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Abstract: The escalating prevalence of retinal diseases—notably, age-related macular degeneration
and hereditary retinal disorders—poses an intimidating challenge to ophthalmic medicine, often
culminating in irreversible vision loss. Current treatments are limited and often fail to address the
underlying loss of retinal cells. This paper explores the potential of stem-cell-based therapies as a
promising avenue for retinal regeneration. We review the latest advancements in stem cell technology,
focusing on embryonic stem cells (ESCs), pluripotent stem cells (PSCs), and mesenchymal stem
cells (MSCs), and their ability to differentiate into retinal cell types. We discuss the challenges in
stem cell transplantation, such as immune rejection, integration into the host retina, and functional
recovery. Previous and ongoing clinical trials are examined to highlight the therapeutic efficacy and
safety of these novel treatments. Additionally, we address the ethical considerations and regulatory
frameworks governing stem cell research. Our analysis suggests that while stem-cell-based therapies
offer a groundbreaking approach to treating retinal diseases, further research is needed to ensure
long-term safety and to optimize therapeutic outcomes. This review summarizes the clinical evidence
of stem cell therapy and current limitations in utilizing stem cells for retinal degeneration, such as
age-related macular degeneration, retinitis pigmentosa, and Stargardt’s disease.

Keywords: stem cell; stem cell therapy; retinal degenerative diseases; age-related macular degenera-
tion; retinitis pigmentosa; Stargardt’s disease; embryonic stem cells; induced pluripotent stem cell;
mesenchymal stem cells

1. Introduction

Within the broad spectrum of human sensory capabilities, vision undoubtedly holds a
paramount position. The clarity and acuity of vision are closely linked with an individual’s
quality of life, influencing everything from daily tasks to broader social interactions. Many
irreversible retinal diseases are marked by the progressive degeneration of retinal neural
cells. Notably, age-related macular degeneration (AMD) persists as a dominant cause of
severe visual impairment, especially in industrialized nations, emphasizing the pressing
need for efficacious therapeutic strategies. While AMD needs significant attention due
to its prevalence, other retinal degenerative disorders, such as retinitis pigmentosa and
Stargardt’s disease, also inflict considerable visual deficits on affected individuals [1,2].

In the complex landscape of retinal degenerative diseases, the initiation and progres-
sion of these disorders involve a nuanced interplay between various cellular components
of the retina. Notably, the retinal pigment epithelium (RPE) and photoreceptors constitute
a critical partnership, essential for visual function. The RPE, a monolayered epithelium,

Life 2024, 14, 668. https://doi.org/10.3390/life14060668 https://www.mdpi.com/journal/life

https://doi.org/10.3390/life14060668
https://doi.org/10.3390/life14060668
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/life
https://www.mdpi.com
https://orcid.org/0009-0009-5147-9596
https://orcid.org/0000-0002-7462-0929
https://doi.org/10.3390/life14060668
https://www.mdpi.com/journal/life
https://www.mdpi.com/article/10.3390/life14060668?type=check_update&version=1


Life 2024, 14, 668 2 of 19

plays a pivotal role in the survival, integrity, and functionality of photoreceptors by forming
an intricate connection with their outer segments. However, the pathogenesis of retinal
diseases often triggers a cascade of cellular degeneration, commencing with either the RPE
or photoreceptors [3,4].

As these diseases advance, a broader spectrum of retinal components, including
ganglion cells and the microvascular network comprising endothelial cells and pericytes,
undergoes degeneration. This widespread cellular loss highlights the intricacies of retinal
degenerative diseases and underscores the urgency for developing multifaceted therapeutic
approaches. This review specifically focuses on macular degenerative diseases, including
AMD, retinitis pigmentosa, and Stargardt’s disease, acknowledging the unique challenges
and therapeutic targets they present [5].

The pursuit of effective treatments for retinal degenerative disorders has led to the
exploration of stem cell replacement therapy as a promising avenue. Stem cell therapy
aims to rejuvenate the retina by replacing deteriorated cells with healthy ones and/or
rescuing retinal neurons from further degeneration, potentially restoring vision [6]. The
initial forays into ocular stem cell therapy were directed towards the cornea, benefiting
from its accessibility and simpler structure [7]. These efforts established the foundation
for future investigations focused on the retina, which is a tissue that is more intricate in
structure, has a rich blood supply, and comprises an extensive variety of different types of
cells [7].

The field of stem cell therapy for the retina has witnessed significant advancements
since those early days. The discovery of human embryonic stem cells (ESCs) [8] in the
late 1990s marked a pivotal moment, offering unprecedented possibilities for regenerative
medicine. Despite ethical and practical challenges, the subsequent development of induced
pluripotent stem cells (iPSCs) [9] in 2006 provided a more versatile and ethically acceptable
source of stem cells. These innovations have significantly advanced the application of stem
cell therapies in addressing retinal degenerative diseases.

Today, the field of stem cell treatment for retinal disorders includes a range of strategies,
from transplanting ESC-derived retinal pigment epithelium cells to utilizing autologous
iPSCs for personalized medicine. Recent advances also emphasize allogenic stem cell
approaches, which utilize donor-derived cells to provide ready-to-use, standardized treat-
ments. These allogenic therapies offer advantages in scalability and consistency, but they
require careful management of immune rejection risks through enhanced immunomod-
ulatory techniques [10]. Clinical trials and research efforts are increasingly focused on
optimizing delivery methods, enhancing cell integration and survival, and ensuring long-
term safety and efficacy. As the field continues to advance, the integration of stem cell
therapy into clinical practice emerges as a significant source of optimism for individuals
with retinal degenerative disorders.

2. Materials and Methods

An extensive review of the existing literature was undertaken utilizing the PubMed
digital database to locate relevant publications, complemented by a systematic search of
clinical trials on ClinicalTrials.gov. The investigation focused on key terms such as “stem
cell”, “stem cell therapy”, “retinal degenerative diseases”, “age-related macular degen-
eration”, “retinitis pigmentosa, “Stargardt’s disease”, “embryonic stem cells”, “induced
pluripotent stem cell”, and “mesenchymal stem cells” to encompass a broad spectrum
of research in this field. All pertinent articles published in English were included in this
review. Additionally, articles in other languages were considered if they were accompanied
by a detailed summary and an English abstract, ensuring a comprehensive understanding
of global advancements. The references of all articles were meticulously examined to
uncover further significant studies.
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3. Stem Cell Sources

Significant progress has been achieved in stem cell research since the isolation of em-
bryonic stem cells from a mouse embryo in 1981 and, subsequently, from a human embryo
in 1998. The advent of human embryonic stem cells was a notable milestone, notwith-
standing the ethical debates and financial limitations in place in 2001. The emergence of
induced pluripotent stem cells in 2006, as pioneered by Japanese scientists, presented a
very promising and morally more acceptable alternative that has comparable pluripotency
and self-renewal attributes [9].

In addressing the challenges posed by the microenvironment in degenerative retinal
diseases, it is vital to consider the inherent properties of the retina and the pathological
changes these diseases induce [11,12]. The progression disrupts the delicate architecture es-
sential for cellular survival and integration of transplanted cells. Current stem cell therapy
trials are exploring strategies such as cell preconditioning, scaffold use for structural sup-
port, and co-delivery of trophic factors to modify the adverse microenvironment [13]. These
approaches are essential in overcoming the obstacles that limit the efficacy of regenerative
therapies in the retina.

The initiation of the first FDA-approved clinical study with human embryonic stem
cells took place in 2009, with a specific emphasis on investigating spinal cord injuries. Sub-
sequently, in 2010, the scope of stem cell research expanded to include the exploration of
therapeutic interventions for retinal diseases [14]. The retinal pigment epithelium is pivotal
in the pathogenesis of several degenerative retinal disorders, marking it as a significant tar-
get for regenerative therapies. Its unique properties, such as operational independence from
neuronal synapses and the ability to function within the traditionally immune-privileged
environment of the eye, underscore its therapeutic promise [15]. However, the notion of
immune privilege is nuanced, particularly in disease states that may compromise this status,
thus heightening immune activity within the RPE and subretinal space. This complexity
does not diminish the RPE’s therapeutic potential but, rather, highlights the need for a
sophisticated understanding of its interactions within the ocular immunological environ-
ment, especially under pathological conditions [16]. Among this, the exploration of various
stem cell types, including human embryonic stem cells, induced pluripotent stem cells, and
mesenchymal stem cells, continues to advance, offering hope for regenerative treatments
that can address the multifaceted nature of retinal illnesses.

Within the sphere of regenerative medicine, the decision to use autologous (derived
from the patient) versus allogeneic (derived from a donor) stem cells presents a nuanced set
of advantages and challenges. Autologous stem cells minimize the risk of immune rejection
and are considered safer for the patient. However, they might harbor inherent genetic
anomalies that could potentially compromise the treatment’s effectiveness, a concern
particularly pertinent to retinal disorders known for their genetic foundations [17]. In
contrast, allogeneic stem cells, sourced from donors, bypass the issue of the patient’s
genetic defects but carry the risk of immune incompatibility [18]. The advent of induced
pluripotent stem cells offers a promising solution by creating patient-tailored stem cells
with reduced immune reaction risk, although the reprogramming process raises concerns
about possible genetic instabilities [19]. Therefore, the application of stem cells in therapies
necessitates meticulous genetic assessment and profiling to ensure the cells’ safety and
efficacy, striving to balance the therapeutic benefits against genetic risk factors.

3.1. Human Embryonic Stem Cells

Embryonic stem cells (ESCs) are a distinct category of pluripotent cells derived from
the inner cell mass of blastocysts. The cells in question have a notable capability for
autonomous regeneration and possess the potential to undergo differentiation into several
cell lineages seen in mature organisms. This differentiation may occur in any of the
three fundamental germ layers, namely, the endoderm, ectoderm, and mesoderm layers.
After the blastocyst stage, which typically occurs about 4 to 5 days post-fertilization, the
embryonic cells begin the process of differentiation. This intricate process results in the



Life 2024, 14, 668 4 of 19

development of distinct cell types that comprise diverse organs, such as the heart and nerve
cells. As a result, these cells can no longer be categorized as stem cells. Since their discovery
in 1998, hESCs have emerged as a key resource in regenerative medicine, showing promise
in their ability to repair and transform into various cell types [8].

Human embryonic stem-cell-based therapy for retinal diseases is being looked into
because ESCs have the ability to repair and change into different types of cells. They
have shown increased telomerase activity, indicating their potential for prolonged lifespan.
Furthermore, it has been shown that these cells exhibit certain markers often associated
with undifferentiated cells [8]. According to the theory of pluripotency, these cells can
change into any type of cell found in an adult organism. This includes retinal pigment
epithelial (RPE) cells when they receive the right signals [20].

The survival of human embryonic stem cell-derived retinal pigment epithelium (hESC-
RPE) cells in the subretinal microenvironment is crucial for the therapeutic restoration
of vision in patients with retinal degenerative diseases. A significant barrier to the long-
term success of these cell therapies is the immunogenicity of transplanted cells, which can
lead to the rejection and failure of the implant. Traditional approaches rely heavily on
systemic immunosuppression, which poses risks of increased infection and malignancy.
Recent advancements in gene editing technologies, particularly CRISPR-Cas9 [21,22], offer
promising strategies to mitigate these risks by reducing the immunogenicity of hESC-RPE
cells. Gene editing can be employed to modify specific gene sequences responsible for
eliciting immune responses. For example, disrupting the beta-2 microglobulin (B2M) gene
diminishes the expression of major histocompatibility complex (MHC) class I molecules,
thus reducing the visibility of these cells to cytotoxic T cells [23]. Similarly, knockdown of
the Class II Major Histocompatibility Complex Transactivator (CIITA) leads to decreased
expression of MHC class II genes, essential for antigen presentation to helper T cells [24].
Such modifications have shown potential in preclinical models to enhance the survival
of hESC-RPE cells without necessitating prolonged immunosuppression. However, the
application of gene editing raises concerns regarding off-target effects and the genetic
stability of edited cells. Ongoing research is thus directed at enhancing the precision of
gene-editing techniques to ensure the safety and efficacy of these hypoimmunogenic cells
in clinical settings [21]. The evolving regulatory landscape will also play a critical role
in the clinical translation of these gene-edited cell therapies, ensuring they meet safety
standards without compromising therapeutic benefits.

3.2. Induced Pluripotent Stem Cells

Induced pluripotent stem cells (iPSCs) are obtained from adult tissue and were first
documented by Takahashi and Yamanaka in 2006 [9]. Derived from adult somatic cells,
such as dermal fibroblasts, iPSCs undergo retroviral transduction to express genes asso-
ciated with pluripotency, known as “reprogramming factors”. These factors, including
transcription factors Oct 4, Sox 2, cMyc, and Klf4, enable the cells to acquire traits similar to
embryonic stem cells [9].

Human-induced pluripotent stem cells (hiPSCs), derived from dermal fibroblasts,
share key characteristics with hESCs, including appearance, gene expression, telomerase
activity, cell division, and trilineage differentiation potential [25]. Due to the fact that
induced pluripotent stem cells may be obtained from the same individual who will receive
the iPSC-derived retinal pigment epithelium (iPSC-RPE) transplant, the transplanted tissue
is not susceptible to immunological rejection. Consequently, this approach eliminates
the need for systemic immunosuppression post-transplantation, thereby eliminating the
associated risks. In vitro studies have shown that retinal pigment epithelial cells produced
from induced pluripotent stem cells have the ability to partially suppress T cell proliferation
and activation, perhaps mediated by the secretion of the soluble molecule transforming
growth factor beta (TGFβ) [26].

Nevertheless, the use of induced pluripotent stem cells, while promising, is limited by
a narrower range of experience and requires more extensive in vitro modification compared
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to human embryonic stem cells [27]. Additionally, the increased costs associated with
collecting and manipulating autologous cells for transplantation could restrict large-scale
production, thus impacting the economic viability of this method [27].

In considering cell-based therapies for retinal diseases, it is imperative to acknowledge
the complexity of the retinal structure and the progressive nature of cellular degeneration,
as discussed by Zhong et al. [28] and Hallam et al. [29]. These studies underline the
inherent challenge in using a single type of cell for therapeutic purposes in conditions like
AMD, where sequential death of retinal pigment epithelium (RPE) and photoreceptors
occurs. The potential of hiPSCs and hESCs to differentiate into three-dimensional retinal
structures that mimic the cellular organization of the human retina offers a promising
avenue not only for studying disease mechanisms but also for developing regenerative
therapies that address multiple affected cell types simultaneously [10,28]. This approach
could potentially overcome the limitations of simpler, single-cell type transplants, aligning
with the growing consensus that effective treatment for complex retinal diseases may
necessitate the restoration of several layers of retinal cells to fully recuperate function [10].

Induced pluripotent stem cells present two notable advantages in comparison to
ESCs. Firstly, iPSCs eliminate the necessity for ESCs, as they are generated through the
reprogramming of mature adult somatic cells. Secondly, iPSCs offer the possibility of
autologous production, allowing for the theoretical creation of individual-specific iPSC
lines [25].

However, this technology is not without its drawbacks. Some of these are the rela-
tively slow process of turning somatic cells into iPSCs, the chance of introducing genetic
mutations through the transcription factors used in the process, and the chance that tu-
mors will grow. This latter concern is particularly linked to the activation of oncogenes,
both intentionally and unintentionally, by viruses utilized in the genomic modification
of cells [30,31]. Recognizing these risks, recent advances have focused on developing
non-viral methods for creating iPSCs and iPSC-RPE cells. Techniques such as mRNA
transfection [32], which involves the introduction of synthetic mRNA sequences encoding
reprogramming factors, offer a safer alternative by eliminating the risk of insertional muta-
genesis associated with viral vectors. Additionally, the use of small chemical molecules
that can induce reprogramming by altering cell signaling pathways, using the concept of
transdifferentiation [33]—also known as direct lineage conversion—has also been explored.
These methods not only reduce the potential for oncogene activation but also enhance the
efficiency and safety of iPSC and iPSC-RPE generation, providing promising avenues for
therapeutic applications without the drawbacks of viral integration [33]. In spite of the
progress achieved with iPSCs, the sustained interest in employing embryonic stem cells
for research persists, possibly attributable to the significant expense and extensive time
required for the development of iPSCs.

3.3. Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs), known for their multipotent capability, play a crucial
role in regenerative medicine. Originating from stromal compartments of various tissues,
including bone marrow, adipose tissue, and umbilical cord blood, MSCs exhibit remarkable
plasticity, showing a unique ability to differentiate into diverse cell lineages, including
osteoblasts, chondrocytes, and adipocytes. Recent advancements highlight their potential
to differentiate into retinal cells, opening new avenues for treating degenerative retinal
diseases [34].

The progressive loss of photoreceptors and retinal pigment epithelium cells that char-
acterizes retinal degenerative diseases, such as AMD and RP, leads to irreversible vision
impairment. Traditional therapeutic approaches have been predominantly palliative, with
a limited capacity for reversing the degenerative process. The therapeutic efficacy of
MSCs in retinal regeneration is primarily attributed to their secretion of a diverse array
of trophic factors and cytokines, which provide neuroprotective effects and modulate
the local retinal environment to support regeneration [35]. Moreover, MSCs are reported
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to possess anti-apoptotic properties [36] and can integrate into damaged retinal layers,
potentially rejuvenating their structure and function. Notably, MSCs also exhibit im-
munomodulatory properties that may mitigate inflammation [37], a common pathological
feature in degenerative retinal diseases. This dual functionality of MSCs—regenerative and
immunomodulatory—enhances their potential as a transformative treatment for conditions
that have previously been difficult to manage effectively. However, the efficacy of MSCs
in treating macular degenerative diseases is significantly limited by the disease’s stage
at the time of treatment. For example, in cases of advanced macular geographic atrophy,
extensive loss of retinal cells may prevent significant recovery, marking a primary lim-
itation of MSC therapy. Furthermore, treatment outcomes with MSCs can vary widely;
while some patients may see slight improvements in vision, others may not experience
any benefit, underscoring the inconsistent results in late-stage retinal degeneration [36].
This variability underlines the urgent need for further research to refine MSC delivery tech-
niques and determine the optimal timing for intervention, aiming to improve therapeutic
outcomes [35].

Bone marrow stromal cells (BMSCs) are found in the bone marrow and represent the
highest proportion of adult stem cells. Two distinct types of BMSCs have been identified,
mesenchymal stem cells and hematopoietic stem cells, with the latter also known as CD34+
cells. These cells are characterized by their multipotency, which, while more restricted than
that of pluripotent stem cells, enables them to differentiate into various cell types [38,39].
Additionally, they exhibit paracrine trophic effects through the secretion of neurotrophic
factors or anti-inflammatory modulators. MSCs, constituting less than 0.1% of bone marrow
cells, can be efficiently expanded in vitro and are also present in other tissues, including
teeth and the liver [34].

BMSCs offer several advantages. They possess the innate ability to migrate towards
sites of injury and have the capacity for transdifferentiation, meaning they can adapt to
differentiate into cells of different organs under specific environmental conditions [40]. In
the context of retinal damage, such as that affecting RPE cells, they respond to chemo-
attractive cytokines/chemokines released by the injured tissue, facilitating their migration
to the site of injury. Once present, they have the potential to differentiate into retinal cells,
including RPE cells and photoreceptors, aiding in tissue repair. Furthermore, BMSCs can
produce neurotrophic factors that support cell survival and exert anti-inflammatory effects.
An additional benefit of CD34+ cells is their ease of extraction from patients, coupled with
minimal manipulation requirements, making them suitable for autologous transplantation
procedures [38,40].

The heterogeneity of mesenchymal stromal cells, influenced by their tissue source,
presents significant challenges in their clinical application and manufacturing consistency.
MSCs derived from bone marrow, adipose tissue, and umbilical cord blood, for instance,
show distinct properties that affect their therapeutic potential [36]. Different sources of
MSCs exhibit unique profiles impacting their therapeutic applications [36]. Given these
differences, the manufacturing process, particularly under current good manufacturing
practices (cGMP), must adapt to maintain the unique characteristics of MSCs from each
source [41]. This involves stringent control over the entire manufacturing process, from cell
isolation through to expansion and storage, to ensure product safety, potency, and efficacy.

The integration of automated and closed-system bioreactors into MSC manufacturing
is transforming production by standardizing procedures and significantly enhancing consis-
tency across different production runs. Advanced automation technologies enable precise
control of culture conditions—such as pH, temperature, and nutrient supply—enhancing
cell quality and yield [41,42]. These systems also facilitate scalable production platforms
that can accommodate the high throughput demands of clinical application, ensuring that
consistent MSC products are manufactured across different batches. Such developments
not only streamline the manufacturing process but also minimize variations introduced
by manual handling, thereby enhancing the consistency of MSC batches irrespective of
their source.
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4. Clinical Studies

Clinical trials of stem cell therapy in degenerative macular diseases represent a cutting-
edge frontier in ophthalmological research, focusing on retinal regeneration. Stem cells
have the unique ability to grow new cells. This means that these trials could lead to new
treatments for conditions like age-related macular degeneration and hereditary retinal
dystrophies [43,44].

The core principle of these trials is the transplantation of stem cells into the retinal
space, aiming to replace or repair the damaged retinal pigment epithelium and photore-
ceptors [6]. Various stem cell types—including embryonic stem cells, induced pluripotent
stem cells, and adult stem cells—have been explored, each with their advantages and
challenges [6].

Currently, the majority of conducted human clinical studies (Table 1) fall into the
initial phase, focusing on safety assessment and lacking the statistical power necessary to
discern functional outcomes. These studies have consistently employed the eye with poorer
vision as the subject, using the other eye as a comparative but less-than-ideal control [45].
In the context of retinal pigment epithelium cells, their distinct pigmentation facilitates
identification through ophthalmoscopy. Nonetheless, similar pigmentation is also observed
in macrophages that are involved in the engulfment of deteriorating RPE cells [44].

Table 1. Summary table of the current human clinical trials.

Number Disease Cell Type Phase No. of
Patients Administration Method Status

NCT03305029 AMD (GA) hESC-RPE
(SCNT-hES-RPE) I 3 N/A Unknown

NCT02903576 AMD; SMD hESC-RPE I/II 15 suspension vs. scaffold Completed

NCT03046407 AMD (GA) hESC-RPE I 10 N/A Unknown

NCT02755428 AMD hESC-RPE
(MA09-hRPE) I 10 N/A Unknown

NCT02286089 AMD (GA) hESC-RPE I/IIa 24 suspension Ongoing

NCT01344993 AMD hESC-RPE
(MA09-hRPE) I/II 13 suspension Completed

NCT02463344 AMD hESC-RPE I/II 11 subretinal injection Completed

NCT01674829 AMD hESC-RPE I/IIa 10 N/A Completed

NCT01691261 AMD hESC-RPE I 10 N/A Recruiting

NCT03102138 AMD hESC-RPE Obs. 10 N/A Ongoing

NCT02590692 AMD (GA) hESC-RPE I/IIa 16 scaffold (parylene membrane) Unknown

NCT02749734 AMD; SMD hESC-RPE I/II 15 N/A Unknown

NCT01345006 SMD hESC-RPE I/II 13 subretinal injection Completed

NCT01469832 SMD hESC-RPE I/II 12 N/A Completed

NCT01625559 SMD hESC-RPE I 3 N/A Completed

NCT02941991 SMD hESC-RPE Obs. 12 subretinal injection Completed

NCT02445612 SMD hESC-RPE Obs. 13 subretinal injection Completed

NCT03944239 RP hESC-RPE I 10 N/A Unknown

NCT03963154 RP hESC-RPE I/II 7 N/A Ongoing

NCT05991986 AMD iPSC Obs. 10 N/A Ongoing

NCT04339764 AMD (GA) iPSC-RPE I/II 20 scaffold Recruiting
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Table 1. Cont.

Number Disease Cell Type Phase No. of
Patients Administration Method Status

NCT02464956 AMD iPSC-RPE Obs. 3 N/A Completed

NCT05445063 AMD (GA) iPSC-RPE I 10 N/A Recruiting

NCT03372746 AMD iPSC Obs. 187 N/A Completed

NCT02016508 AMD hBM-MSC I/II 1 intravitreal injection Unknown

NCT05712148 RP MSC I/II 15 suprachoroidal implantation Completed

NCT05786287 RP UC-MSC Obs. 18 N/A Ongoing

NCT04315025 RP UC-MSC I/II 18 suspension (peribulbar injection) Completed

NCT01531348 RP hBM-MSC I 14 subretinal injection Completed

NCT04763369 RP UC-MSC II 50 sub-tenon space injection Unknown

NCT01736059 RP; AMD BM-CD34+ I 15 intravitreal injection Ongoing

Abbreviation: AMD, age-related macular degeneration; GA, geographic atrophy; SMD, Stargardt’s macular
dystrophy; RP, retinitis pigmentosa; hESC, human embryonic stem cell; iPSC, induced pluripotent stem cell; MSC,
mesenchymal stem cell; RPE, retinal pigment epithelium; hBM, human bone marrow; UC, umbilical cord; Obs,
Observational; N/A, Not Applicable.

It has been established through preclinical research that the detection of viable trans-
planted RPE cells is most reliably accomplished using immunohistochemistry [46]. As a
result, in addition to documenting new pigmentation zones, there has been an increased
reliance on diverse imaging modalities. Optical coherence tomography (OCT) has proven
effective in revealing structural alterations within the subretinal space and the photore-
ceptor outer segments [47]. Fundus autofluorescence depends on lipofuscin, which is a
byproduct of normal retinal processes and is missing in atrophied areas. This makes it hard
to figure out what is going on after a transplant [47]. Various forms of electroretinogram
(ERG), including multifocal and full-field, have been deployed to assess retinal function.
Techniques such as visual field testing and microperimetry are instrumental in mapping sco-
tomas resulting from atrophy. While tests for visual acuity and reading speed are feasible,
their utility is reduced in studies focusing on patients with severely compromised baseline
vision. There is a growing need to refine visual function testing methods, particularly for
patients with low vision, to evaluate the efficacy of these treatments more effectively in
cases of advanced-stage diseases [48].

4.1. Clinical Trials Using hESCs

Subsequent to the encouraging outcomes from preclinical investigations, the United
States Food and Drug Administration sanctioned the commencement of Phase I/II clinical
trials in 2010, focusing on stem cell therapies for retinal pathologies in human subjects.
These trials employed retinal pigment epithelium cells derived from human embryonic stem
cells. In 2012, Schwartz and colleagues (NCT01345006; NCT01344993) disseminated the
inaugural findings of this pivotal study [49,50]. The procedure entailed the administration
of hESC-RPE cells into the subretinal space, specifically targeting a pericentral region,
accomplished via pars plana vitrectomy. This intervention was applied to individuals
diagnosed with age-related macular degeneration and Stargardt’s disease (SD). The initial
report, covering a follow-up period of four months, highlighted one patient with AMD
and another with SD. Notably, in this duration, neither patient exhibited adverse effects
such as tumorigenic proliferation, the development of ectopic tissues, nor signs of graft
rejection, thereby indicating a preliminary safety profile of the procedure [49]. Subsequently,
Schwartz provided an elucidation of the outcomes following a 22-month follow-up period
involving 18 patients, comprising nine individuals with AMD and an equal number with
SD. During this period, an improvement in the Best Corrected Visual Acuity was observed
in ten cases, whereas it remained stable in seven instances.
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However, there was a notable deterioration exceeding 10 letters in visual acuity in
one case. In approximately 72% of the instances, there was an observable increase in
pigmentation at the periphery of macular atrophy, aligning with the locations of the retinal
pigment epithelium transplants. Adverse effects recorded in the course of the study
included the development of endophthalmitis in one patient, cataract formation in four
cases, and complications associated with the immunosuppressive treatment [50].

Participants enrolled in the study necessitated immunosuppressive therapy, entailing
a regimen of low-dose tacrolimus, with targeted blood concentrations between 3 and
7 ng/mL, and mycophenolate mofetil, administered orally in doses varying from 0.25
to 2.00 g daily. This immunosuppressive protocol was initiated a week preceding the
surgical intervention and sustained for a duration of 12 weeks post-therapy [50]. The
rationale for this approach stemmed from the heterologous origin of the transplanted cells.
Notwithstanding the implementation of immunosuppression, the patients demonstrated a
notable enhancement in visual acuity.

Concurrently, Song et al. [51] (NCT01674829) conducted a one-year post-transplantation
follow-up of four patients, comprising two with dry age-related macular degeneration and
two with Stargardt’s disease, who underwent human embryonic stem cell-derived retinal
pigment epithelium transplantation. Their observations revealed an absence of adverse
proliferation or tumorigenicity. Echoing the findings of Schwartz et al. [50], this study
noted an enhancement in visual acuity in three of the patients, while one patient exhibited
stable vision.

Mehat et al. [52] (NCT01469832) conducted a comprehensive investigation to assess
the safety of human embryonic stem cell-derived retinal pigment epithelium in the context
of Stargardt’s Macular Dystrophy. This study encompassed 12 patients, each of whom
received subretinal injections of hESC-RPE cells, with the cell count ranging from 50,000 to
200,000. Accompanying the procedure, all patients were administered a combination of
Tacrolimus and Mycophenolate Mofetil (MMF) as immunosuppressants, with no reported
complications stemming from their use [52]. Surgical challenges were noted in four patients,
including instances of retinal dialysis, subretinal hemorrhage, and vitreous hemorrhage.
Notably, there were no indications of immune rejection or undesirable proliferation of the
transplanted RPE cells. Observation of subretinal pigmentation was uniform across all
study participants, and optical coherence tomography imaging revealed a hyper-reflective
layer congruent with the presence of RPE cells. The study also elucidated a dose-dependent
relationship between the quantity of injected cells and the extent of pigmentation observed.

In terms of visual acuity, electroretinography testing, and microperimetry sensitivity,
there was no significant change detected across the patient cohort. This lack of notable
improvement or decline in visual functions was hypothesized to be associated with the
advanced stage of the disease present in all study participants.

In the field of regenerative medicine, significant research has been directed toward
evaluating the safety and tolerability of various scaffolds for human embryonic stem cell-
derived retinal pigment epithelium cells. One pioneering approach involved the transplan-
tation of hESC-RPE cells cultured on a synthetic parylene substrate, known as CPCB-RPE1,
designed to emulate the characteristics of Bruch’s membrane (NCT02590692) [53]. This
novel intervention did not raise any safety concerns in early assessments.

In the majority of subjects (four out of five) receiving this transplant, OCT images
revealed alterations indicative of integration between the hESC-RPE cells and the host’s
photoreceptors. Notably, none of the eyes that underwent this procedure exhibited a
progression in vision loss. Furthermore, one eye recorded a significant improvement,
manifesting as a 17-letter increase in visual acuity, while two other eyes showed enhanced
fixation capabilities. The researchers posited that the observed structural and functional
enhancements might indicate that CPCB-RPE1 has the potential to ameliorate visual func-
tion, at least in the short term. This potential benefit was particularly noted in patients
suffering from severe vision impairment due to advanced dry AMD [53]. After one year
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of follow-up, the implant was proven to be safe and well-tolerated by participants with
advanced dry AMD [54].

Furthermore, in a more recent longitudinal study of five years, Li et al. [55] thoroughly
investigated the long-term safety and tolerability of subretinal transplantation using hu-
man embryonic stem cell-derived retinal pigment epithelium in patients diagnosed with
Stargardt’s macular dystrophy. Their findings provided substantial evidence supporting
the sustained safety and tolerability of this innovative therapeutic approach in treating
SMD over an extended period of time [55].

Human embryonic stem cell-derived retinal pigment epithelium cells have been
demonstrated to be viable for plating onto a vitronectin-coated polyester membrane, a
technique facilitating their transplantation into the subretinal space. In an initial assess-
ment of this method [56], researchers observed its efficacy and safety when applied to
two patients with severe wet age-related macular degeneration, monitored over a 12-month
period (NCT01691261). The immunosuppressive regime in this case involved the use of
fluocinolone. The study noted improvements in both patients in terms of best corrected
visual acuity, microperimetry, and reading speed. However, alongside these positive out-
comes, the procedure was not without significant complications. These included exposure
to the fluocinolone suture, instances of retinal detachment, and an exacerbation of diabetes,
attributed to the use of systemic corticoids [56]. This juxtaposition of favorable visual
outcomes and serious adverse events highlights the complex balance between therapeutic
benefits and potential risks in advanced ocular interventions.

4.2. Clinical Trials Using hiPSCs

Following promising outcomes in preclinical studies, human clinical trials were strate-
gically designed and initiated. In 2014, the RIKEN research institute in Japan embarked on
a pioneering human clinical trial employing autologous induced pluripotent stem cells to
treat a patient with neovascular age-related macular degeneration [57]. The unique aspect
of this trial was the autologous nature of the cell transplantation, which eliminated the need
for a scaffold and systemic immunosuppression. However, the trial faced an interruption
due to the implementation of a new regulatory framework for regenerative medicine in
Japan in 2014, despite the patient not experiencing any serious adverse effects [57]. Over a
year of follow-up, the patient’s visual acuity remained stable, with no noted improvement.
Concerns regarding tumor formation were not realized during the trial. The transplan-
tation of a second patient was not pursued due to the detection of genetic discrepancies,
specifically single-nucleotide variations and copy number variants in the hiPSCs, which
were absent in the patient’s original somatic cells [30,57].

Subsequently, Mandai et al. [58] (UMIN 000011929) demonstrated the feasibility of
transplanting a sheet of autologous RPE cells derived from hiPSCs, sourced from skin
fibroblasts, into a patient with wet AMD. Over a 25-month observation period, no adverse
events were reported, nor was there any improvement in visual acuity [58].

In a distinct clinical trial, conducted by Sugita et al. [59] (UMIN 000026003), five
patients diagnosed with neovascular age-related macular degeneration were enrolled.
Induced pluripotent stem cells utilized in this study were derived from a donor with a
homozygous human leukocyte antigen (HLA) match. Following pars plana vitrectomy,
a suspension of iPSC-derived retinal pigment epithelium cells was administered subreti-
nally. The immunosuppressive regimen was limited to the administration of sub-tenon’s
triamcinolone. Over a 52-week monitoring period, no adverse events were reported among
the patients. However, all participants developed epiretinal membranes; upon examina-
tion, these membranes were found to contain pigmented cells positive for RPE markers.
Increased subretinal pigmentation was observed in all subjects, yet in most cases, the
pigment deposition was not predominantly located in the macula, likely due to a less
than ideal injection location or technique. Sugita and colleagues further acknowledged
the complication of graft cells backflowing into the vitreous, highlighting this as an area
requiring additional investigation [59].
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4.3. Clinical Trials Using MSCs

A distinct strategy in stem cell therapy involves the facilitation of functional recovery
in the retina’s compromised cells via the introduction of stem cells that exert a paracrine
trophic effect. This method, achievable through the employment of mesenchymal stem
cells, is not confined to a particular disease, thereby offering a wide range of clinical
applications [6].

The encouraging outcomes from experimental studies have paved the way for the ini-
tiation of clinical trials. In a prospective phase I study [60], a singular dose of intravitreally
administered autologous bone-marrow-derived mesenchymal stem cells was given to three
patients with retinitis pigmentosa and two with cone–rod dystrophy. Over a follow-up
period of ten months, no significant structural or functional toxic effects were observed
in the retina. In this research, conducted by Siqueira et al. [60], four patients with an
advanced stage of the disease demonstrated an improvement of one row in best corrected
visual acuity one-week post-injection, a benefit that persisted throughout the follow-up
period [60].

In a subsequent extension of this study, intravitreal MSCs were administered to
20 patients, who were then monitored for a year. The researchers noted a statistically
significant elevation in the patient’s vision-related quality of life scores at the three-month
mark. However, by the 12-month evaluation, these scores had reverted to their initial levels,
suggesting that the observed improvements were transient [61].

In a separate investigation conducted by Park et al. (NCT01736059) [62], a total of
3.4 million bone-marrow-derived mesenchymal stem cells were intravitreally administered
into six eyes suffering from irreversible vision loss due to various conditions, including
retinal vascular diseases, hereditary or non-exudative age-related macular degeneration,
and retinitis pigmentosa. This therapeutic approach was found to be well-tolerated, with
no incidents of intraocular inflammation or proliferation observed. Additionally, there were
no declines in electroretinography and best corrected visual acuity results over a six-month
follow-up period [62].

With the increasing utilization of mesenchymal stem cells in treatments, there has
been a concurrent rise in reported ocular complications associated with this therapy, such
as elevated intraocular pressure, hemorrhagic retinopathy, and vitreous hemorrhage [63].
In one particular study [64], the application of autologous bone-marrow-derived MSCs
resulted in enhanced visual acuity in two out of three patients with advanced retinitis
pigmentosa. However, complications arose in the third patient from the second week post-
treatment, including the development of preretinal and vitreal fibrous tissue, shallowing of
the anterior chamber, and the formation of a cyclitic membrane, leading to ocular hypotonia.
This patient experienced total tractional retinal detachment and a consequent complete loss
of vision within three months [64].

In contrast, the suprachoroidal approach proposed by Limoli et al. [65] might mitigate
the vitreoretinal complications observed in intravitreal and subretinal MSC applications. In
their study, no complications were reported, and visual function was improved in 36 eyes
of 25 patients with dry age-related macular degeneration. This was achieved six months
after MSCs were administered under a deep scleral flap into the suprachoroidal space,
highlighting the potential benefits and reduced risks of this technique [65].

Beyond the direct application of MSCs, recent advancements have highlighted the po-
tential of MSC-derived exosomes and vesicles in retinal therapies [66,67]. MSC-exosomes,
which are extracellular vesicles released by MSCs, encapsulate a variety of bioactive
molecules including proteins, mRNAs, and microRNAs that can modulate inflamma-
tion, angiogenesis, and cellular repair processes [68]. These vesicles harness the paracrine
effects of MSCs, potentially offering a cell-free option for treating retinal diseases. For
instance, studies have shown that MSC-derived exosomes can promote neuroprotection
and angiogenic responses in degenerative conditions of the retina, enhancing retinal cell
survival under stress conditions [69] (Table 2). This approach could mitigate some risks
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associated with direct stem cell transplantation, such as cell proliferation and immune
rejection, while still delivering therapeutic benefits.

Table 2. Summary of published clinical study results on stem cell therapies.

Disease Stem Cell
Type Clinical Trials and Phases Key Findings and Outcomes Challenges and

Considerations

Age-Related
Macular

Degeneration
(AMD)

ESCs, iPSCs,
MSCs

NCT01345006 (Phase I/II),
NCT01344993 (Phase I/II),

[49,50]
NCT01691261 (Phase I) [56]

Trials indicate safety and
efficacy of ESCs and iPSCs in
replacing damaged RPE cells.
Some improvements in visual

acuity noted.

Managing immune
rejection, ensuring

integration and long-term
safety, ethical concerns

with ESCs.

Retinitis
Pigmentosa

ESCs, iPSCs,
MSCs

NCT01531348 (Phase I) [70],
NCT01736059 (Phase I) [62]

Stem cell therapies shown to
slow disease progression with
potential restoration of some

visual functions. MSCs
highlighted for their

neuroprotective effects.

Genetic stability of iPSCs,
ethical considerations,

technical delivery
challenges.

Stargardt’s
Disease

ESCs, iPSCs,
MSCs

NCT01345006 (Phase I/II)
[49,50],

NCT01469832 (Phase I/II) [52]

iPSC trials show potential in
restoring visual function.

Positive safety profiles and
functional improvements in

early results

Addressing immune
rejection, long-term

viability of transplanted
cells, ethical and technical

challenges.

5. Stem Cell Administration Method

Contemporary approaches for stem cell delivery to the ocular region encompass in-
travitreal, subretinal, and suprachoroidal injections, each with distinct advantages and
challenges. Intravitreal injection, a prevalent and relatively straightforward procedure, is
extensively utilized for treating retinal diseases, such as exudative AMD. Nevertheless, the
integrity of the blood–retinal barrier poses limitations on the effective transport of trans-
planted stem cells and their secreted neurotrophic factors [71]. Additionally, there is a risk
of the therapeutic agents diffusing to non-target areas, potentially inducing fibrous tissue
proliferation, retinal detachment, and epiretinal membrane formation [72]. Despite some
clinical studies affirming the general safety of stem cell therapy for retinitis pigmentosa
patients via this method, it necessitates meticulous consideration prior to application [44].

Conversely, subretinal injection targets the potential space between the retinal pig-
ment epithelium and photoreceptors, providing a more direct approach to the retina. This
method, however, entails a pars plana vitrectomy, introducing the risks of RD and asso-
ciated complications. The successful application of human embryonic stem cell-derived
RPE in the subretinal space attests to its relative safety when executed with precision [73].
The delivery of cell suspensions and cells adhered to scaffolds represent two distinct tech-
niques within subretinal injections. While the former is less invasive, the latter, despite
necessitating a larger retinotomy for cell delivery, may be secured in place using intraop-
erative devices, mitigating the risk of postoperative complications such as cell migration,
trans-differentiation, and uncontrolled proliferation [74].

The suprachoroidal space (SCS) introduces a novel and less-invasive administra-
tion route, accurately targeting the choroid, RPE, and neuroretina, and ensuring high
bioavailability [75]. Limoli et al. pioneered the suprachoroidal implantation of stem cells,
highlighting its safety profile with no reported ocular adverse events in contrast to the other
methods. Furthermore, the SCS facilitates the sustained release of stem cell-derived growth
factors, promoting constant secretion to the choroid and retina, which is advantageous for
patients requiring multiple cell suspension injections [76,77].
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Overall, while each method presents its own set of advantages and potential risks,
careful consideration and precision in execution are paramount to optimizing thera-
peutic outcomes and minimizing complications in stem-cell-based interventions for
retinal diseases.

6. Cell Suspension or Reconstructed Tissue

The design of a treatment plan remains a critical factor, particularly when dealing with
pathologies that include alterations to the Bruch’s membrane. Initially, early methodologies
relied on the use of cell suspension [10]. This approach involves delivering stem cells
directly into the affected retinal area in a fluid medium, allowing for a diffuse distribution
across the retina. The primary mechanism of action for stem cells administered in this
manner hinges on their ability to secrete paracrine factors that can modulate the local
environment, fostering repair and regeneration. These factors include a range of cytokines
and growth factors that promote cell survival, reduce inflammation, and stimulate the
resident retinal cells towards repair processes [10,78]. However, science in this field is
currently moving towards the use of more sophisticated tissue formation techniques. In
order to facilitate the transfer of a preformed epithelium, it is necessary to use a supporting
matrix that enables the safe removal of the sheet from the culture plate and subsequent
loading into the transplantation device, and to maintain the integrity of the polarized RPE
monolayer [13]. This technique, known as the scaffold-based approach, involves attaching
stem-cell-derived retinal pigment epithelium cells to a biocompatible scaffold, which not
only serves as a structural support but also promotes cell adhesion, proliferation, and
differentiation in a controlled manner. Therefore, several characteristics are necessary
to facilitate the functioning and viability of human pluripotent stem cell-derived retinal
pigment epithelium: thickness, mechanical features such as flexibility and ease of manipu-
lation, permeability, and potential for biodegradation [79]. Various types of scaffolds have
been used for different purposes, including the utilization of synthetic polymers, biological
materials like Descemet’s membrane or human amniotic membranes, or even the absence
of support altogether. In the latter case, retinal pigment epithelial (RPE) cells are permitted
to form an epithelium on a collagen covering, which is then broken down to release the
sheet [80].

Furthermore, scaffolds have the potential to not only serve as a mechanical support
system for transplanted cells but also provide trophic support via the inclusion of sub-
stances that enhance cell survival and development. Notwithstanding these benefits, other
factors to be taken into account for the effective utilization of scaffolds in the subretinal
region include the need for a slender layer measuring between 5 and 90 microns, as well as
the possibility of an inflammatory reaction to the implanted substance [81].

Table 3 encapsulates a summary of the materials utilized as scaffolds for retinal pig-
ment epithelium cells. Several research groups are exploring a variety of materials for this
purpose, including parylene and various forms of polyester, such as polyethylene tereph-
thalate, lactic-co-glycolic acid, polycaprolactone, poly-L-lactic acid, and vitronectin-coated
polyester membranes, to fabricate scaffolds for RPE sheets [56,82]. Concurrently, there is
an ongoing evaluation of temporary, biodegradable scaffolds. These are intended to aid
in the attachment of RPE cells to the native Bruch’s membrane while concurrently mini-
mizing sustained inflammation [83,84]. In addition, other research factions investigating
the use of different substrates, such as amniotic membrane [85] and lenticules derived
from femtosecond laser intrastromal lenticule extraction [86]. There is also interest in the
creation of scaffold-free sheets using innovative materials like peptide-modified alginate
hydrogels [87,88].
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Table 3. Materials used as scaffolds for RPE sheets.

Types of Materials

Parylene [82]

Polyethylene terephthalate [79]

Lactic-co-glycolic acid [79]

Polycaprolactone [79]

Poly-L-lactic acid [79]

Vitronectin-coated polyester membrane [56]

Amniotic membrane [85]

Femtosecond-derived lenticule [86]

Increasingly, cell-derived vesicles, particularly mesenchymal stem cell-derived exo-
somes [66], are being recognized for their potential in retinal therapies due to their ability
to encapsulate and deliver a range of therapeutic molecules. These vesicles are nanosized
extracellular vesicles that transport proteins, lipids, and nucleic acids, capable of influ-
encing cell behavior and tissue repair without the complexities and risks associated with
whole-cell therapies [66,89]. MSC-derived exosomes have been shown to play a signifi-
cant role in modulating inflammation, preventing apoptosis, and enhancing angiogenesis,
which are crucial for the repair of damaged retinal tissues. Scientific investigations have
demonstrated that when these exosomes are introduced into the retinal environment, ei-
ther independently or in conjunction with scaffold-based systems, they can significantly
enhance the therapeutic efficacy by providing localized delivery of growth factors and
cytokines directly to the damaged cells [89]. This cell-free approach not only mitigates the
risks of cell transplantation, such as immune rejection and tumor formation, but also offers
a controlled and sustained release of bioactive factors, potentially improving the integration
and functionality of transplanted cells or supporting intrinsic repair mechanisms. The
incorporation of MSC-derived vesicles into scaffold systems could offer a dual mechanism
of action: structural support from the scaffold and bioactive molecular delivery through
the vesicles, thereby enhancing the regenerative capacity of the treatment strategy [89,90].

7. Ethical and Safety Issues of Stem-Cell-Based Therapy

The exploration of stem-cell-based therapies for retinal regeneration, particularly
involving human embryonic stem cells and induced pluripotent stem cells, is surrounded
by complex ethical and safety considerations. The use of hESCs has historically sparked
considerable ethical debate due to their derivation methods, which require the destruction
of human embryos. This issue has led to significant ethical concerns and diverse political
and policy responses across different countries [91–93]. In some regions, this has led to
strict regulations or outright bans on hESC research, while in others, it has been politically
charged, used in broader debates over human rights and medical ethics. Furthermore, the
advent of iPSC technology, which involves reprogramming adult cells to an embryonic-like
state, was initially perceived as a less ethically fraught alternative. However, iPSCs also
harbor the potential for unlimited differentiation and could theoretically be used for human
cloning, raising new ethical dilemmas concerning identity and the potential creation of
human embryos for research purposes [92].

A significant safety issue with iPSC transplantation and the use of iPSC-derived cells is
the possibility of unintended differentiation and malignant transformation. To address this,
there is a crucial need to refine and optimize protocols for iPSC differentiation. Ensuring
the purity of iPSC-derived differentiated cell populations is essential before they can be
deemed safe for clinical application. This is vital to prevent any oncogenic potential these
cells might harbor, which could have detrimental effects on patients [93].
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Mesenchymal stem cells have also emerged as a popular choice in stem cell therapy,
often touted as a universal remedy in various medical treatments across the globe. How-
ever, their safety profile is not fully understood, particularly concerning their potential
to promote tumor growth and metastasis. Therefore, research employing MSCs must
prioritize continuous monitoring and extensive long-term follow-up, especially in animal
models. This vigilance is necessary to uncover any pro-tumorigenic or other ad-verse
effects of MSC-based therapy. Such comprehensive evaluations are essential to establish
a robust understanding of the implications of stem cell therapies and to ensure that their
therapeutic benefits do not come at the cost of patient safety [60,93].

While the field of stem cell therapy for retinal regeneration is burgeoning with poten-
tial, it navigates a complex landscape of ethical dilemmas and safety challenges. Another
ethical and safety concern is raised by the use of stem cells in treating degenerative retinal
diseases in clinics not officially approved for such therapies. While the potential of stem
cell therapy offers hope for conditions with limited treatment options, administering these
treatments outside of approved clinical trials or recognized hospitals can jeopardize patient
safety. Without rigorous regulatory oversight, patients may be exposed to unproven inter-
ventions lacking evidence of efficacy or safety, risking possible adverse effects without the
guarantee of therapeutic benefit [94]. It underscores the necessity of adhering to established
clinical guidelines and regulatory approvals, ensuring that stem cell therapies are both safe
and effective before applying them in a broader clinical setting. Addressing these concerns
requires a balanced approach, ensuring that these innovative therapies are both ethically
sound and safe for clinical use [94].

8. Conclusions

Over the last two to three decades, a substantial body of research has convincingly
shown that transplantation of the retinal pigment epithelium (RPE) can at least partially
restore retinal structure, function, and subjective visual perception in individuals with
retinal degenerative diseases. Breakthroughs in foundational sciences and translational
research domains, including stem cell biology, retinal surgery, non-invasive retinal imaging,
retinal physiology, and vision science, have brought the field to the brink of human clinical
trials capable of offering therapies to restore vision. A number of early-phase human
clinical trials are currently underway globally, and their outcomes are anticipated to be
groundbreaking. However, ongoing research and collaboration among funding bodies,
academic institutions, and industry partners are imperative to ensure successful outcomes.

Primary concerns in human clinical trials related to RPE cell layer transplantation
involve several key aspects: ensuring the longevity of the donor RPE in the host to justify
the risks associated with implantation and cell-based therapy; maintaining the polarity
and functional integrity of the donor RPE akin to normal RPE cells; preventing further
degeneration of the donor RPE cells that may be associated with the disease process; and de-
termining the most effective technique for delivering the RPE cells into the subretinal space.
It is anticipated that the numerous concerns presently raised will find their resolutions in
the forthcoming period.

Moreover, as the field advances, the importance of rigorous patient selection, ethical
considerations, and long-term follow-up cannot be overstated. Technological innovations
and improvements in surgical techniques promise to refine the delivery and integration
of RPE cells, potentially enhancing treatment outcomes. Concurrently, ethical practices
and thorough patient education will remain paramount to navigate the complex landscape
of stem cell therapy with transparency and integrity. Ultimately, the success of these
pioneering therapies will depend on sustained collaborative efforts, ensuring that the
vision of restoring sight through stem cell therapy becomes a safe and accessible reality for
those in need.



Life 2024, 14, 668 16 of 19

Author Contributions: Conceptualization, M.R., M.Z., D.C.B. and R.A.P.; methodology, M.Z. and
M.R.; software, M.R.; validation, M.Z., D.C.B. and R.A.P.; formal analysis, M.Z.; investigation, M.R.,
O.M.D. and M.A.I.; writing—original draft preparation M.R., O.M.D. and M.A.I.; writing—review
and editing, M.Z., D.C.B., R.A.P. and M.R.; visualization, M.R. and D.C.B.; supervision, M.Z. and
R.A.P.; project administration, M.Z., M.R., O.M.D. and M.A.I. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Verbakel, S.K.; van Huet, R.A.C.; Boon, C.J.F.; den Hollander, A.I.; Collin, R.W.J.; Klaver, C.C.W.; Hoyng, C.B.; Roepman, R.;

Klevering, B.J. Non-Syndromic Retinitis Pigmentosa. Prog. Retin. Eye Res. 2018, 66, 157–186. [CrossRef] [PubMed]
2. Voisin, A.; Gaillard, A.; Balbous, A.; Leveziel, N. Proteins Associated with Phagocytosis Alteration in Retinal Pigment Epithelial

Cells Derived from Age-Related Macular Degeneration Patients. Antioxidants 2022, 11, 713. [CrossRef]
3. Yang, S.; Zhou, J.; Li, D. Functions and Diseases of the Retinal Pigment Epithelium. Front. Pharmacol. 2021, 12, 727870. [CrossRef]

[PubMed]
4. Lyle, W.M. The Retinal Pigment Epithelium: Function and Disease. Optom. Vis. Sci. 1999, 76, 193. [CrossRef]
5. Somasundaran, S.; Constable, I.J.; Mellough, C.B.; Carvalho, L.S. Retinal Pigment Epithelium and Age-Related Macular Degenera-

tion: A Review of Major Disease Mechanisms. Clin. Exp. Ophthalmol. 2020, 48, 1043–1056. [CrossRef] [PubMed]
6. Schwartz, S.D.; Pan, C.K.; Klimanskaya, I.; Lanza, R. Retinal Degeneration. In Principles of Tissue Engineering, 4th ed.; Elsevier Inc.:

Amsterdam, The Netherlands, 2013; pp. 1427–1440, ISBN 9780123983589.
7. Pellegrini, G.; De Luca, M.; Arsenijevic, Y. Towards Therapeutic Application of Ocular Stem Cells. Semin. Cell Dev. Biol. 2007, 18,

805–818. [CrossRef]
8. Thomson, J.A. Embryonic Stem Cell Lines Derived from Human Blastocysts. Science 1998, 282, 1145–1147. [CrossRef] [PubMed]
9. Takahashi, K.; Yamanaka, S. Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by

Defined Factors. Cell 2006, 126, 663–676. [CrossRef] [PubMed]
10. Voisin, A.; Pénaguin, A.; Gaillard, A.; Leveziel, N. Stem Cell Therapy in Retinal Diseases. Neural Regen. Res. 2023, 18, 1478–1485.

[CrossRef]
11. Ikelle, L.; Al-Ubaidi, M.R.; Naash, M.I. Pluripotent Stem Cells for the Treatment of Retinal Degeneration: Current Strategies and

Future Directions. Front. Cell Dev. Biol. 2020, 8, 743. [CrossRef]
12. Huo, D.M.; Dong, F.T.; Gao, F. Differentiation of Mesenchymal Stem Cell in the Microenviroment of Retinitis Pigmentosa. Int. J.

Ophthalmol. 2010, 3, 216–219. [CrossRef]
13. Liu, H.; Jing, L.; Sun, J.; Huang, D. An Overview of Scaffolds for Retinal Pigment Epithelium Research. Procedia Manuf. 2021, 53,

492–499. [CrossRef]
14. Shintani, K.; Shechtman, D.L.; Gurwood, A.S. Review and Update: Current Treatment Trends for Patients with Retinitis

Pigmentosa. Optometry 2009, 80, 384–401. [CrossRef]
15. Wang, X.; Wang, T.; Lam, E.; Alvarez, D.; Sun, Y. Ocular Vascular Diseases: From Retinal Immune Privilege to Inflammation. Int.

J. Mol. Sci. 2023, 24, 12090. [CrossRef]
16. Du, Y.; Yan, B. Ocular Immune Privilege and Retinal Pigment Epithelial Cells. J. Leukoc. Biol. 2023, 113, 288–304. [CrossRef]

[PubMed]
17. Sharma, A.; Jaganathan, B.G. Stem Cell Therapy for Retinal Degeneration: The Evidence to Date. Biologics 2021, 15, 299–306.

[CrossRef]
18. Nair, D.S.R.; Thomas, B.B. Stem Cell-Based Treatment Strategies for Degenerative Diseases of the Retina. Curr. Stem Cell Res. Ther.

2021, 17, 214–225. [CrossRef]
19. Jin, Z.B.; Okamoto, S.; Osakada, F.; Homma, K.; Assawachananont, J.; Hirami, Y.; Iwata, T.; Takahashi, M. Modeling Retinal

Degeneration Using Patient-Specific Induced Pluripotent Stem Cells. PLoS ONE 2011, 6, e17084. [CrossRef]
20. Tibbetts, M.D.; Samuel, M.A.; Chang, T.S.; Ho, A.C. Stem Cell Therapy for Retinal Disease. Curr. Opin. Ophthalmol. 2012, 23,

226–234. [CrossRef] [PubMed]
21. Lotfi, M.; Morshedi Rad, D.; Mashhadi, S.S.; Ashouri, A.; Mojarrad, M.; Mozaffari-Jovin, S.; Farrokhi, S.; Hashemi, M.; Lotfi, M.;

Ebrahimi Warkiani, M.; et al. Recent Advances in CRISPR/Cas9 Delivery Approaches for Therapeutic Gene Editing of Stem Cells.
Stem Cell Rev. Rep. 2023, 19, 2576–2596. [CrossRef]

22. Carlson-Stevermer, J.; Goedland, M.; Steyer, B.; Movaghar, A.; Lou, M.; Kohlenberg, L.; Prestil, R.; Saha, K. High-Content Analysis
of CRISPR-Cas9 Gene-Edited Human Embryonic Stem Cells. Stem Cell Rep. 2016, 6, 109–120. [CrossRef] [PubMed]

https://doi.org/10.1016/j.preteyeres.2018.03.005
https://www.ncbi.nlm.nih.gov/pubmed/29597005
https://doi.org/10.3390/antiox11040713
https://doi.org/10.3389/fphar.2021.727870
https://www.ncbi.nlm.nih.gov/pubmed/34393803
https://doi.org/10.1097/00006324-199904000-00019
https://doi.org/10.1111/ceo.13834
https://www.ncbi.nlm.nih.gov/pubmed/32710488
https://doi.org/10.1016/j.semcdb.2007.09.011
https://doi.org/10.1126/science.282.5391.1145
https://www.ncbi.nlm.nih.gov/pubmed/9804556
https://doi.org/10.1016/j.cell.2006.07.024
https://www.ncbi.nlm.nih.gov/pubmed/16904174
https://doi.org/10.4103/1673-5374.361537
https://doi.org/10.3389/fcell.2020.00743
https://doi.org/10.3980/j.issn.2222-3959.2010.03.08
https://doi.org/10.1016/j.promfg.2021.06.051
https://doi.org/10.1016/j.optm.2008.01.026
https://doi.org/10.3390/ijms241512090
https://doi.org/10.1093/jleuko/qiac016
https://www.ncbi.nlm.nih.gov/pubmed/36805720
https://doi.org/10.2147/BTT.S290331
https://doi.org/10.2174/1574888x16666210804112104
https://doi.org/10.1371/journal.pone.0017084
https://doi.org/10.1097/ICU.0b013e328352407d
https://www.ncbi.nlm.nih.gov/pubmed/22450217
https://doi.org/10.1007/s12015-023-10585-3
https://doi.org/10.1016/j.stemcr.2015.11.014
https://www.ncbi.nlm.nih.gov/pubmed/26771356


Life 2024, 14, 668 17 of 19

23. Wang, D.; Quan, Y.; Yan, Q.; Morales, J.E.; Wetsel, R.A. Targeted Disruption of the β 2-Microglobulin Gene Minimizes the
Immunogenicity of Human Embryonic Stem Cells. Stem Cells Transl. Med. 2015, 4, 1234–1245. [CrossRef] [PubMed]

24. Petrus-Reurer, S.; Winblad, N.; Kumar, P.; Gorchs, L.; Chrobok, M.; Wagner, A.K.; Bartuma, H.; Lardner, E.; Aronsson, M.; Plaza
Reyes, Á.; et al. Generation of Retinal Pigment Epithelial Cells Derived from Human Embryonic Stem Cells Lacking Human
Leukocyte Antigen Class I and II. Stem Cell Rep. 2020, 14, 648–662. [CrossRef]

25. Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of Pluripotent Stem Cells
from Adult Human Fibroblasts by Defined Factors. Cell 2007, 131, 861–872. [CrossRef] [PubMed]

26. Sugita, S.; Kamao, H.; Iwasaki, Y.; Okamoto, S.; Hashiguchi, T.; Iseki, K.; Hayashi, N.; Mandai, M.; Takahashi, M. Inhibition of
T-Cell Activation by Retinal Pigment Epithelial Cells Derived from Induced Pluripotent Stem Cells. Investig. Ophthalmol. Vis. Sci.
2015, 56, 1051–1062. [CrossRef]

27. Bharti, K.; Rao, M.; Hull, S.C.; Stroncek, D.; Brooks, B.P.; Feigal, E.; van Meurs, J.C.; Huang, C.A.; Miller, S.S. Developing Cellular
Therapies for Retinal Degenerative Diseases. Investig. Ophthalmol. Vis. Sci. 2014, 55, 1191–1201. [CrossRef]

28. Zhong, X.; Gutierrez, C.; Xue, T.; Hampton, C.; Vergara, M.N.; Cao, L.H.; Peters, A.; Park, T.S.; Zambidis, E.T.; Meyer, J.S.; et al.
Generation of Three-Dimensional Retinal Tissue with Functional Photoreceptors from Human IPSCs. Nat. Commun. 2014, 5, 4047.
[CrossRef] [PubMed]

29. Hallam, D.; Hilgen, G.; Dorgau, B.; Zhu, L.; Yu, M.; Bojic, S.; Hewitt, P.; Schmitt, M.; Uteng, M.; Kustermann, S.; et al. Human-
Induced Pluripotent Stem Cells Generate Light Responsive Retinal Organoids with Variable and Nutrient-Dependent Efficiency.
Stem Cells 2018, 36, 1535–1551. [CrossRef] [PubMed]

30. Pera, M.F. Stem Cells: The Dark Side of Induced Pluripotency. Nature 2011, 471, 46–47. [CrossRef]
31. Rohowetz, L.J.; Koulen, P. Stem Cell-Derived Retinal Pigment Epithelium Cell Therapy: Past and Future Directions. Front. Cell

Dev. Biol. 2023, 11, 1098406. [CrossRef]
32. Warren, L.; Lin, C. MRNA-Based Genetic Reprogramming. Mol. Ther. 2019, 27, 729–734. [CrossRef] [PubMed]
33. Zhang, Y.; Li, X.; Xing, J.; Zhou, J.; Li, H. Chemical Transdifferentiation of Somatic Cells: Unleashing the Power of Small Molecules.

Biomedicines 2023, 11, 2913. [CrossRef]
34. Caplan, A.I. Mesenchymal Stem Cells. J. Orthop. Res. 1991, 9, 641–650. [CrossRef] [PubMed]
35. Han, Y.; Li, X.; Zhang, Y.; Han, Y.; Chang, F.; Ding, J. Mesenchymal Stem Cells for Regenerative Medicine. Cells 2019, 8, 886.

[CrossRef]
36. Ezquerra, S.; Zuleta, A.; Arancibia, R.; Estay, J.; Aulestia, F.; Carrion, F. Functional Properties of Human-Derived Mesenchymal

Stem Cell Spheroids: A Meta-Analysis and Systematic Review. Stem Cells Int. 2021, 2021, 8825332. [CrossRef]
37. Alvites, R.; Branquinho, M.; Sousa, A.C.; Lopes, B.; Sousa, P.; Maurício, A.C. Mesenchymal Stem/Stromal Cells and Their

Paracrine Activity—Immunomodulation Mechanisms and How to Influence the Therapeutic Potential. Pharmaceutics 2022, 14,
381. [CrossRef]

38. Hong, Y.; Xu, G.X. Proteome Changes during Bone Mesenchymal Stem Cell Differentiation into Photoreceptor-like Cells in Vitro.
Int. J. Ophthalmol. 2011, 4, 466–473. [CrossRef]

39. Aboutaleb Kadkhodaeian, H.; Tiraihi, T.; Ahmadieh, H.; Ziaei, H.; Daftarian, N.; Taheri, T. Generation of Retinal Pigmented
Epithelium-Like Cells from Pigmented Spheres Differentiated from Bone Marrow Stromal Cell-Derived Neurospheres. Tissue
Eng. Regen. Med. 2019, 16, 253–263. [CrossRef] [PubMed]

40. Park, U.C.; Park, S.S.; Kim, B.H.; Park, S.W.; Kim, Y.J.; Cary, W.; Anderson, J.D.; Nolta, J.A.; Yu, H.G. Subretinal versus Intravitreal
Administration of Human CD34+ Bone Marrow-Derived Stem Cells in a Rat Model of Inherited Retinal Degeneration. Ann.
Transl. Med. 2021, 9, 1275. [CrossRef]

41. Sanz-Nogués, C.; O’Brien, T. Current Good Manufacturing Practice Considerations for Mesenchymal Stromal Cells as Therapeutic
Agents. Biomater. Biosyst. 2021, 2, 100018. [CrossRef]

42. Ochs, J.; Barry, F.; Schmitt, R.; Murphy, J.M. Advances in Automation for the Production of Clinical-Grade Mesenchymal Stromal
Cells: The AUTOSTEM Robotic Platform. Cell Gene Ther. Insights 2017, 3, 739–748. [CrossRef]

43. Cotrim, C.C.; Jorge, R.; de Oliveira, M.C.; Pieroni, F.; Messias, A.M.V.; Siqueira, R.C. Clinical Studies Using Stem Cells for
Treatment of Retinal Diseases: State of the Art. Arq. Bras. Oftalmol. 2020, 83, 160–167. [CrossRef] [PubMed]

44. Chen, X.; Xu, N.; Li, J.; Zhao, M.; Huang, L. Stem Cell Therapy for Inherited Retinal Diseases: A Systematic Review and
Meta-Analysis. Stem Cell Res. Ther. 2023, 14, 286. [CrossRef] [PubMed]

45. Oswald, J.; Baranov, P. Regenerative Medicine in the Retina: From Stem Cells to Cell Replacement Therapy. Ther. Adv. Ophthalmol.
2018, 10, 2515841418774433. [CrossRef]

46. Lu, B.; Malcuit, C.; Wang, S.; Girman, S.; Francis, P.; Lemieux, L.; Lanza, R.; Lund, R. Long-Term Safety and Function of RPE
from Human Embryonic Stem Cells in Preclinical Models of Macular Degeneration. Stem Cells 2009, 27, 2126–2135. [CrossRef]
[PubMed]

47. Takagi, S.; Mandai, M.; Gocho, K.; Hirami, Y.; Yamamoto, M.; Fujihara, M.; Sugita, S.; Kurimoto, Y.; Takahashi, M. Evaluation of
Transplanted Autologous Induced Pluripotent Stem Cell-Derived Retinal Pigment Epithelium in Exudative Age-Related Macular
Degeneration. Ophthalmol. Retin. 2019, 3, 850–859. [CrossRef]

48. Hinkle, J.W.; Mahmoudzadeh, R.; Kuriyan, A.E. Cell-Based Therapies for Retinal Diseases: A Review of Clinical Trials and Direct
to Consumer “Cell Therapy” Clinics. Stem Cell Res. Ther. 2021, 12, 538. [CrossRef] [PubMed]

https://doi.org/10.5966/sctm.2015-0049
https://www.ncbi.nlm.nih.gov/pubmed/26285657
https://doi.org/10.1016/j.stemcr.2020.02.006
https://doi.org/10.1016/j.cell.2007.11.019
https://www.ncbi.nlm.nih.gov/pubmed/18035408
https://doi.org/10.1167/iovs.14-15619
https://doi.org/10.1167/iovs.13-13481
https://doi.org/10.1038/ncomms5047
https://www.ncbi.nlm.nih.gov/pubmed/24915161
https://doi.org/10.1002/stem.2883
https://www.ncbi.nlm.nih.gov/pubmed/30004612
https://doi.org/10.1038/471046a
https://doi.org/10.3389/fcell.2023.1098406
https://doi.org/10.1016/j.ymthe.2018.12.009
https://www.ncbi.nlm.nih.gov/pubmed/30598301
https://doi.org/10.3390/biomedicines11112913
https://doi.org/10.1002/jor.1100090504
https://www.ncbi.nlm.nih.gov/pubmed/1870029
https://doi.org/10.3390/cells8080886
https://doi.org/10.1155/2021/8825332
https://doi.org/10.3390/pharmaceutics14020381
https://doi.org/10.3980/j.issn.2222-3959.2011.05.02
https://doi.org/10.1007/s13770-019-00183-1
https://www.ncbi.nlm.nih.gov/pubmed/31205854
https://doi.org/10.21037/atm-20-4662
https://doi.org/10.1016/j.bbiosy.2021.100018
https://doi.org/10.18609/cgti.2017.073
https://doi.org/10.5935/0004-2749.20200037
https://www.ncbi.nlm.nih.gov/pubmed/32159599
https://doi.org/10.1186/s13287-023-03526-x
https://www.ncbi.nlm.nih.gov/pubmed/37798796
https://doi.org/10.1177/2515841418774433
https://doi.org/10.1002/stem.149
https://www.ncbi.nlm.nih.gov/pubmed/19521979
https://doi.org/10.1016/j.oret.2019.04.021
https://doi.org/10.1186/s13287-021-02546-9
https://www.ncbi.nlm.nih.gov/pubmed/34635174


Life 2024, 14, 668 18 of 19

49. Schwartz, S.D.; Hubschman, J.-P.; Heilwell, G.; Franco-Cardenas, V.; Pan, C.K.; Ostrick, R.M.; Mickunas, E.; Gay, R.; Klimanskaya,
I.; Lanza, R. Embryonic Stem Cell Trials for Macular Degeneration: A Preliminary Report. Lancet 2012, 379, 713–720. [CrossRef]

50. Schwartz, S.D.; Regillo, C.D.; Lam, B.L.; Eliott, D.; Rosenfeld, P.J.; Gregori, N.Z.; Hubschman, J.P.; Davis, J.L.; Heilwell, G.; Spirn,
M.; et al. Human Embryonic Stem Cell-Derived Retinal Pigment Epithelium in Patients with Age-Related Macular Degeneration
and Stargardt’s Macular Dystrophy: Follow-up of Two Open-Label Phase 1/2 Studies. Lancet 2015, 385, 509–516. [CrossRef]

51. Song, W.K.; Park, K.M.; Kim, H.J.; Lee, J.H.; Choi, J.; Chong, S.Y.; Shim, S.H.; Del Priore, L.V.; Lanza, R. Treatment of Macular
Degeneration Using Embryonic Stem Cell-Derived Retinal Pigment Epithelium: Preliminary Results in Asian Patients. Stem Cell
Rep. 2015, 4, 860–872. [CrossRef]

52. Mehat, M.S.; Sundaram, V.; Ripamonti, C.; Robson, A.G.; Smith, A.J.; Borooah, S.; Robinson, M.; Rosenthal, A.N.; Innes, W.;
Weleber, R.G.; et al. Transplantation of Human Embryonic Stem Cell-Derived Retinal Pigment Epithelial Cells in Macular
Degeneration. Ophthalmology 2018, 125, 1765–1775. [CrossRef] [PubMed]

53. Kashani, A.H.; Lebkowski, J.S.; Rahhal, F.M.; Avery, R.L.; Salehi-Had, H.; Dang, W.; Lin, C.-M.; Mitra, D.; Zhu, D.; Thomas, B.B.;
et al. A bioengineered retinal pigment epithelial monolayer for advanced, dry age-related macular degeneration. Sci. Transl. Med.
2018, 10, eaao4097. [CrossRef] [PubMed]

54. Kashani, A.H.; Lebkowski, J.S.; Rahhal, F.M.; Avery, R.L.; Salehi-Had, H.; Chen, S.; Chan, C.; Palejwala, N.; Ingram, A.; Dang, W.;
et al. One-Year Follow-up in a Phase 1/2a Clinical Trial of an Allogeneic Rpe Cell Bioengineered Implant for Advanced Dry
Age-Related Macular Degeneration. Transl. Vis. Sci. Technol. 2021, 10, 13. [CrossRef] [PubMed]

55. Li, S.Y.; Liu, Y.; Wang, L.; Wang, F.; Zhao, T.T.; Li, Q.Y.; Xu, H.W.; Meng, X.H.; Hao, J.; Zhou, Q.; et al. A Phase I Clinical Trial of
Human Embryonic Stem Cell-Derived Retinal Pigment Epithelial Cells for Early-Stage Stargardt Macular Degeneration: 5-Years’
Follow-Up. Cell Prolif. 2021, 54, e13100. [CrossRef] [PubMed]

56. Da Cruz, L.; Fynes, K.; Georgiadis, O.; Kerby, J.; Luo, Y.H.; Ahmado, A.; Vernon, A.; Daniels, J.T.; Nommiste, B.; Hasan, S.M.;
et al. Phase 1 Clinical Study of an Embryonic Stem Cell-Derived Retinal Pigment Epithelium Patch in Age-Related Macular
Degeneration. Nat. Biotechnol. 2018, 36, 328–337. [CrossRef]

57. Garber, K. RIKEN Suspends First Clinical Trial Involving Induced Pluripotent Stem Cells. Nat. Biotechnol. 2015, 33, 890–891.
[CrossRef] [PubMed]

58. Mandai, M.; Watanabe, A.; Kurimoto, Y.; Hirami, Y.; Morinaga, C.; Daimon, T.; Fujihara, M.; Akimaru, H.; Sakai, N.; Shibata, Y.;
et al. Autologous Induced Stem-Cell–Derived Retinal Cells for Macular Degeneration. N. Engl. J. Med. 2017, 376, 1038–1046.
[CrossRef] [PubMed]

59. Sugita, S.; Mandai, M.; Hirami, Y.; Takagi, S.; Maeda, T.; Fujihara, M.; Matsuzaki, M.; Yamamoto, M.; Iseki, K.; Hayashi, N.; et al.
HLA-Matched Allogeneic IPS Cells-Derived Rpe Transplantation for Macular Degeneration. J. Clin. Med. 2020, 9, 2217. [CrossRef]
[PubMed]

60. Siqueira, R.C.; Messias, A.; Voltarelli, J.C.; Scott, I.U.; Jorge, R. Intravitreal Injection of Autologous Bone Marrow-Derived
Mononuclear Cells for Hereditary Retinal Dystrophy: A Phase i Trial. Retina 2011, 31, 1207–1214. [CrossRef]

61. Siqueira, R.C.; Messias, A.; Messias, K.; Arcieri, R.S.; Ruiz, M.A.; Souza, N.F.; Martins, L.C.; Jorge, R. Quality of Life in Patients
with Retinitis Pigmentosa Submitted to Intravitreal Use of Bone Marrow-Derived Stem Cells (Reticell-Clinical Trial). Stem Cell
Res. Ther. 2015, 6, 29. [CrossRef]

62. Park, S.S.; Bauer, G.; Abedi, M.; Pontow, S.; Panorgias, A.; Jonnal, R.; Zawadzki, R.J.; Werner, J.S.; Nolta, J. Intravitreal Autologous
Bone Marrow Cd34+ Cell Therapy for Ischemic and Degenerative Retinal Disorders: Preliminary Phase 1 Clinical Trial Findings.
Investig. Ophthalmol. Vis. Sci. 2015, 56, 81–89. [CrossRef] [PubMed]

63. Öner, A. Stem Cell Treatment in Retinal Diseases: Recent Developments. Turk. J. Ophthalmol. 2018, 48, 33–38. [CrossRef] [PubMed]
64. Satarian, L.; Nourinia, R.; Safi, S.; Kanavi, M.R.; Jarughi, N.; Daftarian, N.; Arab, L.; Aghdami, N.; Ahmadieh, H.; Baharvand, H.

Intravitreal Injection of Bone Marrow Mesenchymal Stem Cells in Patients with Advanced Retinitis Pigmentosa; A Safety Study. J.
Ophthalmic Vis. Res. 2017, 12, 58–64. [CrossRef] [PubMed]

65. Limoli, P.G.; Limoli, C.; Vingolo, E.M.; Scalinci, S.Z.; Nebbioso, M. Cell Surgery and Growth Factors in Dry Age-Related Macular
Degeneration: Visual Prognosis and Morphological Study. Oncotarget 2016, 7, 46913–46923. [CrossRef] [PubMed]

66. Yu, B.; Li, X.R.; Zhang, X.M. Mesenchymal Stem Cell-Derived Extracellular Vesicles as a New Therapeutic Strategy for Ocular
Diseases. World J. Stem Cells 2020, 12, 178–187. [CrossRef] [PubMed]

67. Lotfy, A.; AboQuella, N.M.; Wang, H. Mesenchymal Stromal/Stem Cell (MSC)-Derived Exosomes in Clinical Trials. Stem Cell Res.
Ther. 2023, 14, 66. [CrossRef] [PubMed]

68. Tan, F.; Li, X.; Wang, Z.; Li, J.; Shahzad, K.; Zheng, J. Clinical Applications of Stem Cell-Derived Exosomes. Signal Transduct.
Target. Ther. 2024, 9, 17. [CrossRef] [PubMed]

69. Wu, K.Y.; Ahmad, H.; Lin, G.; Carbonneau, M.; Tran, S.D. Mesenchymal Stem Cell-Derived Exosomes in Ophthalmology: A
Comprehensive Review. Pharmaceutics 2023, 15, 1167. [CrossRef]

70. Tuekprakhon, A.; Sangkitporn, S.; Trinavarat, A.; Pawestri, A.R.; Vamvanij, V.; Ruangchainikom, M.; Luksanapruksa, P.;
Pongpaksupasin, P.; Khorchai, A.; Dambua, A.; et al. Intravitreal Autologous Mesenchymal Stem Cell Transplantation: A
Non-Randomized Phase I Clinical Trial in Patients with Retinitis Pigmentosa. Stem Cell Res. Ther. 2021, 12, 52. [CrossRef]
[PubMed]

71. Kim, Y.C.; Chiang, B.; Wu, X.; Prausnitz, M.R. Ocular Delivery of Macromolecules. J. Control. Release 2014, 190, 172–181. [CrossRef]

https://doi.org/10.1016/S0140-6736(12)60028-2
https://doi.org/10.1016/S0140-6736(14)61376-3
https://doi.org/10.1016/j.stemcr.2015.04.005
https://doi.org/10.1016/j.ophtha.2018.04.037
https://www.ncbi.nlm.nih.gov/pubmed/29884405
https://doi.org/10.1126/scitranslmed.aao4097
https://www.ncbi.nlm.nih.gov/pubmed/29618560
https://doi.org/10.1167/TVST.10.10.13
https://www.ncbi.nlm.nih.gov/pubmed/34613357
https://doi.org/10.1111/cpr.13100
https://www.ncbi.nlm.nih.gov/pubmed/34347352
https://doi.org/10.1038/nbt.4114
https://doi.org/10.1038/nbt0915-890
https://www.ncbi.nlm.nih.gov/pubmed/26348942
https://doi.org/10.1056/nejmoa1608368
https://www.ncbi.nlm.nih.gov/pubmed/28296613
https://doi.org/10.3390/jcm9072217
https://www.ncbi.nlm.nih.gov/pubmed/32668747
https://doi.org/10.1097/IAE.0b013e3181f9c242
https://doi.org/10.1186/s13287-015-0020-6
https://doi.org/10.1167/iovs.14-15415
https://www.ncbi.nlm.nih.gov/pubmed/25491299
https://doi.org/10.4274/tjo.89972
https://www.ncbi.nlm.nih.gov/pubmed/29576896
https://doi.org/10.4103/2008-322X.200164
https://www.ncbi.nlm.nih.gov/pubmed/28299008
https://doi.org/10.18632/oncotarget.10442
https://www.ncbi.nlm.nih.gov/pubmed/27391437
https://doi.org/10.4252/wjsc.v12.i3.178
https://www.ncbi.nlm.nih.gov/pubmed/32266050
https://doi.org/10.1186/s13287-023-03287-7
https://www.ncbi.nlm.nih.gov/pubmed/37024925
https://doi.org/10.1038/s41392-023-01704-0
https://www.ncbi.nlm.nih.gov/pubmed/38212307
https://doi.org/10.3390/pharmaceutics15041167
https://doi.org/10.1186/s13287-020-02122-7
https://www.ncbi.nlm.nih.gov/pubmed/33422139
https://doi.org/10.1016/j.jconrel.2014.06.043


Life 2024, 14, 668 19 of 19

72. Kim, J.Y.; You, Y.S.; Kim, S.H.; Kwon, W. Epiretinal membrane formation after intravitreal autologous stem cell implantation in a
retinitis pigmentosa patient. Retin. Cases Brief Rep. 2017, 11, 227–231. [CrossRef] [PubMed]

73. Peng, Y.; Tang, L.; Zhou, Y. Subretinal Injection: A Review on the Novel Route of Therapeutic Delivery for Vitreoretinal Diseases.
Ophthalmic Res. 2017, 58, 217–226. [CrossRef] [PubMed]

74. Zarbin, M. Cell-Based Therapy for Retinal Disease: The New Frontier. In Methods in Molecular Biology; Humana Press Inc.: Totowa,
NJ, USA, 2019; Volume 1834, pp. 367–381.

75. Chiang, B.; Jung, J.H.; Prausnitz, M.R. The Suprachoroidal Space as a Route of Administration to the Posterior Segment of the
Eye. Adv. Drug Deliv. Rev. 2018, 126, 58–66. [CrossRef] [PubMed]

76. Limoli, P.G.; Vingolo, E.M.; Limoli, C.; Scalinci, S.Z.; Nebbioso, M. Regenerative Therapy by Suprachoroidal Cell Autograft in Dry
Age-Related Macular Degeneration: Preliminary in Vivo Report. J. Vis. Exp. 2018, 2018, e56469. [CrossRef] [PubMed]

77. Limoli, P.G.; Vingolo, E.M.; Morales, M.U.; Nebbioso, M.; Limoli, C. Preliminary Study on Electrophysiological Changes after
Cellular Autograft in Age-Related Macular Degeneration. Medicine 2014, 93, e355. [CrossRef] [PubMed]

78. Puertas-Neyra, K.; Usategui-Martín, R.; Coco, R.M.; Fernandez-Bueno, I. Intravitreal Stem Cell Paracrine Properties as a Potential
Neuroprotective Therapy for Retinal Photoreceptor Neurodegenerative Diseases. Neural Regen. Res. 2020, 15, 1631–1638.

79. Kador, K.E.; Goldberg, J.L. Scaffolds and Stem Cells: Delivery of Cell Transplants for Retinal Degenerations. Expert. Rev.
Ophthalmol. 2012, 7, 459–470. [CrossRef]

80. Nazari, H.; Zhang, L.; Zhu, D.; Chader, G.J.; Falabella, P.; Stefanini, F.; Rowland, T.; Clegg, D.O.; Kashani, A.H.; Hinton, D.R.; et al.
Stem Cell Based Therapies for Age-Related Macular Degeneration: The Promises and the Challenges. Prog. Retin. Eye Res. 2015,
48, 1–39. [CrossRef]

81. Rajendran Nair, D.S.; Seiler, M.J.; Patel, K.H.; Thomas, V.; Camarillo, J.C.M.; Humayun, M.S.; Thomas, B.B. Tissue Engineering
Strategies for Retina Regeneration. Appl. Sci. 2021, 11, 2154. [CrossRef]

82. Lu, B.; Zhu, D.; Hinton, D.; Humayun, M.S.; Tai, Y.C. Mesh-Supported Submicron Parylene-C Membranes for Culturing Retinal
Pigment Epithelial Cells. Biomed. Microdevices 2012, 14, 659–667. [CrossRef]

83. Liu, Z.; Yu, N.; Holz, F.G.; Yang, F.; Stanzel, B.V. Enhancement of Retinal Pigment Epithelial Culture Characteristics and Subretinal
Space Tolerance of Scaffolds with 200 Nm Fiber Topography. Biomaterials 2014, 35, 2837–2850. [CrossRef] [PubMed]

84. Hotaling, N.A.; Khristov, V.; Wan, Q.; Sharma, R.; Jha, B.S.; Lotfi, M.; Maminishkis, A.; Simon, C.G.; Bharti, K. Nanofiber
Scaffold-Based Tissue-Engineered Retinal Pigment Epithelium to Treat Degenerative Eye Diseases. J. Ocul. Pharmacol. Ther. 2016,
32, 272–285. [CrossRef]

85. Zhang, S.; Ye, K.; Gao, G.; Song, X.; Xu, P.; Zeng, J.; Xie, B.; Zheng, D.; He, L.; Ji, J.; et al. Amniotic Membrane Enhances the
Characteristics and Function of Stem Cell-Derived Retinal Pigment Epithelium Sheets by Inhibiting the Epithelial–Mesenchymal
Transition. Acta Biomater. 2022, 151, 183–196. [CrossRef]

86. Gu, J.; Wang, Y.; Cui, Z.; Li, H.; Li, S.; Yang, X.; Yan, X.; Ding, C.; Tang, S.; Chen, J. The Construction of Retinal Pigment Epithelium
Sheets with Enhanced Characteristics and Cilium Assembly Using IPS Conditioned Medium and Small Incision Lenticule
Extraction Derived Lenticules. Acta Biomater. 2019, 92, 115–131. [CrossRef]

87. Soroushzadeh, S.; Karamali, F.; Masaeli, E.; Atefi, A.; Nasr Esfahani, M.H. Scaffold Free Retinal Pigment Epithelium Sheet
Engineering Using Modified Alginate-RGD Hydrogel. J. Biosci. Bioeng. 2022, 133, 579–586. [CrossRef]

88. Fernandes, R.A.B.; Lojudice, F.H.; Zago Ribeiro, L.; Santos Da Cruz, N.F.; Polizelli, M.U.; Cristovam, P.C.; Innocenti, F.; Morimoto,
L.; Magalhães, O.; Ferraz Sallum, J.M.; et al. Transplantation of subretinal stem cell-derived retinal pigment epithelium for
stargardt disease: A phase I clinical trial. Retina 2023, 43, 263–274. [CrossRef] [PubMed]

89. Zhang, X.; Liu, J.; Yu, B.; Ma, F.; Ren, X.; Li, X. Effects of Mesenchymal Stem Cells and Their Exosomes on the Healing of Large
and Refractory Macular Holes. Graefe’s Arch. Clin. Exp. Ophthalmol. 2018, 256, 2041–2052. [CrossRef] [PubMed]

90. Re, F.; Gabusi, E.; Manferdini, C.; Russo, D.; Lisignoli, G. Bone Regeneration Improves with Mesenchymal Stem Cell Derived
Extracellular Vesicles (Evs) Combined with Scaffolds: A Systematic Review. Biology 2021, 10, 579. [CrossRef]

91. Alahmad, G.; Aljohani, S.; Najjar, M.F. Ethical Challenges Regarding the Use of Stem Cells: Interviews with Researchers from
Saudi Arabia. BMC Med. Ethics 2020, 21, 35. [CrossRef] [PubMed]

92. Weiss, A.M.; Breitenbach, M.; Rinnerthaler, M.; Virt, G. Ethical Considerations on Stem Cell Research. In Pluripotent Stem Cells;
IntechOpen: Rijeka, Croatia, 2013.

93. Volarevic, V.; Markovic, B.S.; Gazdic, M.; Volarevic, A.; Jovicic, N.; Arsenijevic, N.; Armstrong, L.; Djonov, V.; Lako, M.; Stojkovic,
M. Ethical and Safety Issues of Stem Cell-Based Therapy. Int. J. Med. Sci. 2018, 15, 36–45. [CrossRef]

94. Master, Z.; Matthews, K.R.W.; Abou-el-Enein, M. Unproven Stem Cell Interventions: A Global Public Health Problem Requiring
Global Deliberation. Stem Cell Rep. 2021, 16, 1435–1445. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1097/ICB.0000000000000327
https://www.ncbi.nlm.nih.gov/pubmed/27171917
https://doi.org/10.1159/000479157
https://www.ncbi.nlm.nih.gov/pubmed/28858866
https://doi.org/10.1016/j.addr.2018.03.001
https://www.ncbi.nlm.nih.gov/pubmed/29545195
https://doi.org/10.3791/56469
https://www.ncbi.nlm.nih.gov/pubmed/29553543
https://doi.org/10.1097/MD.0000000000000355
https://www.ncbi.nlm.nih.gov/pubmed/25546695
https://doi.org/10.1586/eop.12.56
https://doi.org/10.1016/j.preteyeres.2015.06.004
https://doi.org/10.3390/app11052154
https://doi.org/10.1007/s10544-012-9645-8
https://doi.org/10.1016/j.biomaterials.2013.12.069
https://www.ncbi.nlm.nih.gov/pubmed/24439407
https://doi.org/10.1089/jop.2015.0157
https://doi.org/10.1016/j.actbio.2022.07.064
https://doi.org/10.1016/j.actbio.2019.05.017
https://doi.org/10.1016/j.jbiosc.2022.02.002
https://doi.org/10.1097/IAE.0000000000003655
https://www.ncbi.nlm.nih.gov/pubmed/36223778
https://doi.org/10.1007/s00417-018-4097-3
https://www.ncbi.nlm.nih.gov/pubmed/30167916
https://doi.org/10.3390/biology10070579
https://doi.org/10.1186/s12910-020-00482-6
https://www.ncbi.nlm.nih.gov/pubmed/32397999
https://doi.org/10.7150/ijms.21666
https://doi.org/10.1016/j.stemcr.2021.05.004
https://www.ncbi.nlm.nih.gov/pubmed/34107243

	Introduction 
	Materials and Methods 
	Stem Cell Sources 
	Human Embryonic Stem Cells 
	Induced Pluripotent Stem Cells 
	Mesenchymal Stem Cells 

	Clinical Studies 
	Clinical Trials Using hESCs 
	Clinical Trials Using hiPSCs 
	Clinical Trials Using MSCs 

	Stem Cell Administration Method 
	Cell Suspension or Reconstructed Tissue 
	Ethical and Safety Issues of Stem-Cell-Based Therapy 
	Conclusions 
	References

