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ARTICLE INFO ABSTRACT

Keywords: Blindness poses a growing global challenge, with approximately 26% of cases attributed to degenerative retinal
Retina diseases. While gene therapy, optogenetic tools, photosensitive switches, and retinal prostheses offer hope for
RPE vision restoration, these high-cost therapies will benefit few patients. Understanding retinal diseases is therefore
AMD . - L s . s

RP key to advance effective treatments, requiring in vitro models replicating pathology and allowing quantitative
PRPFs assessments for drug discovery. Pluripotent stem cells (PSCs) provide a unique solution given their limitless
Mitochondria supply and ability to differentiate into light-responsive retinal tissues encompassing all cell types. This review
Retinoblastoma focuses on the history and current state of photoreceptor and retinal pigment epithelium (RPE) cell generation
iPSCs from PSCs. We explore the applications of this technology in disease modelling, experimental therapy testing,
ESCs biomarker identification, and toxicity studies. We consider challenges in scalability, standardisation, and
PSCs reproducibility, and stress the importance of incorporating vasculature and immune cells into retinal organoids.
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1. Introduction

Diseases of the outer retina present significant societal challenges
due to the current paucity of effective treatments which, coupled with
their frequency in ageing populations, makes them a matter of utmost
concern. Unfortunately, these conditions pose substantial therapeutic
challenges given their multifactorial contributions and heterogeneous
cellular involvement. In particular, age-related macular degeneration
(AMD) and inherited retinal dystrophies (IRDs) stand out as the first and
third most prevalent causes of irreversible blindness worldwide yet
there are few effective treatments (Quartilho et al., 2016). This review
explores recent advances in using pluripotent stem cell (PSC)-derived
retinal tissues to understand and treat these challenging conditions.
AMD, prevalent among the elderly, constitutes half of all blindness cases
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in the UK. Its prevalence surges from 3.5% in those aged 55-59 to a
staggering 17.6% at ages 85 and above, affecting approximately 196
million worldwide and projected to reach 288 million by 2040. Despite
progress in managing ‘wet’, or exudative, AMD, its ‘dry’ form has his-
torically lacked treatments until recently with two treatments, namely
complement C3 and C5 inhibitors, approved by the US Federal Drug
Agency (FDA) in February and August 2023 respectively. To address
this, we must develop tools to probe the interplay of factors such as
cellular metabolism disruptions, senescence, and oxidative stress on
retinal tissue homeostasis, crucial in understanding the transition from
normal aging to AMD (Copland et al., 2018).

IRDs affect one in 2000 individuals, exceeding two million globally
(Berger et al., 2010). Occurring in early childhood, these diseases are
especially concerning as, without curative therapy, they may progress to
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complete and irreversible sight loss, imposing enormous burdens on
individuals, families, and communities. Over 20 IRD-linked ocular
phenotypes have been described, including rod-dominated diseases,
cone-dominated diseases, generalised retinal degenerations, and vitre-
oretinopathies. Despite exceptions, like Luxturna® (voretigene
neparvovec-rzyl, Novartis, Basel, Switzerland) for RPE65-mediated
retinitis pigmentosa (RP), most IRDs lack treatments due to their genetic
complexity. Complicating matters, disease-causing variants extend
beyond genes with clear retinal functions, often yielding divergent
phenotypes within the same gene. The interdependence of cell types,
particularly between the retinal pigment epithelium (RPE) and photo-
receptors, further obscures disease sequences, especially in non-retinal
specific processes.

In this review, we also explore prospects for treating retinoblastoma,
a devastating childhood cancer affecting 8600-9000 children annually,
predominantly before the age of five (Kivela, 2009; Stacey et al., 2021).
While survival rates are high, focus has shifted to improving globe
preservation and visual outcomes, which are variable (Warda et al.,
2023). Despite the longstanding identification of causative mutations in
the retinoblastoma (RB1) tumour suppressor gene, the early tumour cell
biology and cell of origin remain disputed, critical for early diagnosis
and treatment.

The key to increasing our understanding of outer retinal disease
mechanisms is the establishment of in vitro experimental models of the
human retina that replicate disease pathology and permit the quanti-
tative assessment of parameters for drug discovery. Relying solely on
experimental animals is no longer sufficient, as differences in physiology
and disease mechanisms often exist between these and humans. PSCs
offer great promise in this respect. The groundbreaking study by Sasai
and colleagues in 2011 demonstrated the replication of retinal devel-
opment in three-dimensional (3D) culture conditions using murine
embryonic stem cells (ESCs) (Eiraku and Sasai, 2011; Eiraku et al.,
2011). Subsequently, this achievement was replicated using human
ESCs and induced pluripotent stem cells (iPSCs) and the resulting
cellular constructs are now routinely referred to as retinal organoids - 3D
laminated structures comprising all essential retinal cell types, faithfully
recapitulating retinal development and function, including inter-
connected and light-sensitive photoreceptors (Hallam et al., 2018).

The capacity for self-assembly of a stratified replica of the retina is of
enormous value as this allows us to interrogate cellular interconnec-
tedness — an aspect impossible with isolated retinal cells. This proves
particularly valuable for assessing the impact of candidate drugs on the
overall retina, so there is considerable excitement about the potential
utility of retinal organoids for this purpose. However, it is crucial to
acknowledge the artificial nature of these constructs, marked by several
limitations, notably the absence of vascular input and immune system
influence. While limited types of immune cells can be introduced,
currently restricted to microglia, incorporating an RPE layer and inte-
grating replicas of Bruch’s membrane (BrM) and the choroidal vascu-
lature demand further study.

Nevertheless, retinal organoids are already making unprecedented
contributions to our understanding of retinal disease. In this review, we
discuss the progress achieved in the last two decades concerning the
differentiation of human ESCs and iPSCs into RPE cells and retinal
organoids. Our focus includes their applications in disease modelling for
age-related and inherited retinal diseases, the evaluation of new thera-
pies, as well as contributions to drug repurposing, biomarker discovery,
and toxicity assessment. We will not delve into the use of iPSC- and ESC-
derived retinal tissues for cell-based replacement therapies given
extensive recent literature on this subject (Gasparini et al., 2019; Singh
et al., 2020; Zarbin et al., 2019).

2. PSCs evolution

The use of PSCs in global efforts to model human retinal develop-
ment and to generate cell types for potential treatments spans at most
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the last 25 years. PSCs, which encompass both ESCs and iPSCs, have the
potential to divide indefinitely and differentiate into any cell type. The
genesis of PSCs traces back to 1981 when Evans and Kaufmann, along
with Martin, derived these from early mouse embryos (Evans and
Kaufman, 1981; Martin, 1981). This milestone involved dissecting em-
bryonic sections, cultivating them in suspension, and subsequently
growing them on feeder layers composed of mitotically inactivated
mouse fibroblasts. These feeder layers provided the necessary extracel-
lular matrix components and growth factors needed for the attachment
and proliferation of mouse ESCs (Evans and Kaufman, 1981).

Human ESCs were not derived until 1998 (Thomson et al., 1998),
owing to limited availability of donated human embryos from in vitro
fertilisation procedures and the need for more sophisticated culture
media compositions to support their growth. Both mouse and human
ESCs share a defining characteristic: pluripotency. This attribute denotes
their ability to differentiate into most cell types found in developing
embryos and adult organisms, while maintaining the capacity to un-
dergo numerous population doublings, rendering them effectively
immortal. Pluripotency distinguishes these cells from earlier embryonic
stages, where cells (known as blastomeres) are considered totipotent,
having the potential to differentiate into cells contributing to placental
development and all other cell types. Notably, epiblast cells in the
human blastocysts (unlike in the mouse) retain trophectoderm lineage
plasticity cells, and human ESCs can assume this fate under appropriate
culture conditions (Guo et al., 2021; Mischler et al., 2021).

Another type of PSCs, known as iPSCs, emerged through epigenetic
reprogramming of somatic cells. This breakthrough, credited to Shinya
Yamanaka in 2006, hails as a decade-defining achievement in stem cell
research. iPSCs are generated by introducing a specific set of pluripo-
tency transcription factors, known as the Yamanaka factors (Oct3/4,
Sox2, c-Myc and Klf4), or the Thompson factors (Oct4, Sox2, Nanog, and
Lin28) (Takahashi and Yamanaka, 2006; Yu et al., 2007). One of their
remarkable attributes is that autologous iPSCs express the same histo-
compatibility antigens as the host, thus mitigating the risk of
post-transplantation rejection of somatic cells differentiated from the
iPSCs (Zimmermann et al., 2012). However, PSCs are susceptible to
chromosomal abnormalities during culture, with trisomy of chromo-
somes 12 and 17 notably increasing proliferation rate and tumorige-
nicity in PSCs (Ben-David et al., 2014; Lamm et al., 2016). These
abnormalities may disrupt DNA replication dynamics, perturb energy
metabolism, or impair their differentiation (Lamm et al., 2016; Pucci
et al., 2013). The presence of such chromosomal abnormalities raises
safety concerns about PSC-based therapies, as undifferentiated PSCs
with unstable genomes may expand more readily and lead to teratoma
formation. Consequently, vigilant monitoring for genomic abnormalities
at all stages of cell processing is vital to eliminate PSCs or somatic cell
types produced during differentiation that may pose clinical risks.
Despite these challenges, PSCs lend themselves to gene editing tech-
nologies, enabling the correction of the genome in autologous iPSCs
before their transplantation (De Masi et al., 2020). This technology
presents the opportunity to generate patient-specific cells, tissues, and
organs for modelling human diseases, drug development and screening,
evaluating the therapeutic effects of novel drugs and gene therapies, and
personalised regenerative cell therapy, as discussed in Sections 4-7 of
this review. Hence, substantial interest surrounds the use of these cells
for retinal disease understanding and treatment.

3. PSCs differentiation to photoreceptors and RPE cells

To realise the possibility of retinal modelling, we require robust and
reproducible methods to differentiate PSCs into component cells of the
adult retina. This is a complex tissue (Fig. 1A) containing a network of
sensory and neuronal cells supplied with oxygen and nutrients by the
retinal and choroidal circulations. Specialised photoreceptor cells (rods
and cones) convert visual stimuli into cellular polarisation events which
modulate the release of neurotransmitters that stimulate the activity of
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Fig. 1. Schematic presentation of choriocapillaris, RPE and all retinal cells arranged in their appropriate layers (A) together with their sequential
emergence during human retinal development (B). The data for panel A has been imputed from Mellough et al. and Lu et al. publications (Lu et al., 2020;

Mellough et al., 2019).

specialised interneurons called bipolar cells. These in turn cause action
potentials in the retinal ganglion cells that are transmitted to the pri-
mary and secondary visual cortex of the brain to enable visual sensation.
The phototransduction capability of the photoreceptors in humans uti-
lizes three opsin photopigments whose active moiety is the chromo-
phore 11-cis-retinal (Sato et al., 2017). Photo-stimulation of opsins is
achieved by isomerization of 11-cis retinal to all-trans-retinal, but the
photoreceptor cells lack the ability to reconvert the trans-back to the
active cis-isomer. This function is provided by the RPE and Miiller glia
cells thereby completing the so-called visual cycle. Further types of cells
present in the mature retina include amacrine cells which interact with
bipolar interneurons and retinal ganglion cells and provide both para-
crine functions and possible ‘fine tuning’ or modulation of photore-
ceptor responses, and horizontal cells which modulate the output of
photoreceptors and play an important role in early visual processing
important for colour opponency, contrast enhancement and generation
of centre surround receptive fields (Marc et al., 2014). Miiller glia

contribute to retinal homeostasis, mechanical stability, and possibly to a
limited degree of regenerative capacity under pathological conditions by
differentiating to neural progenitor/stem cells which regenerate lost
photoreceptors and neurons in zebrafish and to lesser extent in chickens,
but not humans (Reichenbach and Bringmann, 2013).

Retinal function requires the presence and correct interaction of all
these cells so the challenge for PSC differentiation is to recapitulate this
structure as far as possible. This is a task of considerable complexity, so it
is unsurprising that initial attempts to generate retinal cells from PSCs
focussed on obtaining individual types of cells in isolation. The general
approach to differentiation of PSCs in vitro is to replicate the processes
that control the development of specific tissues and organs during
embryogenesis. Development of the eye begins late in gastrulation when
the eye field is established in the neural plate located between the
telencephalon and the diencephalon of the nascent central nervous
system (Miesfeld and Brown, 2019). Morphogen gradients comprising
insulin-like growth factor 1 (IGF-1), Wnt proteins, fibroblast growth
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factors (FGFs), and bone morphogenetic proteins (BMPs) are responsible
for expression of the eye field transcription factors including Rax, Six3,
Lhx2, and Pax6, which along with cell-cell signalling pathways, collec-
tively initiate eye field formation in mice, frogs and other vertebrates
(Grindley et al., 1995; Mathers et al., 1997; Porter et al., 1997; Zuber
et al., 2003). The eye field then bifurcates to form the left and right optic
vesicles which extend towards the embryonic surface ectoderm where
they invaginate to form the optic cups and induce the lens placode to
form the lens vesicle. During optic vesicle extension towards the surface
ectoderm, the proximal portion of the vesicle forms the optic stalk that
will develop into the optic nerve, and the distal portion invaginates to
form the optic cup. The optic cup rim will become the iris and ciliary
body while the remaining part gives rise to the retina with the thinner,
outer layer forming the RPE and the inner layer forming the neural
retina (Fuhrmann, 2010). Again, a combination of morphogen gradients
including sonic hedgehog (Shh), Wnt proteins, transforming growth
factor beta (TGF), and FGFs specify cells that will become the future
RPE and neural retina (Mellough et al., 2014).

Cell lineage tracing performed in animal models and more recent
transcriptomic studies indicate that retinogenesis follows a precise
spatio-temporal pattern with cell differentiation proceeding in concen-
tric waves that spread out from the inner layer of the optic cup (Lu et al.,
2020; Mellough et al., 2019; Prada et al., 1991). Individual cell types
appear according to a strict timescale (in a manner reminiscent of CNS
development) (Fig. 1B) with retinal ganglion cells and horizontal cells
appearing as the earliest differentiation events followed by cone pho-
toreceptors, amacrine cells and rod photoreceptors, and the late born
cell types such as bipolar and Miiller glia cells (Prada et al., 1991; Young,
1985). Differentiation and maturation of specific cells retinal cells relies
on both intrinsic and extrinsic factors, which have been thoroughly
reviewed elsewhere so we will not discuss them further; however, it is
notable that the combination of intrinsic self-organisation com-
plemented with extrinsic growth factors, signalling pathway modulators
and extracellular matrix (ECM) forms the basis for the generation of
photoreceptors, retinal organoids and RPE cells which will be explored
in Sections 3.1-3.3 below (Grigoryan, 2022; Hoon et al., 2014; Neumann
and Nuesslein-Volhard, 2000; Stenkamp, 2015; Zhang and Yang, 2001).

3.1. Differentiation of PSCs to RPE cells

As discussed, AMD is a leading cause of blindness, especially in older
adults, and RPE dysfunction contributes significantly to the loss of
neural retinal cells. Therefore, differentiating PSCs into RPE holds great
promise not only in retinal disease modelling and translational
biomedical applications, but also in understanding of the fundamental
biology of the tissue and its role in the visual system. The RPE shares
features common to all epithelia: a polarised monolayer of cells in which
neighbouring cells are joined via tight junctions, that mediate size-
selective passive diffusion of solutes, create boundaries between apical
and basolateral plasma membrane compartments, and contribute to the
epithelial barrier function (Naylor et al., 2019). The RPE layer maintains
the outer blood-retina barrier (0BRB) separating the neural retina from
the underlying BrM and choriocapillaris and plays a central role in visual
function, including transport of nutrients and growth factors to the
neural retina and phagocytosis of outer segments shed from the photo-
receptors. Other crucial roles of the RPE include the involvement in the
visual cycle by re-isomerising of all-trans-retinal into 11-cis-retinal, and
preventing light scattering back to photoreceptors in the outer nuclear
layer due to its darkly pigmented colouration (Strauss, 2005). These
functions exemplify the close functional interaction of RPE with the
photoreceptors, abnormalities of which lead to retinal dysfunction and
visual loss.

Early attempts at RPE differentiation from PSCs relied on sponta-
neous differentiation, facilitated by the ease of identifying pigmented
RPE (Buchholz et al., 2009). In these methods, PSCs spontaneously
differentiated into pigmented foci upon removal of basic fibroblast
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growth factor (bFGF) from the culture medium, which suppresses PSC
differentiation (Ferguson et al., 2015). Mechanical selection and sub-
culture between differentiation Days 60-90 led to the formation of
polarised confluent monolayers of cells capable of phagocytosing bovine
rod outer segments. These cells displayed similar morphology to pri-
mary and adult human RPE, and expressed genes involved in pigment
synthesis as well as ZO1, CRALBP, and RPE65 present in mature RPE
cells. The gene products of CRALBP and RPE65 are involved in the visual
cycle and, therefore, expressed in the mature RPE. Although present in
the PSC-RPE cells, their gene expression levels were lower compared to
the foetal RPE. Additionally, the Pax6 gene coding for a transcription
factor known to be expressed during RPE development, was detected by
Buchholz et al., which indicated that in some instances PSC-RPE cells
may be similar to immature RPE. Notably, long-term culture (8 months)
was shown to be beneficial for RPE65 protein expression, suggesting
that terminal differentiation is influenced by the extended time in cul-
ture (Buchholz et al., 2009).

Nevertheless, spontaneous differentiation has variable success both
within and between PSC lines (Kawasaki et al., 2002; Klimanskaya et al.,
2004; Leach and Clegg, 2015; Rowland et al., 2012). It is also labour
intensive, time-consuming, and more difficult to control due to the un-
defined signalling cues being exploited, potentially resulting in rela-
tively low yield and high variability. In addition, such methods do not
lend themselves to larger scale manufacturing needed to deliver the
numbers of cells required for clinical applications while adhering to the
principles and standards of good manufacturing practice. Subsequent
experimental efforts therefore focussed on defined and shorter differ-
entiation conditions (reviewed in detail in (Leach and Clegg, 2015)).
Nicotinamide and activin A have been recognised as potent retinal fate
inducers promoting mature and functional RPE differentiation under
defined conditions (Idelson et al., 2009). While nicotinamide prevents
neural cell apoptosis, activin A has been shown to have a role in RPE
development in vivo by inducing expression of RPE specific markers,
such as Mitf, Wnt13 and Mmp115, and downregulating expression of the
neural retina genes Pax6, Chx10 and Optx2 (Fuhrmann et al., 2000).
Further developments of protocols utilised the addition of small mole-
cules and growth factors at defined time points to recapitulate retinal
development, increase the efficiency and reproducibility of RPE pro-
duction from PSCs, and pursue the aim of faster and large-scale auto-
mated manufacture of cells for clinical use (Choudhary et al., 2017; Foltz
and Clegg, 2017; Leach et al., 2015). Subsequently, Regent et al.
demonstrated that the sequential use of nicotinamide, activin A and
CHIR99021 in a defined protocol was sufficient to increase the yield and
reduce the time required for RPE differentiation. This protocol was also
shown to be amenable to robotic automation to bypass the manual
pigmented RPE patch picking, and the collection (banking) of mature
RPE cells obtained at differentiation Day 84 (Regent et al., 2019).

The application of ECM components also proved beneficial in pro-
moting RPE differentiation (Rowland et al., 2013). Inclusion of ECM
components is a reasonable strategy given that RPE cells adhere to BrM
via integrins expressed at the cell surface (Aisenbrey et al., 2006; Zarbin,
2003). BrM contains several ECM proteins that bind integrins expressed
by RPE cells. The integrin ligands include laminins (specifically
laminin-111, -332, -511 and -521, collagens I and 1V, fibronectin, and
vitronectin). Mouse laminin-111 appears to specifically promote dif-
ferentiation of PSCs to RPE cells and supports their ongoing mainte-
nance in culture. Laminin-111 was also found to promote a high degree
of pigmentation (Rowland et al., 2013). Notably, Matrigel™, was shown
by Rowland et al. to be an excellent substrate for RPE differentiation and
maintenance. Given that laminin is the major component of Matrigel™,
it is likely that this component supports the high yields of enriched RPE
cells. Human laminin-521 has been shown to be similarly effective with
human PSCs, also, crucially, supporting the production of clinically
compliant RPE (Plaza Reyes et al., 2016).

Additionally, cell surface makers were identified to prospectively
enrich RPE cells from both embryoid body and monolayer cultures
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(Choudhary and Whiting, 2016; Plaza Reyes et al., 2020). These markers
include CD59, CD184, CD56, GD2 and CD140b, although CD59 has been
shown to be expressed in undifferentiated and partially differentiated
cells as well, indicating relatively low specificity. As extensively studied
by Plaza Reyes et al., the identified markers could be used for positive
(CD140b) and negative selection (GD2, CD184 and CD56) to ensure
capture of homogenous populations of mature RPE, with no progenitor
cells present. Although CD140b is not unique to RPE cells, it is not
expressed in PSCs and therefore it could be considered a specific RPE
marker in an in vitro pluripotent cell differentiation setting, assisting
with the generation of pure RPE cells that could be used for clinical cell
transplantation purposes (Plaza Reyes et al., 2020).

RPE cells obtained through the aforementioned methods displayed
typical RPE functionality, including polarised expression of specific
markers, tight junction formation (indicated by transepithelial electrical
resistance), polarised secretion of vascular endothelial growth factor
(VEGF) and pigment epithelium-derived factor (PEDF), and the phago-
cytosis of photoreceptor outer segments. Melanosomes within these cells
localised towards the apical membrane, nuclei were positioned basally,
and apical processes were present; features well-visualised on trans-
mission and scanning electron microscopy and consistent with the ul-
trastructural characteristics of foetal RPE in culture (Farnoodian et al.,
2022; Hallam et al., 2017; Maminishkis et al., 2006; Plaza Reyes et al.,
2020). Importantly, these cells have been shown to integrate into the
RPE of animal models, such as rabbits, and to rescue photoreceptor cells
from induced damage, indicating their fidelity to their in vivo counter-
parts (Carr et al., 2009; Plaza Reyes et al., 2016).

Cultured RPE cells are indispensable in disease modelling, and this
will be discussed in more detail in Section 4. For the purpose of this
section, it is striking that the introduction of a culture system involving
the growth of RPE cells on porous supports has significantly enhanced
assessment of the functionality of these cells and the ability to observe
features seen in human aged or diseased RPE, such as the extracellular
drusen and lipid accumulation (Johnson et al., 2011; Maminishkis et al.,
2006). This cell culture model system has been used widely in
PSCs-derived RPE maintenance and proves beneficial in understanding
RPE biology (e.g., secretion, functionality of the tight junctions and
apical-basal polarity) and disease mechanisms (Bharti et al., 2022;
Buskin et al., 2018; Cerniauskas et al., 2020). This principle of designing
complex model systems that have biological relevance has recently been
taken forward by Manian et al. to generate a 3D
PSCs-RPE-choriocapillaris model (Manian et al., 2021). In this model,
PSC-derived RPE, endothelial cells and mesenchymal stem cells were
integrated into a hydrogel-based engineered extracellular matrix, facil-
itating the formation of organised cellular architecture mimicking the in
vivo complex including a polarised RPE monolayer and underlying
fenestrated vasculature. The modular nature of the culture model also
allowed the investigation of specific intercellular interactions via tro-
phic factors, demonstrating the importance of RPE secreted factors in
the development of fenestrated choriocapillaris-like vasculature, as well
as in initiating choriocapillaris atrophy in a pathological setting. Alto-
gether, this novel RPE-choriocapillaris model system lays the foundation
for elaborate model generation to investigate retinal physiology and,
importantly, elucidate disease mechanisms for drug target identification
and pharmacological testing.

3.2. Differentiation of PSCs to rod and cone photoreceptor precursors

Several key publications have shown that it is possible to drive the
differentiation of human PSCs toward photoreceptors using develop-
mental cues (Hirami et al., 2009; Lamba et al., 2006; Meyer et al., 2009;
Osakada et al., 2008). For example, Lamba et al. generated putative
photoreceptor like cells by directing PSCs to an anterior neural fate
using Noggin, Dkk-1 and IGF in a brief suspension culture followed by
attachment of retinal progenitor cells on Matrigel™ or poly-D-lysine
coated plates, and their differentiation over a three-week
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differentiation in which significant numbers of cells expressing the
photoreceptor precursor marker CRX were detected (Fig. 2A) (Lamba
et al,, 2006). Despite this encouraging finding, few of the CRX
expressing cells progressed to express markers of more mature photo-
receptors such as rhodopsin, and only co-culture with explants of mouse
retinas enabled the generation of greater numbers of rhodopsin
expressing cells. Maturation of human PSCs derived CRX " photore-
ceptor precursors was improved further by injection into the subretinal
space of Crx~/~ mice with limited restoration of light responsiveness in
the transplanted animals; however, many of the transplanted cells failed
to develop photoreceptor outer segments (Lamba et al., 2009, 2010).
Across these studies, the differentiation efficiency was variable and
rather low, reaching at best around 20%, when the Wnt and Nodal
pathway were antagonised during the early stage of suspension culture
and subsequently retinoic acid and taurine were added to aid photore-
ceptor specification under serum free conditions (Hirami et al., 2009;
Osakada et al., 2008).

The efficiency of PSC differentiation was improved by Mellough et al.
through systematic analysis of the culture conditions and growth factors
required to generate rod and cone photoreceptors (Mellough et al.,
2012). This protocol directed the stage-specific differentiation of PSCs
toward an anterior neural fate, followed by retinal determination,
retinal progenitor specification and the differentiation to photoreceptor
lineage. The appearance of these phenotypes occurred in a sequential
manner consistent with retinal development in vivo, leading to genera-
tion of rod (18%) and cone (67%) photoreceptors in a relatively short
time window (45 days) compared to previous studies. Despite this much
improved efficiency, the PSC-derived photoreceptors declined between
Days 45 and 60 of differentiation, suggestive of lack of appropriate
culture conditions and/or other cell types necessary for the survival of
postmitotic photoreceptors.

To optimise culture conditions, Meyer and colleagues dissected optic
vesicle like structures from the attached differentiating PSCs and
continued to differentiate those in suspension, achieving a 56% effi-
ciency in generation of photoreceptor precursors that were electro-
physiologically similar to native photoreceptors (Meyer et al., 2011).
Together, these findings highlight suspension (also referred to as 3D)
culture conditions in combination with tailored made media as being
beneficial for photoreceptor specification from PSC-derived retinal
progenitor cells. By generating controlled size EBs and replacing the Wnt
inhibitor Dkk1 with IWR1e, Markus and colleagues increased the effi-
ciency of photoreceptor precursor generation to 87% (Markus et al.,
2019; Schick et al., 2020). They were also able to demonstrate that the
expression of voltage gated ion channels known to be expressed in
mature photoreceptors increased up to Day 90 of differentiation. This
was mirrored by the electrophysiological maturation of photoreceptors,
which occurred in parallel to the increase in expression of CRX, a spe-
cific photoreceptor precursor marker (Schick et al., 2020). The high
differentiation efficiency of this protocol enabled the generation of
large-scale photoreceptor precursor cultures for transplantation and
drug screening purposes. Nonetheless, the differentiation period was
longer than in vivo development of human retina (Fig. 1B), where the
first conception of photoreceptors and inner cells synapses with the
outer plexiform layer are observed around 8 post conception weeks
(Gupta et al., 2016). To shorten the differentiation window, a tran-
scription factor driven differentiation protocol relying on the ectopic
expression of the transcription factors CRX and NEUROD1 was recently
reported, offering a simplified protocol to generate photoreceptor pre-
cursors within 14 days, and electrophysiologically active photoreceptors
by 30 days (Otsuka et al., 2022). Despite the considerable shortening of
differentiation period, this direct conversion of PSCs to photoreceptors
has a relatively low efficiency (34%): this could be increased to 44% by
suspension culture conditions, but in both cases photoreceptor cells with
typical ultrastructure including an outer segment were not generated,
demonstrating that further improvements in the introduced transcrip-
tion factor or culture conditions were needed to achieve the desired



M. Kurzawa-Akanbi et al.

A DMEM/F12 + KO-SR or
GMEM+KO-SR

IGF-1, DKK1, NOGGIN, B27

X

Progress in Retinal and Eye Research 100 (2024) 101248

GMEM+KO SR or
DMEM/F12

IGF-1, DKK1, NOGGIN,
B27, N2, RA, taurine, FGF2

"
0’3

Retinal  photoreceptor Cones
Eye field Opticcup  pr ogel;m‘or precursors  and Rods
cells
3D 2D
B
IMDM+HAM's/F12 + KO-SR
or DMEM/F12+KO-SR
DMEM/F12
do s dis 24 01200-300
Y27632 BMP4 .
FBS, RA, T¢ , N2
IGF-1, B27 . RS
@
Early retinal Optic cup
PSCs differentiation appearance

Retinal differentiation media
DMEM-F12+B27+10%

Proneural media
DMD-F12 + NEAAs

FBS+taurine

Weak 10-17
RA

Weak 1-2 Weak 3-7

2D

Weak 8-30

3D

Fig. 2. Schematic presentation of differentiation protocols used for PSC differentiation to photoreceptors (A) and retinal organoids (B,C) using a combination of 2D

and 3D culture conditions.

mature differentiation status.

3.3. PSCs differentiation to retinal organoids

Understanding and recapitulating retinal function requires the in-
teractions among various cell types, which may not be adequately
achieved by studying each cell type in isolation. To address these limi-
tations, researchers have increasingly turned to 3D micro-physiological
systems to better assess tissue or organ function. The formation of such
complex 3D system requires that the various cell types aggregate and
self-organise in a manner that recapitulates the spatial cellular organi-
sation and functionality of the specific organ in vivo. In earlier studies, it

was established that chick embryonic retinal cells were capable of self-
aggregation, organisation and histogenesis in vitro (Layer and Will-
bold, 1989, 1993, 1994). This fundamental work laid the foundation for
the first seminal paper published by Eiraku et al. demonstrating that
mouse ESCs were able to self-organise into laminated retinal structures
under serum free floating embryoid body (SFEB) culture conditions with
the addition of extracellular matrix components (Matrigel™, laminin or
nidogen) and exogenous components (TGFf ligand nodal), which
resulted in formation of hollow spheres with a polarised neuro-
epithelium (Eiraku et al., 2011). Subsequent evagination led to the
formation of hemispherical vesicles expressing genes typical of the early
embryonic neural retina on the internal surface, and those associated
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with RPE development on the outer surface. These vesicles then un-
derwent invagination to produce optic cup-like structures like those of
E10.5 mouse embryos. These structures expressed genes of retinal pro-
genitor cells such as Chx10, and over time, they formed a continuous,
stratified epithelial structure resembling the spatial arrangement of cells
found in early neonatal mouse eyes, with photoreceptors in the outer-
most layer, RGCs in the innermost layer, and other cells, such as bipolar
cells, in between (Fig. 2B).

Through addition of Wnt inhibitor and Matrigel™ in the early stages,
and foetal bovine serum and the hedgehog smoothened agonist (SAG)
later during the differentiation process, the same group demonstrated
that stratified retinal organoids expressing markers of all retinal cell
types could be generated from human ESCs (Nakano et al., 2012).
Transient treatment of retinal organoids in the very early stages of dif-
ferentiation with BMP4 (Day 6), promoted the formation of neural
retina, whilst the inhibition of WNT and FGF signalling pathway from
Day 18-24 of differentiation (known as induction-reversal culture)
enabled the generation of neural retina with patches of RPE cells, often
located at the opposite end of the organoids (Kuwahara et al., 2015).
Importantly, the retinal organoids generated with this method contained
a putative ciliary margin zone, which contributed to retinal progenitors,
allowing the expansion of organoids in vitro and mimicking retino-
genesis in vivo. This method has become an established technique for
generating retinal organoids from PSCs and has been successfully
adopted to multi-well plate format, enabling studies of drug screening
and toxicity that will be discussed in Sections 5 and 7 of this review
(Hallam et al., 2018). Notwithstanding the ease of application, it is
worth stating that not all human PSCs respond equally to this differen-
tiation protocol.

To evaluate the functionality of retinal organoids for potential ap-
plications in the development of treatments for retinal diseases, it is
crucial to demonstrate that they closely mimic adult retinal function in
vivo. While the emergence of laminated retinal tissue is an encouraging
sign, it does not guarantee the functionality of the resident photore-
ceptors and other retinal cell types within the organoids. As a technique
to investigate the generation of action potentials and in particular the
activities of specific ion channels that permit this function, patch
clamping is highly valuable, but it cannot be used to record output from
multiple cells of microphysiological systems. Multi-electrode arrays
offer the possibility of recording from organoids/tissues in which many
electrophysiological active cells connect with numerous electrodes. This
approach was first applied to induction-reversal retinal organoids
generated by Hallam et al. who, exposed RGCs by cutting organoids in
half and placing them onto 4096 electrode arrays (Hallam et al., 2018).
These RGCs responded to pulsed illumination by either increasing or
decreasing their spike formation activity in artificial cerebrospinal fluid.
Although the responses of individual RGCs were slow compared to those
of mature retina, the change in activity was consistent with the response
patterns of immature ON- and OFF-centre RGCs corresponding to the
perinatal period. To confirm that these responses were driven by pho-
toreceptors via bipolar cells, as opposed to photosensitive RGCs, the
photoreceptor dark current was stimulated by adding membrane
permeable 8-bromo-cGMP. This experiment identified RGCs with
decreased spiking activity as being ON-centre photoreceptor driven,
providing valuable insights into the functional connectivity within
retinal organoids.

IGF-1 is a known enhancer of eye formation and retinal progenitor
induction (Lamba et al., 2006; Richard-Parpaillon et al., 2002). To
exploit these properties, Mellough and colleagues, differentiated PSCs in
IGF-1 containing media, showing the formation of numerous optic
vesicle-like structures that matured and formed the bilayered optic cup
that gave rise to neural retina and RPE. The photoreceptors situated
within the putative outer nuclear layer of the organoid displayed inner
and outer-like segments, and phototransduction responses as early as 6.5
weeks of differentiation. Like the induction-reversal protocol discussed
above, the IGF-1 protocol showed variable responses amongst several
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PSC lines, corroborating data provided by other groups working in this
field (Chichagova et al., 2020; Cooke et al., 2023). Such variability has
led to usage of a few amenable and well characterised PSC lines in many
research groups; however, it is an unavoidable issue when working with
newly derived patient specific iPSCs or gene-edited PSCs, which also
show variable differentiation efficiency. To date, the underpinning
mechanism for such variability has not been elucidated; however, DNA
methylation and epigenetic landscape (chromatin looping, histone
modifications) have been put forward as potential factors that may
define the differentiation efficiency of PSCs (Wang et al., 2018). A po-
tential solution to overcome such variability is to generate naive
pluripotent stem cells, but this would add more costs and duration to
already long differentiation protocols and would not be feasible for large
scale studies (Zhou et al., 2023). Thus, a set of markers has been put
forward to allow researchers to predict retinal differentiation propensity
of hESCs or different iPSC clones generated during the reprogramming
process or CRISPR-Cas9 gene editing (Cooke et al., 2023).

While the above protocols have been focused on 3D generation of
retinal organoids, a further method which combines both 3D and 2D
culture conditions was developed and tested by several groups, who
excised optic cup like structures from attached (2D) cultures, and further
maintained those under floating conditions in media that supported the
differentiation of all retinal cell types, arranged in their appropriate
layers (Fig. 2C) (Meyer et al., 2011; Reichman et al., 2014; Zhong et al.,
2014). This protocol has been used and modified by multiple groups,
which has added to the complexity of comparing organoids generated in
different laboratories with various PSC lines (Capowski et al., 2016,
2019; Gonzalez-Cordero et al., 2017; Phillips et al., 2018; Regent et al.,
2020; Sanjurjo-Soriano et al., 2022). To this end, Capowski and col-
leagues designed a practical staging system, based on bright phase
appearance, structural organisation, immunocytochemistry, metabolic
imaging, and electron microscopy ultrastructural analyses, that should
enable both experienced and inexperienced researchers to stage their
organoids (Capowski et al., 2019). Stage 1 organoids are defined by the
presence of proliferative retinal progenitors at the apical rim and
abundance of retinal ganglion cells in the basal aspect of the organoids,
while Stage 2 is characterised by specification of photoreceptor pre-
cursors and retinal interneurons. In Stage 3, metabolically active pho-
toreceptors with specialised ribbon synapses, abundant Miiller glia cells
that contribute to the formation of outer limiting membrane and
well-developed plexiform layers should be present. A key feature of
Stage 3 is the development of photoreceptor outer segments, which in
most protocols resemble foetal outer segment structures with unstacked
discs attached to the mitochondria rich inner segment via the connecting
cilia. Changing the composition of culture media by supplementation
with lipids and antioxidants from Week 12 of differentiation signifi-
cantly improves the formation of both cone and rod outer segments with
discrete membranous structures and closely stack discs, and the pro-
portion of photoreceptors that form outer segments, enabling robust
models to investigate retinal disease and perform drug screening and
toxicity studies (West et al., 2022).

In addition to photoreceptor maturity, the presence of functional
synapses is critical for the transmission of light responses from photo-
receptors to second or third order retinal neurones. Recent studies have
shown the presence of ribbon synapses at photoreceptor axon terminals,
often found in close contact with bipolar and horizontal cells, suggesting
the presence of functional synapses between photoreceptors and second
order neurones (Capowski et al., 2019; Cowan et al., 2020; Saha et al.,
2022; Wahlin et al., 2017). Moreover, retinal organoid derived neurons
can reform synaptic connections after cell dissociation, which provides
evidence of their potential to re-establish connectivity upon trans-
plantation in vivo (Ludwig et al., 2023). Notably, cone photoreceptors
display robust intrinsic light evoked responses, akin to adult macaque
foveal cones: these start at approximately Day 210 of differentiation
when photoreceptors build their outer segments and amplify between
Days 250 and 260 both in amplitude and proportion of responders (Saha
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et al., 2022). Together, these data validate the potential of retinal
organoids to generate functional human photoreceptors for cell
replacement therapies and obtain unique insights into human retinal
development.

However, as with every tool, retinal organoids should be used with
careful consideration of their strengths and limitations. Current
strengths include recapitulation of retinal development timeline, pres-
ence of mature photoreceptors and the synaptic connections that enable
light transduction (Cowan et al., 2020). Limitations include lack of
adjacent RPE, immune cells, and vasculature, which most likely limits
the nutrient provision and waste disposal, leading to progressive dis-
organisation over time and decay of inner retinal neurons. Co-culture
efforts have demonstrated that externally added microglia can tran-
siently populate retinal organoids, without affecting their development,
maturation or light responses (Chichagova et al., 2023). Within retinal
organoids, microglia can be found in the outer and inner plexiform, as
well as ganglion, cell layers akin to the location of retinal microglia cells
in vivo, and are able to respond to endotoxin challenge (Usui-Ouchi et al.,
2023). Microglia also arise spontaneously in mesenchymal-like cysts
adjacent to retinal organoids generated via unguided protocols, but do
not infiltrate the retinal neuroepithelium, demonstrating some in-
compatibility between the current static retinal culture conditions and
the milieu needed for microglia incorporation and long-term survival
within the retinal organoids (Usui-Ouchi et al., 2023). One possible
solution may be to provide enhanced support for the neural retina by
creating so-called assembloids which are composed of several tissue type
organoids. An example of this are the assembloids of retinal and cortical
or thalamic organoids, which enhance retinal ganglion cell survival, that
extend axons deep into the assembloids, mimicking the projections of
the visual system (Fligor et al., 2021).

Despite the ongoing advancements, another major challenge in
generating retinal organoids is the scalability of cultures and main-
taining the necessary conditions for an extended period (>200 days). To
overcome this, innovative approaches such as microarray well seeding
combined with checkerboard scraping and bioreactor-based protocols
have been developed (DiStefano et al., 2018; Ovando-Roche et al.,
2018). These methods facilitate the accelerated and reproducible gen-
eration of retinal organoids at scale while enabling continuous moni-
toring of physical and chemical conditions.

In summary, retinal organoids and the emerging assembloids
represent significant advancements in the study of retinal development
and function compared to traditional 2D differentiation methods. Their
ability to generate complex, stratified retinal structures, with functional
properties, holds great promise for advancing our understanding of
retinal diseases and potential therapies. To fully recapitulate retinal
microenvironments, more complex physiological systems, which incor-
porate the RPE and choriocapillaris need to be developed. This is an
active area of research which we briefly discuss in Section 3.4.

3.4. Advanced co-culture models

The choriocapillaris, BrM, RPE, and neural retina form a closely in-
tegrated functional unit in vivo (Fig. 1A), so it is imperative that in vitro
models mimic these anatomical interactions (Fields et al., 2020). The
RPE is important for maintaining retinal homeostasis since it recycles
photopigments as part of its visual cycle function and provides growth
factors to support photoreceptor viability. Similarly, while oxygen and
metabolites are delivered directly to the inner neural retina by the
retinal vasculature (e.g., branches of the central retinal artery), it is the
choriocapillaris, which meets the high metabolic demand of the RPE and
outer neural retina including the outer nuclear layer (Levin et al., 2011).
Given these contributions to retinal function, it is unsurprising that
dysfunctions in the choriocapillaris and RPE either distinctly or in
combination with problems arising in the neural retina, can give rise to
outer retinal pathologies. AMD, for example, is thought to arise at least
in part from complement system dysregulation within the
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choriocapillaris, which may contribute to pathology across the whole
retina.

BrM plays a similarly important role. Sandwiched between the RPE
and the choriocapillaris, this is a unique and complex membrane
comprising the RPE basement membrane, three collagen and elastin-rich
layers and the choriocapillaris basement membrane (Hammadi et al.,
2023). BrM functions as a selective barrier between the choriocapillaris
and the RPE but the formation of drusen and lipid deposition within the
inner most layers of BrM is an early and highly prognostically important
pathological event in the development of AMD. In the next section, we
will discuss efforts to model the interactions between the chorioca-
pillaris and RPE as well as retinal organoids and RPE.

3.4.1. Co-culture of RPE and endothelial cells to mimic the choriocapillaris

An important feature of the endothelial cells forming the capillary
vessels of the choriocapillaris is the presence of fenestrations which
allow transport of larger molecules and seems to be essential for cho-
riocapillaris function (Kim et al., 2020). This suggests that recapitulation
of such fenestrae would be an important component of any model sys-
tem. There is evidence to suggest that RPE regulates angiogenesis in the
choroid as Hamilton et al. demonstrated that Human Umbilical Vein
Endothelial Cells (HUVECSs) could be induced to a fenestrated chorio-
capillaris endothelial cell phenotype with expression of VE-cadherin and
Z0-1 when co-cultured with ARPE-19 cells on opposite sides of amniotic
membrane (Hamilton et al., 2007; Tretiach et al., 2004). Further,
Sakamoto et al. demonstrated that primary bovine choroidal endothelial
cells could form choriocapillaris like tubes in 3D culture comprised of
type 1 collagen-rich gel, but the co-culture with RPE modulated the
formation of capillary-like structures by the endothelial cells more so
than fibroblast and pericytes (Sakamoto et al., 1995).

Constructing models that mimic the oBRB is also of great interest
since understanding the bi-directional relationship between RPE and the
choriocapillaris is useful for developing therapies for outer retinal dis-
orders (Spencer et al., 2017). Studies in this area suggest that combi-
nations of RPE, a BrM mimic and endothelial cells with a choroidal
phenotype are all necessary to model the oBRB. For example, the
transfer of a 4 kDa dextran fluorescein tracer was almost totally
inhibited by human umbilical vein endothelial cell (HUVE-
C)-amnion-RPE trilayer mimicking the barrier properties of the 0BRB,
but not a HUVEC-amnion-corneal epithelial cell tri-layer, or an
amnion-RPE bilayer alone. The formation of RPE tight junctions appears
to be dependent on the presence of stiff collagen anchor points in the
basement membrane, the deposition of which is regulated by choroidal
endothelium through yet unidentified paracrine factors. These findings
demonstrate that RPE on its own does not fully allow the generation of a
physiological oBRB and that co-culture with BrM and choriocapillaris is
beneficial for achieving RPE maturation (Fig. 3). It has been suggested

RPE EFFECT ON CHORIOCAPILLARIS
Choroidal endothelial phenotype with fenestra and
capillary tube formation

Bruchs N
membrane

Choriocapillaris |

CHORIOCAPILLARIS EFFECT ON RPE
Increased RPE maturation
Increased expression of visual cycle genes
Increased pigmentation

Increased TER
Deposition of Bruch's membrane

Fig. 3. The RPE and choriocapillaris are interdependent for full maturation in
culture, with a number of phenotypic ‘enhancements’ observed by co-culture.
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that the effect of the choriocapillaris may be partly mediated by base-
ment membrane cues as the ARPE-19 phenotype is modulated by
transwell co-culture with HUVECs, with enhanced basement membrane
deposition, phagocytic activity, ZO-1 expression and expression of vi-
sual cycle genes including RPE-65 (Spencer et al., 2017). This is
corroborated by transcriptomic analyses which demonstrate that the
transcriptional programme of the developing choroid is focused on
development and proliferation, while adult choroidal endothelium is
focussed on extracellular matrix deposition and cellular adhesion
(Benedicto et al., 2017). These findings are important for the develop-
ment of in vitro models as they suggest that an engineered biomaterial
with the correct physical properties may be able to maintain a mature
RPE phenotype at least partly without the need for co-cultured choroidal
endothelium.

Demonstrating the utility of these models for therapy development is
important and it is encouraging that in their landmark publication, Song
and colleagues engineered a native-like 3D-0BRB by bioprinting endo-
thelial cells, pericytes, and fibroblasts on the basal side of a biode-
gradable scaffold and establishing an RPE monolayer on top (Song et al.,
2023). In this 3D-0BRB model, a fully polarised RPE monolayer provided
barrier resistance, induced choriocapillaris fenestration, and supported
the formation of a BrM-like structure by inducing changes in gene
expression in cells of the choroid. Complement activation in the
3D-0BRB triggered dry AMD phenotypes (including sub-RPE lipid-rich
deposits similar to drusen, and choriocapillaris degeneration), and HIF-«
stabilization or STAT3 overactivation induced choriocapillaris neo-
vascularisation akin to a wet AMD phenotype. Together these findings
demonstrate that inclusion of the choroid in in vitro models is beneficial
for accurate modelling of the RPE in health and disease, and for devel-
oping regenerative therapies that need to target both RPE and chorio-
capillaris in diseases such as AMD.

3.4.2. Organ-on-a-chip

The co-culture system described above are essentially static in that
they do not allow controlled movement of culture media and addition/
removal of nutrients, metabolites, or xenobiotic substances as in vivo
systems. So called ‘organ-on-chip’ or microphysiological systems
combine in vitro co-culture models with biomaterials and/or micro-
fluidics to recapitulate one or more key functions of a tissue. They offer
control over metabolite/drug delivery and waste removal, cellular
compartmentalisation, simulation of flow and movement, and real-time
physical measurements. A recent application of microphysiological
systems in the retina, was provided by Paek et al. who designed a pol-
ydimethylsiloxane (PDMS) culture chamber, which they filled with
primary choroidal endothelium and choroidal fibroblasts laden in a
fibrin/type 1 collagen hydrogel (Paek et al., 2019). They observed
self-assembly of endothelial vascular networks which anastomosed with
an input-output circuit and were thereby perfused with culture media.
They cultured PSC-derived RPE on this hydrogel and found greater
basement membrane deposition, melanosome expression and RPE65
expression in their co-culture model versus mono-cultures (Fig. 4).

Co-cultured neural retina and RPE explants, arranged in an organo-
typic fashion, allow functional interaction between the photoreceptors
and RPE cells, while allowing easy access to an artificial sub-retinal
space for delivery of cell therapies (Yanai et al., 2015). To adequately
model a physiological RPE-retinal interface and subretinal space, retinal
organoids could be combined with RPE and/or choriocapillaris, as has
been achieved using ex vivo explants. To this end, PSC-derived mature
retinal organoids and polarised RPE sheets bound together with alginate
have been generated and subretinally transplanted into immunodefi-
cient Royal College of Surgeons rats at advanced stages of retinal
degeneration (Thomas et al., 2021). The authors reported that with
short term culture the RPE migrated into the organoids and caused
structural changes suggesting that co-culture conditions weren’t
optimal. To preserve retinal organoid structure, Achberger and col-
leagues co-cultured 180-day-old human PSCs retinal organoids
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Fig. 4. Schematic of a perfused culture chamber system as used by Paek et
al (Paek et al., 2019). Using needles inserted into the side channels the central
chamber was filled with a fibrin/type 1 collagen hydrogel seeded with primary
choroidal endothelium and fibroblasts. After withdrawal of the needles, the side
channels were then also seeded with choroidal endothelial cells. After media
perfusion, self-assembly of a 3D endothelial vascular network occurred, anas-
tomosed with the input-output circuits and reminiscent of a microvascular
plexus. RPE was then grown as a monolayer on the apical surface.

embedded in a hyaluronic acid-based hydrogel over a layer of human
PSCs-RPE (Fig. 5) (Achberger et al., 2019). This co-culture perfused with
a microfluidic system below a membrane made from Polyethylene
Terephthalate with a pore diameter of 3 pm and a thickness of 10 pm,
enabling more physiologically controllable conditions in terms of
removing metabolic by-products and introducing nutrients and oxygen.
Enhanced maturation of photoreceptor outer segments and importantly,
RPE phagocytosis of photoreceptor outer segments were reported,
despite the short co-culture period. Although the retinal organoids were
far from adult retina in terms of maturation, and the choroid was not
represented, this study marks a clear advance in our ability to co-culture
RPE cells with retinal organoids without losing retinal lamination. That
said, there was some disparity in the timing as compared to in vivo, at
which co-culture of retinal organoids and RPE was initiated. Human
neural retina and RPE develop in close contact from approximately Day
30 in vivo so it may be necessary to use retinal organoids at less than 180
days to recapitulate human retinogenesis (O’Rahilly, 1975). This could
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Fig. 5. Schematic of co-culture system employed by Achberger et al
(Achberger et al., 2019). Retinal organoids were embedded in a hyaluronic
acid-based hydrogel on a layer of human iPSC derived RPE. This was grown as a
monolayer on a porous polyester transwell above a perfused micro-
fluidic system.
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help to increase the longevity of retinal organoids, avoid the presence of
a necrotic core often observed at their centre, and improve their matu-
ration, which is essential for disease modelling.

A recent study, where USH2A patient specific retinal organoids were
co-cultured with USH2A RPE cells that were perfused of a microfluidic
channel under the RPE, found that fewer photoreceptors underwent
apoptosis on the perfused chip, compared to static conditions. Collagen
IV and laminin significantly increased on the perfused chip with greater
RPE pigmentation under the perfused conditions suggesting that the
microfluidic system could facilitate both retinal organoid and RPE
development. Similarly, microphysiological systems may also be used to
investigate local effects of cell therapy e.g. on glial activation, and to
optimise synaptic integration of transplanted neural retina (Dodson
et al., 2015; Su et al., 2015). Su et al. observed synaptogenesis between
two populations of developing mouse retinal precursors in 4 pm guiding
channels (Su et al., 2015). Compartmentalised experimental setups such
as this could be used to optimise synaptogenesis between PSCs-derived
retina and host neurones.

In summary, it is likely that co-culture models will advance our un-
derstanding of outer retinal physiology and disease. Furthermore, they
could help optimise and investigate the delivery, integration, matura-
tion, and functionality of stem cell-derived retinal sheets for trans-
plantation. Future work could build on the advanced culture systems
presented and use patient-derived PSCs to model for example the effect
of high- and low-risk AMD genotypes on co-cultures of RPE, photore-
ceptors and choriocapillaris. Such work may help to elucidate the early
events which lead to AMD pathogenesis and help to understand the
mechanisms underpinning diverse clinical presentations in the AMD
patient population. In our search, we have not identified a co-culture
system which incorporates neural retina, RPE and choriocapillaris. As
we have shown, all the techniques to achieve such a system are avail-
able. Future work may examine the optimum way to integrate retinal
organoids into co-culture with RPE and/or choriocapillaris in a model
that mimics retinogenesis and the developmental interactions. Factors
such as differentiation age and co-culture media components need to be
optimised. Biomaterials can play an important role in recapitulating the
retinal environment. Although much work has been done in identifying
the building blocks of retinal ECM, more work needs to be done in
identifying the 3D organisation of tethering domains and physical
properties which emulate the healthy or diseased retinal ECM. However,
it is also true that these in vitro models may need only to capture certain
essential elements of the complex in vivo interactions to reproduce
insight, depending on the question being asked. For example, in vitro
models for optimisation of neural retina transplant may benefit from
focusing on recapitulating the environment of the host sub-retinal space,
the important elements of which may be the neural retina, RPE and
interphotoreceptor matrix. Models for the optimisation of RPE trans-
plant may focus on modelling diseased BrM and choriocapillaris.

4. Disease modelling with iPSCs

In this section we will describe progress in the use of iPSCs to model a
range of retinal diseases. Given the impact of the disease, it is perhaps
unsurprising that much effort has been devoted to making models of
AMD, but we also cover work on models of IRDs, childhood retinal
cancer (retinoblastoma) and mitochondrial diseases.

4.1. AMD

AMD is usually asymptomatic in its early stages, marked by the
accumulation of lipid and protein rich deposits (63-125 pm) at the RPE-
BrM interface, called drusen. In intermediate AMD, drusen progress to a
larger size (>125 pm) and may be accompanied by pigmentary changes
in the RPE. The advanced stages of AMD comprise geographic atrophy
(‘dry’) and exudative (‘wet’) AMD, both of which, if left untreated,
commonly lead to irreversible central vision loss — rapidly in the
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exudative type, owing to subretinal leakage of blood or serous fluid from
unstable neovascular membranes, or insidiously in geographic atrophy
as growing lesions of dying choriocapillaris, RPE, and photoreceptor
engulf the macula (Holz et al., 2014; Mitchell et al., 2018). The primary
cell type involved in AMD pathogenesis is debated; although the RPE is
the first to be visibly affected, it is the accompanying photoreceptor
dysfunction and atrophy that ultimately leads to vision loss (Curcio
et al., 1996). Over the last decade, intravitreal anti-vascular endothelial
growth factor (anti-VEGF) injections have emerged as an effective op-
tion to prevent and reverse acute vision loss in exudative AMD. How-
ever, the underlying disease process continues unabated in most, with
up to a third of patients continuing to lose their vision over time (Par-
ravano et al., 2021; Rofagha et al., 2013).

AMD’s multifactorial nature has complicated attempts to model it
experimentally. Other than age, smoking is the most consistent envi-
ronmental risk factor (Lambert et al., 2016). However, AMD also has
substantial contributions from common and rare genetic variants, with
heritability estimated at approximately 50% (Fritsche et al., 2016;
Tzoumas et al., 2022). Particularly strong associations have been
observed for genes involved in complement activation and regulation, as
well as a risk haplotype encompassing ARMS2 and HTRA1 (Fritsche
et al., 2016; Tzoumas et al., 2021). Notably, a single nucleotide poly-
morphism (rs1061179) in the complement factor H (CFH) gene causing
the protein change p.Y402H, and shared by a third of Europeans, confers
a two-fold higher risk of late-AMD per allele copy (Sofat et al., 2012;
Tzoumas et al., 2021). The elucidation of AMD’s complex genetic ar-
chitecture led to the first treatments for geographic atrophy, the com-
plement C3 inhibitor pegecetacoplan (Syfovre®, Apellis Pharmaceuticals,
MA, US) and the complement C5 inhibitor avacincaptad pegol (Izer-
vay™, previously known as Zimura, Iveric Bio, NJ, US), were recently
approved by the FDA in February and August 2023, respectively,
following promising randomised trials showing reduced anatomical
progression by 15-30% per year depending on patient characteristics
and treatment regimen (Jaffe et al., 2021; Liao et al., 2020). Despite this
breakthrough, the visual benefits of complement inhibitors remain
inconclusive, and the optimal treatment strategy has yet to be estab-
lished (Tzoumas et al., 2023).

To address these clinical uncertainties, numerous animal models of
AMD have been developed. Although these display several important
AMD features, they do not fully recapitulate the pathophysiology of the
disease (Pennesi et al., 2012). Modelling of AMD in animals is chal-
lenging due to the heterogeneous nature of the disease, which is
underscored by a plethora of molecular interactions involving altered
cellular metabolism, senescence, inflammation, and oxidative stress
(Lambert et al., 2016). Anatomical differences between animal and
human retina are also considerable, such as the lack of the cone-rich
macula in rodents, with unclear implications for translation (Pennesi
et al., 2012). The pathology of RPE, thought by some to be the site of the
primary lesion in AMD, has become a major focus of in vitro models,
using RPE cell lines (primary and immortalised) and iPSC-derived RPE
(Bharti et al., 2022; Young, 1987). The advancement of iPSC disease
modelling has offered the opportunity to interrogate the pathobiology of
AMD using patient specific RPE cells, allowing the production of genetic
risk models from patients with high risk alleles linked to AMD.

The utility of iPSCs for basic research of AMD and for the develop-
ment of novel therapeutics is underscored by the recent initiative of the
New York Stem Cell Foundation (NYSCF) Research Institute and the NIH
National Eye Institute (NEI) (nyscf.org). A resource of iPSCs from AMD
patients, recruited as part of the Age-Related Eye Diseases Study
(AREDS), with some of the patient cell lines also available with
matching isogenic controls, has been created to springboard vision
research and therapeutic innovations (Wright et al., 2020). The
currently deposited cell lines have mutations in genes associated with a
high risk of developing AMD, such as variants in CFH, ARMS2/HTRA1,
CFB and C3 genes. To facilitate genotype-phenotype analyses and to
understand how genetic variants affect cell biology and contribute to the
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disease process over time, the resource includes extensive clinical and
medical information on the donors. The clinical and research commu-
nity understands that early diagnosis, tracking disease progression (in
particular identifying biomarkers of progression to the blinding stages of
either geographic atrophy or neovascular AMD), and treating
early-stage disease are among the top priorities in addressing the chal-
lenge of increasing burden of AMD (Wright et al., 2020). As early AMD
usually spares visual function, iPSC-derived patient specific retinal cells
provide a valuable opportunity to understand the early-stage disease at a
cellular level, and potentially foster the development of biomarkers and
drug targets.

The CFH and ARMS2/HTRAI loci explain most of the genetic pre-
disposition to AMD (Fritsche et al., 2016). Accordingly, several basic
research studies have focused on the derivation and characterisation of
iPSCs from AMD patients with variants in those genes. For instance,
Hallam et al. generated an iPSC-RPE model from patients with wet AMD
and homozygous for the CFH p.Y402H polymorphism known to convey
a high risk for the disease, and control lines carrying the low risk ge-
notype (Hallam et al., 2017). iPSC-derived RPE presented features
characteristic of native RPE, such as the formation of pigmented
monolayers of hexagonal cells expressing markers of mature RPE and
characterised by high transepithelial electrical resistance, an indicator
of monolayer integrity (Sparrow et al., 2010; Strauss, 2005). A system-
atic characterisation of the patients RPE in comparison to RPE from age
matched control individuals with the low risk CFH Y402 genotype,
revealed disease-associated cellular phenotypes and functional de-
ficiencies. Importantly, the cell model recapitulated the key features of
AMD, such as the deposition of drusen-like deposits beneath the RPE cell
layer, accumulation of intracellular lipid droplets and features of
inflammation and cell stress at a molecular (altered gene expression)
and ultrastructural level (e.g. cytoplasmic vacuoles and mitochondrial
abnormalities). Further characterisation of the CFH p.Y402H RPE cells
revealed a significant defect in autophagic degradative function under
basal conditions, manifested by changes in abundance and activities of
specific lysosomal markers (Cerniauskas et al., 2020). Notably, this work
correlated RPE deficiencies in endo-lysosomal compartments with
deposition of crucial lysosomal components in drusen-like deposits
(Fig. 6). This functional association implies a pertinent role of
dysfunctional lysosomes in the process of drusen formation, with drusen
being a recognised feature of degenerating retina. Additionally, a direct
link between complement system dysregulation and lysosomal damage
has been shown: the Hallam et al. study demonstrated that CFH p.Y402H
high risk cells are affected by an abnormally increased turnover of the
complement C3 component, which was associated with increased
deposition of the terminal complement C5b-9 complex within the lyso-
somal compartments. In conjunction with previous reports, these find-
ings indicate a possible protective mechanism against the damage from
complement overactivation, through enhanced endocytosis and
destruction of complement components within lysosomes (Geor-
giannakis et al., 2015). Administration of a complement C3 inhibitor
reduced disease-associated cellular lesions, providing further evidence
for the involvement of complement dysfunction in RPE damage and
corroborating outcomes of clinical trials of complement inhibitors in dry
AMD (Cerniauskas et al., 2020).

Sharma et al. extended the analyses of complement-mediated
mechanisms in AMD pathogenesis in a comprehensive study of multi-
ple iPSC lines from homozygous or heterozygous participants for the
CFH p.Y402H high risk allele (Sharma et al., 2021). It has been
demonstrated that the exposure of iPSC-RPE, regardless of CFH p.Y402H
carrier status, to activated complement molecules from human serum
led to features indicative of AMD: the formation of lipid rich drusen-like
deposits and RPE atrophy associated with cytoskeletal abnormalities,
suggesting epithelial cell de-differentiation. These phenotypes were
attributed to pathological complement activation within the RPE,
induced by exposure to activated complement via stimulation of C3aR1
and C5aR1 complement receptors. Detailed and unbiased transcriptomic
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Fig. 6. AMD modelling using Y402H iPSC-RPE. This cell model recapitulated
key features of AMD, including the deposition of drusen-like deposits beneath
the RPE (Hallam et al., 2017), and cell stress and defects in lysosomal auto-
phagic functions which directly correlated with complement system dysregu-
lation and its abnormal intracellular localisation (Cerniauskas et al., 2020). The
RPE intracellular defects had a manifestation in altered extracellular signalling
via enhanced secretion of EVs with disease linked cargo (Kurzawa-Akanbi et al.,
2022). Notably, the EV-mediated propagation of disease features to other
retinal cells may be important for the progressive phenotype of AMD and
provides insights into other retinal disorders.

analysis, validated by experimental approaches, revealed disrupted
autophagy and activated NF-kB pathways, indicating their relevance to
RPE health regardless of genetic background. Notably, these two func-
tional cellular anomalies were shown to precede the formation of
APOE-positive sub-RPE deposits, providing an independent validation to
other studies linking drusen formation to RPE autophagic dysfunction
(Cerniauskas et al., 2020; Golestaneh et al., 2017; Wang et al., 2009).
While the harmful effects of activated complement were evident in all
RPE cells, likely due to exposure to the anaphylatoxins C3a and C5a, the
vulnerability of the CFH p.Y402H high risk variant carriers to retinal
disease may be attributed to higher baseline deposition of these
drusen-like deposits, suggesting underlying retinal vulnerability and
lower survival threshold (Sharma et al., 2021).

Another study using iPSC-RPE generated from multiple donors with
AMD and the high risk CFH p.Y402H genotype underscored the meta-
bolic anomalies associated with complement genetic variation (Ebeling
et al.,, 2021). Under basal conditions, RPE cells with the high risk ge-
notype were characterised by significant defects in mitochondrial
function, irrespective of the donor’s disease status, which is an
intriguing observation highlighting biological pathways that could be
preconditioning retinal cells to the disease development. Overall, a cu-
mulative body of evidence suggests that the role of CFH polymorphisms
in disease susceptibility may extend beyond the regulation of the
extracellular complement cascade. Changes in mitochondrial function,
ultrastructure, and autophagy, together with accumulations of cyto-
plasmic lipid droplets, among other features, have been observed in
primary RPE cultures from AMD donors (Golestaneh et al., 2017). The
consistency of findings of the metabolic abnormalities in primary RPE
and iPSC-derived RPE support the latter as a valid in vitro platform to
elucidate disease mechanisms, particularly linked to a specific genetic
background, and with the advantage of scalability for therapeutics
testing (Ebeling et al., 2021).

The native RPE is a tight-junction polarised monolayer of cells with
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asymmetric morphological and functional features that are essential for
normal maintenance of the epithelium and interaction with the neural
retina (apical side) and choroid/systemic circulation (basolateral side)
(Strauss, 2005). Studies have shown that iPSC-derived RPE cells exhibit
the same characteristics, including polarised secretion of a large port-
folio of molecules, as well as the secretion of extracellular vesicles (EVs),
which are involved in intercellular communication (Chen et al., 2022;
Flores-Bellver et al., 2021; Hallam et al., 2017). As demonstrated for
primary porcine RPE cell cultures, under homeostatic conditions, the
protein contents of EVs secreted from the apical and basolateral sides
were vastly different (Klingeborn et al., 2017). Similarly, human
iPSC-RPE cells were shown to secrete various proteins and EVs in a
polarised fashion, with the EVs cargo consisting of proteins involved in
pathways linked to retinal disease and drusen formation, such as the
oxidative stress, inflammation, immunological response and comple-
ment pathway (Chen et al., 2022; Flores-Bellver et al., 2021). Notably,
some of the disease-related protein cargo of iPSC-RPE EVs increased in
levels upon the cell exposure to smoke extract, which is believed to
mimic the environmentally induced AMD phenotype (Khan et al., 2006).
The chronic exposure of RPE to smoke extract was reported to lead to the
appearance of sub-RPE basal deposits and ultrastructural changes
indicative of cell stress, modelling the early AMD phenotype. Interest-
ingly, the secretion of EVs appeared to be enhanced upon RPE exposure
to stress conditions, preferentially to the apical side, with the increased
abundance of disease related cargo (Flores-Bellver et al., 2021).
Extended analyses have been performed of iPSC-RPE EV secretome on
the CFH Y402H high risk variant carriers in comparison to iPSC-RPE
with the low risk CFH genotype, to fully understand the potential role
of EVs in a genetic model of predisposition to AMD (Kurzawa-Akanbi
et al., 2022). These analyses found that under basal conditions the
secretion of EVs is enhanced in the high risk iPSC-RPE compared to the
low risk RPE, with the apical secretion being most affected in the high
risk variant carriers (Fig. 6). These findings recapitulate those from
Flores-Bellver et al. meaning that both environmental stressors and ge-
netic predisposition factors have an early manifestation at a cellular
level altering the RPE cell physiology. Accordingly, it was observed that
the cargo of apical and basal-secreted EVs in high risk RPE cells is
different to that of the low risk counterparts, and with clear links to AMD
pathobiology (e.g. drusen components, induction of vascularisation and
cell stress factors), which improves our understanding of the origin of
drusen. Importantly, it was shown that the supplementation of control
iPSC-RPE with high risk apical EVs is independently sufficient to induce
AMD-like features in the healthy cells. These recent findings stand as a
paradigm of early disease changes at a cellular level, and that iPSC-RPE
cells are a suitable model to interrogate those mechanisms as they mimic
the biology and function of native RPE.

iPSC-RPE cells provide ways to overcome the challenge of the
restricted availability of in vivo RPE due to the invasive nature of the RPE
harvest and reliance on post-mortem material. The unlimited possibility
of generating patient specific RPE cells can fuel the molecular and ge-
netic studies of RPE from large cohorts of AMD patients and unaffected
individuals to understand the inherent features and mechanisms that
could precondition the cells to disease development. Thanks to this
approach, the genetic, transcriptomic, and proteomic signatures were
unravelled for 127,659 RPE cells from 43 individuals with geographic
atrophy and 36 controls, revealing the expression of adult RPE markers
and validating the use of this model in exploration of disease mecha-
nisms, although some populations of cells were identified to be less
transcriptionally mature than others (Senabouth et al., 2022). The dif-
ferential gene expression and proteomic analyses jointly identified key
pathways changed in AMD and which are related to mitochondrial
metabolic activity, ATP metabolic processes and oxidative stress, along
with increased levels of extracellular matrix components, known drusen
proteins and complement pathway components. Reassuringly, this work
cross-validated earlier studies identifying the aforementioned pathways
as important to AMD development. The retina is a highly metabolically
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active tissue, and the uncovered characteristics of model diseased cells
are evidence of early metabolic perturbations in disease and cellular
remodelling mechanisms (Senabouth et al., 2022).

The utility of iPSCs for disease modelling was further demonstrated
by Saini et al., whereby a patient specific model of AMD RPE associated
with the tightly linked homozygous risk genotypes in the age-related
maculopathy susceptibility 2 (ARMS2) and the high-temperature
requirement A serine peptidase 1 (HTRA1) was generated (Saini et al.,
2017). The study showed that iPSC-RPE cells expressed markers asso-
ciated with AMD and drusen formation, further validating the relevance
of iPSC-based disease modelling to human disease. Notably, certain
complement system and inflammatory factors were expressed at a
higher level in all AMD patient-derived RPE (including those without the
homozygous risk variants), and at an even higher level in the
ARMS2/HTRA1 polymorphisms carrying cells, underscoring the func-
tional relevance of the genetic risk factors in AMD, as well as the pres-
ence of inherent molecular features in those cells predisposing them to
disease processes.

The ARMS2/HTRAI risk haplotype associated with AMD contains
several variants in strong linkage disequilibrium with each other, which
makes their contributions to disease susceptibility indistinguishable in
the cells from variant carriers. Although the existence of specific
vulnerability to oxidative stress, and an association with an increased
production of complement and inflammatory factors due to the ARMS2/
HTRAT1 risk haplotype have been proposed, disentangling the effects of
individual gene variants are difficult and the specific functions of each of
the genes remain unclear (Saini et al., 2017; Yang et al., 2014a). In a
recent report, Chang et al. demonstrated a state-of-the-art approach to
model specific genetic risk factors by creating gene-edited iPSC-RPE
cells, with a particular aim to discern the specific gene functions in this
locus (Chang et al., 2023). The individual risk variants were isolated by
genetic engineering in an isogenic parental low risk homozygous back-
ground, to dissect the specific vulnerabilities arising from the particular
gene polymorphisms. Given the considerations that iPSC-RPE may
resemble foetal RPE more than adult cells, the cells were cultured
long-term and subjected to pharmacological ageing using HyO5, A2E and
blue light - mimicking the oxidative environment exposure and pro-
cesses naturally occurring in RPE due to the cells’ roles in phagocytosis
of shed photoreceptor outer segments. The findings indicated that a
single polymorphism in ARMS2 may be responsible for the oxidative
stress associated damage of RPE and the disease susceptibility in the
ARMS2/HTRAI risk haplotype carriers, which was alleviated with an
anti-inflammatory antioxidant compound, sodium phenylbutyrate
(Chang et al., 2023). With the advent of bioengineering approaches, this
study illustrates the unprecedented opportunities of iPSC-based model-
ling in the development of risk models, dissecting disease mechanisms
and supporting translational AMD research.

Although the majority of AMD modelling approaches have focused
on the RPE, the gradual loss of choriocapillaris underlying the RPE layer
from the earliest stages of disease development is also a recognised
feature (Biesemeier et al., 2014). The dysregulated complement acti-
vation that has been linked to AMD and the aberrant function of high
risk CFH p.Y402H protein is believed to lead to complement activation
and deposition on the choroidal endothelial cells, causing endothelial
cells lysis, as confirmed in human donor eye studies (Clark et al., 2010b;
Mullins et al., 2011). The functional significance of this variant is un-
clear, but may involve reduced binding to polyanionic patterns in BrM
(e.g. heparan sulfate), malondialdehyde, and monomeric C-reactive
protein. Therefore, CFH p.Y402H may not effectively direct its regula-
tory activity in limiting complement activation and membrane attack
complex (MAC)-induced cell lysis (Clark et al., 2006, 2010a, 2010b;
Herbert et al., 2007; Molins et al., 2016; Weismann et al., 2011).
iPSC-derived choroidal endothelial cells (iPSC-CECs) have been used to
verify the hypothesis that choroidal complement and particularly CFH
anomalies are important factors in initiating AMD at the choriocapillaris
level (Mulfaul et al., 2022). iPSC-CECs derived from a patient with
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severe dry AMD, who was homozygous for the CFH p.Y402H variant and
also carried a separate early Stop mutation in CFH, showed pronounced
cell surface MAC deposition when treated with normal human serum
containing all complement components, in contrast to those same
iPSC-CECs transduced with functional CFH protein using a lentiviral
vector. These findings suggested a novel therapeutic option through the
restoration of CFH levels in the choroid; nonetheless, this approach
would probably be most beneficial at the earliest stages of disease pro-
gression (Mulfaul et al., 2022).

Manian et al. increased the complexity of analysis of the functional
niche formed by the RPE and choriocapillaris by the generation of a 3D
model of patient iPSC-derived RPE and choriocapillaris (Manian et al.,
2021). In-depth characterisation demonstrated that the co-culture
model recapitulated features of the in vivo tissue, with the ability of
manipulation of the individual tissue components to interrogate the
cellular crosstalk. The authors elegantly showed a strong effect of
paracrine signalling from the RPE layer that is independently sufficient
to initiate choriocapillaris atrophy, as well as choroidal neo-
vascularisation. Moreover, the results suggested that the choriocapillaris
loss is a direct effect of altered RPE signalling, rather than a consequence
of drusen accumulation. This proposal is particularly interesting in the
view of the recent studies of RPE EV-mediated signalling and experi-
mental evidence showing the detrimental impact of EVs, derived from
RPE cells of patients with AMD, on RPE cells from healthy volunteers,
and their pro-angiogenic effect towards endothelial colony forming cells
(Kurzawa-Akanbi et al., 2022). It would be tempting to speculate that
the EV-mediated signalling may be responsible for the paracrine effect
observed in the RPE-choriocapillaris model, however this remains to be
elucidated.

In summary, the development of iPSC technology and complex tissue
modelling approaches constitute a powerful and vitally important
platform to improve our understanding of retinal biology in health and
disease. This knowledge is imperative for expediting the identification of
drug targets and the creation of novel treatment avenues, particularly in
anticipation of the rising prevalence of AMD with the ageing global
population.

4.2. IRDs

IRDs are a heterogeneous group of diseases of the retina caused by
pathogenic variants in genes that lead to photoreceptor cell death and
vision loss. The prevalence of IRDs in the population is around 1 in 2,000
individuals, with a pattern of inheritance that can be autosomal reces-
sive, autosomal dominant, or X-linked. Today, up to 281 genes have
been identified in total for IRDs (RetNet, https://web.sph.uth.edu/Ret
Net/, August 2023).

Retinitis pigmentosa (RP, OMIM #268000) is the most common form
of IRD (1 in 3,000-5,000), with over one million people affected
worldwide. RP is characterised by initial dysfunction and death of rod
photoreceptors, followed by cone degeneration. Key features of RP
include progressive degeneration of the mid-peripheral retina, visual
field constriction, night blindness, and eventual loss of visual acuity. RP
is presented as autosomal recessive (50-60% of patients), autosomal
dominant (30-40% of patients), or X-linked (5-15% of patients) (Har-
tong et al., 2006). 15-20% of autosomal dominant RP cases are caused
by mutations in six pre-mRNA processing factors (PRPFs): PRPFS,
PRPF31, PRPF3, PRPF4, PRPF6 and SNRNP200 and are known as
spliceosomopathies.

Cone-rod dystrophies are less common than RP (1 in
20,000-100,000) and are characterised by primary dysfunction or
degeneration of cone photoreceptors followed by rod photoreceptors
(Roosing et al., 2014). Leber Congenital Amaurosis (LCA, OMIM
#204000) is one of the most severe forms of IRDs, with an early-onset in
the childhood and a prevalence of 1 in 30,000-80,000. This devastating
condition leads to severe visual impairment or blindness in the adoles-
cence. LCA is characterised by vision loss associated with nystagmus, an

Progress in Retinal and Eye Research 100 (2024) 101248

initially benign fundus appearance, but with reduced to non-detectable
ERG responses (Cideciyan and Jacobson, 2019).

IRDs and AMD can appear very similar, since AMD also has a genetic
basis, as described in the previous Section 4.1. While AMD is age-related,
early-onset inherited macular dystrophy is called Stargardt’s disease
(STGD1) (1 in 8,000-10,000 individuals). STGD1 is associated to vari-
ants in the visual cycle-associated gene ABCA4, the most commonly
mutated gene in IRDs (Allikmets et al., 1997), which will be addressed in
Section 4.2.3.1.

4.2.1. Spliceosomopathies

4.2.1.1. Insights into spliceosome and spliceosomopathies. Precursor
messenger RNA (pre-mRNA) splicing is a fundamental process that re-
sults in removal of the introns and generation of the mature messenger
(mRNA), which is used as a template for the synthesis of protein during
translation. Several conserved intronic sequences (namely the 5 and 3'
splice site, and the branch point typically located 18-40 bp upstream of
the 3’ splice site) facilitate splicing out of the intron from the pre-mRNA.
Definition of intronic borders also requires the involvement of RNA
binding proteins, which interact with specific sequences located near
splice sites. The intron splicing is carried out in two transesterification
reactions with the first cleaving the 5’ splice site and joining the 5’ end of
the intron to the branch point, and the second cleaving the 3’ splice site
and the subsequent ligation of the 5" and 3’ exons (Will and Luhrmann,
2011). In addition to constitutive splicing, pre-mRNAs can undergo
alternative splicing in a tissue, cellular, or developmental time-regulated
pattern, resulting in selection of specific exons/introns and expression of
multiple protein isoforms from a single gene (Ule and Blencowe, 2019).
Both constitutive and alternative splicing processes are catalysed by a
complex cellular machinery, the major spliceosome, which is composed
of five small nuclear ribonucleoproteins (snRNPs) [U1, U2, U4, U5 and
U6] and >200 polypeptides that assemble on pre-mRNAs to catalyse
intron excision (Will and Luhrmann, 2011). A second spliceosome,
known as the minor spliceosome, is present in all eukaryotes. However,
it is involved in recognising a very small subset of introns (0.35% of all
human introns), and its activity relies on the U12 snRNA rather than U2
snRNA subunit (Yang et al., 2022). Herein we will focus on the major
spliceosome and its specific functions in retinal cells.

During the splicing process, the spliceosome complex exists in seven
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different configurations (Fig. 7), directed by the ordered interactions of
the spliceosomal snRNPs with other accessory splicing factors (Yang
et al., 2022). In the earliest intron-spliceosome interaction, named the E
complex, the Ul snRNP is recruited to the 5' splice site enabling inter-
action of non-snRNP factors SF1 and U2AF with the branch point and 3’
splice site respectively. In the next step, the U2 snRNP associates with
the branch point displacing SF1 and forming the pre-spliceosome also
known as the A complex. The U4/U6.U5 tri-snRNP is then recruited to
form the pre-catalytic B complex. Significant rearrangements in
RNA-RNA and RNA-protein interactions result in destabilization of the
U1 and U4 snRNPs, which together with pairing of the 5' end of U6
snRNA with the 5 splice site and U2 duplexing with the branch point,
lead to the formation of the B** complex. Catalytic activation of the B***
complex by DEAH-box ATP-dependent RNA helicase DHX16 results in
formation of the B* complex which catalyses the first transesterification
reaction. The C complex is generated after the first splicing step: this is
activated by the DEAH-box ATPase DHX38, resulting in formation of the
C* complex which catalyses the second transesterification reaction. At
the end of second step, the P complex contain the excised intron and the
spliced mRNA. Another DEAH-box ATPase dependent protein named
DHX8 releases the spliced mRNA from the P complex, which forms the
intron lariat spliceosome (ILS). The latter dissociates allowing the
released snRNPs to engage in additional rounds of splicing.

Mutations of spliceosome components, known as spliceosomo-
pathies, would be expected to disrupt splicing function in all cells due to
their ubiquitous expression and requirement for splicing. Yet, these
conditions typically affect specific cell types resulting in distinct disease
phenotypes such as skeletal dysplasia, myelodysplastic syndromes, spi-
nal cord atrophies, and retinitis pigmentosa (Fig. 8). The suggested
underlying pathomechanisms of spliceosomopathies stem from the
notion that mutations in splicing factors interfere with spliceosome as-
sembly, kinetics and function. This disruption leads to accumulation of
tissue-specific mis-spliced transcripts. Notably, mutations in the splicing
factors are mostly heterozygous mutations, thus the spliceosome as a
whole is expected to be at least partially functional. This suggests that
the affected tissues and organs have a lower threshold for tolerating the
shift in the ratio between normal and mis-spliced transcripts. Equally, it
is plausible that the aberrantly spliced transcripts confer a detrimental
function and/or toxic phenotype leading to cell death and degeneration
in a tissue-specific fashion (Yuan et al., 2005). We will explore these
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Fig. 8. Mutations of spliceosome components, known as spliceosomopathies,
affect specific cell-types and produce distinct disease phenotypes such as skel-
etal dysplasia, myelodysplastic syndromes, spinal cord atrophies and reti-
nitis pigmentosa.
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hypotheses in the context of RP spliceosomopathies and the current
patient specific iPSC retinal models in the next section.

4.2.1.2. PRPF-RP. Autosomal dominant inheritance in RP accounts for
30-40% of RP, with an estimated 15-20% of these caused by mutations
in six pre-mRNA processing factors (PRPFs): PRPF8, PRPF31, PRPF3,
PRPF4, PRPF6 and SNRNP200 (Fig. 8). All RP-related PRPFs are part of
the U4/U6.U5 tri-snRNP (Table 1). They play crucial roles in main-
taining the tri-snRNP and facilitating its integration into the spliceo-
some. Additionally, these PRPFs contribute to the formation of the
catalytically active spliceosome, thereby exerting a significant influence
on the regulation and precision of alternative splicing (Tanackovic et al.,
2011b; Tanackovic and Rivolta, 2009; Wickramasinghe et al., 2015).

PRPFs are ubiquitously expressed, but mutations predominantly
cause retinal-specific degeneration, raising the fundamental question of
why retinal cells are more susceptible to splicing deficiencies. It has been
shown that retina expresses the highest amount of spliceosomal snRNAs
and processes the largest volume of pre-mRNAs (Tanackovic et al.,
2011b). This may suggest that retina could have a lower threshold for
tolerating deficiencies in spliceosomal components and function than
other human tissues. Such a hypothesis is corroborated by the pheno-
type of PRPF-RP patients, who despite having splicing deficiencies in
other cell types (e.g., lymphoblasts), manifest disease only in the retina.
It is possible that other tissues may accumulate splicing defects at a
sub-pathological level, which may not be obvious during a human life-
time, but because of the high pre-mRNA splicing activity, retinal cells
could undergo degeneration and cell death due to progressive accu-
mulation of aberrantly spliced transcripts or deregulation of circular
RNAs as shown recently in the degenerating cerebellum of homozygous
mice with RP-Prpf8 variants (Krausova et al., 2023).

A related view, which may work in parallel with the low retina
sensitivity threshold to spliceosome dysfunction, would rely on patho-
mechanisms involving selective mis-splicing of key genes that are
essential for photoreceptor and RPE cell function, which is partly
corroborated by the mis-splicing of a key phototransduction gene
(Rhodopsin) in Prpf31-deficient retinal cells (Yuan et al., 2005).
Notably, retinal photoreceptors are characterised by a specific splicing
programme initiated before the development of outer segments which is
driven by the Musashi protein (Murphy et al., 2016). This specific
splicing programme affects transcripts encoding components of photo-
receptor primary cilia and outer segments, both of which are essential
for phototransduction. Strikingly, the splicing programme uses
retinal-specific miniexons and mutually exclusive exons that are
included in photoreceptor transcripts but are excluded in non-retinal
cell-types (Ciampi et al., 2022; Murphy et al., 2016). Our own inte-
grated transcriptional analysis of the developing human retina has
shown that transition from foetal to adult retina is characterised by a
large increase in the percentage of mutually exclusive exons that code
for proteins involved in photoreceptor cilia, pre-mRNA splicing and
epigenetic modifications (Mellough et al., 2019). Together these data
suggest that PRPF-driven insufficiencies in spliceosome function are
very likely to affect splicing of a subset of genes encoding proteins
involved in cilia and outer segments, both of which are essential for
photoreceptor and RPE function and survival. It is also possible that
some introns are more sensitive to deficiencies in tri-snRNPs and spli-
ceosomal complexes than others. Consistent with this hypothesis, it has
been shown that repression of Prpf8 affects the splicing of introns with
weak 5’ splice sites (Wickramasinghe et al., 2015). While it is not known
if retinal specific genes are enriched in these suboptimal introns, it can
be envisaged that if these were found in key transcripts, such as those
regulating phototransduction, ciliary protein transport or outer segment
renewal, they could contribute to disease onset only in the retina, but
not in other tissues that do not express these proteins or depend on their
function.

An alternative view is that RP manifests due to the accumulation of
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Table 1

Summary of PRPFs involved in RP, their inferred function in animal models,

patient cells and/or mammalian cell lines.

PRPEF/ Function Animal model findings ~ RP patients samples
associated and mammalian cell
snRNP lines findings
Prpf31/U4 Assembly and Prpf31"7/~ mice: Reduction in
stability of U4/ decreased RPE expression of the wild
U6.US tri-snRNP  phagocytosis; type protein (Rio Frio
(Makarova morphological et al., 2008);
et al., 2002; changes in ageing RPE  accumulation of
Schaffert et al., and loss of RPE essential spliceosome
2004) adhesion (Graziotto components in Cajal
et al., 2011); bodies (Schaffert
Prpf31421P/+ mice: et al., 2004),
RPE degeneration compromised
with drusen-like tri-snRNP and
deposits, Prpf31 spliceosome assembly
accumulation in and pre-mRNA
insoluble cytoplasmic splicing (Makarova
aggregates, impaired et al., 2002),
alternative splicing; reduction in
prpf31 rhodopsin expression
haploinsufficient and apoptosis of
zebrafish: reduced rhodopsin positive
visual function, loss of  retinal cells (Yuan
photoreceptor outer et al., 2005).
segments, changes in
expression of retinal
genes (Linder et al.,
2011);
prpf31
haploinsufficient
fruitflies:
photoreceptor
degeneration under
light stress (Ray et al.,
2010).
Prpf3/U4, Binds the U4/U6  PrpfgT#oM/T494M Tri-snRNPs assembly
U6 and stabilises mice: decreased RPE is not affected, but
the U4/U6.U5 phagocytosis; these contain reduced
tri-snRNP (Liu morphological amounts of hSnul14
et al., 2006, changes in ageing and SNRNP200 (
2015; Nottrott RPE; decreased rod Tanackovic et al.,
et al., 2002) function (Graziotto 2011b); delayed
etal., 2011) prpf3*/~  spliceosome
zebrafish, no retinal formation; impaired
degeneration ( alternative splicing (
Graziotto et al., 2008) Tanackovic et al.,
2011b)
Prpf4/U4, Part of the U4/ Prpf4 Altered levels of
U6 U6 and U4/U6. haploinsufficient splicing factors;

U5 tri-snRNP,
important for
U4/U6.U5 tri-
snRNP stability (
Liu et al., 2006;
Makarov et al.,
2000; Makarova
et al., 2002)
Essential for
interaction
between U5 and
U4/U6 and
formation of the
U4/U6.US5 tri-
snRNP (Liu

et al., 2006)
Necessary for
formation of U5
snRNP,
regulation of
SNRNP200
activity and pre-
mRNA splicing

Prpf6/U5

Prpf8/U5

zebrafish: reduced
visual function, loss of
photoreceptor outer
segments; changes in
expression of retinal
genes (Chen et al.,
2014; Linder et al.,
2011)

PtpszZSOQP/HZSOQP

mice: decreased RPE
phagocytosis;
morphological
changes in ageing RPE
(Graziotto et al., 2011)
Prpf817/A17 mice:

reduction in the

changes in the
morphology of
nuclear speckles (
Chen et al., 2014)

Accumulation of
mutant Prpf6 in Cajal
bodies; inhibition of
snRNP assembly,
impaired splicing of
pre-mRNAs (
Tanackovic et al.,
2011a)

Altered alternative
splicing (Papasaikas
et al., 2015;
Tanackovic et al.,
2011b;
Wickramasinghe

et al., 2015); the
tri-snRNP assembly is
not affected, however
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Table 1 (continued)

PRPE/ Function Animal model findings ~ RP patients samples
associated and mammalian cell
snRNP lines findings

these contain reduced
amounts of hSnul14
and SNRNP200;
inefficient
spliceosome assembly
and reduced
pre-mRNA splicing (
Tanackovic et al.,
2011b)

retinal thickness;
delayed b wave in ERG

insoluble and cytotoxic mutant protein aggregates in cells that can affect
the tissue by loss-of-function (Comitato et al., 2007; Valdes-Sanchez
et al.,, 2019). To be able to distinguish between these views, it is
necessary to catalogue the tissue specific splice variants and their in-
teractions with splicing machinery, assess their how they affect consti-
tutive and alternative splicing and protein isoform generation, as well as
post-translational modifications and localisation, in both affected and
unaffected tissues. While some tissues are easily accessible in patient
and unaffected cohorts (e.g., peripheral blood), others (such as retina
and brain) are not, thus more complex approaches are needed to func-
tionally assess the impact of tissue specific mis-splicing on disease
pathogenesis. The advent of iPSCs combined with CRISPR-Cas9 gene
editing enables an unprecedented approach to generate many patient
specific tissues and isogeneic controls, which can be used for
cross-comparative large scale omics studies, as well as platforms for
validating the function of pathogenic splice variants. Their use in
discovering the retinal specific PRPF-RP pathomechanisms is explored
in the following section.

4.2.1.3. What have we learnt so far from PRPF-iPSC models?. The Prpf
animal models have predominantly revealed RPE deficiencies, such as
loss of RPE adhesion and decreased phagocytic activity; however,
photoreceptor defects were rare or not observed (Table 1), demon-
strating that these models are insufficient for mimicking the RP disease
phenotype. As discussed in sections 2 and 3, patient specific iPSCs and
their isogeneic controls (generated via CRISPR-Cas9 in situ gene editing),
can be differentiated to both photoreceptors and RPE cells, and thus
provide a unique opportunity to understand the cellular and molecular
pathomechanisms of the disease as well as testing new therapies in a
range of patients derived from diverse genetic backgrounds. Given that
PRPF31 is the third most common contributor, behind mutations in RHO
and PRPH2 genes, accounting for approximately 5.5% of dominant RP, it
is not surprising that the first patient iPSC-derived retinal models
focused on patients with PRPF31 mutations (Sullivan et al., 2006).
Buskin et al. derived iPSC lines from three subjects with PRPF31
¢.1115_1125del11 heterozygous mutation and one with severe RP har-
bouring the PRPF31 ¢.522527 + 10del heterozygous mutation,
reporting reduced expression of PRPF31 in both patient iPSC-derived
RPE cells and retinal organoids (Buskin et al., 2018). This systematic
study revealed a large range of RPE phenotypic defects including loss of
apico-basal  polarity, reduced phagocytic ability, impaired
trans-epithelial barrier, and ultrastructural abnormalities (shorter
microvilli, basal deposits), disrupted tight junctions and defects in cil-
iogenesis, as well as the presence of stressed and dying photoreceptors
within the apical layer of retinal organoids (Georgiou et al., 2022).
Importantly, this study demonstrated a more severe decrease in PRPF31
expression in RPE cells compared to other cell types assessed (iPSCs,
fibroblasts and retinal organoids), which was accompanied by the
highest level of transcripts with retained introns and alternative 3’ splice
sites. Since PRPF31 expression in the murine RPE is much higher than
neural retina, a drastic decrease in its expression is likely to render the
RPE more sensitive to Prpf31 mutations (Valdes-Sanchez et al., 2019). In
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support of this, global proteomic analyses demonstrated that the impact
of altered pre-mRNA splicing was also much more noticeable in the RPE
cells, which led to the suggestion that the RPE is the most affected cell
type in PRPF31-RP. The PRPF31-RPE cellular and functional phenotypes
were replicated in PRPF6-RPE cells generated from an iPSC cells of a
patient harbouring the ¢.G2699A:p.R900H mutation, indicating a
crucial role for PRPFs in RPE cell structure and function (Liang et al.,
2022).

A follow up study by Rodrigues et al. derived iPSC lines from two
patients with either duplication in exon 8 (c.709_734dup) or deletion in
exon 4 (c.269_273del) and corroborated in full the RPE defects uncov-
ered by Buskin et al. previously (Rodrigues et al., 2022). RPE loss of
adhesion and disorganised cell to cell contact was also observed in line
with altered expression of genes related to cell adhesion, adherens
junctional complexes and ECM (Rodrigues et al., 2022). This group
documented a significant decrease of rod photoreceptors from Day 130
of retinal organoid differentiation and a severe alteration in rod
morphology particularly at the outer segments, followed by cone
reduction after Day 175 of differentiation, recapitulating the RP disease
phenotype. This was also seen at the molecular level, with patient retinal
organoids demonstrating changes in expression of genes involved in
outer segment formation, maintenance of extracellular matrix and
phototransduction.

In both studies, restoration of PRPF31 expression either via CRISPR-
Cas9 in iPSCs or AAV-mediated gene transfer in retinal organoids
reversed the RPE and photoreceptor endophenotypes, highlighting
haploinsufficiency as disease mechanism and gene augmentation ther-
apy as a promising therapy for PRPF31 patients. While the function of
individual cells was restored at a global level, AAV-mediated PRPF31
augmentation only partially restored normal phagocytosis and cilia
function, hence further studies which increase the RPE targeting effi-
ciency at earlier stages of the disease are needed to assess if restoration
of RPE function will be sufficient to preserve vision in PRPF31-RP pa-
tients (Brydon et al., 2019).

To uncover the pathomechanism of disease, multi-omics and
biochemical studies were conducted by our group. These revealed three
key findings that may explain the retinal tissue phenotypes in PRPF-RPs:

Retinal specific global splicing dysregulation: Both PRPF31-patient
RPE cells and retinal organoids, but not iPSCs or fibroblasts, demon-
strated impaired in vivo splicing assessed through transduction of a
minigene reporter, mimicking the retinal specific phenotype of PRPF31-
RP (Buskin et al., 2018). The patient RPE and retinal organoids dis-
played the highest number of alternative splice events when compared
to fibroblasts and iPSCs. These appeared to be predominantly confined
to the splicing programmes that affect RNA processing itself, generating
a vicious circle that possibly exacerbates the impact of PRPF31 on the
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Fig. 9. PRPF31 mutations cause global splicing dysregulation, ciliary abnor-
malities and impairment of waste disposal resulting in formation of toxic
cytoplasmic aggregates in RPE cells and photoreceptors.
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spliceosome function (Fig. 9). In support of this, there were no differ-
ences in tri-snRNP stability between patient iPSCs and isogenic controls,
but PRPF31 photoreceptors displayed decreased expression of U4 and
U6 snRNAs, and a significant accumulation of U5 snRNA in Cajal bodies
(where the assembly and maturation of tri-snRNPs occurs), demon-
strating a retinal specific defect of tri-sn-RNP formation. This in turn
resulted in a prominent reduction of active spliceosomes in PRPF31-
photoreceptors and RPE cells, and reduced nuclear speckles, the site
where the spliceosomal complexes are stored (Georgiou et al., 2022).
The question is whether this splicing dysregulation is specific to
PRPF31- retinal cells? Published findings indicate that this is not the
case, for PRPF8-iPSC-RPE cells derived from one patient with p.
Val2325_Glu2331del also demonstrate global splicing defect with the
most prominent mis-splicing observed for spliceosome components (e.g.
PRPF4, PRPF31), suggesting that PRPFs malfunction may propagate to
key spliceosome components to generate the disease phenotype
(Arzalluz-Luque et al., 2021).

Ciliary abnormalities: As splicing factors, PRPFs are localised within
the nuclear speckles of both RPE cells and photoreceptors (Buskin et al.,
2018). Unexpectedly, a seminal study published by Wheway and col-
leagues in 2015, showed that several PRPFs involved in RP, are localised
to the base of cilia and are required for normal cilial growth and function
(Wheway et al., 2015). This has led to speculation that PRPFs may have
specific roles in RNA metabolism and transport, independent of their
role in splicing (Johnson and Malicki, 2019). Photoreceptors contain a
highly specialised non-motile cilium namely the outer segment, where
phototransduction takes place (Fig. 10). The connecting cilium in the
photoreceptors is the intracellular link between the inner and outer
segments, (equivalent to the transition zone of cilia in other cells) and is
essential for transporting cargo between these two compartments
(Khanna, 2015). Dysfunction of photoreceptor cilia due to mutations in
photoreceptor-specific and common cilia genes lead to specific IRDs
(Bujakowska et al., 2017; Chen et al., 2021; Sanchez-Bellver et al.,
2021). In view of this, it has been debated whether PRPFs misfunction in
splicing or ciliary function is the route case for PRPF-RPs. Herein we
review PRPF cilia localisation and phenotypic defects in PRPF-iPSC
retinal cell models to reach an understanding of whether this can be
the case. As observed for other cell types, PRPF31 was found in the base
of the cilia of both iPSC-derived RPE cells and photoreceptors. Notably,
the cilia incidence and cilia length were significantly reduced in
PRPF31-RPE cells and photoreceptors, with multiple cilia showing an
abnormal, bulbous shape with misaligned microtubules were observed
(Buskin et al., 2018). The localisation of several proteins along the
ciliary axoneme and transition zone (IFT88, CC2D2A, RPGRIP1L) was
altered, suggesting defects within intra-flagellar transport. Interestingly,
gene expression profiling revealed that transcripts encoding proteins
involved in cilia assembly and organisation, centriole, and microtubule
organisation were the most prominent across the differential exon usage
transcripts identified in PRPF31-retinal organoids and fibroblasts
(Buskin et al., 2018; Nazlamova et al., 2022; Rodrigues et al., 2022). By
extracting the sequences of all splice sites in controls and the exons
skipped in PRPF mutant samples (including PRPF31-retinal organoids),
and calculating the splice site strength, Nazlamova and colleagues
showed that spliceosome defects due to PRPF31 and PRPF6 mutations,
predominantly affected the splicing of exons with weak splice sites
(Nazlamova et al., 2022). Importantly, consistent enrichment of genes
with the ontology terms “microtubule”, “centrosome”, “centriole”, and
“cilium” were observed within the affected exons with weak splice sites,
suggesting that transcripts encoding microtubule, centrosomes,
centriole and cilia proteins may be more susceptible to mis-splicing in
cells with PRPF mutations. Would this on its own lead to a retinal
phenotype? Fibroblasts and cell lines with heterozygous PRPFs knock-in
mutations or PRPF knockdowns, also show ciliary abnormalities, yet
they do not display overt endophenotypes (Nazlamova et al., 2022;
Wheway et al., 2015). However, these cells may not depend on their cilia
function as much as photoreceptors, leaving open the possibility that
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ciliary dysfunction may play an important role in PRPF-RP pathogenesis.

Progressive accumulation of toxic cytoplasmic aggregates: Mis-
localisation and accumulation of misfolded proteins into aggregates is a
pathological feature of many neurological diseases including IRDs
(Kosmaoglou et al., 2008; Smith et al., 2015). Several causes are thought
to induce protein aggregation, and these include mutations, errors in
protein synthesis, environmental factors and importantly splicing de-
fects, which often lead to formation of misfolded proteins. The latter are
ubiquitinated and targeted for degradation by the proteolytic degrada-
tion machinery; however, if this is defective, these aggregates accumu-
late over time, starving the affected cells of key proteins needed for their
function. Earlier findings reporting aggregation of mutant Prpfs into
insoluble cytoplasmic deposits in photoreceptor and RPE cells, but not
epithelial or fibroblasts cell lines in mouse mutants, led to the specula-
tion that retinal cell degeneration in PRPF-RP may be due to progressive
accumulation of cytotoxic aggregates, which affect cell survival (Com-
itato et al., 2007; Valdes-Sanchez et al., 2019). There is evidence this
also occurs in human retinal cells. Using a PRPF31-iPSC-RPE cell model,
we demonstrated a significant reduction of wild type PRPF31 in the
nucleus and accumulation of mutant PRPF31 in insoluble cytoplasmic
aggregates, which also trapped therein misfolded proteins, belonging to
visual cycle, mRNA splicing and stress response (Georgiou et al., 2022).
These events led to upregulation of multiple proteins acting on the
unfolded protein response and autophagy. These would normally
remove damaged organelles and protein aggregates; however, key pro-
teins acting on these pathways were also recruited into the aggregates,
resulting in the dysfunction of waste disposal mechanism in
PRPF31-RPE cells and progressive accumulation of these cytotoxic ag-
gregates, which affected RPE cell survival. Furthermore, the activity of
both proteasome and autophagy mediated waste clearance was down-
regulated, most likely as the system was overburdened with accumu-
lated and unprocessed cellular aggregates. To relieve the burden of
cellular aggregates, the PRPF31-RPE cells were treated with several
compounds shown to activate autophagy or the unfolded protein
response pathway. Of those, only rapamycin was able to significantly
reduce aggregation and bring about an improvement in cell survival,
mirroring similar clearance of cytoplasmic mutant proteins (e.g.,
a-synuclein, huntingtin, or tau mutant proteins) from the brains of
transgenic mouse models (Rodriguez-Navarro and Cuervo, 2010; Sarkar
and Rubinsztein, 2008; Webb et al., 2003).

Together the new findings derived from the iPSC-RPE models have
an important significance for highlighting pathomechanisms. They
demonstrate that it is not one single scenario at play in PRPF31-RP, but
an integrated set of mechanisms (Fig. 9), which start with retinal specific
spliceosome dysfunction that leads to a global splicing deregulation. In
turn this generates misfolded proteins, that accumulate progressively
into insoluble cytoplasmic aggregates, and burden the waste disposal
system over time, mimicking the RPE disease phenotype and starving
the retinal cells of key resources needed for normal function and sur-
vival. Superimposed on these, is the sensitivity of ciliary transcripts to
spliceosome misfunction. Mis-splicing of these transcripts, results in
mislocalisation of ciliary proteins in the cilia, abnormal ultrastructure,
and intra-flagellar transport, that most likely affect the function of
“already stressed” photoreceptors and “over-burdened” RPE cells.

Whether this integrated set of mechanisms holds true for other PRPF-
RPs remains to be investigated. Early findings on the PRPF8-RPE suggest
no changes in localisation of PRPF8 between patient and control cells,
despite the global splicing dysregulation (Arzalluz-Luque et al., 2021).

As more PRPF-iPSC models become available, we will be able to
perform integrative and cross-comparative data analyses and to ask key
questions such as:

e How do different PRPFs interact with snRNPs and the 5’ and 3’ splice
sites?
e What are the PRPF targets in RPE and photoreceptor cells?

17

Progress in Retinal and Eye Research 100 (2024) 101248

e Are these shared between different PRPFs, or unique to each of
them?

e Are these targets specific to retinal tissues?

e Do they have unique exon/intron features to make them more sus-

ceptible to PRPF-induced splicing deficiencies?

Is aggregate accumulation and waste disposal dysfunction a feature

of all PRPF-RPs?

Are the RPE or photoreceptor cells the most affected?

e Is haploinsufficiency, dominant negative, or a combination of both at
play in different PRPF-RPs?

Recent findings that show reduced expression of wild type PRPF31
protein in RPE cells and photoreceptors together with the inability of the
mutant PRPF31 protein to be incorporated into the spliceosome, further
support AAV.PRPF31 gene augmentation as an optimal approach for
gene therapy treatment in PRPF31-RP patients. This approach is very
likely to improve RPE and photoreceptor cell function in the early stages
of the disease, where protein aggregation is not a major issue. However,
for RP patients with advanced disease, both PRPF31 gene augmentation
and aggregate clearance need to be combined to maintain RPE survival
and function. A recent study has identified two FDA-approved com-
pounds, which activate autophagy in RPE cells, without affecting their
overall health and function (Zhang et al., 2021). It is important to assess
these combined approaches in PRPF-RPE models for efficacy before
moving to Phase 1 clinical trials.

4.2.2. Retinal ciliopathies

Primary cilia are microtubule-based organelles that function as a
sensor of the extracellular environment. The outer segments of photo-
receptor cells are modified cilia arranged as a stack of membrane discs
(Fig. 10) packed with light sensitive opsin molecules that serve as light-
sensing organelle (May-Simera et al., 2017; Mill et al., 2023; Wheway
et al., 2014). A short ciliary bridge or connecting cilium links the outer
segment to the photoreceptor inner segment, where proteins are syn-
thesised. Daily, about 10% of all the outer segment material is renewed
and phagocytosed by the adjacent RPE, creating a high metabolic de-
mand for the proper maintenance of this structure (Young, 1967).

Pathogenic variants in cilia genes cause a range of diseases called
ciliopathies, that affect different organs, including retinal degeneration
as a common feature. Importantly, around 20-25% of IRDs are associ-
ated with cilia genes (Bujakowska et al., 2017). Retinal ciliopathies are
phenotypically variable depending on the cilia gene affected, presenting
as non-syndromic (RP or LCA), or syndromic forms. Therefore, under-
standing of the molecular mechanisms underlying retinal cilia function
and ciliopathies is important for the development of therapies for IRDs.

iPSCs-derived retinal organoids provide an excellent tool to investi-
gate retinal ciliopathies, since photoreceptors contain a cilium that is
observable at the apical edge of the retinal organoid (Corral-Serrano
et al., 2020). In addition, cilia can be observed in other retinal organoid
cell types, e.g., amacrine and retinal ganglion cells, but these have not
been studied in detail yet (Ning et al., 2023). In this section, we will
review recent literature on stem cell models for retinal ciliopathies,
specifically for autosomal recessive RP, X-linked RP, LCA, Usher syn-
drome and syndromic ciliopathies. CEP290 is the most commonly
affected gene in non-syndromic LCA, accounting for ~20% of the cases
(den Hollander et al., 2006). CEP290 variants can also cause a series of
syndromic ciliopathies including Joubert Syndrome (JBS), Senior-Lgken
syndrome, Meckel-Griiber Syndrome and Bardet-Biedl syndrome (Baala
et al., 2007; Coppieters et al., 2010; Helou et al., 2007; Leitch et al.,
2008; Sayer et al., 2006; Valente et al., 2006). The most common LCA
variant is the deep intronic change ¢.2991+1655A>G, which results in
alternative splicing and inclusion of a cryptic exon containing an im-
mediate premature stop codon, p.Cys998Ter. CEP290 is essential for the
initiation of ciliary transition zone assembly (Wu et al., 2020). Disrup-
tion of CEP290 in mice causes absence of photoreceptor cilia and a
phenotype similar to Joubert syndrome (Rachel et al., 2015). The
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Fig. 10. Schematic of retinal ciliopathy proteins that have been investigated using retinal organoids, and the effects observed in the disease phenotype.
Left: schematic of a photoreceptor cell focusing on the inner segments/connecting cilium/outer segments (IS/CC/0S) interface. Rhodopsin is transported to the OS
via the ciliary membrane, driven by microtubular motors (kinesin-II/IFT/myosin VIIa). The transition zone proteins NPHP5, CEP290, TMEM107 and RPGR play an
important role as ciliary gate keepers, controlling the access to the outer segment of membrane and soluble proteins. RP2 functions as a GTPase regulating the traffic
of membrane proteins into cilia. USH2A would assist protein transport at the periciliary region. LCA5 helps to maintain integrity of the bulge region at the OS base,
where PCARE and WASF3 localise to promote actin-driven OS disc formation aided by the Arp2/3 complex. Right: schematics of the disease phenotypes observed.
Defects in these proteins lead to a variety of ciliary phenotypes in the CC/OS region: either short, long, or absent cilia; trafficking defects; abnormal actin regulation,
and/or disrupted OS disc formation. In the IS/ONL region, defects in these proteins may lead to accumulation of opsins, increased autophagy, and

increased apoptosis.

transition zone is a ciliary domain distal of the basal body that functions
as a gatekeeper of ciliary protein import and export. Super-resolution
microscopy revealed that CEP290 localizes throughout the length of
the photoreceptor cilium, in close proximity to the microtubule doublets
(Potter et al., 2021).

Modelling of CEP290 disease using human PSCs has been important
to enhance our understanding of disease mechanisms, especially for the
common ¢.2991+1655A>G variant, since CEP290 mice do not fully
replicate the human CEP290 mRNA processing (Garanto et al., 2013).
CEP290-deficient cells typically show short or absent cilia. This
phenotype was first modelled and rescued in CEP290-LCA patient
iPSCs-derived photoreceptor precursor cells (Burnight et al.,, 2014).
CEP290 was later modelled in retinal organoids and RPE (May-Simera
et al.,, 2018; Parfitt et al.,, 2016). iPSCs-RPE cells derived from
CEP290-JBS patients showed no differences in ciliation, but shorter
cilia, defective tight junctions and impaired phagocytosis, while
CEP290-LCA ¢.2991+1655A>G iPSCs-RPE are relatively unaffected
(May-Simera et al., 2018; Parfitt et al., 2016). By contrast, the correctly
spliced CEP290 transcript expressed in LCA ¢.2991+1655A>G retinal
organoids was only 10%-20% of total CEP290, whereas in fibroblasts
and iPSCs-RPE it was of 40% and 50%, respectively, highlighting spe-
cific differences in splicing in the retina, potentially explaining the
non-syndromic manifestation of disease with this variant (Parfitt et al.,
2016). CEP290-LCA retinal organoids show decreased ciliation and
short cilia, under-developed mother centrioles, membrane-less cilia and
incompletely formed ciliary vesicles (Fig. 10) (Parfitt et al., 2016;
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Shimada et al., 2017). Another characteristic feature of CEP290-LCA
patient retinal organoids is the accumulation of rhodopsin in the ONL,
indicating defective rhodopsin traffic to the outer segments (Corral--
Serrano et al., 2023).

Patients with biallelic variants in NPHP5 suffer from LCA with a
similar phenotype as those with CEP290 variants (Cideciyan et al., 2011;
Estrada-Cuzcano et al., 2011; Stone et al., 2011). Like CEP290, NPHP5 is
required in the transition zone for ciliogenesis. NPHP5-LCA patient
iPSCs-derived RPE cells and retinal organoids show reduced CEP290
protein levels and abnormally long ciliary axonemes, and accumulation
of the intraflagellar transport protein IFT88 (Kruczek et al., 2022). This
phenotype contrasts with earlier reports showing that inhibition of
NPHP5 impeded ciliation (Barbelanne et al., 2013). The elongated
ciliary axoneme phenotype could be due to the activity of residual
mutant NPHP5, but this needs to be further evaluated. Rhodopsin was
localised to the ONL, as observed with CEP290, suggesting it may be a
hallmark of the disease (Corral-Serrano et al., 2023; Kruczek et al.,
2022).

A third transition zone protein, TMEM107, has recently been
investigated using retinal organoids. TMEM107 variants are found in
patients with Meckel-Gruber syndrome, Oral-facial-digital syndrome,
and Joubert syndrome (Iglesias et al., 2014; Lambacher et al., 2016;
Shaheen et al., 2015; Shylo et al., 2016). TMEM107 functions with
NPHP4 to regulate cilium integrity, transition zone docking and as-
sembly of membrane to microtubule Y-link connectors (Lambacher
et al., 2016). The TMEM107 phenotype in retinal organoids is very
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severe, with lack of primary cilia development and loss of expression of
differentiation genes (Dubaic et al., 2023).

Variants in the gene LCAS5 have been linked to LCA and RP, but not to
syndromic disease (den Hollander et al., 2007). Deletion of Lca5 in mice
results in delayed development of photoreceptor outer segments and
disordered outer segment structure, which eventually leads to rapid
degeneration of the outer and inner segments of photoreceptor cells
(Boldt et al., 2011). LCAS is part of the bulge region of photoreceptors,
and it is essential for the integrity of this structure in mice (Faber et al.,
2023). The bulge region of photoreceptors is an important structure of
the photoreceptor cell. At this site, new outer segment discs are formed,
through an actin-driven process mediated by photoreceptor cilium actin
regulator PCARE, the Wiskott-Aldrich syndrome protein family member
3 (WASF3), and the Arp2/3 complex (Corral-Serrano et al., 2020).
Modelling of LCA5 in patient-derived retinal organoids showed opsin
accumulation in the ONL, which was rescued in isogenic gene-edited
controls (Afanasyeva et al., 2023).

Retinitis Pigmentosa GTPase Regulator (RPGR) variants account for
70-80% of all X-linked RP cases and 10-20% of all RP cases (Chivers
et al., 2021). RPGR disease modelling in iPSC-derived photoreceptor
cultures displayed abnormal actin polymerisation (Megaw et al., 2017).
This led to perturbation of outer segment formation and mislocalisation
of rhodopsin to the inner segment, which could be rescued by over-
expression of the actin capping protein gelsolin (Megaw et al., 2017). In
another study, RPGR mutations produced shorter outer segments and
deficient rhodopsin trafficking in retinal organoids (Deng et al., 2018).

iPSCs-RPE from RP patients carrying a premature stop mutation in
the RP2 gene, which is associated with up to 20% of X-linked RP, dis-
played defects in Golgi cohesion, and Gp1 trafficking defects, whereas
RP2 retinal organoids had kinesin trafficking defects (Schwarz et al.,
2015, 2017). Furthermore, RP2 patient and RP2 knock-out retinal
organoids had reduced number of rhodopsin positive photoreceptors
during organoid development, which was associated with increased
photoreceptor apoptosis at day 150, and reduced ONL thickness at later
stages (Lane et al., 2020).

Usher syndrome is characterised by early-onset deafness, followed
by photoreceptor degeneration and vision loss later in life. USH2A is the
most commonly mutated gene in non-syndromic RP and was first
modelled in iPSCs-derived photoreceptor precursor cells by Tucker and
colleagues (Tucker et al., 2013). They reported that the patient variant
€.7595-2144A>G caused aberrant splicing and a new exon in intron 40
of USH2A, while the USH2A Arg4192His variant caused disease through
protein misfolding and ER stress (Tucker et al., 2013).

Modelling of a USH2A non-syndromic RP patient with the USH2A
¢.8559-2A>G mutation by the Jiansu Chen lab, suggested that there was
abnormal organoid production and increased apoptosis, with no
photoreceptor formation (Guo et al., 2019). However, using a micro-
fluidic chip-based approach, the same authors were able to improve the
differentiation of the USH2A patient retinal organoids up to 180 days,
highlighting discrepancies between differentiation protocols (Su et al.,
2022). In a more recent publication, USH2A non-syndromic RP patient
retinal organoids showed compromised photoreceptor differentiation,
with rods primarily affected and reduced rhodopsin, PDE6B and PRHP2
staining, while CRISPR correction partially improved the phenotype
(Sanjurjo-Soriano et al., 2023). USH1B retinal organoids in contrast did
not display any characteristic marker of degeneration, apoptosis,
oxidative stress or reactive gliosis (Leong et al., 2022).

4.2.3. Defect in visual cycle and phototransduction

Vision is initiated by the conversion of light into electrical pulses that
go from the retina to the brain. The cascade of biochemical events in the
photoreceptors and RPE cells that enable this are known as visual cycle
and phototransduction (Travis et al., 2007). One of the main challenges
that occurs in studying both processes in vitro is the tissue specificity of
the majority of the genes involved. The development of patient-derived
retinal organoids and RPE cells makes now possible to investigate tissue
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specific genetic, transcriptional and post-transcriptional changes in the
retina, using a human model in vitro.

4.2.3.1. Modelling the visual cycle. Rhodopsin is an archetypal G-protein
couple receptor (GPCR) that localizes in the rod photoreceptor outer
segment discs and covalently binds the chromophore 11-cis-retinal. The
Schiff base linkage between opsin and the inverse agonist 11-cis-retinal
helps to keep rhodopsin in an inactivate state. The first event that
characterises vision is the isomerization of 11-cis-retinal into all-trans-
retinal in response to absorption of a photon of light. This cis-trans
isomerization changes the state of rhodopsin into photo-rhodopsin and
then meta-rhodopsin I and II. Meta-rhodopsin II is the active form of the
protein and, when it decays, it turns into apo-opsin and releases free all-
trans-retinal. The ATP-binding cassette transporter type 4 (ABCA4) fa-
cilitates the transport of all-trans-retinal from the outer segment disc
membrane to the photoreceptor cytoplasm, where it is reduced into all-
trans-retinol by all-trans-retinol dehydrogenases, such as RDH12
(Fig. 11). The all-trans-retinol is then released by rods and cones, taken
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Fig. 11. Schematic of the visual cycle and the phototransduction cascade.
In the photoreceptor outer segments, the absorption of a photon of light induces
the photoisomerization of 11-cis-retinal (11c-Ral) into all-trans-retinal (at-Ral)
and the conversion of rhodopsin into its active states: photo-rhodopsin first and
then meta-rhodopsin. When meta-rhodopsin decays, it released at-Ral in the
intradiscal space, while turning into apo-opsin. At-Ral is transported by ABCA4
into the photoreceptor cytoplasm where it is reduced into all-trans-retinol (at-
Rol) by the RDHs. At-Rol from the photoreceptors diffused into the RPE and
LRAT esterify it to al-trans-retinyl ester (at-RE). RPE65 isomerises al-RE into 11-
cis-retinol (11c-Rol), while RDHs oxidise 11c-Rol into 11c-Ral. 11c-Ral can bind
CRALBP in the RPE cytosol or be transported back to the photoreceptor outer
segment, where it binds apo-opsin to form rhodopsin. In addition, after the cis-
trans photoisomerization, in the photoreceptor outer segment, meta-rhodopsin
activates transducin by exchange of GDP for GTP. Transducin in turn activates
the PDE complex that hydrolyses cGMP and induces the closure of cGMP-gated
channels. The influx of Na* and Ca®* leads to the hyperpolarization of the
photoreceptor. The correct folding of the PDE complex subunits is driven by
AIPL1. Importantly, a regulatory mechanism controls rhodopsin state of acti-
vation. GRK1 phosphorylates rhodopsin reducing its activity, while arrestin
bound to phosphorylated rhodopsin leads to a full inactivation.
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up by the RPE cells and esterified by the lecithin:retinol acyl transferase
(LRAT). The all-trans-retinyl ester is a substrate for RPE65, an isomerase
that catalyses a reaction to obtain 11-cis-retinol plus a free fatty acid. An
accumulation of 11-cis-retinol can inhibit the isomerization reaction it-
self. The role of the cellular retinaldehyde-binding protein (CRALBP) is
to prevent this phenomenon by binding 11-cis-retinol. LRAT can also
esterify 11-cis-retinol back into 11-cis-retinyl ester to facilitate retinoid
storage. Moreover, the 11-cis-retinol can be oxidised into 11-cis-retinal
by 11-cis-retinol dehydrogenases, such as RDH5 and RDH11, to be
released by the RPE. Thereby, the free 11-cis-retinal can bind the apo-
opsins on the photoreceptor outer segment, form rhodopsin and start a
new cycle (Choi et al., 2021; Travis et al., 2007).

Pathogenic variants in the genes involved in the retinoid cycle are
associated with STGD1, RP and LCA (Travis et al., 2007). Biallelic
pathogenic variants in ABCA4 are associated with autosomal recessive
STGD1. The generation of patient STGD1 and ABCA4 gene edited
derived-2D photoreceptor precursor cells (PPCs), RPE and retinal
organoids encoding pathogenic variants of ABCA4 has facilitated the
investigation of disease mechanisms and potential therapeutic in-
terventions. For example, patient and gene edited retinal organoids have
been used to show how deep-intronic and common near-exonic variants
in ABCA4 lead to aberrant ABCA4 transcript splicing. Moreover, these
ABCA4 model retinal organoids have supported the development of new
therapeutic approaches for STGD1 designed to block the insertion of
pseudo-exons or stimulate the inclusion of skipped exons using specific
antisense oligo nucleotides (AONs) (see Section 5.2.3) (Kaltak et al.,
2023; Khan et al., 2020).

In 2018, Radu and colleagues demonstrated that ABCA4 expression
could also be detected in RPE cells from PSC and murine models, as well
as photoreceptors (Lenis et al., 2018). Recent studies have described the
localisation of ABCA4 in iPSCs-derived RPE and confirmed that the loss
of function of ABCA4 in the RPE could play a role in the pathogenesis of
STGDL1. In patient-derived RPE, the activity of ABCA4 was impaired, and
both STGD1 patient-derived RPE and ABCA4 knock out RPE cells
showed an intracellular accumulation of lipids and ceramides, when fed
with wild type OS, together with an increase in the complement C3
activity (Farnoodian et al., 2022; Ng et al., 2022).

Loss-of-function pathogenic variants of the isomerase RPE65 are also
associated with LCA and autosomal recessive RP (Travis et al., 2007).
iPSCs-derived RPE cells were used to test an RPE65 gene augmentation
therapeutic approach, showing a non-linear correlation between the
increase in the RPE65 transcript and protein level (Udry et al., 2020).
Moreover, patient-derived RPE cells encoding a common RPE65
¢.114+5G>A variant showed a reduction in the level of RPE65 transcript
in a tissue-specific manner (Vazquez-Dominguez et al., 2022).

4.2.3.2. Modelling phototransduction. Prior to decay, meta-rhodopsin II,
the active state of rhodopsin, interacts with transducin G; and initiates a
cascade of signalling within the photoreceptors known as photo-
transduction. Activated transducin exchanges GDP for GTP and conse-
quently activates the phosphodiesterase (PDE) complex to hydrolyse
c¢GMP (Fig. 11). In this way, the concentration of cGMP in the outer
segment decreases leading to the closure of the cGMP-gated channels
which blocks of the influx of Na* and Ca®*. Therefore, the activation of
rhodopsin by light triggers a hyperpolarization in membrane potential
(Lenahan et al., 2020). Rhodopsin activation needs to be tightly regu-
lated in order to allow the recovery of the protein by dark adaptation.
Phosphorylation is a key mechanism in rhodopsin regulation. G-protein
coupled receptor kinase (GRK1) phosphorylates rhodopsin on its C-ter-
minus, facilitating arrestin binding and decreasing the rate of transducin
activation until the inhibition of the phototransduction cascade (Pula-
gam and Palczewski, 2010).

Similar to the visual cycle (Section 4.2.3.1), a perturbation in pho-
totransduction proteins leads to pathological conditions. Variants of
RHO, GRKI1, arrestin, transducin and PDE6 are all associated with forms
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of IRDs (Retnet, https://web.sph.uth.edu/RetNet/disease.htm). Patient-
derived PSCs encoding these variants have been used to investigate the
role of phototransduction proteins in vitro and recapitulate the pro-
gression of the "disease-in-a-dish".

The first reported study was a photoreceptor 2D model, which sug-
gested an ER stress upregulation in rudimentary rod photoreceptors
generated from RP patients encoding RHO®8R (Jin et al., 2012), but
these did not morphologically resemble photoreceptors, akin to those
seen in retinal organoids. More recently, it was suggested that there was
also ER stress in early stages retinal organoids generated from ESCs
carrying RHOP17IL (Yang et al., 2023); however, again these early stage
retinal organoids did not develop morphologically distinct photorecep-
tors. Moreover, mature retinal organoids were used to characterised
late-onset RP associated with a multi-copy variant in RHO identified as a
novel cause of autosomal dominant RP. Higher levels of rhodopsin were
observed in the patient-derived retinal organoids carrying the
copy-number variation, leading to a defect in outer segment formation
and to the mislocalisation of rhodopsin in 200-300 day old retinal
organoids. The phenotype was rescued by a pharmacological treatment
targeting NR2E3, a protein involved in rod gene expression (Kandoi
et al., 2023). Photoregulin3 (PR3) treatment, by reducing NR2E3
expression, can decrease the level of rhodopsin transcript and rescue rod
photoreceptor maturation.

PDE6B variants were investigated in late-stage retinal organoids
generated from PDE6B ¢.694G > A homozygous patients and recapitu-
lated the increase in cGMP levels observed in mouse models. A mis-
localisation of rod cells, defect in synapse formation and photoreceptor
maturation were also reported (Gao et al., 2020). Severe forms of IRDs
can be recapitulated in retinal organoids. The Aryl hydrocarbon
receptor-interacting protein-like 1 (AILP1) is a retina-specific co-cha-
perone involved in the correct folding and assembly of the PDE6 com-
plex (Liu et al., 2004; Ramamurthy et al., 2004). Variants in AIPL1 are
associated with LCA4, an early-onset IRD. LCA4 patient-derived iPSCs,
gene corrected and AIPL1 KO iPSCs were used to produce retinal orga-
noids that showed a decrease in the levels of AIPL1, PDE6A and B, and
an increase in cGMP without affecting photoreceptor maturation (Leung
et al., 2022; Lukovic et al., 2020; Perdigao et al., 2023). Interestingly,
the expression of full length AIPL1 could be partially rescued in
patient-derived retinal organoids with premature termination codon
(PTC) variants by a translational readthrough treatment with PTC124
(Leung et al., 2022).

4.2.3.3. Limitations of iPSCs-derived retinal organoids and RPE cells to
model visual cycle. Patient-derived retinal organoids and RPE cells have
been used extensively to study disease mechanisms and to test potential
therapies targeting genes involved in the visual cycle and photo-
transduction. However, functional assessment of light responses in these
disease models has proved challenging due to several factors; including,
the endogenous amount of 11-cis-retinal present in culture and the
spatial distribution of RPE cells and photoreceptors in retinal organoids.
While in the human retina RPE cells and photoreceptors interact phys-
ically, in retinal organoids the two cell-types develop in opposition, and
co-culture of retinal organoids with RPE cells has not yet been shown to
be stable, as discussed in Section 3.4. Nevertheless, several studies have
reported light driven responses in retinal organoids using different kind
of assays such as patch clamp, microelectrode array (MEA) or calcium
signalling (Cowan et al., 2020; Hallam et al., 2018; Zhong et al., 2014).
In addition, robust cone driven light responses have been shown to
resemble those of the primate fovea (Saha et al., 2022). Nevertheless, it
remains to be shown how disruption of the essential genes in the visual
cycle and phototransduction pathways affect these light responses.
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4.3. Childhood tumours: retinoblastoma

4.3.1. Clinical and pathological features of human retinoblastoma
Retinoblastoma (RB) is a malignant neoplasm arising during retinal
development from biallelic inactivation of the tumour suppressor gene
RB1 or MYCN amplification, with an estimated frequency ranging from
1 in 15,000 to 1 in 18,000 live births (Dyer, 2016; Pandey, 2014). It
accounts for about 4-6% of all cancers in children younger than 15 years
(Kivela and Hadjistilianou, 2017; Rabinowicz et al., 2013; Yang et al.,
2005). Globally 8600-9000 children are affected each year with most
cases diagnosed below the age of four years. The disease can manifest as
unilateral in about two thirds of the patients, with the remaining one
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third presenting with bilateral RB. A key clinical presentation of RB is
the presence of leukocoria, a white pupillary reflex due to the presence
of tumours at the posterior pole of the fundus, (Fig. 12A); however, other
presentations may include decreased vision, retinal detachment, glau-
coma, ocular pain or inflammation (O’Brien, 2001). Treatment of RB
depends on the number, position and size of the tumours in the eye, with
good survival rates (e.g., 85-97% for unilateral cases and 88-100% for
bilateral cases) in high-income countries, but can result in significant
visual deficits and adversely affects quality of life, especially for patients
that undergo eye removal (enucleation) (MacCarthy et al., 2009).
Although thankfully rare in high-income countries, metastatic RB ac-
counts for up to 50% of cases in low-income countries, where inefficient
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Fig. 12. Clinical presentation of Retinoblastoma and summary of iPSC disease modelling studies. A) Wide field colour fundal image showing a multicentric
retinoblastoma at the posterior pole of the left eye in a 3-year-old child. The right eye was also affected; B) Retinoblastoma iPSC disease modelling studies have
pinpointed proliferating cone precursors as cell or origin (Liu et al., 2020; Rozanska et al., 2022). An accumulation of retinal progenitor cells was also reported in
both retinoblastoma organoids in vitro and tumours in vivo (Norrie et al., 2021; Rozanska et al., 2022).
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healthcare systems result in delayed diagnosis and suboptimal care
(Fabian et al., 2020; Rodriguez-Galindo et al., 2008). If the disease has
spread from the eye to extraocular tissues, optic nerve, or central ner-
vous system even with intensive treatment involving high dose
chemotherapy, stem cell transplant and external beam therapy, the
outcome is often fatal.

RB1 functions as a negative cell cycle regulator through its ability to
bind the transcription factor E2F, leading to repression of genes needed
for S phase. RB1 is also involved in chromatin organisation and regu-
lation of cell migration, invasion, cell death and dedifferentiation, and
malignant transformation events (Dyson, 2016). A two step, biallelic
inactivation of the RB1 tumour suppressor gene is required for tumour
initiation in approximately 98% of Rb patients (Knudson, 1971). How-
ever, it has been suggested that biallelic RBI inactivation alone leads to
a non-proliferative retinoma, the benign precursor to RB, and progres-
sion to malignancy requires additional genetic aberrations (Dimaras
et al., 2008). Reported alterations in the RB1 gene are well characterised
and heterogeneous, including single nucleotide variants, deletions,
rearrangements of the whole gene as well as chromosomal deletions
(Dommering et al., 2014). However, the spectrum of cooperating gene
mutations remains largely unknown, and most studies have been limited
to identification of recurrent chromosomal copy number alterations
including gains at 1932, 2p24, 6p22 and losses at 16q22, most likely
leading to activation of oncogenes or inactivation of tumour suppressors
genes at these regions (Bowles et al., 2007; Kooi et al., 2016a, 2016b).
Recent targeted next generation sequencing studies have identified a
high frequency (46%) of additional somatic and likely pathogenic al-
terations beyond RBI1 biallelic inactivation, which correlate with
aggressive histopathological features. These include focal high-level
amplification of oncogenes such as MYCN and MDM4 and truncating
mutations in tumour suppressor genes including ARID1IA, MGA and
BCOR (Afshar et al., 2020). In many tissues, the loss of RB1 is not suf-
ficient to drive malignant transformations, thus raising questions as to
why retinal cells are more prone to malignant transformation.

Treatments for RB includes local therapy with laser, cryotherapy or
plaque, chemotherapy (systemic, intra-arterial, and intravitreal),
external beam radiotherapy or enucleation (Yanik et al., 2015). To treat
smaller tumours local therapy may be sufficient, but for eyes with more
advanced tumours a combination of treatments may be required
(Chawla and Singh, 2017). In the last decade there has been a shift to-
wards conservative treatment with the aim of preserving both the globe
and vision while minimising toxicity. Intra-arterial and intravitreal
chemotherapy offer an alternative route of delivery, avoiding the com-
plications of systemic chemotherapy including bone marrow suppres-
sion, alopecia and nutritional compromise in the short term and
nephrotoxicity and ototoxicity in the longer term. However, these ap-
proaches are also associated with ocular and systemic morbidity such as
vascular retinopathy, cystoid macular oedema, anterior segment toxicity
and orbital fat atrophy, which limit their effectiveness as salvage options
(Bohm et al., 2018; Dalvin et al., 2018; Munier et al., 2011; Panthagani
et al., 2020; Stathopoulos et al., 2021). There is a clear need for new
drugs with lower toxicity, good penetration across lipid barriers and a
wide therapeutic window, as well as lab models to test candidate drug
safety and efficacy. Earlier work in mice has shown that inactivation of
one copy of Rb1 does not lead to the development of RB at a detectable
frequency; furthermore, no eye abnormalities were observed upon
inactivation of both copies of Rb1, thus a mouse model for RB does not
exist (Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992). Induced RB
tumours in mice display enrichment of amacrine and horizontal cell
interneurons (Ajioka et al., 2007). Together these data indicate that
different mechanism underly the RB pathology between humans and
mice and necessitate the usage of human models for revealing the mo-
lecular basis of RB.

Using RNA interference to knock down the RB1 gene in human foetal
retinal cells followed by assessment of malignant conversion in vivo
through a xenograft model, it was shown that human RB tumours may
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initiate from RBI-depleted human maturing cone precursors (ARR3+),
which enter the cell cycle, proliferate and form retinoma- and RB-like
lesions. The cone photoreceptors first differentiate from the outer part
of the outer neuroblastic zone during the 8th post-conceptional week of
human development; however their sensitivity to RB loss occurs at the
onset of ARR3 expression, around weeks 15 and 22 in the central and
peripheral retina, respectively (Singh et al., 2018). This developmental
window is inaccessible for research for ethical reasons, but the de-
velopments in generation of patient-specific iPSCs and differentiation to
laminated 3D retinal organoids that contain all the key retinal cell types
have opened new avenues for understanding the impact of RBI in
normal retinal development and human disease. In the next section, we
review how RB1-depleted PSC-derived retinal organoids have enhanced
our understanding of human RB.

4.3.2. Retinoblastoma PSC-derived organoid models

One of the first PSC-derived organoid models, was generated by Liu
et al. who introduced a bi-allelic RBI common mutation (p.R320X;
¢.958C > T) or ablated RB1 gene (RBI /") in hESCs (Liu et al., 2020).
Notably, inactivation or ablation of RB1 in hESCs had no impact on their
cell cycle, genome stability, self-renewal or pluripotency, demonstrating
the cell-type specific effect of RB1 depletion and corroborating two other
concurrent studies (Deng et al., 2020). Retinal organoids derived from
the RB1-depleted human ESCs recapitulated key features of RB tumours
during their differentiation process, showing the presence of tumour
foci, inner cavities resembling Flexner-Wintersteiner rosettes that are
characteristic of RB, and fleurette-like patterns which are typical of
retinomas.

Altered cell cycle regulation, gene expression and DNA methylation,
especially at key RBI-related genes such as RXRG, SYK, MKI67 were
identified (Liu et al., 2020). Moreover, at the transcriptional level the
RB1-depleted organoids were more closely correlated to human primary
RB tumours than the RB-derived cell lines, demonstrating that the
organoids recapitulate key features of human RB as far as gene expres-
sion, DNA methylation and protein markers are concerned. In vivo, in-
jection of RB1-depleted organoids cells into the subretinal or vitreal
space resulted in formation of RB-like tumours with high efficiency.
Those again demonstrated key features of tumours including the pres-
ence of tumour foci, expressing at high levels proliferation (Ki67) and
oncogenic markers (SYK, DEK) as well as packed clusters of cells with a
high nucleocytoplasmic ratio, and mitotic index. The authors used single
cell RNA-Seq to analyse the cellular composition of RB1-depleted
organoids, revealing the presence of four unique clusters representing
RB-like cells, retinoma-like cells, stressed cells characterised by the
expression of UPR-related genes, and an excessive clusters of cone pre-
cursors which expressed at high level both cone (RXRG, ARR3) and
proliferation markers (MKi67). The early photoreceptor precursors
(CRXTARR3") are postmitotic and thus do not express proliferation
markers. In contrast, the abundant ARR3" identified in the
RB1-depleted retinal organoids, showed high expression of Ki67 by
immunohistochemistry, indicating their re-entry into the cell cycle.
Pseudo-time analyses which help to infer the cell order based on gene
expression data, demonstrated the presence of these maturing
ARR3"MKi67" cone precursors at a branch point, that was followed
sequentially by the retinoma-like and the RB cell clusters, demonstrating
that these could be the cell of origin for RB (Fig. 12B). Partially these
data were corroborated by a follow-up study published by Rozanska
et al., who differentiated RB1 ™/~ human ESCs to 3D retinal organoids,
showing cell growth in an anchorage-independent manner typical of
tumour cells, the presence of mitotic chromosomes, and rosette-like
structures, resembling pathologic features of RB (Rozanska et al.,
2022). By single cell transcriptomic phenotyping of RB1~/~ organoids,
both an RB- and a retinoma-like cluster were identified. Those were
thought to have risen by uncontrolled proliferation of stressed cone
precursors, with high expression of UPR-related genes, which went on to
generate either the retinoma or the RB-like cluster (Fig. 12C).
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Both of the previous models were generated by biallelic knock-in in
of a common RB1 mutation or inactivating both copies of the RB1 gene
in hESC; thus the patient specific genetic background was not consid-
ered. To address this, Rozanska and colleagues, derived iPSCs from an
RB patient with a heterozygous RB1 mutation (c.2082delC), which were
subjected to one round of CRISPR-Cas9 gene editing to generate ho-
mozygous RB1-depleted iPSCs or a fully corrected isogeneic control
(Rozanska et al., 2022). Similar to RB1 ™~ organoids, the patient specific
RB1 organoids with a homozygous c.2082delC mutation, showed ul-
trastructural features (presence of rosettes, decrease in mitochondria
cristae number etc) typical of RB tumours and anchorage-independent
growth in soft agar assays. Notably these features were absent in orga-
noids derived from the patient iPSC line with the heterozygous
¢.2082delC mutation, or heterozygous c.623deltT mutation generated
by Li et al., demonstrating that inactivation of both copies of the RB1
gene is essential for tumorigenesis (Li et al., 2022). This corroborates the
findings reported by Norrie et al., who showed that retinal organoid cells
derived from RB patient-specific iPSC lines a heterozygous germline
mutation gave rise to RB tumours with indistinguishable features of
human RB, when injected into the vitreous cavity of immunocompro-
mised mice (Norrie et al., 2021). These tumours developed stochasti-
cally and showed inactivation of the second RBI allele and no other
mutations in other known cancer genes. Importantly, the authors found
copy number gains in MDM4 and MYCN, which are common events in
RB (Norrie et al., 2021).

In contrast to hESC RB1-depleted models, a retinoma like cluster was
not found in homozygous patient specific RB1-organoids. Instead, an
RB-like cluster characterised by high expression of cone precursors
markers (RXRG, ARR3), proliferation markers (MKi67, PCNA) and RB
typical markers (DEK, SYK) and exclusive to homozygous patient
organoids was found in addition to several clusters of retinal and
neurogenic progenitor cells (Fig. 12D). The latter were enriched in RB1-
depleted organoids but were also present in the heterozygous and
isogenic control derived organoids, which the authors interpreted as
result of a differentiation block rather than evidence of a progenitor
signature. A bias towards retinal progenitors and rods was instead found
in RBs generated by intravitreal injection of patient specific RB1 orga-
noids in immunocompromised mice (Fig. 12E) (Norrie et al., 2021). In
those, there was evidence of both progenitor transition to photorecep-
tors as well as the opposite pattern. Both studies also demonstrated that
tumour cells have a mixed gene expression signature of multiple cell
types. For example, Rozanska et al. showed that proliferating cone
precursors which were highly enriched in RB1-depleted organoids,
expressed markers of RGCs and horizontal cells, while Norrie et al.
demonstrated expression of cone specific markers (e.g. PDE6H) across of
arange of various retinal cell types in RB. The transient presence of cone
precursor cells with gene expression signatures of several cell types has
also been documented in human foetal retina, hence it is possible that
cone precursors cells that re-enter the cell cycle resume a gene expres-
sion profile akin to transient neurogenic progenitors, recently shown to
give rise to all the retinal neurones in a stepwise fashion (Lako et al.,
2023; Sridhar et al., 2020). Equally, it possible that retinal progenitor
cells give rise to more differentiated tumour cells, but this needs to be
further addressed by combining clonal analysis with single cell pheno-
typing to determine the relationship between the various cell pop-
ulations in RB as well as the dynamic changes in gene expression over
time.

After reviewing all current published models, the merits of each RB-
PSC organoid model depend on the specific question(s) being asked. For
those interested in determining the events that result in the second
inactivating RB1 hit and development of RB, the model developed by
Norrie and colleagues is particularly valuable. This allows the sponta-
neous in vivo development of RB in a similar fashion to human patients.
The disadvantages of this model are the low efficiency (<5%) and time-
consuming process (12-18 months per tumour) as well as the more
permissive microenvironment of immunocompromised mice, which is
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different to human RB patients. However, if drug discovery/repurposing
is the question being addressed, the RB1-depleted models developed by
Liu et al. and Rozanska and colleagues are ideal, as they represent the
end phenotype of RB development (Liu et al., 2020; Rozanska et al.,
2022).

The models developed by these two groups have been used for
testing of known RB therapeutics (e.g. melphalan, topotecan, TW-37,
vincristine, etoposide, carboplatin), showing a significant reduction in
the number of proliferating cone precursors or proliferating cells in a
dose dependent manner. These models are easily scaled up in 96 well
plates, enabling high throughput of drug testing and determination of
most suitable dose that does not affect the viability of healthy adjacent
retinal tissue. Their usefulness is further enhanced by the potential to
discover new roles for RB1. To this end, Rozanska and colleagues
discovered a decrease in RGCs, horizontal and amacrine cells alongside
an accumulation of retinal progenitor cells, suggesting a differentiation
block and an important role for RB1 in retinal cell differentiation.
Noteworthy were their observation of retinal progenitor cell accumu-
lation concomitant with amacrine cell reduction even in heterozygous
RB1-derived organoids, which indicates that even 50% reduction in RB1
expression can affect the differentiation of these two retinal cell types.
Together these findings iterate the enormous utility of PSC-derived
organoids to recapitulate key events of RB development, to provide a
scalable, easy to use platform for therapeutic drug development and
enhance our understanding of human retinal development under normal
physiological conditions and malignancy.

4.4. Mitochondrial disease

As the organelles responsible for generation of ATP via oxidative
phosphorylation (OXPHOS), mitochondria are indispensable for cell
survival and function, but they also fulfil several other roles such as
calcium homeostasis, cell signalling and the regulation of apoptosis.
Mitochondria have a small genome, distinct from the much larger nu-
clear genome and this is encoded by a 16.5 kb double stranded DNA
circle (Fig. 13). This encodes only 37 genes of which 13 are involved in
the OXPHOS system, two are ribosomal RNAs, and 22 are transfer RNAs,
which are used for mitochondrial RNA translation (Wallace and Chalkia,
2013). In addition to these, the structural components of mitochondria
and their multiple roles require more than 1100 proteins which are
encoded by genes in the nuclear genome. Unlike the nuclear genome,
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Fig. 13. Schematic to illustrate the structural organisation of mitochon-
drial genome.
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mitochondrial DNA is entirely maternally inherited and each cell con-
tains hundreds to thousands of copies (Rius et al., 2019; Shmookler Reis
and Goldstein, 1983). Mitochondrial diseases arise from mutations pri-
marily in the genes encoding oxidative phosphorylation proteins
resulting in deficient ATP production.

The retina can be affected by both mitochondrial DNA variants and
by acquired mitochondrial dysfunction. The outer retina has a high
metabolic activity and is exposed to near constant oxidative and endo-
plasmic reticulum stress due to the high metabolic requirements of
phototransduction, with the constant synthesis of visual pigments and
outer segment discs (Shen et al., 2005). Photoreceptor cells are also
relatively hypoxic, due to the absence of retinal vasculature in the outer
nuclear layer. Cone photoreceptors are particularly sensitive to oxida-
tive stress as they contain 10 times as many mitochondria as rods in
primates, packed into the inner segments (Hoang et al., 2002). There is
known accumulation of mitochondrial dysfunction with age linked to
various age-related eye diseases including AMD, and glaucoma. Chronic
oxidative damage in the RPE leads to the accumulation of damaged
cellular organelles including mitochondria, and impaired mitochondrial
autophagy (mitophagy) which leads to reduced clearance of damaged
mitochondria contributing in turn to RPE degeneration (Sridevi Guru-
baran et al., 2020). A notable difference between the mitochondrial and
nuclear genomes is that the former has less effective DNA repair systems.
This, coupled to the high concentrations of reactive oxygen species
generated during oxidative phosphorylation, predisposes mitochondria
to accumulate DNA mutations which can contribute to age related
mitochondrial dysfunction. Classical mitochondria eye disease however,
mostly occurs by inheritance of existing mitochondrial DNA mutations
that have arisen historically and the unique potential for the use of iPSC
in these diseases is now discussed.

Inherited mitochondria DNA mutations can be associated with
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macular disease, as well as retinal ganglion cell loss in inherited optic
neuropathies (DiMauro and Davidzon, 2005; Schrier and Falk, 2011).
The m.3243A>G mutation in the mitochondrial gene MT-TLI encoding
tRNA Leucine is one of the most common mitochondrial DNA mutations
with a prevalence of at least 3.5 per 100,000 in the UK (Gorman et al.,
2015). It has a broad phenotypic spectrum ranging from the classical
syndrome of mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes (MELAS), to varying combinations of neurological
and ophthalmological manifestations, including maternally inherited
diabetes and deafness (MIDD) (Majamaa et al., 1998; Moraes et al.,
1993). The mitochondrial dysfunction caused by m.3243A>G is prob-
ably explained by the decreased translation of mitochondrial RNA
transcripts, especially Leu-rich proteins, such as NADH: ubiquinone
oxidoreductase (complex I in the respiratory chain) core subunit 6
(ND6) (Schaffer et al., 2014). Ocular abnormalities are common with
over half of all patients developing at least one ophthalmological
manifestation, commonly progressive external ophthalmoplegia and
ptosis, but also visual loss with a pigmentary maculopathy, or more
rarely optic atrophy (Gronlund et al., 2010; Yu-Wai-Man et al., 2016;
Zhu et al., 2017). Indeed, macular pigmentary abnormalities and RPE
atrophy like those in AMD have been identified in about one in five of all
m.3243A>G mutation carriers. The changes can often be subtle with
more widespread abnormalities detected perifoveally on auto-
fluorescence imaging (Fig. 14). Pale subretinal deposits have also been
reported around the areas of RPE atrophy, which are morphologically
distinct from the typical central round drusen found in AMD. Although
many patients with pigmentary maculopathies can be asymptomatic,
central visual loss can occur in the advanced stages (Rath et al., 2008).

The pathogenesis of mitochondrial disease has been difficult to
study, largely because available patient cell lines such as fibroblasts do
not represent the disease phenotypes of affected cells and accessing

Fig. 14. Colour and autofluorescence fundal images of a patient with a mitochondrial DNA variant associated maculopathy (A3243G). Patches of bilateral
outer retinal atrophy with RPE and choriocapillaris loss is evident, with relative foveal centre sparing. The changes are more extensive and evident on the blue

wavelength autofluorescence imaging.
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tissues effected by disease especially in the eye is typically not possible.
An added complication is that mitochondrial diseases are frequently
heteroplasmic, meaning that cells contain both healthy and mutated
copies of the mitochondrial DNA. Healthy somatic cells are typically
homoplasmic (i.e., all copies of the mitochondrial DNA are identical).
However, cells can contain both mutated and healthy mitochondria in
varying proportions, termed heteroplasmy (Payne et al., 2013). The
level of the heteroplasmy is responsible for both the clinical manifes-
tations of mitochondrial disease and the degree of metabolic dysfunc-
tion. High levels of heteroplasmy are found not only in patients with
mitochondrial disease but are also seen with normal aging and increase
with AMD severity (Lin et al., 2011). Heteroplasmy can be affected by
several factors, including a genetic bottleneck during embryogenesis
and genetic drift over generations (Floros et al., 2018; Wonnapinij et al.,
2008). iPSCs have many advantages for modelling mitochondrial dis-
ease. iPSCs being highly glycolytic and not reliant on OXPHOS for en-
ergy generation, means that mitochondrial mutant iPSCs should be
stable and grow normally although problems may emerge when the iPSC
differentiate into somatic cell types with greater OXPHOS requirements
(Lees et al., 2017). The problem of heteroplasmy still applies in
iPSC-derived models. In general, heteroplasmy appears to bias toward a
decreased mutant load following either reprogramming or extended cell
culture (Fig. 15) (Perales-Clemente et al., 2016; Sercel et al., 2021). In
contrast, directed differentiations appears to maintain the heteroplasmy
level of the starting PSCs (Kosanke et al., 2021; Zambelli et al., 2018).
The use of isogenic controls is a key part of iPSC modelling. CRISPR-
Cas9 gene editing can be done to correct nuclear DNA patient mutations
(Fig. 16A). For mitochondrial DNA disorders, cybrids can be used to
make wild type controls (Vithayathil et al., 2012). Additionally, the
reprogramming process shapes the spectrum of mtDNA heteroplasmic
variants, with loss of variants from the fibroblasts and appearance of the
specific iPSC variants (Carelli et al., 2022; Wei et al., 2021). This can
result in clones with varying levels of heteroplasmy (Fig. 16B), including
some with wild type homoplasmy, which can be used as isogenic con-
trols for mitochondrial DNA-based stem cell studies (Hamalainen et al.,
2013; Prigione et al., 2011). Gene editing of the mitochondrial genome
is less straightforward than nuclear DNA due to the lack of
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Fig. 15. Variable levels of heteroplasmy in IPSC clones after reprogram-
ming. These levels can change after cell passaging, sometimes resulting in
generation of iPSC clones that lack mutant mitochondria. During directed dif-
ferentiation heteroplasmy is typically stable.
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mitochondrial RNA import machinery meaning that CRISPR-Cas9 is not
effective for editing mitochondrial DNA (Gammage et al., 2018). How-
ever, other options include mitochondrial targeted transcription
activator-like effector nucleases (mitoTALENs), which target specific
point mutations to decrease cellular heteroplasmy levels or generate
isogenic controls with homoplasmic wild type mitochondrial DNA
(Hashimoto et al., 2015; Yang et al., 2018) and high-fidelity base editors
(Lee et al., 2023b).

Ultimately, the long-term goal of iPSC models is to identify a cellular
phenotype that can be used to evaluate potential treatments. There are
now various cellular assays, including functional ones that have been
validated in differentiated cell types, particularly RPE to investigate
underlying disease mechanisms and identify pathways that can be tar-
geted for treatment. Transcriptomic and proteomic analyses can also be
used to elucidate cellular compensation mechanisms and inform treat-
ment studies, but it is important that heteroplasmy is carefully moni-
tored and cell lines are not kept in extended culture without consistent
validation of heteroplasmy.

Several groups, including our own, have generated iPSCs from pa-
tients carrying the m.3243A>G mutation and differentiated them into
RPE cells with varying levels of heteroplasmy (Fig. 17) (Chichagova
et al., 2017). Two high heteroplasmy clones were derived and one
isogenic control with homoplastic wild type mitochondrial DNA. The
isogenic control failed to differentiate to RPE so one control ESC and one
control iPSC line were used. Attempts to derive iPSCs from another
patient failed despite multiple attempts, with no metabolic reason
discovered. We were able to show that IPSC-derived RPE cells derived
from patients with MELAS and pigmentary maculopathies, contained
morphologically abnormal mitochondria and melanosomes, and
exhibited marked functional defects in phagocytosis of photoreceptor
outer segments (Fig. 17). These had clear similarities to the pathological
abnormalities reported in RPE cells studied from post-mortem tissues of
affected m.3243A>G mutation carriers. Homma et al. derived iPSCs
from one patient with MELAS and the m.3243A>G mutation and
derived three clones with moderate heteroplasmy, demonstrating
attenuated proliferation and survival of MELAS patient derived IPSC
with the m.3243A>G mutation (Homma et al., 2021). Notably metab-
olomic analyses showed that oxidative stress markers were upregulated,
but all these effects were rescued by taurine administration.
iPSC-derived RPE cells showed epithelial mesenchymal transition
(EMT), again suppressed by taurine. Bhattacharya et al. derived a ‘high’
and ‘low’ heteroplasmy iPSCs and RPE from one donor with MELAS and
compared them to a control IPSC line and a primary RPE line. They
observed heteroplasmy-dependent impairment of mitochondrial bio-
energetics and reliance on glycolysis for generating energy in MELAS
iPSC-derived RPE cells. The degree of heteroplasmy was directly asso-
ciated with increased activation of signal transducer and activator of
transcription 3, reduced adenosine monophosphate-activated protein
kinase o activation, and decreased autophagic activity (Bhattacharya
et al., 2022). In addition, impaired autophagy was associated with
aberrant lysosomal function, and failure of mitochondrial recycling
replicating changes seen in mitochondrial depleted RPE cells. Based on
these findings, the authors suggested that therapies aimed at activating
RPE mitophagy may have applications in the prevention or treatment of
AMD.

As well as RPE, retinal organoids have high potential for use in the
investigation of mitochondrial disease. Lee et al. analysed retinal orga-
noids derived from patients with achromatopsia (a hereditary cone
degeneration syndrome) with a bi-allelic loss of function mutation in
activating transcription factor 6 (Lee et al., 2023a). They analysed bulk
RNA-sequencing transcriptomes and relevantly showed marked dysre-
gulation in mitochondrial respiratory complex gene expression and
disrupted mitochondrial morphology. Gene expression from control and
disease retinal organoids were compared with transcriptome profiles of
seven major retinal cell types generated from recent single-cell tran-
scriptomic maps of non-diseased human retina. This indicated
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Fig. 17. iPSC-derived RPE cells from patients with the mitochondrial DNA
3243A>G variant and pigmentary maculopathies display several key
morphological and functional abnormalities. Normal RPE cell typically
display numerous mitochondria in a perinuclear distribution, with solid black
melanosomes, predominantly positioned apically with long microvilli extend-
ing from their apical surfaces. (Left) The disease carrying cells displayed loss of
the normal baso-apical distribution of organelles with smaller numbers of less
mature and fragmented mitochondria and hollow melanosomes randomly
distributed around the nuclei. There was approximately one third less cells
within the population of patient-derived RPE cells that were able to phagocy-
tose photoreceptor outer segment discs (Chichagova et al., 2017).

pronounced down-regulation of cone genes and up-regulation in Miiller
glia genes, with no significant effects on other retinal cells.

Although this review does not attempt to cover primary optic nerve
disease it is worth mentioning the potential use of iPSC-derived cells and
organoids for these disease modelling studies. Inherited optic neuropa-
thies (IONs) encompass several genetically diverse disorders
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characterised by RGC loss with progressive irreversible visual loss in
children and young adults. Autosomal dominant optic atrophy (ADOA)
and Leber hereditary optic neuropathy (LHON) are the 2 most common
IONs. They share overlapping clinical characteristics despite being
genetically distinct conditions. About 70% of patients with ADOA carry
variants in the nuclear-encoded OPAI gene encoding an inner mito-
chondrial membrane protein. OPA1-ADOA has been modelled in iPSC
and iPSC-RGCs, differentiated in 2D. These studies showed that CRISPR
correction of the nuclear OPA1 gene can rescue the deficits in bio-
energetics, mitochondrial networks, enhanced cell vulnerability and
mtDNA changes associated with dominant variants in OPA1 (Sladen
et al., 2021, 2022).

Conversely, LHON is a primary mitochondrial DNA disorder, typi-
cally with point variants in genes encoding key subunits of the mito-
chondrial respiratory chain complex I. They remain incompletely
understood diseases. Maternal inheritance is clear but the mechanism
behind the marked male predominance in LHON remains unclear, and
other genetic or environmental factor are assumed to play a role.
Furthermore, the pathways that result in largely isolated RGC loss re-
mains indistinct, and this lack of mechanistic insight partly accounts for
the currently limited treatment options. The application of iPSCs tech-
nology has great potential to advance the understanding of IONs, and to
determine the factors that cause some affected RGC to degenerate, while
others compensate for the mitochondrial defects (Chen et al., 2016;
Harvey et al., 2022; Nie et al., 2022). Although studies have begun to
investigate the effects of disease-causing variants on RGC biology using
3D retinal organoids, there is typically RGC loss within the inner layers
during organoid maturation, likely due to the lack of a terminal synaptic
connections and/or nutrient deprivation. 2D RGC specific differentia-
tion protocols have thus largely been used to date (Sladen et al., 2022;
Wong et al., 2017; Wu et al., 2018; Yang et al., 2020). Studies using
IPSCs have also explored the modifying effect of nuclear encoded
mitochondrial genes in LHON while others have shown that
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pathological autophagy and mitophagy affects the predisposition to
LHON while being counterbalanced by compensatory mitobiogenesis
(Chen et al., 2023b). Treatment with autophagy regulators and redox
modulators, as well as genetically activating mitochondrial biogenesis
have led to rescue of the cellular phenotype, proving potential paths
towards clinical translation (Danese et al., 2022).

5. Using iPSC disease models to devise new treatments
5.1. Drug screening/repurposing

iPSC technology has revolutionised the drug discovery sector by
facilitating the generation of patient and disease relevant models in a
dish at an industrial scale. The key advantages of iPSCs over other model
systems, such as the ability to proliferate almost indefinitely in vitro,
capacity to differentiate into any cell type in a patient specific manner
(retaining their genetics), scope for genome editing strategies and a
large-scale production, allow high-throughput screening approaches to
evaluate drug efficacy. With the advent of iPSC resources and a better
understanding of the genetic and environmental determinants of retinal
degeneration, disease modelling using iPSC-derived cells and organoids
and complementary technologies has the potential to open new avenues
for novel compound testing for safety and efficacy to inform patient
stratification for clinical trials. These “clinical trials in a dish” offer an
unprecedented opportunity not only to identify individuals who are
more likely to respond to treatment (e.g., due to a specific genetic
component) or experience drug-induced toxicity, but also to gain sur-
rogate end points of trials by establishing specific biomarker signatures
of the “responder” cells. The value of these potential applications have
been recognised by the FDA, who are making efforts to bring those
biotechnological advances to reality (Strauss and Blinova, 2017).

5.1.1. The use of PSC-RPE in developing and testing therapies for AMD

Research studies continue to provide the critical foundation for the
adoption of iPSC-based approaches for disease modelling and drug
development and supporting advances in precision medicine. The ability
to derive patient specific cells and test them in a lab dish provides
feasibility to tailor treatments to patients’ individual characteristics,
such as the genetic makeup, and test drugs for efficacy and safety, before
administering them to the patients. This personalised approach shows a
particular promise in the discovery of drugs for AMD, owing to the
complexity of its risk factors, and aligns with the elucidation of disease
mechanisms. Correspondingly, as outlined in the previous section, pa-
tient derived models of AMD associated with the strongest genetic risk
factors, polymorphisms in CFH and ARMS2/HTRA1, have been used to
discern the effects of genetic susceptibility towards AMD on retinal cell
functioning and to test potential therapeutic agents. For example, the
evidence of inflammatory and complement component of AMD signa-
ture was supported by the efficacy in reducing disease associated
cellular lesions using a compstatin analogue Cp40 which attenuates
uncontrolled complement activation in RPE cells (Cerniauskas et al.,
2020). The results of in vitro studies were confirmed in outcomes of
clinical trials, bringing first two newly approved drugs for late-stage dry
AMD to the clinics (Jaffe et al., 2021; Liao et al., 2020).

In another study, an ARMS2/HTRA1 iPSC-derived model was used to
evaluate repurposing of a drug, nicotinamide, which is in clinical trials
for Alzheimer’s disease (NCT00580931) and glaucoma (NCT05275738)
(Hui et al., 2020; Saini et al., 2017). Nicotinamide is a vitamin B3 de-
rivative, which has been shown to exert antioxidant and
anti-inflammatory properties. Its beneficial effect on RPE overall health
and survival was demonstrated to be mediated by modulating expres-
sion of genes and proteins consistently associated with AMD pathobi-
ology, including inflammatory and complement factors, providing
foundation for more in depth studies of nicotinamide’s clinical utility
(Saini et al., 2017). Chang et al. demonstrated feasibility for repurposing
sodium phenylbutyrate (NaPB), an FDA-approved drug for urea-cycle
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disorders, with anti-inflammatory and antioxidant activity, in the
ARMS2/HTRA1 iPSC-RPE model (Chang et al., 2023). NaPB treatment
was beneficial in reducing the effects of oxidative stress and amelio-
rating cell death in the ARMS2 high risk variant carriers. Similarly,
curcumin, a natural plant extract, was shown to counteract the effects of
oxidative stress in patient-derived iPSC-RPE cells likely through the
enhancement of cytoprotective antioxidant gene expression (Chang
et al., 2014). Additionally, ciclopirox olamine was identified in a high
throughput screen of 5065 compounds from the commercially available
FDA-approved and bioactive drug libraries, as a potent inhibitor of
oxidative damage in RPE (Cai et al., 2019). The mode of action was
demonstrated to be through improving mitochondrial function,
including energy production and maximal respiration, and increasing
cell viability after exposure to oxidative stressors in patient-derived
iPSC-RPE cells. Although still rather unclear, the protective effect to-
wards mitochondria may be through the regulation of pro-apoptotic
gene expression, as shown for human immortalised RPE line ARPE-19.
Notably, the efficacy of ciclopirox olamine was not evident in
iPSC-RPE cells from one donor, which suggests an inherent biological
variability and the need for drug screening on large sample sizes (Cai
et al., 2019). Overall, the above research data underscore the important
role of oxidative stress in predisposition towards AMD, and strongly
imply that antioxidant administration may be one approach to treating
or preventing this disorder. These findings also provide support for the
beneficial effects of AREDS supplements with antioxidant activity in
AMD prevention (Age-Related Eye Disease Study Research Group,
2001).

Numerous studies have reported mitochondrial deficiency features
in primary RPE cell cultures from AMD donors as well as patient-derived
iPSC-RPE (Ebeling et al., 2021; Golestaneh et al., 2017; Hallam et al.,
2017). While not a disease specific pathology, as mitochondrial
dysfunction is a common finding in neurodegenerative disorders,
ameliorating the effects of compromised mitochondrial function may be
beneficial in preventing the disease or slowing down its progression. The
disruption in mitochondrial function does not only result in reduced
pools of cellular energy, but also correlates with increased oxidative
stress, autophagy dysfunction and reduced cell viability, owing to the
multitude of functions exerted by the mitochondria (Nunnari and Suo-
malainen, 2012). Ebeling et al. demonstrated the use of iPSC-derived
patient specific RPE as a platform to test drugs targeting mitochon-
drial function (Ebeling et al., 2022): 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR), metformin, and trehalose with reported roles
in inducing mitochondrial biogenesis and energy metabolism, and
autophagy (trehalose), were tested for efficacy in improving mito-
chondrial function parameters. The results demonstrated a significant
cell line variability in drug-induced effects (from improvement, through
no effect, to toxicity) for all drugs tested, suggesting patient specific
responses, and demonstrating the utility of iPSC-RPE testing for devel-
oping personalised medicine approaches (Ebeling et al., 2022). The ef-
forts to make individualised drug testing a reality would require high
throughput approaches in iPSC-RPE derivation and drug testing. In
response to this apparent need, there are advances being made towards
automation of manual procedures with the aim to improve precision and
reproducibility and allow for industrial scale compound testing.
Accordingly, Truong et al. demonstrated the use of commercial Fluent®
workstations (Tecan Group Ltd., Méannedorf, Switzerland) for the pur-
pose of automation of iPSC culture, RPE differentiation and high
throughput drug testing and end-point screening for AMD (Truong et al.,
2021). This proof-of-principle study tested 18 mitochondrial targeting
compounds with automated end-point screening of mitochondrial bio-
energetics using the Seahorse Flux Analyzer (Agilent). As shown in other
studies, the screening revealed high variation in drug response of the
individual cell lines tested (Ebeling et al., 2022; Truong et al., 2021).
Overall, there is a strong indication that large-scale population studies
are required to evaluate the effects of putative drugs and to generate
clinically relevant data.
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To this end, Sharma et al. provided a proof of concept that human
iPSC-derived RPE cells generated to model AMD can be used as a high
throughput platform for drug screening and discovery of disease sup-
pressing compounds (Sharma et al., 2021). Based on the molecular,
morphological, and physiological characterisation of the cells, leading
to the hypothesis that calcium homeostasis is fundamental to AMD
mechanisms, a drug screen was performed using a commercially avail-
able Library of Pharmaceutically Active Compounds (LOPAC) with 1280
bioactive small molecules. Drug treatment along with a chemical
stressor known to cause RPE cell death through calcium signalling, led to
the identification of two drugs, L745,870 and aminocaproic acid. These
two compounds consistently demonstrated cytoprotective effects
against complement-induced stress pathways activation, pathological
intracellular lipid accumulation and RPE damage, recognising them as
potential disease modifying therapeutics for AMD. While L.745,870 is a
dopamine D4 receptor agonist, aminocaproic acid is an inhibitor for
proteolytic enzymes; and the hypothesised mode of action of the drugs
may be through blocking downstream pathways relevant to AMD and
inhibition of proteolytic activity leading to complement activation and
anaphylatoxins generation, respectively (Sharma et al., 2021). These
disease specific mechanisms of action make them suitable candidates for
pharmacological evaluation and testing in clinical trials.

5.1.2. The use of retinal organoids and RPE in drug screening and
development in IRDs and RB

Altogether, the highlighted here studies re-enforce the utility of
iPSC-derived RPE models to study genetic susceptibility and idiopathic
disease at a cellular level, and as a high sensitivity platform facilitating
drug discovery and screening. In contrast drug screening in retinal
organoids has been hampered by the lack of quantitative assays that are
suitable for 3D models, which are composed of multiple cell types often
arranged in a tissue specific manner. This complicates diffusion of small
molecules and makes the measurement of experimental variables more
challenging due to the need for spatial resolution and the difficulty of
assigning the outcomes to a particular cell type. To overcome some of
these challenges, Vergara and colleagues developed a 3D automated
reporter screening (3D-ARQ) platform, that allows accurate quantifica-
tion of fluorescent reporters via an incorporated microplate reader with
xyz-dimensional detection. The authors found that the retinal organoid
size was the major source of variability; hence they double stained the
retinal organoids with Bodipy TR and Calcein AM and used the fluo-
rescence ratio of these two dyes to normalise for size difference. The
system was tested with membrane-permeant dye JC-1, which is widely
used to monitor mitochondrial membrane potential. Since the mito-
chondria are predominantly located in the inner segment of photore-
ceptors, the majority of JC-1 staining should be in the putative outer
nuclear layer of retinal organoids. JC-1 stained retinal organoids were
then treated with a mitochondrial uncoupler (CCCP), while the control
group was exposed to the vehicle (DMSO). Longitudinal quantitative
analyses in live retinal organoids, demonstrated a significant decrease in
JC-1 fluorescence in the CCCP-treated group, providing proof-of prin-
ciple that retinal organoids can be used for drug screening in high
throughput assays (Vergara et al., 2017). In this context, Srimongkol and
colleagues used RB organoids to screen 133 FDA-approved drugs,
identifying Sunitinib as a highly cytotoxic agent against both RBI-de-
ficient and novel MYCN-amplified RB organoids, with ability to signif-
icantly reduce the proliferation tumour cones, which re thought to be
the cell of origin for RB tumours (Srimongkol et al., 2023).

To date, applications of retinal organoids for drug discovery remain
mostly at infancy and driven by insights obtained from iPSC disease
models. In a model of X-linked RP caused by a premature termination
codon (PTC) in the RP2 gene, defects in Golgi cohesion, Gbeta trafficking
were found in RPE cells, as well as ciliary trafficking of Kif7 in retinal
organoids (Schwarz et al., 2015, 2017). Readthrough drugs, namely
Ataluren and G148 could restore the full length RP2, reversing the
cellular phenotypes in RP2 patient retinal organoids and RPE cells,
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illustrating the ability of iPSC-derived retinal models for discovering
potential therapeutics. Readthrough therapy was also shown to be
effective against a PTC in the MERTK gene using patient derived
iPSC-RPE (Ramsden et al., 2017). MERTK is essential for photoreceptor
outer segment phagocytosis by the RPE and PTC124 was able to rein-
state phagocytosis of labelled photoreceptor outer segments at a
reduced, but significant level. Furthermore, Ataluren was shown in in-
crease the level of detectable AIPL1 protein in a retinal organoid model
of LCA4, but this was not able to rescue defects in PDE biosynthesis or
c¢GMP (Leung et al., 2022). In addition, treatment of iPSC-RPE derived
from choroidermia patients with PTC124 did not lead to any increase in
REP1 or any downstream effects on Rab proteins, showing that the ef-
ficacy of readthrough of PTCs can depend on the type of PTC, the context
of each PTC, gene, cell type and protein as well as the level of functional
protein restoration required (Torriano et al., 2018).

A potential alternative to using human retinal organoids in drug
discovery is to use mouse retinal organoids that differentiate much
faster. Using retinal organoids from rd16 mutant mice, Chen and col-
leagues performed a high-throughput screen of over 6,000 molecules to
test their ability to improve development and survival of photoreceptors
with dysfunctional CEP290 (Chen et al., 2023a). Reserpine, a compound
approved by the FDA for the treatment of hypertension and schizo-
phrenia, was found as the lead compound, as it increased rhodopsin and
S-opsin positive staining in the treated mouse organoids. The effect of
reserpine was confirmed in CEP290-LCA patient retinal organoids and in
vivo. At the transcriptional level, reserpine modulates the expression of
phototransduction genes, mainly by reducing their expression (Chen
et al., 2023a). In CEP290 organoids, accumulation of autophagosomes
indicated increased autophagy, which was reduced after reserpine
treatment (Chen et al., 2023a). The flavonoid eupatilin has been
demonstrated to improve ciliogenesis and cilium length in different in
vitro models of CEP290 ciliopathies, including retinal organoids (Cor-
ral-Serrano et al., 2023; Kim et al., 2018). Eupatilin modulates ciliary
and synaptic genes in control organoids, mainly by downregulation of
these genes, as seen with reserpine (Corral-Serrano et al., 2023). The
downregulation of phototransduction and cilia genes could be beneficial
in retinal ciliopathies, through reducing the burden of protein transport
to the outer segments.

While there are still many challenges for adoption of iPSC-derived
retinal models (discussed in section 7), the genomic and cellular spe-
cific features of these models represents a unique opportunity for rev-
olutionising drug development and personalised medicine. With the
current technological advances in iPSC patient specific disease model-
ling and deploying robotics for automation and scalability, the “clinical
trials in a dish” become the realistic future of personalised medicine
more than ever before.

5.2. Gene therapy

The retina’s accessibility and immune-privileged characteristics,
coupled with the predominantly monogenic nature of many retinal
disorders, make it an ideal candidate for precision gene editing strate-
gies. Using customised endonucleases such as CRISPR, zinc finger nu-
cleases (ZFNs), and transcription activator-like effector nucleases
(TALENS), as well as adeno-associated viral vector (AAV)-based gene
augmentation or antisense oligonucleotide (ASO)-mediated RNA modi-
fication, in conjunction with iPSC-derived retinal cells and organoids,
can accelerate the development of disease models and targeted therapies
for ophthalmic conditions.

5.2.1. Gene vectors

A well-established method for retinal gene therapy involves gene
augmentation with nucleic acid cargo, such as DNA, mRNA, or small
interfering RNA (siRNA), delivered via viral or non-viral vectors. Adeno-
associated viral (AAV) vectors have been the preferred choice for IRDs
due to their sustained gene expression capabilities (Russell et al., 2017).
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Historically limited by a small cargo capacity (around 5 kb), AAV vec-
tors now use multiple vectors (dual or triple), each carrying distinct
segments of a large transgene expression cassette, that reconstitute upon
co-infection (Dyka et al., 2014; Lopes et al., 2013; Maddalena et al.,
2018; Trapani et al., 2014). Intein-mediated protein trans-splicing has
also enabled reconstitution of large proteins in animal models and
human iPSC-derived retinal organoids (Tornabene et al., 2019).

iPSC-derived retinal tissues are gaining traction for assessing AAV
serotype transduction efficiency across various cell types. Several AAV
capsid serotypes have demonstrated successful transduction in mouse
and human iPSC-derived retinal organoids and RPE cells (Gonza-
lez-Cordero et al., 2018; Volkner et al., 2021). Notably, the ShH10 and
7m8 capsids (Klimczak et al., 2009), exhibit high transduction efficacy
across all stem cell-derived tissues (Gonzalez-Cordero et al., 2018).
Additionally, AAV2 and AAVS5 are efficient vectors for transducing
mouse and human iPSC-derived RPE, photoreceptors, and Miiller cells
(Khabou et al., 2018; Mookherjee et al., 2018; Quinn et al., 2019),
though distinctions likely exist among specific variants within these
serotypes (Gonzalez-Cordero et al., 2018; McClements et al., 2022).
Transduction efficiency can also be influenced by organoid maturity and
differentiation protocols. Early-stage retinal organoids (e.g., before
Week 13) may resist transduction due to underdeveloped photoreceptor
outer segments (Gonzalez-Cordero et al., 2018; Petit et al., 2017), or the
presence of the corresponding cell surface receptor, such as undetectable
N-linked galactose (the primary AAV9 receptor) in organoids until at
least 10 weeks of maturation (Garita-Hernandez et al., 2020).

iPSC-derived disease models have facilitated the assessment of tar-
geted AAV-mediated gene correction therapies in various conditions
including, as previously mentioned (Section 4.2.1.3), RP (Brydon et al.,
2019; Lane et al., 2020; Xi et al., 2022; Yoshida et al., 2014), as well as
STGD1 disease (Tornabene et al., 2019), LCA (Kruczek et al., 2021,
2022; Tornabene et al., 2019), CRB1 (Boon et al., 2023), choroideraemia
(Cereso et al., 2014; Duong et al., 2018), RPGR (West et al., 2022) and
Bietti crystalline corneoretinal dystrophy (Jia et al., 2023). These
technologies can also be combined, as demonstrated by Lane and col-
leagues, who developed retinal organoid models of X-linked RP due to
RP2 mutations from patient-derived iPSCs and CRISPR-edited knock-
outs, highlighting the effectiveness of AAV-mediated RP2 gene therapy
and identifying novel photoreceptor cell death patterns (Lane et al.,
2020).

Additionally, iPSC-derived tissues and organoids have shown effi-
cient transduction with lentiviral vectors derived from the human im-
munodeficiency virus (Cora et al., 2019; Kallman et al., 2020; Udry
et al., 2020), benefiting from low immunogenicity (Griesenbach et al.,
2012; Sinn et al., 2008). Moreover, retinal organoids offer opportunities
to compare retinal administration routes for viral vector-mediated
therapies, considering anatomical barriers to transduction (Hammadi
et al., 2023), and assess emerging non-viral delivery systems (Banskota
et al., 2022; Yin et al., 2014).

5.2.2. Gene editing

CRISPR technology relies on bacterial nuclease proteins, such as
Cas9 derived from Streptococcus pyogenes, and synthetic guide RNA
(gRNA) to enable precise cleavage of complementary genomic se-
quences (Doudna and Charpentier, 2014). The recognition of the DNA
target sequence by the Cas9/gRNA ribonucleoprotein hinges on the
presence of an immediately upstream protospacer adjacent motif (PAM),
comprising a 5-NGG-3' motif, where "N" represents any of the four
nucleobases (adenine, thymine, cytosine, or guanine), followed by two
guanine ("G") bases (Kleinstiver et al., 2015). PAM selection, usually
done computationally, minimises off-target activity (Hsu et al., 2013).
Subsequent processing of these DNA breaks by cellular repair mecha-
nisms, like non-homologous end joining (NHEJ) and homology-directed
recombination (HDR), allows for precise genetic modifications, such as
gene knock-ins or knockouts (Xue and Greene, 2021). CRISPR’s quick
design and generation, compared to protein-based DNA targeting motifs
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like ZFNs and TALENs (Miller et al., 2011; Urnov et al., 2010), along
with its greater precision and superior multiplex gene editing capabil-
ities, make it invaluable for investigating polygenic disorders and
identifying therapeutic targets (Xue and Greene, 2021).

As discussed earlier (Section 5.1), there is a growing trend in
modifying retinal organoid and RPE cell protocols to facilitate high-
throughput screening of therapeutic compounds (Hallam et al., 2018;
Vergara et al., 2017). However, this application is constrained by the
developmental variability and the inherent diversity of retinal organoids
and RPE cells (Cahan and Daley, 2013; Germain and Testa, 2017). Even
when the cellular phenotype of a specific mutation appears evident, it
can be obscured by genetic and epigenetic differences (Gore et al., 2011;
Mekhoubad et al., 2012; Sandoe and Eggan, 2013; Sterneckert et al.,
2014). To overcome this challenge, gene editing tools like CRISPR-Cas9
can be leveraged to establish isogenic iPSCs with identical genetic
backgrounds, differing only in disease-causing variants. This can involve
the correction of variants in patient-derived iPSCs or introducing path-
ogenic variants into iPSCs from healthy controls, facilitating valid
therapeutic comparisons (Afanasyeva et al., 2023; Buskin et al., 2018;
Chang et al., 2023; de Jong et al., 2022; Deng et al., 2018; Farnoodian
et al., 2022; Huang et al., 2019; Karjosukarso et al., 2023; Lane et al.,
2020; Rodrigues et al., 2022).

Isogenic iPSC models edited with CRISPR technology have effec-
tively demonstrated its potential for treating RP and X-linked reti-
noschisis (Bassuk et al., 2016; Buskin et al., 2018; Deng et al., 2018;
Diakatou et al., 2021; Huang et al., 2019; Rodrigues et al., 2022). As
discussed in Section 4.2.1, our group recapitulated the morphological
and functional changes in PRPF31-driven RP using iPSC-derived RPE
cells and retinal organoids (Buskin et al., 2018). We demonstrated that
CRISPR-Cas9-mediated correction of PRPF31 in affected retinal cells
rescued the molecular and cellular phenotypes. Rodrigues et al.
extended these findings, showcasing RP-like deficiencies due to PRPF31
haploinsufficiency and highlighting CRISPR-Cas9’s potential for pre-
venting these deficiencies by inserting a functional PRPF31 copy into
isogenic iPSC lines (Rodrigues et al., 2022). Another example of
CRISPR-Cas9 gene correction comes from retinal organoids derived from
a patient with the homozygous nonsense variant in LCA5 (c.835C>T; p.
Q279*%) (Afanasyeva et al., 2023). The authors used RNP as delivery
strategy in iPSC, that improved efficiency and precision of HDR editing
while decreasing cytotoxicity. Absence of LCA5 caused opsin retention
in the ONL, which was rescued after gene editing (Afanasyeva et al.,
2023).

However, CRISPR-Cas9’s promise in treating retinal disorders (Hung
et al., 2016; Ruan et al., 2017; Yiu et al., 2016), is accompanied by
significant challenges, including off-target effects and variable gene
editing efficiency, particularly in specific cell types or tissues. Moreover,
off-target detection is crucial (Burnight et al., 2018) due to the potential
for unintended genome damage (Fu et al., 2013), even in iPSCs (Yang
et al., 2014b). On-target effects like local DNA changes and chromo-
somal rearrangements remain poorly understood (Leibowitz et al.,
2021). Nevertheless, Afanasyeva et al. performed whole genome
sequencing of LCAS5 gene corrected iPSC clones and confirmed only the
desired changes were introduced, any single nucleotide or structural
variants detected were also present in the parental line (Afanasyeva
et al., 2023). However, this might not be practical in all cell line con-
struction and will not be possible in vivo. Addressing these issues is vital
for improving CRISPR-Cas9’s efficiency and safety. Co-transfection with
AAV vectors, specifically AAV6, delivering DNA donor templates, offers
a means to promote HDR efficiency without the need for selection
markers (Martin et al., 2019). This approach has demonstrated notable
efficacy in primary cell types such as undifferentiated iPSCs, but it is
unlikely to be effective in the retina where other approaches, such as
prime editing, MMHJ, or HiTi, are more effective (Martin et al., 2019;
Tornabene et al., 2022).
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5.2.3. Antisense oligonucleotides

In addition to the above-mentioned approaches, alternative gene
directed therapies are under development using iPSC-derived models.
One such approach involves the use of antisense oligonucleotides
(ASOs), which are short RNA molecules chemically modified to modify
splicing, mRNA stability or translation. This approach was used to
restore full length mRNA and protein function, as well as ciliogenesis, in
retinal organoids derived from iPSCs of a patient with LCA due to the
common deep intronic CEP290 ¢.2991+1655A>G variant (Dulla et al.,
2018; Parfitt et al., 2016), ultimately leading to promising clinical trials
(Russell et al., 2022). Similarly, retinal organoids derived from patients
with STGD1 disease and USH2A-related RP were used to show recovered
protein expression and normal photoreceptor development following
treatment with targeted ASOs, through either the suppression of pseudo
exons caused by deep intronic variants in ABCA4, skipping of an
in-frame exon that is a pathogenic variant hotspot in USH2A, or to
enhance exon inclusion for a common severe near intronic variant in
ABCA4 (Dulla et al., 2021; Kaltak et al., 2023; Khan et al., 2020; Tom-
kiewicz et al., 2022).

5.2.4. Prime editing

There has been growing recent interest in gene editing techniques
that eliminate the need for error-prone DNA breaks. One such approach,
prime editing, comprises just two components — a Cas9 nickase fused to a
modified reverse transcriptase, and a prime editing guide RNA
(pegRNA) (Anzalone et al., 2019). This complex binds to the target re-
gion, inducing a nick 3 bp upstream of the PAM site. This action releases
a 3' flap that interacts with the pegRNA’s primer binding site, acting as a
primer for new DNA synthesis. The edited 3’ flap displaces the unedited
5’ flap, removed by cellular endonucleases. This method builds on pre-
vious base editing strategies by expanding the potential nucleotide
modifications available (Scholefield and Harrison, 2021). Enhanced
precision may be achieved through a structured RNA motif in engi-
neered pegRNAs, preventing degradation and improving efficiency
across various cell lines (Nelson et al., 2022). There is now considerable
interest in validating these techniques in PSC-derived structures, with
AAV-mediated prime editing already used to reverse the causal RPE65
mutation in mouse models of the congenital retinal dystrophy, Leber’s
congenital amaurosis (Jang et al., 2022; Park et al., 2023).

In summary, combining gene therapy with iPSCs and retinal orga-
noids has the potential to accelerate the development of precision
medicine for retinal disorders, reducing reliance on animal testing and
enabling innovative combination therapies.

6. Biomarker development

A biomarker, according to the “Biomarkers, EndpointS, and other
Tools” (BEST) resource developed by the FDA and the National Institutes
of Health, is “a defined characteristic that is measured as an indicator of
normal biological processes, pathogenic processes, or biological re-
sponses to an exposure or intervention, including therapeutic in-
terventions” (Califf, 2018; FDA-NIH Biomarker Working Group, 2016).
Biomarkers are used in a clinical setting to screen for diseases, monitor
disease progression and monitor responses to therapies. Biomarkers are
also particularly important for the pharmaceutical and biotechnological
industry, where they can be used as screening tools in drug discovery
and development to stratify patients for clinical trials, monitor effec-
tiveness of drugs and adverse effects, to name a few uses.

The “accessibility” of the retina allows a detailed analysis of its
anatomy and physiology, and unsurprisingly multimodal retinal imag-
ing techniques, such as the digital retinal photography, optical coher-
ence tomography (OCT) and fluorescein angiography, are routinely used
to diagnose and monitor retinal disease progression (Kurzawa-Akanbi
et al., 2021). In the advent of artificial intelligence, this advanced
analytical method can help with collating different clinical character-
istics and imaging data to identify clinically relevant associations to
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diagnose and manage ophthalmic conditions, and there is currently a lot
of research activity in this area. Groups around the world reported using
machine learning approaches to detect AMD and monitor disease pro-
gression through the assessment of drusen, the earliest biomarker of
retinal tissue metabolic anomalies, using OCT images (Kapoor et al.,
2019). Predicting the disease course and impact of AMD on vision (i.e.,
the progression to advanced late stages or the effect of specific thera-
pies), is a particular challenge. To address this need, several machine
learning programmes to predict the conversion of intermediate AMD to
either geographic atrophy or neovascular AMD using OCT images are
currently under development (Schmidt-Erfurth et al., 2018).

Nevertheless, other convergent approaches, e.g., using biofluid
markers, may also be beneficial and could be integrated into machine
learning algorithms to identify meaningful associations that are other-
wise difficult to disentangle by traditional analytical methods (Pucchio
et al., 2022). A systematic review by Pucchio et al. collated over 250
markers with a significant link to AMD and over 70 metabolic pathways
associated with AMD development that were identified across 26
studies. Various biofluids, such as plasma, serum, aqueous humour, and
vitreous humour were subjected to metabolic, lipid and proteomic
profiles analyses, to name the most frequent approaches. A notable
observation was a significant variability in metabolic profiles uncov-
ered, with many biomarkers showing conflicting patterns across studies,
even including those most frequently reported, such as HDL-cholesterol,
c-reactive protein (CRP) and total serum triglycerides. Similarly, several
studies reported markers specific to neovascular AMD, however none of
these studies were confirmed by other reports. The biological pathways
that were associated with AMD by more than one study were oxidative
stress, the glycerophospholipid pathway, 2-oxocarboxylic acid mecha-
nism, ABC transportation, protein digestion and absorption, and mineral
absorption (Pucchio et al., 2022). While there is significant variability in
AMD biomarker discovery, whether arising from biological or experi-
mental differences, there is an emerging pattern of altered lipid meta-
bolism and inflammation associating with AMD phenotype.
Importantly, both mechanisms find confirmation in human donor tissue
reports, for example in the significant lipid and complement component
of drusen, and in in vitro patient-derived iPSC studies (Saini et al., 2017;
Senabouth et al., 2022; Wang et al., 2010).

For IRDs where heterogenous genetic mutations are the cause of the
disease, such as RP, patient-specific iPSC retinal models have been
shown to be useful in the evaluation of the pathogenicity of specific gene
mutations and therefore identifying new genetic biomarkers. As an
example, a homozygous pathogenic insertion in male germ -cell-
associated kinase (MAK) gene was shown to be the cause of RP
(Tucker et al., 2011). This was achieved through inducing retinal dif-
ferentiation of iPSCs derived from the affected proband and a patient
with MAK-unrelated retinitis pigmentosa. Subsequent molecular ana-
lyses of the retinal precursors in comparison to undifferentiated iPSCs
showed that the pathogenic mechanism was through the prevention of a
retina specific transcript isoform expression. Another example is that of
structural variants that cause dominant RP mapped to a locus on chro-
mosome 17, RP17. Here, the authors used Hi-C to study the effect of the
genomic rearrangement on patient derived retinal organoids to show
that the structural variant caused disruption of a topological associated
domain (TAD) that insulated retinal enhancers from other genes in the
region, leading to ectopic expression of other genes in the region (de
Bruijn et al., 2020). Patient specific iPSCs are therefore a vital tool in
dissecting highly genetically heterogenous disorders where access to the
affected tissue for molecular studies is difficult.

The discovery of new disease-specific biomarkers is highly reliant on
understanding disease pathobiology. As outlined in the previous section,
iPSC-based disease modelling constitutes a platform for elucidation of
disease mechanisms and identification of markers associated with the
earliest stages of cellular dysmetabolism. Translating research findings
and novel biomarkers for clinical use at scale is complex, and each
candidate biomarker needs to be validated in patient studies, and assays
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detecting the particular biomarker(s) must be evaluated and validated
for specificity and sensitivity to be considered for adoption (Lambert
et al., 2016). Biomarkers acquired from non- or minimally-invasively
obtained biofluids are also a sought-after solution, which adds another
layer of complexity to validating markers identified through in vitro
studies of retinal cell models. As previously discussed, due to the bio-
logical and technical heterogeneity impacting results, further efforts are
required to elucidate retinal pathobiology and to evaluate potential
biomarkers in large, well-defined patient cohorts. In our labs, we have
focused on understanding the biology of RPE cells carrying the common
CFH high risk polymorphism predisposing to AMD (Cerniauskas et al.,
2020; Hallam et al., 2017). We recently explored the role of
EV-mediated signalling in intercellular communication between RPE
and other retinal cells to understand its potential involvement in disease
propagation and potential utility as a biomarker source (Kurzawa-A-
kanbi et al., 2022). We corroborated findings from the environmental
exposure models and showed that EVs secreted by cells in a pathological
state had altered contents to those produced by unaffected cells.
Importantly these cargoes were active in biological pathways associated
with AMD, such as oxidative stress, angiogenesis and actin cytoskeleton
signalling (epithelial-mesenchymal transition), and are known struc-
tural contents of drusen (various proteins and lipids), indicating their
putative utility as liquid biopsies (Flores-Bellver et al., 2021; Kurza-
wa-Akanbi et al., 2022).

Additional evidence in support of the role of paracrine signalling in
AMD pathology, but not specific to EV-mediated signalling, came from
an elegant study by Manian et al. showing that RPE-secreted factors are
independently sufficient to induce angiogenesis and choriocapillaris
atrophy. Strikingly, AMD patient serum exposure induced features
consistent with choroidal neovascularisation, underscoring the altered
composition of the biofluid in disease and implying the presence of
disease associated markers (Manian et al., 2021). To further underscore
the role of RPE secreted factors in retinal disease pathogenesis, a recent
study showed an increased secretion of enzymes with elastase activity, i.
e. elastin degrading enzymes, by iPSC-derived AMD RPE to the apical
compartment (Navneet et al., 2023). Elastin is a major structural
component of BrM, and a compromised integrity of the elastin layer has
been linked to AMD and particularly choroidal neovascularisation
(Navneet and Rohrer, 2022). The experimental findings of abnormally
increased RPE secretion of elastase activity correlate with independent
studies showing increased levels of elastin fragments and elastin auto-
antibodies in serum from wet AMD patients, as well as genetic findings
of a link of a genetic variant near MMP9 (matrix metalloproteinase with
elastase activity) with neovascular AMD (Fritsche et al., 2016; Moro-
hoshi et al., 2012; Sivaprasad et al., 2005). These results suggest a
mechanistic link of abnormal elastin turnover with AMD and candidate
biomarkers for neovascular AMD.

EVs present a novel tool for disease biomarker identification, as they
encapsulate a portfolio of molecules, including those associated with the
pathological state of cells (Kalluri and LeBleu, 2020). As EVs are present
in various biofluids, including ocular fluids (vitreous humour, aqueous
humour, tears) and blood, and cross the blood retina barrier, they pre-
sent an emerging opportunity for the discovery of biomarkers with high
sensitivity and specificity to the disease status and less variability across
the population, as encountered by previous studies. The analysis of EVs
could also potentially enable early diagnosis before any visual symptoms
emerge and monitor the effectiveness of therapeutics (Chatterjee and
Singh, 2023). Their potential utility could be in predicting the evolution
of AMD and the risk of progression to the sight threatening stages of
either geographic atrophy and/or neovascularisation, addressing the
evident healthcare challenge.

Certainly, bringing EV-based diagnostics to the clinics will require an
orchestrated effort in evaluating different biofluids as a source of bio-
markers in large sample cohorts. As an example, Kang et al. presented a
comprehensive comparative proteomic analysis of aqueous humour and
aqueous humour-derived EVs from AMD patients’ samples, including
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those before and after anti-VEGF treatment, and ARPE-19 conditioned
media and isolated EVs, to identify disease associated pathways relevant
to in vivo pathology, and potential disease biomarkers (Kang et al.,
2014). Despite a significant variability in individual datasets, the au-
thors identified several proteins, including cathepsin D, that were
increased in abundance in the patients’ aqueous humour samples, and
their levels decreased after treatment. Although these results require
verification in larger cohorts and it is unclear from this study whether
utilising EVs offers benefits over the analysis of unprocessed biofluid;
nevertheless, this integrated approach demonstrates a practical solution
in biomarker and disease mechanisms identification, especially with the
availability of patient-derived iPSCs for biomarker evaluation. Under-
standing the role of EVs in retinal homeostasis and whether (and how)
EVs could be used as a diagnostic tool in retinal disorders remain open
questions. Nonetheless, mounting evidence suggests a crucial role for
these particles in intercellular communication and disease propagation
and must be evaluated as a potential tool for tackling the growing
prevalence of retinal disorders. This progress in vision research, together
with the remarkable advancement of computing science, will undoubt-
edly have a positive impact on the development of modern technologies
for better patient diagnostics and management.

7. Toxicity screens

Over 90% of drugs fail in human clinical trials using preclinical
models (Sun et al., 2022). In this regard, patient-derived organoids and
RPE cells offer a valuable screening platform for preclinical testing
(Rawal et al., 2021). Due to the spatial organisation of multiple
organ-specific cell types, organoids have huge potential as a test system
for characterising the permeability of histological barriers, deposition,
drug metabolism, alteration of intercellular communications, and
intercellular environment reactions (Hikage et al., 2019; Kruk and
Auersperg, 1992; Leite et al., 2016; Lu et al., 2017; Nikonorova et al.,
2023; Park et al., 2019; Pinto et al., 2021; Spencer et al., 2020; Sugiyama
et al., 2007; Takezawa et al., 1993; Walsh et al., 2014; Zhang et al.,
2020). Assessing retinal drug toxicity has become important as different
molecules and antibodies have become available for the treatment of
neurodegenerative disorders (Poovaiah et al., 2018; Yu and Watts,
2013). 3D PSC-derived retinal organoids and RPEs largely recapitulate
the structure and function of native retina and RPE respectively, and
thus provide the missing link between compound screening and clinical
trials (Cowan et al., 2020; Kokkinaki et al., 2011). Since retinal orga-
noids and RPE cells can be easily derived in scalable platforms from
patients with various age related and inherited conditions, studies that
focus on correlation between genetic mutations and response to various
drugs can be performed with ease (Kokkinaki et al., 2011; Sharma et al.,
2021). As such they provide the in vitro disease models that recapitulate
diversity of the human disease, avoiding generation of animal models
with targeted mutations as in current practice. In the most recent report
from The Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH), 2.9 million animals have been used in EU since
1997 and a further 1.3 million animals are being used for reproductive
toxicity tests, developmental toxicity tests, and repeated-dose toxicity
tests for human health (Knight et al., 2023). Approximately 2000 ani-
mals are needed in the pre-clinical development phase of a single
pharmaceutical product. The precise number of animals used for testing
retinal toxicity is unclear, however the Home Office UK data for testing
performed on sensory organs in animals in 2012 details use of 40,541
mice, 2484 rats and 504 other mammals. Sensory organs comprise skin,
eyes and ears so if we assume an equal split between these, then the
application of retinal organoids and RPE cells has the potential to reduce
a maximum of 14,500 animal procedures a year.

To date, relatively few studies have used retinal organoids for drug
toxicity assessment, mainly restricted to candidate molecules. For
example, toxicity of G418 was observed in patient derived retinal
organoids tested for readthrough for a PTC in RP2 (Schwarz et al.,
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2017). In a proof-of-concept study, Dorgau et al. used retinal organoids
to quantify toxicities of already licensed drugs with known responses in
the human and animal retina in vivo through single cell RNA-Seq and
immunofluorescence assays. The authors compared the impact of reti-
notoxic (dixogin, thioridazine, sildenafil, ethanol, and methanol) to
benign molecules (flurbiprofen and ketorolac) to characterise their
retinal toxicity (Dorgau et al., 2022). Digoxin, for example, a medicine
used to treat heart failure and arrhythmias that has been linked to visual
phenomena such as yellow-green discolouration, was found to cause
multiple detrimental effects including cell death of photoreceptors,
horizontal, amacrine, and retinal ganglion-cells, disruption of Miiller
glia cells, as well as activation of stress and apoptotic signalling mech-
anisms. The broad impact of digoxin was attributed to the inhibitory
effect of this molecule on ATP-dependent sodium/potassium pumps
which are expressed in many retinal cell types (Wetzel et al., 1999).
Similarly the PDES inhibitor, sildenafil, used to manage erectile
dysfunction and pulmonary hypertension, can cause transient blue/-
green colour vision disturbances and was shown to result in the death or
dysfunction of various retinal cell types including photoreceptors
following its incubation with retinal organoids (Dorgau et al., 2022).
This phenomenon has been attributed to cross-reactivity with PDE6
expressed in photoreceptors wherein it contributes to the maintenance
of ion homeostasis during phototransduction (Tzoumas et al., 2020).
Patients treated with the antipsychotic thioridazine may suffer from
severe vision loss due to disorganisation of photoreceptor outer seg-
ments, followed by loss of RPE cells and choriocapillaris (Miller et al.,
1982). This has been attributed to thioridazine-mediated inhibition of
oxidative phosphorylation that results in abnormal rhodopsin synthesis.
Accordingly, treatment of retinal organoids with thioridazine caused a
disruption of the putative outer nuclear layer and a significant reduction
in the number of photoreceptors, especially rods, horizontal and retinal
ganglion cell death as well disorganisation of Miiller glia cells. Although
the study of Dorgau et al. was the first to show the utility of retinal
organoids as toxicity assessment tools, a small number of subsequent
publications are now using those to assess the toxicity of various sub-
stances including pesticides, flames retardants and other typical envi-
ronmental pollutants and combined application of TNF and HBEGF
(Gong et al., 2023; Volkner et al., 2022; Wang et al., 2023).

In parallel to the work carried out with retinal organoids, PSC-
derived RPE cells have also been used in small proof-of-concept
studies to evaluate the cytotoxicity of the recombinant tissue plasmin-
ogen activator (rtPA), which is used to treat various forms of thrombosis
by dissolving blood clots. Work done in rabbits has shown that rtPA
application leads to loss of photoreceptors and RPE toxicity, by
enhancing N-methyl-D-aspartate signalling and apoptosis (Kumada
et al., 2005; Nicole et al., 2001). Both the PSC-derived RPE and ARPE19
cells were exposed to various doses of rtPA, showing the sustained
exposure to 100 pg/ml induced prolonged cytotoxic effects only in the
PSC-derived RPE cells, but not ARPE19. Moreover, the response of the
PSC-derived RPE cells was similar to human foetal RPE, demonstrating
that PSC-derived RPE cells present a suitable platform for toxicity
studies. This paved the way for further investigations into the cytotox-
icity of RB chemotherapeutics (melphalan, topotecan and TW-37) or
immunosuppressive corticosteroid-sparing agents (cyclosporin A, siro-
limus, tacrolimus and lefluonomide and its active metabolite teri-
flunomide), which are used to treat inflammation in a range of disorders
including ocular disease, often through intraocular injections (Cerna--
Chavez et al., 2023; Oliveira et al., 2021).

It is notable that PSC-derived retinal organoids and RPE cells are now
manufactured commercially as a drug development/toxicity assessment
tool [Building functional in vitro models to improve clinical translation
(newcellsbiotech.co.uk); NeuroS - Creative Biolabs (creative-biolabs.
com)]. Their availability together with improvements in robotics,
automated organoid imaging (3D Cell Model Landing Page (molecularde
vices.com)), and machine learning should accelerate their application in
drug discovery/repurposing and toxicity studies (Fujimura et al., 2023;
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Kegeles et al., 2020).

7.1. Current challenges in using PSC-derived RPE and retinal organoids in
toxicity testing

So far, the retinal organoids and RPE models used in early toxicity
screens are relatively simple as they do not include immune cells or
inner/outer retina blood barriers that are present in vivo and are criti-
cally involved in drug absorption, metabolism, and flux across the retina
blood barriers. While great advances have been made in the recreation
of the oBRB (reviewed in section 3.4), vascularised retinal organoids
with incorporated human microglia cells, which also recapitulate the
RPE-photoreceptor interactions have not been reported yet. The lack of
this complex microenvironment limits the nutrient availability, metab-
olite removal, leading to hypoxia and necrosis in the centre of the
organoids. Furthermore, both the RPE and retinal organoids transcrip-
tionally and functionally still resemble foetal tissue counterparts (Hal-
lam et al., 2018). Importantly, current protocols do not generate
standardised retinal organoids, hence sample heterogeneity can lead to
spurious results.

Differentiation of retinal organoids mimics the timeline of human
retinal development, often taking up to one year to generate mature
organoids. This can pose a significant barrier for large scale application
because of time and cost implications. Despite worldwide efforts,
accelerated generation of mature human retinal organoids has not been
achieved, hence many laboratories have surpassed this difficulty by
setting up continuous batches of organoids, which allows on demand
experiments. An important challenge for both iPSC-derived RPE cells
and retinal organoids, is the intra line and intra-clonal variability with
regard to differentiation efficiency, attributed to differences in epige-
netic memory, signalling pathway activity and method of differentiation
(Cooke et al., 2023; Hallam et al., 2018; Hiler et al., 2015; Leach et al.,
2016). Most labs bypass this challenge by generating several iPSC lines
from the same donor and isogenic controls, which are then pre-screened
for differentiation efficiency, that further adds to the costs and timing
needed to generate retinal organoids from many individuals. Large scale
iPSC derivation initiatives such as HipSci and StemBancc, coupled with
worldwide iPSC banking efforts, provide unique resources for the
research and pharma community to select appropriate number of cell
lines, so adequately powered experiments that consider these variations
can be conducted (Streeter et al., 2017). Ultimately, PSC-derived retinal
organoids and RPE drug toxicity screening platforms should aim to
successfully meet the following: (1) scalability, standardization and
reproducibility of outputs to ensure endorsement by academic, indus-
trial sector and the regulatory agencies; (2) equivalence to adult tissue
function and structure, encompassing and retaining key cellular in-
teractions, appropriate microenvironment and mechanical properties to
ensure optimal clinical translatability; and (3) automated data acquisi-
tion and analysis to enable high throughput testing and extensive
implementation in preclinical studies.

8. Conclusions

The vast knowledge of retinal development acquired from various
animal models has been instrumental for directing PSC differentiation to
RPE cells and light-responsive retinal organoids, which largely mimic
the structure and function of the native RPE and neural retina in vivo.
These features have rendered PSC-derived retinal tissues an outstanding
tool for retinal congenital disease modelling studies, drug development
and testing new experimental therapies for devastating conditions that
have no cure. Promising developments in transplantation studies show
that PSC-derived photoreceptors engraft in animal models of retinal
degeneration, make synaptic connections with interneurons, and
partially restore vision, opening an exciting path towards cell-based
transplantation for patients with advanced retinal degeneration. To
fully translate these developments into clinical practice, it is necessary
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to develop more complex physiological models that fully capture the
cellular interactions between neural retina, RPE and choriocapillaris at
scale, and invest in automated data acquisition and analyses tools that
allow robust and reproducible assessment of retinal function.
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