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The cumulative knowledge of retina development has been instrumental in the generation
of retinal organoid systems from pluripotent stem cells; and these three-dimensional
organoid models, in turn, have provided unprecedented opportunities for retinal research
and translational applications, including the ability to model disease in a human setting
and to apply these models to the development and validation of therapeutic drugs.
In this review article, we examine how retinal organoids can also contribute to our
understanding of retinal developmental mechanisms, how this knowledge can be applied
to modeling developmental abnormalities, and highlight some of the avenues that remain
to be explored.
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INTRODUCTION

The vertebrate retina is an extension of the central nervous system composed of seven main types of
neurons and glia specialized for visual function. Its delicate and complex organization arises during
embryonic development through tightly spatiotemporally regulated mechanisms that are highly
conserved among vertebrates (Figure 1).

The retina originates from the ventral diencephalon, where a group of cells begins to co-express
a set of transcription factors including Pax6, Rax, Six3, Six6, and Lhx2, and becomes specified as
the eye field (Zuber et al., 2003; Byerly and Blackshaw, 2009). This eye field evaginates bilaterally to
form the optic vesicles, which grow distally towards the surface ectoderm where inductive signals
from the lens placode contribute to the specification of the retinal placode. Next is a concerted
invagination of both tissues to form the lens vesicle and the bilayered optic cup (Figure 1). As
the inner layer continues to proliferate and become established as the retinal neuroepithelium,
interactions with the extraocular mesenchyme and surface ectoderm specify retinal pigmented
epithelial (RPE) fate in the outer layer of the optic cup (Adler and Canto-Soler, 2007; Fuhrmann,
2010; Heavner and Pevny, 2012).

Retinogenesis begins at the posterior pole of the retinal neuroepithelium, spreading anteriorly
as a wave, with cell cycle exit and fate specification following a sequential yet overlapping pattern
that is highly conserved in vertebrates (Cepko et al., 1996). The first cells to differentiate are retinal
ganglion cells (RGC), followed by cone photoreceptor precursors, amacrine and horizontal cells,
and later by rod photoreceptor precursors, bipolar cells, and Müller glia (Brzezinski and Reh, 2015;
Hoshino et al., 2017). Differentiation of cell subtypes andmaturation follow, and synaptic formation
then leads to the development of plexiform layers, completing the retinal circuitry.
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FIGURE 1 | Retinal organoid cultures recapitulate in vivo retinal development. The top row illustrates some of the hallmarks of retinal development in vivo, as well as
some key signaling interactions that specify the neural retina and RPE territories in the optic vesicle (notice that interactions contributing to ventral optic vesicle/optic
stalk specification are not described, as they are outside of the scope of this review). Fluorescence (DAPI) and bright field micrographs in the middle row show
examples of retinal organoid morphology at each of the corresponding developmental stages (retinal organoids were derived from hiPSC using the Zhong et al.,
2014 protocol). The bottom row indicates the approximate timing of each developmental step in mouse (m) and human (h) retinal organoid cultures. The retinal
diagram was generated using BioRender. Abbreviations: BMP, bone morphogenetic protein; C, cornea; D, days of differentiation; diff., differentiation wave; EF, eye
field; FGF, fibroblast growth factor; L, lens; LP, lens placode; MS, mesenchyme; NR, neural retina; ON, optic nerve; OS, optic stalk; is/os, photoreceptor inner and
outer segments; PR, photoreceptors; RPE, retinal pigmented epithelium; SE, surface ectoderm.

Considering its complexity, it is extraordinary that this
process could be reproduced in vitro, leading to the generation
of three-dimensional (3D) retinas or retinal ‘‘organoids’’ from
embryonic and induced pluripotent stem cells (ESC and iPSC)
from different species. But how does this happen? What can
we learn about retinal development by studying organoids?
And can we harness the potential of organoids to gain a
better understanding of congenital retinal abnormalities? Rather
than compiling a comprehensive account of the literature on
these topics, we highlight some key studies that illustrate the
contributions of retinal organoids to answering these critical
questions and propose avenues for further exploration.

CHARACTERISTICS OF RETINAL
ORGANOID MODELS

Retinal organoids mimic the cellular composition and
histoarchitecture of the native retina, including the
differentiation of all major cell types organized in the
characteristic trilaminar structure. Moreover, they are capable
of achieving an advanced level of maturation, including the
ability to respond to light stimulation and form functional
synapses (Zhong et al., 2014; Wahlin et al., 2017; Hallam et al.,
2018; Cowan et al., 2020). Remarkably, to date, the only way to
achieve this high level of complexity is by harnessing the stem

cells’ ability to recapitulate development (Figure 1; Meyer et al.,
2009; Eiraku et al., 2011; Nakano et al., 2012; Zhong et al., 2014;
Volkner et al., 2016; O’hara-Wright and Gonzalez-Cordero,
2020).

During retinal organoid generation, stem cell aggregates
are cultured in conditions favoring their differentiation into
neuroectodermal lineages. At this point, structures expressing a
complete component of eye field transcription factors begin to
form spontaneously (Zhong et al., 2014). These eye fields later
differentiate into a central region expressing VSX2, a marker of
neural retinal fate, surrounded by microphthalmia transcription
factor (MITF)-positive cells representative of RPE fates, which in
turn are surrounded by neural rosettes that molecularly resemble
neural progenitors from the anterior neural tube, a topological
arrangement that mimics the optic vesicle in early development
(Figure 1; Eiraku et al., 2011; Zhong et al., 2014; Takata et al.,
2017).

When these optic vesicle analogs are dissected and cultured
in suspension, they fold into structures that mimic the inner
layer of the optic cup. These early retinal organoids consist of
a pseudostratified neuroepithelium where cell division occurs
in the external (‘‘apical’’) surface, with interkinetic nuclear
migration displacing nuclei radially to their final location
(Eiraku et al., 2011; Zhong et al., 2014). The same pattern
of apical cell division is observed even in protocols in which
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retinal organoid-like tissues are grown in attachment conditions.
Intriguingly, those adherent retinal cultures express LGR5, a
Wnt signaling activating receptor in the apical side (Singh
et al., 2015). Retinogenesis in organoids also follows the
sequence observed in vivo, including the posterior to anterior
differentiation wave (Zhong et al., 2014; Vergara et al., 2017;
Fligor et al., 2018; Langer et al., 2018; Luo et al., 2019).
Strikingly, each of the main developmental hallmarks in retinal
organoid generation roughly matches the timing of their in vivo
counterparts in a species-specific temporal sequence (Figure 1),
as confirmed by molecular, immunohistochemical, and more
recently transcriptomic and single cell RNA-sequencing studies
(Brooks et al., 2019; Collin et al., 2019a,b; Kaya et al.,
2019; Cowan et al., 2020). However, despite the substantial
conservation in cellular composition at each developmental
stage, significant variability has been noted in the efficiency
of retina induction among different pluripotent stem cell lines
(Mellough et al., 2019; Cowan et al., 2020).

LIMITATIONS OF THE MODEL

These characteristics make retinal organoids an attractive
model to study development, especially in humans, where
knowledge is sparse due to the obvious inability to perform
experimental manipulations. However, there are important
differences between these in vitro systems and the in vivo scenario
(Aasen and Vergara, 2020). Most notably, even though RPE
is formed in retinal organoid cultures, it is not juxtaposed
to the apical side of the neural retina (Eiraku et al., 2011;
Zhong et al., 2014; Takata et al., 2017; Singh et al., 2019).
Instead, when the presumptive optic vesicle is excised during
organoid generation, the RPE tissue, which remains continuous
with the neural retina, lacks the attachment to the neural tube
that would hold its position in the embryo in vivo and thus
folds onto itself forming a clump at the ‘‘anterior’’ end of
the organoid.

Retinal organoids also lackmicroglia, yolk-sac derivatives that
invade the optic cup during the period of retinogenesis in vivo,
and blood vessels, which are of mesodermal origin and enter
the developing optic cup through the optic fissure. Organoid
cultures instead favor neuroectodermal derivatives, and optic
vesicle-like structures are mechanically isolated, thus preventing
the formation of an optic stalk and folding of the optic fissure.
Moreover, the optic nerve does not form, forcing RGC axons
to remain within the organoid cavity. Eventually, as organoids
continue tomature, RGCs are lost (Kaya et al., 2019; Cowan et al.,
2020).

Finally, even though recent protocols have achieved an
increased ratio of the cone to rod photoreceptors (Kim et al.,
2019), nomacula formation has yet been demonstrated in human
retinal organoids, and the ability of these in vitro models to
respond to light stimulation, albeit remarkable, is significantly
smaller in magnitude than that of a mature retina (Zhong
et al., 2014; Hallam et al., 2018; Cowan et al., 2020). This may
be reflective of an embryonic scenario, even though studies
comparing the organoid light response with the onset of function
in vivo have not been performed.

Considering these and other deficiencies, what insights can
stem cell-derived organoid systems contribute to our knowledge
of the mechanisms of retinal development?

RETINAL ORGANOIDS OFFER NEW
PERSPECTIVES ON DEVELOPMENTAL
MECHANISMS

One of themost underappreciated lessons from organoid systems
is the largely tissue-autonomous nature of their development.
Decades of research have identified the mechanisms that drive
retina development, yet organoid systems now bring to light
new interpretations and nuances, contributing to a richer
understanding of this process.

One example of this is the optic vesicle regionalization. It
has been established in animal models that as the optic vesicle
evaginates, fibroblast growth factor (FGF) signaling from the
surface ectoderm is necessary to specify the presumptive neural
retina territory by upregulating the transcription factor Vsx2,
which is involved in a cross-repressive loop withMITF. In mouse
and chick, removal of the surface ectoderm at the optic vesicle
stage results in failure to specify a neural retina, leading to the
development of microphthalmic pigmented vesicles, which can
be rescued by exogenous FGF administration (Pittack et al., 1997;
Hyer et al., 1998; Nguyen and Arnheiter, 2000; Horsford et al.,
2005). Conversely, RPE specification andmaintenance are driven
by signaling molecules including Wnt, bone morphogenetic
proteins, and the transforming growth factor-β (TGF-β) family
member activin (Fuhrmann, 2008; Westenskow et al., 2009;
Heavner and Pevny, 2012; Steinfeld et al., 2013). Studies in
chicks indicate that these inductive signals originate from the
extraocular mesenchyme (Fuhrmann et al., 2000; Kagiyama et al.,
2005; Fuhrmann, 2010), whereas mouse studies implicate the
surface ectoderm in this process (Carpenter et al., 2015).

In this context, the fact that retinal organoid development
involves the consistent generation of optic vesicle-like
structures composed of a central presumptive neural retina
and surrounding RPE is remarkable, considering the lack of both
surface ectoderm and extraocular mesenchyme. Additionally,
even if these cells were produced elsewhere in the culture, the
secreted factors that mediate signaling between these tissues
in vivo would be available to the whole culture and thus would
be unlikely to specify positional information. Moreover, the
neural retina and RPE are known to remain plastic for some
time after specification, and disruption of these external signals
causes transdetermination between these two fates in vivo.
Yet during organoid generation, once the neural retina and
RPE are specified, these fates are maintained and the cells
continue to differentiate and mature accordingly. This suggests
that once the eye field is specified, the cells have the intrinsic
ability to undergo differentiation in a manner that maintains
the topological organization and subsequent maturation of the
neural retina and RPE in the absence of inductive interactions
with other tissues. Rather than refuting the importance of tissue
interactions in optic vesicle regionalization, this seemingly
contradictory finding may favor the hypothesis that interactions
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between embryonic tissues in vivo orchestrate a dynamic balance
of inductive and repressive forces that restrict the endogenous
differentiation program of the optic vesicle to specific spatial
territories, thus ensuring the correct location and size of the
developing eye structures.

Another area where retinal organoids are contributing
to our understanding of eye development is in optic cup
morphogenesis. Organoid systems have strengthened a model
in which the morphogenetic events that result in optic vesicle
to optic cup transition can be driven by intrinsic forces in the
absence of external structures. Eiraku et al. (2011) used atomic
force microscopy on mouse retinal organoids and identified a
difference in stiffness between the developing neural retina and
RPE. They proposed that RPE stiffness, coupled with the apical
constriction that occurs at the hinge region between the neural
retina and RPE due to the action of contractile myosin, are
sufficient to drive invagination of the neural retina and shape
the optic cup (Eiraku et al., 2011). This hypothesis was later
refined by Carpenter et al. (2015) who, taking these findings back
to an in vivo mouse model, proposed that proliferation of RPE
cells near the hinge region driven by Wnt signaling from the
surface ectoderm lengthens the stiffer RPE tissue, thus ensuring
the correct curvature and shape of the optic cup (Carpenter et al.,
2015).

Furthermore, retinal organoids have been used to elucidate
the mechanisms that generate the mosaic of cone photoreceptor
subtypes in the human retina. Eldred et al. (2018) identified
thyroid hormone signaling as a regulator of the temporal
switch in cone subtype specification in human retinal organoids.
Moreover, they discovered that retinal organoids express thyroid
hormone modulators in a temporally dynamic manner that
allows them to endogenously regulate the production and ratios
of S and L/M cone photoreceptors.

These are only some examples of the power of organoids
to contribute to our understanding of retinal development, an
exploration that is only in its beginnings.

POTENTIAL OF ORGANOIDS FOR
MODELING CONGENITAL RETINAL
DEFECTS

Retinal organoids can also contribute to our understanding
of how the disruption of developmental mechanisms leads to
congenital retinal abnormalities, an approach that has already
yielded promising results. Human retinal organoids generated
from a patient with microphthalmia due to an R200Q mutation
in VSX2 were used to investigate how this mutation leads to the
pathological phenotype (Phillips et al., 2014). The study found
a significant growth deficit in (R200Q)VSX2 retinal organoids
compared to controls, resulting at least in part from reduced
neural progenitor cell proliferation. This was accompanied by
increased production of RPE at the expense of the neural
retina, confirming the important pro-neural role of this gene in
human retina development. Moreover, bipolar cell production
and photoreceptor maturation were also compromised in
mutant organoids, and RNASeq analysis identified some of

the signaling pathways that seem to mediate the action of
VSX2 in neural retina specification/maintenance. Numerous
WNT receptors and downstream effectors, as well as TGF-β
family members, were upregulated in VSX2 mutant organoids,
while there was a downregulation in the pro-neurogenic
FGF3, 9, and 19 genes, exemplifying how these organoids
can provide insights into the mechanisms of congenital
retinal abnormalities.

Additionally, retinal organoids are already contributing to our
understanding of congenital glaucoma. Ohlemacher et al. (2016)
compared retinal organoids derived from a patient with an E50K
mutation in the Optineurin (OPTN) gene that causes familial
forms of glaucoma, with organoids derived from control subjects,
and found that RGCs in OPTN mutant organoids displayed a
significant increase in caspase-3 activation. Further, treatment
of OPTN RGCs with BDNF or PEDF caused a reduction in
caspase-3 activation, highlighting the utility of this model as
a tool for pharmacological development (Ohlemacher et al.,
2016). In line with this, a later study using CRISPR/Cas9 gene
editing to introduce the same OPTN(E50K) mutation in hiPSC,
compared retinal organoids derived from these lines with
isogenic controls. Organoids were then dissociated to further
evaluate the physiological characteristics of RGCs. The results
showed that RGCs differentiated from OPTN(E50K) hiPSC
exhibited neurodegenerative deficits including neurite retraction,
autophagy dysfunction, and increased excitability (VanderWall
et al., 2020).

Retinal organoids have also been recently used to investigate
how a human mutation in the NRL gene affects cone
photoreceptor specification (Kallman et al., 2020). Mutations in
this gene can cause enhanced S-cone syndrome, characterized by
increased S-cone numbers at the expense of rod photoreceptors.
The phenotypic manifestations range from night blindness to
visual defects comparable to retinitis pigmentosa (Nishiguchi
et al., 2004; Littink et al., 2018). Kallman et al. (2020) found that
patient-derived retinal organoids lacking NRL are enriched in
S-opsin expressing photoreceptors, and identified MEF2C as a
candidate regulator of cone cell fate specification in the human
retina, a function that differs from its proposed role in mouse
(Kallman et al., 2020).

Furthermore, the fact that retinal organoids are capable of
forming inner and outer segments, albeit immature, even in
the absence of RPE juxtaposition is remarkable, and allows the
possibility to study ciliopathies that affect photoreceptors leading
to vision loss, such as Leber congenital amaurosis caused by
mutations in the CEP290 gene (Rachel et al., 2015; Shimada
et al., 2017). For example, Parfitt et al. (2016) generated retinal
organoids from patient-derived hiPSC harboring a mutation
in CEP290 and found that this mutation led to defective
ciliogenesis in photoreceptors, which could be restored by
antisense morpholino treatment (Parfitt et al., 2016). Additional
examples of inherited retinal dystrophies that have beenmodeled
using human retinal organoids include retinitis pigmentosa due
to mutations in RPGR (Deng et al., 2018), PRPF31 (Buskin et al.,
2018), USH2A (Guo et al., 2019), and RP2 (Lane et al., 2020).

Additionally, the combination of stem cell-derived RPE
cultures with neural retinal organoids to recreate the native
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juxtaposition is an active field of research. Achberger et al.
(2019) used an organ-on-a-chip technology to show that retinal
organoid-RPE contact enhanced photoreceptor outer segment
formation and re-established physiological processes including
outer segment phagocytosis and calcium dynamics (Achberger
et al., 2019). This could have important implications for
modeling developmental, physiological, and disease processes
that depend on the interaction between these tissues (Singh and
Nasonkin, 2020).

Finally, retinal organoids have also been used to model
retinoblastoma, the most prevalent intraocular malignancy in
children, which has a developmental origin (Liu et al., 2020).
Retinal organoids generated from hESC harboring biallelic
mutations in the RB1 gene developed tumor-like structures,
and single-cell RNASeq analysis implicated ARR3-positive
developing cone precursors as the cell of origin of these tumors.
Additionally, the study found that inhibitors of spleen tyrosine
kinase (SYK), which was significantly upregulated in this model,
led to apoptosis in cancerous organoids, which could be relevant
as a potential therapeutic agent (Liu et al., 2020).

Despite these and other encouraging results, the potential
of organoids to study congenital retinal defects remains largely
untapped. For instance, these models could be used to elucidate
the mechanisms that lead to the retinal phenotype observed
in conditions like Down syndrome, where progress has been
slow due in part to the limitations of animal models in
recapitulating human pathophysiology; and they could also
contribute to our understanding of how viruses, toxins and
other environmental exposures affect the human retina during
embryonic development, as it has been described for human
brain organoids. For example, infection with Zika virus, which
causes fetal microcephaly, has been modeled in forebrain
organoids from hiPSCs (Garcez et al., 2016; Qian et al., 2016).
These studies showed preferential infection of neural progenitors
which led to increased cell death and decreased proliferation,
resulting in reduced neuronal cell-layer volume resembling

microcephaly. Similar strategies could be used to establish the
effect of the Zika virus in retinal organoids. Additionally, in the
case of environmental toxins, Wang et al. (2018) used a brain
organoid-on-a-chip system to simulate nervous system exposure
to prenatal nicotine, and found that it can cause premature
differentiation and apoptosis of neurons, with inhibition of
neurite outgrowth and structural development of the cortex
(Wang et al., 2018). Similar studies exploring the effect of
environmental toxins in the retina are currently lacking.

CONCLUSION

The cumulative knowledge of retina development has been
instrumental in the generation of retinal organoid systems.
The time is now ripe for retinal organoids to inform
our understanding of retina development. This deeper
understanding, combined with the advantages of retinal
organoids as culture models that allow tight control of
experimental manipulations and the possibility to model disease
in a human setting, offer unique opportunities to gain insights
into the pathophysiology of congenital retinal abnormalities for
the development of potential therapeutic approaches.
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