cells (Liu et al., 2023).

Retinal degenerative diseases are a group of heterogeneous diseases
with multiple etiologies, pathological mechanisms, onset times, and
progression rates (Kaur & Singh, 2021). It is still unclear how each of
these factors contributes to the probability of successful replacement
therapy, but certainly the host retinal microenvironment and the con-
dition of the remaining retinal cells will affect the effectiveness of donor
cell transplantation. Ultimately the timing of transplantation is critical: A
highly degraded retinal environment may not be conducive to graft
survival, integration, or formation of synaptic connections with the host
retina. In one study, RO-derived donor cones were transplanted into the
SRS of Cpfll mice. At 10 and 26 weeks post-transplantation, the re-
searchers conducted a comparative analysis of the transcriptional profiles
between the cones from the host retinas and those of the same age that
had been cultured in vitro. The findings revealed that the transplanted
cones exhibited a higher degree of maturation. This suggests that the
remaining rods in the host retina contributed to the enhanced maturation
and polarization of the donor cones, ultimately leading to the restoration
of light response capabilities (Gasparini et al., 2022). In this study, the
mouse model utilized presented a unique feature. The cpfll mouse, a
model of primary cone degeneration, implies that even at advanced
stages of the disease, the residual rods in the mouse retina can serve as a
supportive medium for donor cones, providing nourishment and other
functions. In this animal model, despite the fact that the subretinally
placed donor cells did not make direct contact with the secondary neu-
rons, they were still able to migrate to the ONL and form synaptic con-
nections with the secondary neurons. Transplantation of the RPE is also
worth considering as RPE helps photoreceptor cells maintain visual cir-
culation and recycle metabolites (Chew & Iannaccone, 2023). In one
study, co-transplantation of hiPSC-derived photoreceptors and RPE in
Pde6b knockout rats at 2-3 weeks of age resulted in significant preser-
vation of vision (Yang et al., 2021). In another study, co-transplantation
of RPCs and RPE in RCS rats resulted in better ONL protective effects and
more ideal visual responses compared with single-cell transplantation,
consistent with the idea that RPE-assisted transplantation has better
therapeutic effects (Salas et al., 2021).
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1.4. Methods to assist photoreceptor transplantation

1.4.1. Photoreceptor transplantation assisted by nanomedical technology

Nanomedicine refers to the application of nanotechnology in medi-
cine (Rizzo et al., 2013). Its emergence has brought new ideas for tar-
geted and continuous drug delivery, non-invasive imaging, tissue
engineering, and other fields. The transplantation of nanomedical tech-
nology is expected to solve the problems of immune rejection in photo-
receptor transplantation, which is a very promising research field
(Fig. 3).

Nanomaterials can be used as scaffolds to help donor cells adhere and
increase long-term survival of donor cells in the host retina. Biodegrad-
able scaffolds have been developed and used by many groups, and their
applications belong to a branch of nanotechnology. They are prepared in
the shape of a specific tissue or organ. After cells are implanted into the
scaffold, they can grow in the scaffold until they reach the shape and size
required for the transplantation and replace the position of the biode-
gradable scaffold (Chang, 2019). At present, biodegradable scaffolds
made of various nanomaterials have emerged, such as hydrogels
(Mitrousis et al., 2020). The array of round-bottomed micropores
composed of biomimetic hydrogels promotes the rapid formation of ROs
in mESCs (Decembrini et al., 2020). Following hyaluronan treatment,
there was a notable enhancement in the proportion of photoreceptors
within the ROs. Additionally, hyaluronan significantly induced the
expression of genes crucial for photoreceptor maturation and the devel-
opment of their outer segments (Kawai et al., 2024). The RPE and PR
obtained from cell culture can be simultaneously implanted on micro-
machined, honeycombed biodegradable polysebacic glycerol scaffolds.
These scaffolds strongly support the implantation of RPE and photore-
ceptors derived from human iPCSs and promote the layered construction
of two cells (Lee et al., 2023). Another study reported on the seeding of
RPCs onto a highly porous scaffold made of a mixture of polylactic acid
and polylactic acid-glycolic acid. They found an upregulation of differ-
entiation markers and a downregulation of immature markers, indicating
that the scaffold may promote RPCs. differentiation. After implanting
RPCs together with the scaffold into the eyes of rats, the survival rate of
RPCs was improved. Thus, the polymer scaffold helps donor cells mature
and survive long-term in the host retina (Lavik et al., 2005). Scaffold
encapsulation also allows the donor cells to be protected from attack by
the host system and allows normal metabolism and material exchange.
Polyepsilon-caprolactone (PCL) scaffolds have good local and systemic
tolerance. Loading iPSCs-derived RPCs onto PCL scaffolds can help
maintain cell integrity, and increase cell survival rate (Han et al., 2022).
Many optic nerve diseases can lead to the loss of RGCs. In RGC trans-
plantation therapy, guiding the transplanted optic nerve axons to the
correct location is a challenge. Some studies have used nanoimprinting
technology to create a scaffold with grooved microstructure and suc-
cessfully guided the axonal growth and orientation of RGCs (Yang et al.,
2017). In photoreceptor transplantation therapy, donor cells have diffi-
culty integrating into the host retina and forming synaptic connections
with downstream postsynaptic neurons. The use of appropriate biological
scaffolds is expected to promote the normal growth of axons, and inte-
gration into the surviving neural networks in degenerative diseases to
improve visual function.

Nanotechnology-based sustained-release drug delivery has the po-
tential to enhance the therapeutic effects of photoreceptor trans-
plantation. The progression of retinal degenerative diseases is often
accompanied by microglia activation, proliferation, and glial scar for-
mation, as well as the development of barriers through extracellular
matrix and cell adhesion molecules. These physical barriers isolate donor
cells in the SRS from the host retina, making it challenging for them to
establish synapses and functional connections with the host retina. The
utilization of sustained-release drug delivery technology in nano-
medicine holds promise in addressing these issues and significantly
improving the efficacy of photoreceptor transplantation. In one study, co-
transplantation of biodegradable polylactic acid-co-glycolic acid
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microspheres with RPCs from postnatal day 0 GFP™ mice to the SRS of
adult Rho™/~ mice, resulted in significant degradation of CD44 and
neuromucin-mediated barriers on the outer surface of the retina, facili-
tating donor cell migration into the host retina and increasing their
population (Yao et al., 2011).

The combination of nanomedicine technology to overcome physical
barriers with the use of nanotechnology to promote integration between
donor cells and host retina during photoreceptor transplantation holds
promise for treating retinal degenerative diseases and enhancing thera-
peutic outcomes. Photoreceptor dysfunction and loss are prominent
features of retinal degenerative diseases, and the presence of diseased
photoreceptors in the host retina hinders synapse formation. To address
this issue, some studies have To address this issue, some studies have
developed a composite graft comprising donor retina fused with a
degradable poly(glycerol-co-sebacic acid) membrane. Photoreceptors
rely on nutritional support from the choroid. The poly(glycerol-co-
sebacic acid) membrane allows for selective outer retinal ischemia,
enabling researchers to remove the photoreceptors of the host retina
without damaging the remaining inner retinal cells (Pritchard et al.,
2010).

In both experimental research and clinical applications, tracking the
fate of donor photoreceptors is crucial for evaluating the efficacy of
retinal transplantation therapy in treating degenerative diseases. Nano-
scale non-invasive imaging technology offers an effective means to ach-
ieve such tracking. In a particular study, CRX-positive PPCs derived from
hESCs and labeled with gold nanoparticles were transplanted into the
SRS of Long-Evans pigmented rats, aged 4-8 weeks. Subsequently, the
researchers were able to successfully tracked PPCs labeled with gold
nanoparticles within rat SRS using optical coherence tomography,
computed tomography, and fluorescence fundus imaging over a period
exceeding one month. This approach demonstrated excellent detection
capabilities for intraretinal donor cells while ensuring no toxic effects on
either donor or host retina due to the inherent properties of gold nano-
particles. Consequently, it holds promise not only for basic experimental
research but also as a potential clinical tool facilitating real-time moni-
toring of retinal transplant status within patients (Chemla et al., 2019).

1.4.2. Photoreceptor transplantation assisted by optogenetics

Optogenetics represents a promising strategy for restoring visual
function by inducing ectopic expression of photosensitive proteins in
surviving retinal neurons (Gauvain et al., 2021). Particularly during
advanced stages of retinal degenerative diseases, optogenetics exhibits
great potential as a therapeutic intervention (Sakai et al., 2022).

Optogenetics can be used as a tool to control cell proliferation and
differentiation. Optogenetic technology plays an important role in the
neural differentiation of stem cells through membrane depolarization.
The blue light was used to stimulate RPE and bone marrow MSCs of Opto-
mGluR6-engineered mice. An increase in the expression of retinal-
specific neuronal markers was observed, indicating that light stimula-
tion increased cell proliferation and differentiation. Optogenetic stimu-
lation of cells seems to be a potential method for the treatment of retinal
degenerative diseases (Shams Najafabadi et al., 2021).

In photoreceptor transplantation, it is difficult to induce the outer
segment which is important for light response. In some studies, hyper-
polarized microbial visual proteins were developed for the treatment of
retinal degenerative diseases, such as eNpHR2.0, PsCatCh2.0 (Chen
et al.,, 2022; Garita-Hernandez et al., 2019). In one of the studies,
hyperpolarized microbial visual protein was introduced into the PPC of
newborn mice and transplanted into the retina of mice lacking photo-
receptors. It was observed that the donor photoreceptor cells responded
to light, and the visual function recovered to a certain extent (Gar-
ita-Hernandez et al., 2019). This suggests that it is possible to repair the
structure and function of the retina in combination with stem cell therapy
and optogenetics.
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Fig. 3. Nanomedicine, optogenetics, and gene therapy can assist photoreceptor transplantation and improve treatment outcomes. A.Nanomedicine can
assist in photoreceptor transplantation treatment. After the cells are implanted into the scaffold, they can grow and mature in the scaffold. Scaffold encapsulation can
also protect donor cells from host system attack based on normal metabolism and material exchange. Nanomaterials can help improve the effectiveness of transplant
treatments by encapsulating a variety of different drugs and delivering them in a sustained manner. Using nanoscale non-invasive imaging technology to transform
donor cells, long-term in vivo tracking of donor cells can be achieved. B.Gene therapy and optogenetics can assist donor cell modification. AAV2-7m8-PR1.7-Jaws-GFP
transduced RO on the 44th day of differentiation, which could effectively target the cones and increase the expression of a fluorescence reporter gene. After the PPCs
modified by hyperpolarized microbial visual protein were transplanted into the retina of mice lacking photoreceptors, it was observed that the donor photoreceptor
cells responded to light and the visual function was restored to a certain extent. The utilization of a non-viral vector and microring DNA modification in donor rod
precursor cells facilitates retinal reconstruction and restoration of visual function in mice with hereditary blindness lacking the rhodopsin gene. C.Before photoreceptor
transplantation, insulin-like growth factor 1 (IGF1) was introduced into the recipient retina with an AAV vector to regulate the retinal microenvironment. When
combined with cell transplantation, the expression of IGF1 mediated by AAV leads to a significant increase in the level of cell integration. D.Using a new microfluidic
transfection platform, through CRISPR-mediated HDR, cGMP-compatible reagents and methods were used to correct NR2E3 mutations in patient-derived iPSCs. DNA
microring was designed and used to treat donor rod cells, and the rhodopsin gene of rod cells was up-regulated. Abbreviations: PPCs, photoreceptor precursor cells;
rAAV, recombinant adeno-associated virus; RO, retinal organoid; iPSCs, induced pluripotent stem cells; HDR, homologous dependence repair.
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1.4.3. Photoreceptor transplantation assisted by gene therapy

Gene therapy refers to the use of exogenous DNA to treat human
diseases (Botto et al., 2022). To supplement defective genes or correct
abnormal genes, either viral or non-viral vectors can be used to deliver
normal genes to target cells. Gene therapy technology can be used to
transform ROs. Recombinant adeno-associated virus (rAAV) vector can
effectively target cells in human ROs, increasing expression of reporter
genes, enriching the required cell population through cell sorting, and
increase the expression of opsin, which helps to achieve a better thera-
peutic effect (Garita-Hernandez et al., 2021). A mutation in the NR2E2
nuclear receptor has been linked to a number of retinal diseases including
RP. The use of a microfluidic transfection platform, through
CRISPR-mediated homologous dependence repair, can correct the
NR2E3 mutation in patient-derived iPSCs, which can improve the safety
of final cell therapy and greatly reduce the regulatory burden of clinical
trials (Bohrer et al., 2023). Micro DNA is a non-viral technology devoid of
packaging limitations associated with rAAV vectors. In a study, it was
utilized for ex vivo treatment of PPCs harvested from Rho /",
Tg(Nrl-EGFP) mice within postnatal day 0-3. Researchers engineered a
therapeutic vector driven by the human photoreceptor-specific
rhodopsin kinase promoter to cis-deliver the rhodopsin gene to PPCs.
Following transplantation of the modified cells into Rho™~ mice, aged
2-3 months, an improvement in visual function of the recipient mice was
observed (Barnea-Cramer et al., 2020).

Gene therapy can be used to improve the retinal microenvironment.
The efficacy of cell transplantation, especially long-term transplantation,
depends not only on the quality of donor cells but also on the host's
retinal microenvironment (Waldron et al., 2018). The retinal microen-
vironment of retinal degenerative diseases is very different from that of
normal PPCs. As a result, the maturation, integration, and long-term
survival of donor cells may be affected. Researchers transplanted
AAV2/2 CMV.IGF1 into the vitreous cavity of 6- to 8-week-old C57Bl/6J
mice. Six to seven weeks after the injection of rAAV, retinal cells isolated
from Nrl.gfp * ¥® mice within 3-5 days postnatal were transplanted into
the SRS. Three weeks following cell transplantation, a decrease in the
number of host photoreceptor deaths was observed in the recipient ret-
inas, along with an increased survival rate of the integrated transplanted
PPCs (West et al., 2012). For example, researchers have demonstrated
that delivering human neural progenitor cells (hNPCs)-GDNF to the SRS
of RCS rats enhances visual function compared to the use of hNPCs alone.
The treatment with hNPCs-GDNF at both early and late stages of retinal
degeneration showed a protective effect on photoreceptors. Additionally,
hNPCs-GDNF transplants in the spinal cord of athymic nude rats survived
and produced GDNF for up to 9 months, without any signs of tumor
formation or ongoing cell proliferation, confirming the safety of
hNPCs-GDNF transplantation (Laperle et al., 2023; Shahin et al., 2023).

2. Conclusions

Photoreceptor transplantation holds great promise as a therapeutic
approach for advanced retinal degenerative diseases characterized by
substantial loss of photoreceptor cells. In recent years, significant ad-
vancements have been achieved in photoreceptor transplantation.
However, further investigations are warranted to address critical aspects
including donor cell sources, establishment of synaptic connections be-
tween donor and host cells, optimal maturation and long-term survival of
transplanted cells, enhancement of the retinal microenvironment, and
mitigation of immune rejection responses. Emerging technologies such as
nanomedicine, optogenetics, and gene therapy are being actively
explored to augment the efficacy of photoreceptor transplantation. It is
anticipated that this intervention will soon become accessible to patients
afflicted with retinal degenerative diseases, instilling renewed hope for
visual restoration.
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