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Abstract

Retinal pigment epithelium (RPE) dysfunction is involved in the advancement of
numerous degenerative retinal illnesses, such as age-related macular degeneration
and hereditary retinal abnormalities. Transplantation of RPE produced from stem
cells has emerged as a promising therapeutic strategy to restore retinal function
and prevent vision loss. However, other obstacles impede its clinical application,
including immunological rejection, cell viability, functional integration, and the
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necessity for consistent differentiation techniques. This review offers a thorough examination of the molecular
processes regulating RPE integrity, investigates recent progress in stem cell-derived RPE therapeutics, and
addresses significant challenges to their broad implementation. Furthermore, we emphasize prospective avenues
intended to enhance the safety, efficacy, and enduring success of RPE transplantation in clinical environments.

Key Words: Retinal pigment epithelium; Stem cell therapy; Retinal degeneration; Cell transplantation; Molecular stem cell
mechanisms
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Core Tip: There has been significant progress in research on the retinal pigment epithelium (RPE), with a particular focus on
stem cell therapies and molecular discoveries that have the potential to treat retinopathies. The RPE is crucial for vision and
for eye health. Studies have demonstrated the potential of using stem cell-derived RPE to cure retinopathies in their early
stages. Understanding the molecular and genetic mechanisms involved in RPE development and differentiation are
fundamental in identifying novel therapeutic approaches.
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INTRODUCTION

The retinal pigment epithelium (RPE) is a single layer of highly specialized neuroectoderm-derived pigmented cells
located between the neurosensory retina and the blood-rich choroid. The RPE is essential for the function of the outer
retina, as it is involved in the visual cycle, phagocytosis of shed photoreceptor outer segments (OS), maintenance of the
outer blood-retinal barrier (BRB), and secretion of growth factors that regulate neurotrophic, inflammatory, and vascular
processes|[1]. It also facilitates the removal of water from the subretinal space and regulates ion and nutrient exchange
between the retina and choroid. The RPE is a critical site of injury in significant blinding disorders, including proliferative
vitreoretinopathy (PVR) and age-related macular degeneration (AMD).

A variety of retinopathies and degenerative retinal disorders arise when the enhanced permeability and retention
(EPR) structure is damaged. There is currently no appropriate or efficient molecular therapy to treat or manage
degenerative retinal disorders or EPR changes. In any case, research on the pathobiology and development role of EPR
has been conducted to establish prevention and therapy strategies. In this review, we provide an overview of our current
understanding of RPE, its potential for treating early-stage retinopathies using stem cell-derived RPE, its patho-
physiological changes, the molecular and genetic pathways of RPE development, and the use of stem cell-based develop-
mental studies to investigate RPE differentiation[2,3].

We performed a thorough literature review utilizing PubMed, Scopus, and Web of Science databases and incorporated
peer-reviewed literature from 2000 to 2024 that presented experimental or clinical data on RPE and stem cell therapies.
Search terms encompassed ‘retinal pigment epithelium’, ‘stem cell treatment’, ‘retinal degenerative disorders’, and ‘RPE
regeneration’. Articles were evaluated for relevancy through title, abstract, and comprehensive text analysis. Data were
extracted utilizing defined forms to guarantee consistency. Statistical analyses and data synthesis were conducted to
complete the selection of studies considered in the review.

We assessed the efficacy of stem cell-derived RPE transplantation in experimental models, including mouse models of
AMD and retinal dystrophy. In these investigations, pluripotent stem cell (PSC)-derived RPE sheets were transplanted
subretinally, and functional recovery was evaluated using electroretinography and optical coherence tomography. Cell
viability post-transplantation was assessed via histological examination and immunofluorescence staining for RPE
markers, including RPE65 and BEST1.

In addition to their biological importance, retinal degenerative disorders create a significant economic burden
worldwide. Conditions such as AMD, diabetic retinopathy, and retinitis pigmentosa not only contribute to irreversible
vision loss but also lead to increased healthcare expenses, loss of labor productivity, and impaired quality of life. In the
United States, vision impairment and blindness are predicted to incur billions of dollars annually in direct and indirect
costs. Likewise, across Europe and other aging demographics, the incidence of AMD is on the rise, exacerbating economic
burdens. Given these variables, increasing our understanding of RPE function and its participation in retinal illnesses is
crucial to finding novel therapeutic options that can ameliorate both the physiological and financial repercussions of
these conditions.
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RETINAL TISSUE ANATOMY

The adult human retina encompasses approximately 3.5 million RPE cells. These postmitotic cells exhibit minimal prolif-
erative capacity and therefore must sustain a stable cellular population throughout adulthood unless pathologically
compromised[4]. The RPE extends from the optic nerve to the ora serrata, establishing continuity with the pigmented
epithelium of the ciliary body. The highest density of RPE cells is observed in the foveal region, with a progressive
decline in density toward the retinal periphery[5]. These hexagonal, highly polarized cells constitute a monolayer
intercalated between the neurosensory retina and the choroid. The apical microvilli of the RPE interdigitate with the OS
of photoreceptors, whereas the basal surface adheres to Bruch’s membrane (BrM)[6]. The presence of melanin granules
within the RPE contributes to the characteristic fundus appearance, which varies according to pigmentation levels[4]. The
peripheral retina typically exhibits a higher concentration of RPE pigmentation than the macula. With advancing age, the
number of melanin granules decreases, partially due to photo-oxidative processes.

The retina and RPE are separated by the subretinal space[7]. Despite the close juxtaposition of the retina to the RPE and
underlying sclera, firm attachment is limited to the optic disc and ora serrata, rendering other regions susceptible to
mechanical disruption. RPE cell polarity is characterized by distinct ultrastructural components and specialized
functional domains. The apical membrane exhibits extensive microvilli (ranging from 3-7 pm in length) that interact with
photoreceptor OS[8]. These interactions are facilitated by the extracellular matrix (ECM) and neural cell adhesion
molecules on the apical surface and contribute to retinal adherence to the RPE. Each RPE cell interfaces with approx-
imately 30-45 photoreceptors and internalizes around 30000 shed OS per day, cumulatively processing hundreds of
millions of photoreceptor discs over its lifespan[9].

Functional RPE cell polarity arises from the distinct distribution of membrane proteins between the apical and basal
surfaces. While the RPE shares structural similarities with other epithelial tissues engaged in ion transport, it
demonstrates an unconventional polarity with regard to certain proteins[10]. Notably, Na/K-ATPase, ECM metallopro-
teinase inducer, and neural cell adhesion molecule localize apically rather than basolaterally[11]. Proteomic analyses have
identified 283 proteins within the apical microvilli, categorized into retinoid-metabolizing, cytoskeletal, enzymatic, ECM-
associated, membrane-associated, and transporter proteins. Key phagocytic proteins, including avp5 integrin, mannose
receptors, and CD36, are predominantly localized within the apical microvilli. Na/K-ATPase, which is crucial for ion
homeostasis, is primarily positioned at the apical membrane. Additionally, chloride intracellular channel 4, which is
another photoprotective and antioxidative protein channel implicated in regulating surface channel activity is enriched
within the apical microvilli[12]. The basal domain of the RPE, characterized by approximately 1-micron-long infoldings,
harbors integrins such as a3p1, 06p1, and avf3, which facilitate adhesion to BrM.

Bestrophin-1 is a chloride channel that modulates calcium channel function via interaction with their f-subunits. Ezrin
is a cytoskeletal linker protein expressed in both apical and basal domains, where it contributes to the stabilization of
microvilli and basal infoldings. Various transporters function across apical and basal surfaces, including glucose
transporter-1 (GLUT-1), which mediates glucose transfer from the choroid to photoreceptors. Monocarboxylate
transporters (MCT-1 and MCT-3) facilitate the efflux of lactic acid from the subretinal space via apical and basolateral
transport, respectively[13]. The lateral membranes of RPE cells contain specialized junctional complexes that regulate
cellular adhesion and intercellular communication. Intracellularly, RPE organelles exhibit polarity and regional
variability[11]. Melanin granules that are approximately 2-3 pm in diameter are concentrated in the apical cytoplasm
adjacent to the endoplasmic reticulum. Their distribution varies regionally, with dense, rounded granules at the ora
serrata and more ovoid, sparse granules within the macular and equatorial regions.

The nucleus is 8-12 pm in diameter and is basally localized. Mitochondria preferentially localize to the basal region due
to the high oxygen availability from the choriocapillaris, particularly within the macular region[14]. RPE cell morphology
and function is regionally heterogeneous. RPE cells assume a cuboidal shape in situ, appearing polygonal in en face views
and maintaining this morphology in vitro. Variations in cell shape are regionally specific; macular RPE cells are taller and
narrower, whereas peripheral RPE cells are flatter, more dispersed, and occasionally binucleated. Such heterogeneity
influences cellular proliferation potential, protein expression (e.g., vimentin and Na/K-ATPase), and photoreceptor-RPE
binding affinity.

Superoxide dismutase-2 reduces the impact of reactive oxygen species (ROS) in mitochondria. However, age-related
changes in lysosomal enzyme activity and superoxide dismutase-2 levels vary by region and occur independently of
other factors[15]. Although cellular heterogeneity confers physiological advantages, pathological dysregulation may
contribute to diseases like AMD through the emergence of pathogenic RPE subpopulations. Certain subsets of cells have
also been implicated in tumor metastasis and therapeutic resistance, underscoring the clinical significance of RPE hetero-
geneity in disease pathogenesis. Notably, RPE cells exhibit extensive morphological variability in AMD and may
influence disease progression. The outer BRB is established by the RPE, wherein lateral intercellular junctions comprise
apical zonulae occludentes (tight junctions) and zonulae adherentes (adherens junctions). These junctions regulate
paracellular permeability, thereby isolating the subretinal space from the choriocapillaris, a structure historically referred
to as Verhoeff’s membrane[16].

Claudins and occludins are the main components of tight junctions. Occludins contribute to high transepithelial
resistance and BRB integrity through extracellular interactions. These junctions also maintain cellular polarity by limiting
the lateral diffusion of membrane proteins between apical and basolateral surfaces, supporting compartmentalized
cellular functions[17]. The cytoplasmic domain of occludins interacts with scaffolding proteins, including zonula
occludens (ZO)-1 and ZO-2, which bind to the actin cytoskeleton and participate in intracellular signaling cascades. ZO-1
modulates proliferation and transcriptional regulation via inhibition of the Y-box transcription factor ZONAB, which is
critical for RPE differentiation and homeostasis.
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The assembly of adherens junctions and tight junctions is influenced by proteins such as junctional adhesion molecule-
A, AF-6, Par-3, and Par-6, in addition to neural retina-derived and basolateral regulatory factors. Among the claudins,
claudin-19 is predominantly expressed in human fetal RPE cells[18]. Furthermore, junctional adhesion molecule-C
localizes to tight junctions in both fetal and adult RPE, where it facilitates N-cadherin and ZO-1 recruitment to cell
contacts. Pathological conditions, including oxidative stress, Na/K-ATPase inhibition, and inflammatory mediators (e.g.,
matrix metallopeptidase 9, interferon-gamma, tumor necrosis factor, and amyloid-f), downregulate tight junction
proteins, thereby compromising the BRB. Conversely, nitric oxide contributes to barrier preservation[13].

Zonulae adherentes form junctions approximately 200 A wide and interact with cytoskeletal microfilaments. The
cadherin proteins within these junctions are calcium-dependent, engaging in cytoplasmic interactions with catenins, o-
actinin, and vinculin to organize the actin cytoskeleton and maintain cellular morphology. Connexins localize to gap
junctions along lateral membranes to facilitate intercellular ion and metabolite exchange. Connexin-43 mediates retina-
RPE communication, playing a role in retinal organogenesis and ATP release via hemichannels, thereby influencing
neural retinal proliferation and differentiation[19]. At the basal membrane, integrins localize to focal adhesions with the
ECM. Although desmosomes are variably present across species, they are not essential for establishing a functional,
polarized RPE monolayer.

RPE PHYSIOLOGY AND PATHOPHYSIOLOGY

Light absorption

The interior wall of the bulbus is covered by the pigmented RPE, which absorbs scattered light to enhance optical quality
by removing stray photons of light. The crystalline lens of the human eye focuses incident light onto the central retinal
region, leading to the accumulation of potentially excessive high-energy radiation. Within the RPE, melanin granules
contained within melanosomes absorb this light, thereby providing photoreceptor protection. This absorption process
results in localized thermal elevation within the RPE, which is subsequently dissipated through choroidal circulation.

The choriocapillaris exhibits a markedly higher perfusion rate relative to the renal vasculature[20]. However, the
choroid, which has an oxygen saturation of over 90%, extracts only minute quantities of oxygen from the venous blood
and contiguous tissues. This functional arrangement generates an excess of oxygen and a high density of light energy,
increasing the likelihood of photo-oxidative damage due to ROS production. Consequently, the RPE employs a range of
protective mechanisms to mitigate such cytotoxic effects such as ferroptosis. In addition to melanin in the RPE,
carotenoids, lutein, and zeaxanthin in the neural retina help absorb light energy|[21,22].

The RPE plays a critical role in light absorption, largely due to its high concentration of melanin stored in mela-
nosomes. Melanin absorbs a broad spectrum of wavelengths, reducing light dispersion and minimizing reflection within
the eye. This function is essential for improving image resolution and contrast sensitivity by limiting stray light. In
addition to optical roles, melanin acts as a protective barrier against phototoxic damage by dispersing excess light energy
as heat and neutralizing ROS production caused by extended light exposure. Antioxidant activity is essential for
preventing cellular damage caused by oxidative stress, which is associated with the development of certain retinal
degenerative disorders.

The RPE’s ability to regulate light absorption is dynamically influenced by physiological changes, such as the redistri-
bution of melanosomes in response to varying light intensities. In high illumination settings, melanosomes relocate to the
apical regions of RPE cells, increasing their ability to protect photoreceptor OS from excessive light exposure. In low-light
conditions, melanosomes relocate to the basal region, enhancing light transmission to photoreceptors. This adaptive
process enhances the eye’s capacity to sustain visual sensitivity throughout varying lighting conditions.

The spectral properties of melanin may influence the modulation of circadian rhythms by affecting light-mediated
signaling pathways. Considering that disturbances in light absorption and melanin activity are linked to age-related
retinal illnesses, additional investigation into these pathways may yield insights into innovative therapeutic approaches
to maintain RPE function and avert phototoxic injury. Understanding the complete range of light absorption mechanisms
in the RPE is essential for clarifying its overarching function in visual health and pathology.

Photoreceptor OS phagocytosis

The apical microvilli of the RPE interdigitate with the photoreceptor OS, regulating the shedding of these segments. The
RPE subsequently internalizes and degrades the shed OS, a process critical for the renewal of phototransduction
components and the maintenance of OS length[23]. In vertebrates, rod OS shedding predominantly occurs at the onset of
light exposure, establishing a circadian rhythm shortly after birth. This rhythmic process remains consistent during
development regardless of external lighting conditions. In certain species, cone OS shedding occurs during nocturnal
hours, whereas in others, both rod and cone OS shedding occurs following light onset[17]. OS phagocytosis is a metabol-
ically demanding process.

Over the course of a typical human lifespan, a single RPE cell will internalize and degrade approximately 200 million
OS discs. This highly specialized receptor-mediated process, which can be visualized through rhodopsin-immunolabeled
phagolysosomes, proceeds through sequential stages of recognition, attachment, internalization, and degradation.
Integrin avp5 facilitates OS recognition by binding to phosphatidylserine on the rod OS plasma membrane, while
bridging molecules such as Gas6, protein S, and milk fat globule epidermal growth factor 8 support this interaction.
Additionally, photoreceptors secrete tubby and tubby-like protein-1, which interact with Mer receptor tyrosine kinase, a
pivotal receptor in this mechanism[24]. Upon OS binding, the RPE plasma membrane invaginates around the segment,
internalizing it into a phagosome.
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The reorganization of cytoskeletal components, including actin, facilitates the extension of membrane structures that
encircle and engulf the OS. This internalization process is mediated by the c-Mer receptor in conjunction with its ligand
Gasb6. Once internalized, phagosomes are transported toward the basal aspect of the RPE via microtubules, a process
partially regulated by myosin Vlla, a protein associated with Usher syndrome. Cytokines such as transforming growth
factor-beta 1 (TGF-B1) and fibroblast growth factor-2 modulate this phagocytic activity[25,26]. At the basal surface of the
RPE, phagosomes fuse with lysosomes to facilitate degradation, which occurs in two distinct phases. Initial fusion with
small lysosomes is followed by subsequent fusion with larger lysosomes, ultimately leading to the enzymatic breakdown
of OS components. Lysosomal enzymes, including cathepsin D and cathepsin S, play fundamental roles in degrading
rhodopsin, the predominant protein in OS. Over time or under pathological conditions, incomplete OS degradation can
lead to the accumulation of lipofuscin granules[27].

Autophagy

Autophagy is a fundamental homeostatic mechanism that mitigates cellular stress by facilitating the degradation of
dysfunctional organelles and proteins. A specialized form of autophagy termed LC3-associated phagocytosis (LAP) plays
a pivotal role in processing engulfed OS within the RPE. During LAP, LC3 undergoes enzymatic conversion to its
lipidated form, promoting the formation of single-membrane phagosomes encapsulating OS[28]. This process requires
beclin-1 and facilitates the fusion of lysosomes with phagosomes, resulting in the formation of phagolysosomes that
degrade OS. Subsequent degradation products are actively transported out of the RPE, with a portion being recycled to
photoreceptors to sustain visual function. Moreover, LAP is indispensable for preserving retinoid homeostasis by
recovering vitamin A, a crucial precursor in 11-cis-retinal (11-cis-RAL) biosynthesis, thereby establishing a critical link
between phagocytosis and the maintenance of visual processes[29].

Visual cycle
Light perception in the retina is initiated when photons interact with light-sensitive pigments embedded within the
photoreceptor OS membranes (Figure 1). These pigments include opsins found in rod and cone cells, as well as
melanopsin present in retinal ganglion cells (RGCs)[30]. While melanopsin predominantly regulates non-image-forming
functions such as circadian rhythms and the pupillary light reflex, it also contributes to pattern vision. 11-cis-RAL is the
chromophore responsible for light absorption in opsins, and it is supplied to photoreceptors by the RPE[31]. The photore-
ceptors and RPE collaborate to recycle visual pigments through a biochemical process known as the “visual cycle”[32].
The visual cycle commences when a photon activates rhodopsin (in rods) or cone-opsin (in cones), both of which are
composed of a G-protein-coupled receptor and 11-cis-RAL. Upon photon absorption, 11-cis-RAL isomerizes to all-trans-
retinal, which subsequently dissociates from opsin and is reduced to all-trans-retinol (all-trans-ROL). The ATP-binding
cassette transporter ABCA-4 facilitates all-trans-retinal processing, thereby preventing the accumulation of A2E, a
cytotoxic byproduct that aggregates within the RPE as lipofuscin[33]. All-trans-ROL is transported into the RPE via
interphotoreceptor retinoid-binding protein, which mediates its passage through the interphotoreceptor matrix (IPM).
Within the RPE, the enzyme lecithin retinol acyltransferase catalyzes the conversion of all-trans-ROL into all-trans-
retinyl esters, which are subsequently converted into 11-cis-retinol by the enzyme RPE-65. 11-cis-retinol is further
oxidized to 11-cis-RAL by cellular retinaldehyde-binding protein before being transported back to photoreceptors to
perpetuate the cycle. Interphotoreceptor retinoid-binding protein plays an indispensable role in this process, and its
deficiency is associated with severe photoreceptor degeneration[31].

Cytokine and growth factor secretion

The RPE produces a variety of cytokines and growth factors essential for cellular function, survival, and injury response.
Among these factors, the most well-known are Vascular endothelial growth factor (VEGF) and pigment epithelium-
derived factor (PEDF)[34]. VEGF is secreted from the basal surface of the RPE, and it supports the survival of choroidal
vascular endothelial cells and maintains the choriocapillaris fenestrations, a layer of blood vessels in the eye. Conversely,
PEDF, secreted from the apical surface of the RPE, fosters an antiangiogenic and neuroprotective environment that helps
protect photoreceptors[35]. Imbalances in the production of these factors can contribute to retinal diseases such as AMD,
diabetic retinopathy, and PVR.

Microenvironment and immune privilege

The RPE is subjected to considerable oxidative stress due to several intrinsic factors. One such factor is exposure to light,
which can induce photo-oxidative damage to the retina. Additionally, the retina exhibits high metabolic demands,
leading to ROS generation as byproducts of its energy-intensive processes. Elevated oxygen levels surrounding the RPE
further exacerbate oxidative stress. Moreover, photoreceptor OS phagocytosis results in ROS production, including
hydrogen peroxide, thereby compounding oxidative challenges[36]. To mitigate these oxidative threats, the RPE has
evolved a sophisticated antioxidant defense system.

A key component of this defense mechanism is the transcription factor nuclear factor erythroid 2-related factor 2
(Nrf2), which regulates a broad spectrum of antioxidant genes[37]. Under homeostatic conditions, Nrf2 is sequestered in
the cytoplasm by Kelch-like ECH-associated protein 1, maintaining its inactive state. However, during oxidative stress,
Kelch-like ECH-associated protein 1 undergoes conformational modifications, leading to the release of Nrf2. Once
liberated, Nrf2 translocates to the nucleus, where it binds to the antioxidant response element within gene promoters,
thereby inducing antioxidant gene transcription. This regulatory mechanism plays a pivotal role in maintaining cellular
redox homeostasis and safeguarding the RPE against oxidative damage[38].
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Light absorption

Visual cycle Phagocytosis

Epithelial transport

Figure 1 Different aspects involved in retinal pigment epithelium function. The retinal pigment epithelium (RPE) is essential to preserve retinal health
and visual function. This structure enhances light absorption via melanin granules, thereby mitigating phototoxic damage to photoreceptors. The RPE recycles visual
pigments vital for phototransduction. The diagram illustrates photoreceptor outer segment phagocytosis, a process essential for retinal homeostasis and
photoreceptor lifetime. Furthermore, RPE-mediated release of growth factors, including vascular endothelial growth factor and pigment epithelium-derived factor,
modulates choroidal blood flow and inhibits pathological neovascularization. Specific membrane transporters allow for the movement of nutrients, ions, and waste
products between the neural retina and choroid, ensuring optimal metabolic activity. The RPE preserves the outer blood-retinal barrier via tight junctions,
safeguarding the retina from systemic variations and immune-mediated harm.

Nrf2 governs multiple antioxidant pathways, including the glutathione, thioredoxin, and glutaredoxin systems, all of
which are essential for neutralizing ROS. Additionally, Nrf2 modulates the expression of detoxifying enzymes such as
NADPH quinone oxidoreductase-1, which provides reducing equivalents necessary for cellular detoxification processes.
Collectively, these antioxidant systems are instrumental in preserving RPE integrity and functionality[39]. Mitochondria
are the primary sources of intracellular ROS and are particularly susceptible to oxidative stress. Therefore, maintaining
mitochondrial antioxidants, including thioredoxin-2, peroxiredoxin-3, and glutathione reductase, is essential for
safeguarding the RPE. Nrf2 also modulates the expression of these mitochondrial antioxidants, ensuring the RPE’s
resilience against the substantial oxidative stress it encounters daily[40].

Immune response: Immune privilege refers to the capacity of specific anatomical sites to tolerate allogeneic tissue grafts
without eliciting an acute immune rejection, thereby facilitating prolonged or indefinite graft survival[41]. Conversely,
grafts placed in non-immune-privileged regions are typically recognized and eliminated by the immune system. The
principle of ocular immune privilege was first established in 1948 by Sir Peter Medawar, who observed the prolonged
survival of skin grafts within the anterior chamber of the eye. Subsequent investigations have corroborated that the
subretinal space also exhibits relative immune privilege[42].

The RPE plays a pivotal role in preserving immune privilege within the subretinal space. Initially, this phenomenon
was attributed to passive mechanisms, including the presence of tight junctions between RPE cells, the absence of
lymphatic drainage, and the low expression of major histocompatibility complex antigens[43]. However, contemporary
research has established that the RPE actively contributes to immune privilege by secreting immunomodulatory soluble
factors (e.., TGF-p and PEDF) and expressing surface molecules (e.g., TGF-B, Fas ligand, CD59, and CD46). Among these,
TGEF-p plays a crucial role in suppressing T-cell proliferation, inhibiting interferon-gamma production, and promoting the
induction of regulatory T cells within immune-privileged ocular environments[44].

The RPE can also initiate an immune response. It expresses several components of innate immunity, including Toll-like
receptors (Toll-like receptors 1-7, 9, and 10) that help the body respond to bacterial threats or damaged molecules.
Moreover, the RPE participates in the complement system, which is part of the early immune response, and it activates
the NACHT, LRR, and PYD domains-containing protein 3 inflammasome in reaction to stressors such as Alu RNA, ROS,
or extracellular ATP[45]. This complex network of immune responses is finely balanced to eliminate harmful agents while
maintaining tissue health. However, if this balance is disturbed, it can lead to a harmful inflammatory response that
damages the RPE (Figure 2).

Maintaining an avascular outer retina: The avascular nature of the subretinal space is crucial for retinal functionality and
is predominantly preserved through the antiangiogenic properties of PEDF[46]. PEDF is synthesized and secreted by the
RPE into the IPM, where it functions as a neuroprotective agent for both photoreceptors and RGCs while inhibiting
aberrant blood vessel proliferation (neovascularization) within the subretinal space. Notably, PEDF selectively suppresses
the formation of new vasculature without disrupting pre-existing vessels, thereby sustaining the avascular composition of

3%9@) WJSC | https://www.wjgnet.com 6 May 26,2025 | Volumel7 | Issue5 |



Sorrentino FS et al. RPE research

S e

Photo- Inhibition of T-cell Restricting
Light \ / - proliferation and the ingress of
9 oxidative . ) I
IFN-y production immune cells

exposure £

(

damage

7
N

RPE-immune
/ response
\ Reactive ;
\ Expression of Production of soluble factors
N oxygen components of innate (TGF-P, PEDF) and surface
gocy species immunity (Toll-like molecules (TGF-B, Fas
receptors) ligand, CD59, CD46)

Figure 2 The complex network of immune responses. A: Sources of oxidative stress to the retinal pigment epithelium (RPE). Extensive light exposure,
photo-oxidative damage, phagocytosis and reactive oxygen factors can cause oxidative stress within the RPE; B: Retinal microenvironment and immune privilege.
The RPE provides immunological privilege by expressing immunomodulatory molecules, including transforming growth factor-beta, Fas ligand, and complement
regulatory proteins (CD46, CD55, CD59), which inhibit inflammatory responses and prevent autoimmunity. The RPE establishes a protective barrier by preserving
tight junction integrity, restricting the ingress of immune cells into the subretinal area. The diagram above also depicts the function of microglia and resident immune
cells within the retinal milieu, highlighting their dynamic interaction with the RPE in both normal and diseased states. Dysregulation of inmune privilege may result in
inflammatory retinal disorders, including age-related macular degeneration and autoimmune retinopathies, marked by complement activation and persistent
inflammation. IFN: Interferon; TGF: Transforming growth factor; PEDF: Pigment epithelium-derived factor.

the retina[47]. Endostatin, another critical regulator of retinal avascularity, originates from collagen XVIII in BrM and
modulates vascular permeability. Studies have shown that mice deficient in endostatin develop extensive subretinal
neovascularization; however, administration of recombinant endostatin effectively reduces lesion size and reinstates
normal vascular boundaries[48].

Transport of nutrients, ions, and water: The RPE plays a crucial role in transporting nutrients from the bloodstream to
the photoreceptors and removing water and metabolic waste products from the photoreceptors back into circulation.
Because the RPE forms a tight barrier that limits diffusion, it relies on active transport mechanisms tailored to each
nutrient and ion.

Among the essential nutrients, glucose is particularly important for photoreceptor function. The RPE expresses high
levels of GLUT proteins, specifically GLUT-1 and GLUT-3. GLUT-1 activity is regulated by the metabolic demands of the
retina, with low glucose levels increasing its expression and high levels reducing its expression. GLUT-3 is a high-affinity
transporter that ensures a steady supply of glucose necessary to maintain photoreceptor function at rest. Additionally,
GLUT-1 facilitates vitamin C uptake, which helps neutralize ROS generated during the retina’s energy-intensive
metabolism[49].

Vitamin A is vital for vision and is delivered to the RPE in a complex bound to retinol-binding protein and
transthyretin. Once at the RPE basement membrane, retinol is released and absorbed by the retinol receptor, which is
activated by retinoic acid-6, facilitating the transport of vitamin A into the cell. Inside the RPE, vitamin A is converted
into 11-cis-RAL, the active chromophore crucial for visual function[50].

Ion transport in the RPE occurs via specialized channels. For example, calcium is essential for numerous functions such
as growth factor secretion, phagocytosis, ion exchange, and water transport. Its movement is mediated by several
channels, including L-type and T-type voltage-gated calcium channels, as well as transient receptor potential canonical
(TRPC) channels, particularly TRPC-1 and TRPC-4. In addition, TRPV-5 and TRPV-6 channels, which have a high
selectivity for calcium over sodium, are also expressed in the RPE[51].

The RPE actively transports water, ions, and metabolic byproducts from the retina to the choriocapillaris. Tight
junctions between RPE cells prevent their passive transport, thus requiring their active transport across the RPE. For
instance, lactic acid is cleared from the subretinal space through MCT proteins (MCT-1 on the apical side and MCT-3 on
the basolateral side). Sodium and potassium ion flux is regulated by Na*'/K*-ATPase pumps, which are crucial for
maintaining ion balance in the IPM and for establishing membrane potentials[52].

Water produced during retinal metabolism is actively removed from the subretinal space through chloride ion
channels in the RPE, which move water to the choroid. Aquaporin-1 channels also facilitate water transport. If water is
not efficiently removed, it can lead to conditions such as macular edema, exudative retinal detachment, and, over time,
RPE and photoreceptor degeneration, potentially resulting in blindness.
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STEM CELL-DERIVED RPE

Due to their capacity for self-renewal and differentiation into multiple cell lineages, PSCs have demonstrated significant
therapeutic potential in regenerative medicine. PSCs have the unique ability to proliferate indefinitely while preserving
their pluripotency, allowing them to differentiate into the three primary germ layers - ectoderm, mesoderm, and
endoderm which give rise to various cell types in the human body[53]. In ophthalmic research, PSCs can be directed to
differentiate into retinal cells, including RPE cells and RGCs, offering potential therapeutic applications for AMD and
glaucoma.

While stem cells derived from bone marrow and other sources have demonstrated neuroprotective properties in
models of RGC degeneration[54], studies indicate that transplanted RGCs in animal models can respond to light stimuli.
Furthermore, embryonic stem cell (ESC)-derived RGC transplants have improved visual function in murine models.
However, a major challenge remains in optic nerve restoration and regeneration. Conversely, as visual function is
critically dependent on RPE cells, efforts to replace or restore damaged RPEs in AMD have yielded promising results,
with multiple preclinical and clinical investigations exploring PSC-based therapeutic approaches for AMDI[55].

Recent advancements in cell-based therapies have further highlighted the potential of stem cells in replacing damaged
tissues and promoting cellular regeneration across a range of pathological conditions. Researchers have explored various
stem cell sources, including ESCs and induced PSCs (iPSCs). Both ESCs and iPSCs retain the capacity to differentiate into
the three primary germ layers, and iPSC-derived cell therapies have been rapidly advancing, particularly in research
initiatives in Japan and the United States[56]. These therapeutic strategies are currently under investigation for diverse
medical conditions, including graft-vs-host disease, Parkinson’s disease, cardiovascular disorders, diabetes, cancer, and
retinal degenerative diseases[57].

FUTURE DIRECTIONS

AMD is the primary cause of vision loss in developed countries. Its occurrence increases with age, affecting nearly one-
third of individuals over 75. Recent advancements in anti-VEGF treatments have transformed the approach to managing
neovascular AMD (nvAMD). However, initial optimism about this therapy has been tempered by the fact that up to 20%
of nvAMD patients may develop geographic atrophy, resulting in visual impairment due to the loss of photoreceptor
cells. This highlights the need for treatments targeting both dry AMD and nvAMD[58].

There is currently no treatment for dry AMD, which is more prevalent[59]. Given that AMD appears to originate
within the RPE, BrM, and the choriocapillaris complex, a reasonable therapeutic approach would be to repair the RPE.
This could be accomplished through cell transplantation or through translocation[60]. One layer of specialized cuboidal
cells comprise the RPE, which is situated between the BrM and the outer neurosensory retina. When viewed en face, the
cells are hexagonal and connected to one another by tight junctions, also known as zonulae occludentes. The tight
junctions create a barrier that hinders the free movement of water and molecules. Following the capillary endothelium of
the retinal arteries, the RPE constitutes the second layer of the BRB. One of its primary functions is the processing of
bleached opsins within its cytoplasm. The RPE also plays essential roles in phagocytosis, ion transport, growth hormone
production, light absorption, and protection against photo-oxidative damage[61].

RPE cell polarity is fundamental to its function in regulating ion transport. The tight junctions between RPE cells
establish a highly selective barrier separating the subretinal space from the choroid, with paracellular resistance being
approximately tenfold greater than transcellular resistance[62]. Due to the high metabolic activity of photoreceptors, a
significant amount of water is generated as a byproduct, and intraocular pressure helps drive its movement through the
retina from the vitreous. By actively transporting ions and water from the apical to the basolateral membrane, RPE cells
facilitate the removal of excess water from the subretinal space, thereby contributing to adhesion between the retina and
the RPE[63].

The functional integrity of the RPE at the tissue level is contingent upon two key factors: the maintenance of a
continuous monolayer with tightly connected intercellular junctions and the preservation of cellular polarity. Both
characteristics are dependent on the RPE basement membrane, which constitutes the innermost layer of BrM. First
described in 1844 and extensively characterized by Hogan in 1961, BrM is composed of five distinct layers: the RPE
basement membrane, the inner collagenous layer, the elastin layer, the outer collagenous layer, and the choriocapillaris
basement membrane[64]. The primary functions of BrM include regulating molecular diffusion between the RPE and
choroid, providing structural support for RPE adhesion and migration, and acting as a barrier that restricts cellular
migration between the retinal and choroidal compartments[46]. The limited efficacy of RPE transplantation procedures
may be, in part, attributed to the insufficient consideration of BrM'’s critical role in these interventions.

Recent advancements in gene-editing technologies, notably CRISPR-Cas9 and other precision genome-modifying
instruments, present intriguing prospects for tackling hereditary and acquired retinal disorders. These approaches
provide the precise rectification of disease-related mutations, permitting accurate genetic alterations that may reinstate
normal cellular function in the RPE and additional retinal cells. When integrated with stem cell-based therapies, gene
editing has the potential to improve the therapeutic efficiency of donated cells by maintaining genetic stability,
minimizing immunological rejection, and rectifying disease-causing mutations prior to transplantation. Moreover, novel
techniques like base and prime editing enhance the precision of gene alterations, reducing off-target effects and
augmenting the viability of clinical applications. Integrating these innovative approaches may facilitate future research in
developing highly personalized regenerative therapies that target the fundamental genetic and cellular mechanisms of
retinal degeneration, thereby enhancing patient outcomes and alleviating the long-term burden of these conditions.
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RPE TRANSPLANTATION

Human RPE cells were first isolated and studied over 30 years ago. Their structure and function are well understood, and
they can be easily sustained in laboratory conditions. Unlike other retinal cells, RPE cells do not require synaptic
connections to function, making them ideal candidates for cell transplantation[65]. Additionally, they are easy to visualize
using ophthalmoscopy and optical coherence tomography, and fewer cells are needed for treatment compared to other
types of cell replacement therapies. RPE cell replacement can prevent secondary photoreceptor degeneration, thereby
preserving vision[50].

Pioneering research utilizing the Royal College of Surgeons (RCS) rat model of retinal dystrophy provided compelling
evidence for the feasibility of RPE transplantation[48]. Retinal degeneration in the RCS rat was initially identified in 1938;
however, in 1962, Dowling and Sidman[50] found that the underlying cause of degeneration was impaired RPE-mediated
phagocytosis. Subsequent investigations in 2000 by D'Cruz et al[51] determined that this dysfunction was caused by a
mutation in the Mer receptor tyrosine kinase gene, which disrupted the ability of the RPE ability to phagocytose rod OS,
ultimately leading to photoreceptor apoptosis and progressive retinal degeneration. Nevertheless, it has been
demonstrated that the transplantation of healthy RPE cells into the subretinal space preserved essential retinal layers,
including the outer nuclear, outer plexiform, and photoreceptor layers.

The efficacy of RPE transplantation has since been validated in additional models, such as RPE65 knockout mice,
which exhibit defects in retinal isomerization[66]. In humans, advancements in RPE transplantation were initially driven
by the absence of effective therapeutic interventions for nvAMD prior to the introduction of anti-VEGF therapies.
Submacular surgery was developed as a strategy to excise subfoveal choroidal neovascular membranes (CNV) and
associated hemorrhages. The first clinical trial evaluating this technique, the Submacular Surgery Trial, was initiated in
1998; however, the visual outcomes were suboptimal, primarily due to the inadvertent removal of the RPE during CNV
excision[67]. Since then, three principal approaches to RPE transplantation have been investigated: (1) Macular translo-
cation; (2) Autologous RPE-choroid patch graft; and (3) Subretinal injection of autologous RPE cell suspensions.

Autologous RPE-choroid patch graft: Autologous RPE sheet transplantation has been extensively studied, with the
primary objective of repositioning healthy RPE cells from the peripheral retina to the submacular region using a patch
graft composed of BrM and choroidal tissue[68]. As described by Alexander et al[69], Peyman first performed this
procedure on two patients who underwent vitrectomy and excision of the CNV in conjunction with RPE transplantation.
Notably, visual acuity improved following the transplantation of an autologous RPE graft, whereas there was no
functional enhancement with donor-derived tissue.

Subsequent investigations by Stanga et al[70] involved six patients who underwent vitrectomy, CNV removal, and
translocation of RPE and BrM from the paramacular region to the subfoveal space. The procedure entailed the creation of
a small retinotomy to facilitate either a free RPE/choroid graft or a pedicled graft, followed by an air-fluid exchange and
postoperative face-down positioning. Four patients demonstrated the ability to fixate on a projected target over the newly
transplanted RPE layer; however, none exhibited measurable improvements in visual acuity. Furthermore, complications
were observed in three cases, including subretinal hemorrhage, retinal detachment due to PVR, and improper graft
positioning[71]. van Zeeburg et al[72] used a similar internal approach in six patients, transplanting a full-thickness RPE/
choroid patch from the peripheral retina to the subfoveal space after CNV removal. Four patients experienced visual
acuity improvements, though the procedure carried risks such as intraocular hemorrhage and PVR. van Zeeburg et al’s
group later published long-term results from 133 patients, reporting a PVR rate of 10% and modest visual outcomes, with
only 5% of patients achieving best-corrected visual acuity better than 20/40 after 4 years[72].

Submacular injection of RPE cell suspension: Haritoglou et al[73] performed submacular RPE cell transplantation in 14
eyes. The procedure involved creating a retinotomy and a subretinal bleb, followed by harvesting RPE cells from a nasal
region near the optic disc for transplantation over the macular RPE defect. However, the dissociated RPE cells exhibited
limited adhesion to the compromised BrM beneath the fovea. In contrast, RPE cells sourced from peripheral retinal areas
successfully re-established cellular continuity, as they retained the capacity to proliferate and to adhere to intact BrM.
These findings suggest that the primary impediment to transplantation success was the deterioration of the host BrM
rather than the age of the transplanted RPE cells[74]. Furthermore, in vitro studies demonstrated that while embryonic
RPE cells effectively adhered to normal BrM, they failed to attach to aged BrM. These findings suggest that structural and
compositional differences in BrM, particularly between elderly human subjects and young, healthy laboratory animals,
may account for the variable success rates observed in RPE transplantation[75]. Consequently, effective RPE trans-
plantation strategies for AMD may necessitate the concurrent replacement of BrM to enhance therapeutic outcomes.

Surgical challenges in RPE transplantation: Lopez et al[76] suggested that the primary challenge in RPE transplantation
lies in the microsurgical techniques required for subretinal surgery. Several challenges for vitreoretinal surgeons are
discussed, including: (1) Surgical approach: External (transchoroidal) vs internal (transvitreal); (2) Sources of donor RPE
cells; (3) Types of surgical tools; and (4) Prevention and management of PVR and recurrent retinal detachment.

Surgical approaches: External vs internal: The inaugural RPE transplantation conducted by Gouras et al[77] employed an
open-sky technique in owl monkeys. However, this approach encountered significant challenges related to retinal
reattachment[77]. Subsequently, the researchers developed a closed-eye technique incorporating pars plana vitrectomy,
retinotomy, and pipette-based cell delivery, which facilitated spontaneous retinal reattachment. Both methodologies
enabled donor RPE cells to adhere to BrM and exhibited evidence of photoreceptor phagocytosis. Following these initial
advancements, surgical preferences have diverged into two principal approaches: The internal transvitreal technique and
the external transscleral technique[78].

WJSC | https://www.wjgnet.com 9 May 26,2025 | Volumel7 | Issue5 |

Jaishideng®



Sorrentino FS et al. RPE research

The internal approach has been widely adopted. It involves pars plana vitrectomy and subretinal injection of either
dissociated RPE cells or an RPE/BrM/choroid graft. Conversely, the external technique entails posterior scleral dissection
followed by injection of RPE cells through the choroid[79]. The external method was first implemented in humans in 1975
by Peyman et al for retinal biopsy procedures as Alexander et al[69] reported, and it was subsequently adapted for RPE
collection in animal models. However, this approach presents inherent risks, including choroidal trauma, hemorrhage,
and potential immunogenic responses. The internal transvitreal approach is the preferred method for applications in
human, particularly because pars plana vitrectomy is a well-established surgical procedure in developed countries, with
approximately 100000 procedures performed annually in the United States and 20000 in the United Kingdom[80].

The widespread familiarity with this technique among ophthalmic surgeons coupled with the availability of
specialized surgical instruments enhances its practicality for human eyes. In preclinical animal models, the choice of
technique is influenced by anatomical considerations. In species with smaller ocular dimensions, such as rodents, the
external approach is often favored. However, there are complications associated with this approach, including choroidal
injury, which increases the risk of hemorrhage and inflammation[81]. Conversely, in larger-eyed species such as rabbits,
the internal approach is more feasible, whereas the external approach poses challenges due to limited access to the
posterior pole. Given these factors, the internal transvitreal method is regarded as the most appropriate approach for RPE
transplantation in human eyes.

Sources of cells for RPE transplantation: While the goal of RPE transplantation is to restore RPE function and prevent
photoreceptor loss, the transplanted cells do not necessarily need to be RPE cells. In experimental models like the RCS rat,
various cell types have shown potential for rescuing photoreceptors, including iris pigment epithelial (IPE) cells,
Schwann cells, human central nervous system stem cells, and umbilical cord cells. The transplanted cells can either be
freshly collected or cultured in vitro, and cell lines like ARPE-19 or h1RPE-7 are often used for research due to concerns
about the risk of teratomas when used in vivo[82]. From a surgical perspective, the original source of the cells is less
critical than the method of collection and delivery. Cells can be transplanted as a sheet or in suspension. There are three
main sources of transplantable cells: (1) Autologous RPE cells (discussed earlier); (2) Autologous IPE cells; and (3) In vitro
cultured allogeneic cells.

Autologous IPE cells: IPE cells are considered for autologous transplantation due to their similarity to RPE cells and ease
of collection through a straightforward procedure like iridectomy[83]. IPE and RPE cells share embryonic origins and
similar structural features, such as polarization and tight junctions. IPE cells can survive for up to 20 weeks in the
subretinal space of rabbits, and they can phagocytose photoreceptor OS, though they are less efficient at degradation than
RPE cells[84].

The gene expression profiles of IPE cells and RPE cells are distinct, particularly in the expression of retinal binding
proteins and VEGF, whose expression levels are lower in IPE cells[85]. This could make IPE cells more suitable for
conditions like exudative AMD, where VEGF can stimulate harmful CNV growth. IPE cells transplanted into AMD
patients have shown some long-term improvements in visual acuity, despite initial declines[86].

Ex vivo cell sheet expansion: For non-autologous transplants, RPE cells can be collected from donor eyes, either as a
suspension using trypsin or as intact sheets using dispase. Fetal human RPE cells cultured in vitro before transplantation
have been used to generate cell patches, which are then transplanted into the subretinal space[87]. Primary cell cultures
have a limited lifespan, which helps reduce the risk of uncontrolled growth, while transformed RPE cell lines like ARPE-
19 are more stable in vitro due to genetic changes but carry the risk of dedifferentiation over time. In summary, various
cell sources, including IPE and cultured allogeneic cells, offer potential for RPE transplantation, with different advantages
and risks depending on the specific source and method used[88].

TRANSPLANTATION OF STEM CELL-DERIVED RPE

Stem cell-based therapies represent a promising avenue for RPE transplantation, particularly in AMD treatment. PSCs are
capable of indefinite self-renewal in an undifferentiated state, and they can differentiate into any cell type within the
human body, with the exception of placental cells[89]. Human ESCs (hESCs) are derived from the inner cell mass of the
human blastocyst and can be sustained in vitro in their pluripotent state[90]. Under appropriate differentiation conditions,
hESCs can give rise to functional RPE cells. Preclinical studies utilizing hESC-derived RPE cells in animal models such as
the RCS rat have demonstrated photoreceptor preservation and functional rescue.

Early-phase clinical trials involving patients with Stargardt’s disease and dry AMD have reported favorable safety
profiles, though substantial improvements in visual acuity remain limited[91]. However, the clinical application of hESCs
is complicated by ethical considerations and the potential for immune rejection, particularly given that the immune-
privileged status of the subretinal space may be disrupted during surgical intervention. First described by Yamanaka in
2006, iPSCs offer an alternative to hESCs that circumvents ethical concerns[92]. They are generated through adult somatic
cell reprogramming into a pluripotent state via the introduction of specific transcription factors, often using viral vectors.

A key advantage of iPSCs is their potential for autologous transplantation, which could mitigate the risk of immune
rejection and obviate the need for long-term immunosuppressive therapy. Studies in nonhuman primates have
demonstrated that iPSC-derived RPE cells can survive in the subretinal space without eliciting immune rejection or tumor
formation. Nevertheless, some research suggests that iPSCs may still trigger immune responses under certain conditions
[93]. Beyond their regenerative potential, iPSCs hold promise for use in conjunction with gene therapy, allowing for the
correction of pathogenic mutations prior to transplantation. This strategy could provide patients with genetically
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corrected, autologous RPE cells while minimizing the risk of disease recurrence. However, for such an approach to be
successful, complete removal of dysfunctional RPE cells prior to transplantation is essential[94]. One of the principal
concerns associated with iPSC technology is tumorigenicity, as several reprogramming factors, including c-Myec, function
as oncogenes. Alternative reprogramming factor combinations, such as Oct4, Sox2, Lin28, and Nanog, have been explored
to reduce oncogenic risk, yet these factors still carry tumorigenic potential.

Strategies such as the use of non-integrating adenoviruses for reprogramming may mitigate these risks; however, they
may also compromise reprogramming efficiency, and their long-term safety profile remains uncertain[95]. In 2014, the
concept of stimulus-triggered acquisition of pluripotency was introduced, suggesting that pluripotency could be induced
through external stressors, such as exposure to low pH. However, subsequent replication attempts failed, and the original
findings were ultimately discredited, resulting in the retraction of the publication. As a result, stimulus-triggered
acquisition of pluripotency cells are unlikely to have any clinical relevance for AMD treatment[96]. In conclusion, while
PSCs offer considerable promise for RPE transplantation in AMD, challenges related to tumorigenicity, immune compat-
ibility, and ethical considerations remain substantial barriers to widespread clinical implementation. Continued
advancements in stem cell engineering, immune modulation, and transplantation strategies will be essential to over-
coming these obstacles and realizing the full therapeutic potential of PSC-based RPE replacement therapies[97].

Surgical instrumentation in RPE transplantation: Various methods have been explored to remove residual RPE before
transplantation, with a range of outcomes. One approach using a diamond-dusted needle led to unintended damage to
BrM, allowing cellular proliferation from the choroid. Another method involved using subretinal fluid injections, which
left the RPE attached to the neurosensory retina and created a separation layer between transplanted cells and photore-
ceptors[98]. Wongpichedchai used EDTA to detach RPE cells in rabbits, which were then successfully aspirated for
culture. More recently, Al-Nawaiseh et al employed a 0.1 mm prolene loop to remove the RPE in rabbits, achieving 70%
removal with minimal damage, though smaller loops or wires proved less effective[99].

Delivery of RPE cell suspension: The utilization of blunt needles and glass cannulas has been a standard approach for
administering RPE cell suspensions into the subretinal space. In foundational experiments conducted on RCS rats, this
delivery was via a transsclerochoroidal technique. In human patients with AMD, similar glass cannulas have been
employed to introduce RPE cell suspensions or cultured RPE patches. However, patch grafts frequently exhibited folding,
resulting in localized reductions in retinal thickness over the grafted area.

It has been postulated that incorporating a BrM substitute could mitigate photoreceptor degeneration and enhance the
structural integrity of the graft[100]. In rabbit models, the precise delivery of RPE cells has been through micropipettes
and microsyringe manipulators, which enable controlled injection depth and rate. Other research teams, including
Weichel et al[101], have utilized manual microinjection pumps to achieve subretinal infusion. These methodologies are
specifically designed to minimize surgical trauma and optimize the accuracy of cell placement, thereby improving graft
survival and functional integration.

Delivery of patch grafts: Research has also focused on improving techniques for delivering RPE-BrM-choroid grafts.
Traditional grasping forceps and aspiration-reflux cannulas were tested, but both faced challenges in releasing the grafts
once in the subretinal space. Innovative solutions included using vibration to dislodge the graft, tested on chicken meat
with a 90% success rate. Another approach used a custom-made syringe device to deliver RPE cell sheets without folding
or rolling, while ensuring proper positioning with microtweezers[102].

Prevention of PVR: PVR is caused by RPE cell migration and can lead to preretinal membrane formation and retinal
detachment. This risk is increased when subretinal RPE cells are transplanted or when existing RPE is removed, allowing
RPE migration into the vitreous cavity. Studies have shown that PVR rates are similar in patients receiving RPE
suspensions or grafts, but slightly higher when peripheral RPE-choroid grafts are used[103]. Preventing PVR remains
challenging. Silicone oil tamponades are often used, though recent reviews suggest that there is no significant difference
between silicone oil and gas tamponades in controlling PVR.

CHALLENGES AND LIMITATIONS FROM PRECLINICAL STUDIES TO CLINICAL APPLICATIONS

The medical field faces a significant challenge with the increasing rate of drug attrition during clinical development.
Despite the substantial time and financial investments in clinical trials, a considerable proportion of tested therapies fail,
leading to inefficiencies and resource wastage. In vitro models serve as invaluable tools for investigating toxicity and
predicting the clinical safety profiles of novel therapies. These models facilitate a more comprehensive assessment of
potential toxicities, which are often organ-specific and mechanistically complex, thereby improving the evaluation of a
drug’s preclinical viability.

A fundamental indicator of drug toxicity is cell death, which can aid in refining the selection process for promising
drug candidates. Additionally, more nuanced alterations in cellular function, such as disruptions in energy metabolism,
can be analyzed to further elucidate potential adverse effects[104]. The foundation of in vitro studies rests on the inherent
complexity of biological mechanisms. Without a thorough understanding of these underlying mechanisms, it remains
difficult to unequivocally interpret molecular research findings. A major challenge in in vitro studies lies in determining
the scientific validity of experimental results, as methodological variations can influence outcomes.

Factors such as cell origin, cell line selection, passage number, and minor procedural modifications - such as differences
in passaging techniques - can contribute to inconsistencies in experimental findings[105]. Another critical limitation of in
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vitro models is their inability to fully replicate in vivo conditions. For instance, recent research utilizing stem cells has
advanced the understanding of the stem cell niche - an intricate microenvironment encompassing molecular signaling
systems, regulatory networks, and nutrient pathways that influence stem cell behavior. Although bioengineering efforts
have made significant strides in artificially recreating this niche, no current method has succeeded in precisely replicating
its complexity[106]. As a result, accurately mirroring in vivo conditions within an in vitro setting remains a considerable
challenge given the current technological constraints. Recent clinical experiments have shown that transplantation of stem
cell-derived RPE has potential in treating degenerative retinal disorders. Nonetheless, obstacles persist, including
immunological rejection and sustained cell viability. Subsequent research should concentrate on refining differentiation
techniques and augmenting scaffold materials to improve RPE cell integration and functionality.

CONCLUSION

Ongoing clinical trials are being conducted to assess the safety and efficacy of RPE transplantation for the treatment of
AMD and other retinal disorders. While most of these trials utilize hESC-derived RPE cells, only one trial currently
employs iPSCs. A notable clinical trial sponsored by Ocata Therapeutics is investigating the administration of subretinal
injections of hESC-derived RPE cells for the treatment of advanced dry AMD, Stargardt’s disease, and myopic macular
degeneration. Preliminary findings from the AMD trial indicate improvements in visual acuity in some patients;
however, further research is required to determine the long-term efficacy of the treatment, particularly in individuals
with substantial photoreceptor degeneration.

This study investigates the function of the RPE and the potential of stem cell therapies in the treatment of retinopathies.
Our aim was to offer mechanistic insights into the capacity of stem cell-derived RPE cells to restore retinal function and
tackle degenerative conditions like AMD. The review reiterates that stem cell therapies, especially those originating from
iPSCs and ESCs, hold considerable potential for the replacement of damaged RPE cells and enhancement of visual
outcomes. Furthermore, we reviewed the essential molecular pathways in RPE differentiation and survival, offering a
thorough comprehension of their regenerative capabilities. Nonetheless, there are still numerous obstacles in converting
these discoveries into therapeutic applications. Our research has shown current constraints, including risks of immuno-
logical rejection, ethical issues related to ESC-derived therapies, and the necessity for uniform differentiation techniques
to guarantee the functional integration of transplanted cells. These elements must be meticulously considered to enhance
therapy results.

The study’s findings enhance the current knowledge base by synthesizing recent progress in stem cell-derived RPE
regeneration and pinpointing essential molecular markers that affect cell viability and integration. Notwithstanding the
obstacles, our results highlight the promise of stem cell therapy as a feasible approach for retinal healing and vision
restoration. Future research must concentrate on overcoming the obstacles to clinical translation. Further investigations
should specifically examine the advancement of immune-compatible RPE cells via gene editing technologies, such as
CRISPR-Cas9, to reduce the hazards of immunological rejection. The incorporation of bioengineered scaffolds and three-
dimensional retinal models may improve cell viability and facilitate more efficient functional integration. Progress in
single-cell transcriptomics may yield enhanced understanding of the variability of transplanted RPE cells, facilitating the
optimization of therapeutic regimens customized for specific patients.

Beyond technological advancements and the need for precision and reproducibility, it is crucial that stem cell therapies
mitigate the onset of retinopathies. This necessitates ensuring equitable access to healthcare facilities and treatment
programs while refining early diagnostic and therapeutic strategies. By establishing a robust framework for personalized
medical interventions, these efforts will contribute to the development of more effective and targeted treatment
modalities for retinal diseases.
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