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Abstract

Recent advances in stem cell engineering have led to an explosion in the use
of organoids as model systems for studies in multiple biological disciplines.
Together with breakthroughs in genome engineering and the various omics,
organoid technology is making possible studies of human biology that were
not previously feasible. For vision science, retinal organoids derived from
human stem cells allow differentiating and mature human retinal cells to be
studied in unprecedented detail. In this review, we examine the technologies
employed to generate retinal organoids and how organoids are revolution-
izing the fields of developmental and cellular biology as they pertain to the
retina. Furthermore, we explore retinal organoids from a clinical standpoint,
offering a new platform with which to study retinal diseases and degenera-
tion, test prospective drugs and therapeutic strategies, and promote person-
alized medicine. Finally, we discuss the range of possibilities that organoids
may bring to future retinal research and consider their ethical implications.
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1. INTRODUCTION

We are in a revolutionary era of biological discovery. Together with the transforming break-
throughs of human pluripotent stem cells (hPSCs) (Takahashi et al. 2007, Thomson et al. 1998)
and clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 genome editing
(Cong et al. 2013, Jinek et al. 2012), advances in in vitro cell differentiation and organogenesis
are changing the way biological and medical science is approached. Organoids, three-dimensional
(3D) multicellular structures assembled in vitro that can recapitulate many aspects of in vivo tissue
structure and function, are now being used not only to advance our understanding of developmen-
tal biology, but also to model and study a variety of diseases. Organoids developed from patient-
derived hPSCs or from stem cells in which certain genetic variants are introduced can be used
for defining tissue-wide disease etiology, as well as serving as a model for identifying biological
pathways and chemical compounds that can modulate the disease state. This same system can now
better define treatment strategies on an individualized basis, moving personalized medicine to an
even more functional level. The future of integrating organoid systems (e.g., the retina, the optic
nerve, and the brain), as well as generating a safe resource for transplantation approaches, is mov-
ing from a dream to a possible reality. In this review, we discuss these advances as they specifically
relate to retinal organoids.

1.1. The Human Retina

The human retina, the layer of neural epithelium that lines the back of the eye, carries out pho-
totransduction and initial signal processing and, through the optic nerve, transmits visual infor-
mation from the eye to the brain (Demb & Singer 2015, Purves et al. 2001). Six classes of retinal
neurons and one class of retinal glial cell, as well as potentially several classes of immune-related
cells, account for the cells that comprise the developed human retina. In-depth studies of retinal
development in various animal models suggest that multipotent retinal progenitor cells (RPCs)
are capable of generating all of the retinal cell types, but as neurons differentiate, the potency of
the progenitor cells is progressively restricted (Reese 2011) (Figure 1). The different neuronal
cell types are organized into distinct layers, and these layers are structured with the aligned nuclei
(nuclear layers) alternating with regions of organized synapses (plexiform layers). Miiller glia cells
span all of the layers and provide support to the neurons. Light is sensed by the rod and cone
photoreceptor (PR) cells, which reside in the outermost layer of the retina and relay signals via
bipolar cells to retinal ganglion cells (RGCs) in the innermost layer. Visual information is then
transmitted to the brain via the axons of the RGCs that form the neural component of the optic
nerve, which connects the retina to the lateral geniculate nucleus and related nuclei in the brain.
The transmitted signal is modulated by interactions between PRs, bipolar cells, and RGCs, which
are mediated by the horizontal cells and amacrine cells (Demb & Singer 2015, Masland 2012).
Retinal organoids are a unique in vitro model system in that they structurally and functionally
reflect many of the complexities of the human retina, with the variety of cell types self-organizing
into the layers of the in vivo retina.

The development of the human retina occurs throughout gestation, with retinal cell markers
expressed as early as four weeks postfertilization in human embryos (Mellough etal. 2019a). There
are significant challenges to studying the initiation and early steps of retinal developmental path-
ways, as obtaining fetal tissue for research is difficult and ethically controversial. Although several
studies have been done on human fetal retinal tissue (Hendrickson 2016, Hoshino et al. 2017,
McLeod et al. 2006, O’Brien et al. 2004), our combined picture of human retinal development is
still incomplete at best. Most of our understanding about retinal development comes from studies
of animal models, and while the human retina shares many overarching characteristics and cell

Bell o Zack o Berlinicke



Wnt
inhibition Sonic Retinoic Notch
hedgehog ~ FGF acid inhibition
activation ~ activation  signaling
ROCK BMP BMP Taurine

inhibitimn/im;ftion activation /

Neuronal aggregates Emerglng optlc vesicles Fully formed optlc vesicles

I
1
I
1
I

Horizontal Cone PR Amacrlne Rod PR Bipolar
ceII cell cell

Figure 1

Photoreceptor
\ outer segments
\
\
\
\
\
Miiller glia
cell

RV Vot v Vet Ve S

Organoid differentiation. Throughout the course of differentiation, the cellular pathways that are manipulated by small molecule
treatment, and the ranges over which they are treated throughout the different protocols, are shown. The physical maturation of the
retinal organoids is shown. The progressive development of retinal progenitor cells into the distinct types of terminally differentiated
retinal cells occurs in the first 2-3 months of culturing the organoids. Abbreviations: BMP, bone morphogenic protein; FGE, fibroblast
growth factor; hPSC, human pluripotent stem cell; PR, photoreceptor; RGC, retinal ganglion cell; ROCK, rho kinase; RPC, retinal

progenitor cell.

types with those of common vertebrate model organisms, such as mice and rats, there are known
differences in its cellular composition and function. Most mammals have two types of cone pho-
toreceptors, which express S-opsin or M-opsin, while humans also have a third type of cone, which
expresses L-opsin (Ortin-Martinez et al. 2014). Mice are also known to have a higher ratio of rods
to cones than humans (Volland et al. 2015) and can have cones that simultaneously express both
S-opsin and M-opsin (Masuda et al. 2014). Structurally, the human retina contains the macula and
the fovea, central areas of the retina that are highly dense with cones and are responsible for high
visual acuity (Peng etal. 2019, Provis et al. 2013). These differences, and how they are reflected in
development and disease, further highlight the importance of a human model system, discussed
in this review in the form of retinal organoids, to complement current animal models to move

human retinal research forward.

1.2. Human Stem Cell-Derived Organoids

The establishment of human embryonic stem (ES) cell lines (Thomson et al. 1998) and the
capacity to generate induced pluripotent stem cells (iPSCs) (Takahashi et al. 2007) laid the foun-
dation for the explosive field of stem cell engineering over the past decade. The ability to propa-
gate hPSCs and differentiate them into a range of cell types in vitro has yielded highly advanta-
geous model systems for studying human development and disease mechanisms. Both ES cells and
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iPSCs are capable of self-renewal and pluripotency, and each offer different benefits to the field.
ES cells have the appeal of having never been differentiated into another cell type or been sub-
jected to a lifetime of somatic mutations, but their use is accompanied with ethical controversies
and challenges. iPSCs are obtained by reprogramming somatic cells and provide the opportu-
nity for studying diseases and development in a patient-specific genetic background. It has also
been hypothesized that researchers can take advantage of a cell’s historical identity and choose
the somatic cell type used for reprogramming from the same germ lineage as the target organ
for differentiation, providing a more efficient differentiation process (Shrestha et al. 2019, Tucker
etal. 2013).

While most of the initial stem cell differentiation protocols were focused on generating a single
class of cells (Keller 2005; Osakada et al. 2008a,b; Sluch et al. 2015, 2017; Uygun et al. 2009; Zhou
et al. 2015), there is now increasing interest in generating entire 3D mini-organs, or organoids,
in a dish (Clevers 2016, Lancaster & Knoblich 2014). Organoids consist of multiple or all of the
major cell classes of their in vivo human counterparts and provide an environment for cells to
develop that is more representative of in vivo conditions, as cellular organization and inter- and
intracellular signaling during development occurs in 3D space. For neuronal studies, this allows
analysis of signaling, neuronal pathfinding, and plasticity as cells develop to be connected with
their synaptic partners. For retinal disease, studying drivers of pathogenesis in a 3D structure is
also advantageous, as it has been observed that retinal degeneration (RD) can develop in patches
that influence the surrounding cells, suggesting that the local microenvironment can affect cell
survival (Kedzierski et al. 1998).

Retinal organoids have now been successfully generated by several groups, discussed further in
the next section. They closely follow the human retinal development timeline while generating all
of the known classes of cells in self-organizing layers. Retinal organoids are already allowing the
molecular mechanisms of human retinal development and disease to be studied in unprecedented
detail and promise to continue to expand the field of vision science and complement what we have
learned thus far from other vertebrate models.

2. RETINAL ORGANOID TECHNOLOGY

Since the initial human retinal organoid papers were published by Nakano et al. (2012) and
Meyer et al. (2009, 2011), a number of additional protocols for generating retinal organoids from
hPSCs have been established (Akhtar et al. 2019, Boucherie et al. 2012, Capowski et al. 2019,
Chichagova et al. 2019, Cowan et al. 2019, DiStefano et al. 2018, Fligor et al. 2018, Gao et al.
2016, Gonzalez-Cordero et al. 2017, Kim et al. 2019b, Kuwahara et al. 2015, Lowe et al. 2016,
Mellough et al. 2019b, Ohlemacher et al. 2015, Ovando-Roche et al. 2018, Parfitt et al. 2016,
Reichman et al. 2014, Singh et al. 2015, Wahlin et al. 2017, Zhong et al. 2014). The general struc-
ture for these protocols involves aggregating cells into embryoid bodies (EBs) and then treating
the EBs with various cocktails of small molecules at specific times through the course of differ-
entiation (Figure 1); timing of treatment and composition of the small molecule cocktails were
designed to mimic the cues received by cells throughout the course of in vivo retinal development.
During human retinal development, optic vesicles form from evaginations of the diencephalon.
This process involves an array of molecules from a set of signaling pathways that are well studied
in other vertebrates (Adler & Canto-Soler 2007), including hedgehog (Hh) (Locker et al. 2006,
Masai et al. 2005), Wnt (Liu et al. 2006, Meyers et al. 2012, Steinfeld et al. 2017), transforming
growth factor beta (TGF-B) (Braunger et al. 2013, Walshe et al. 2011), bone morphogenic proteins
(BMPs) (Murali et al. 2005, Steinfeld et al. 2017), and fibroblast growth factor (FGF) (Hochmann
etal. 2012, Martinez-Morales et al. 2005). Taking their lead from these studies, groups developing
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retinal organoid differentiation protocols treated EBs with these factors to mimic in vivo signaling
during development. These factors (discussed in more detail below) can modulate developmental
pathways to direct differentiation toward retinal cell fates (Figure 1). In vivo, the optic vesicles
then invaginate to form optic cups, whose RPCs differentiate to eventually comprise fully formed
human retinas. Further differentiation of optic-vesicle-like structures in vitro is promoted by the
addition of a second wave of exogenous factors that simulate the signaling pathways that promote
differentiation of the retinal progenitors. Modifications to the original retinal organoid protocols
have for the most part been optimizations of the modulation of the signaling pathways that drive
retinal progenitor development and maturation.

2.1. Retinal Organoid Methodology

The first step in differentiating pluripotent cells into retinal organoids is to form EBs, using one
of several different approaches. (#) Mechanical EB formation is done by growing cells to con-
fluency in a monolayer culture and then manually scraping cells into clumps, which are trans-
ferred to a suspension culture (Cowan et al. 2019, Kim et al. 2019b, Lowe et al. 2016, Meyer et al.
2011, Reichman et al. 2014). () Enzymatic generation of EBs is done by enzymatically detach-
ing pluripotent cell colonies from the cell culture substrate and then culturing cells as aggregates
in suspension (Boucherie et al. 2012, Capowski et al. 2019, Fligor et al. 2018, Meyer et al. 2009,
Ohlemacher et al. 2015, Zhong et al. 2014). (c) EB formation by forced reaggregation of dissoci-
ated stem cells is done by seeding the single cell suspension into 96-well U- or V-bottom plates
(Kuwahara etal. 2015, Nakano etal. 2012, Parfitt et al. 2016, Wahlin et al. 2017). The method used
to generate EBs affects both the size of the retinal organoid and the efficiency of organoid gener-
ation and, based on a study that compared gene expression in organoids differentiated from these
different methods (Mellough et al. 2019b), can ultimately affect the differentiation and maturation
of retinal cells. While there were minimal differences in the gene expression of organoids differ-
entiated from EBs formed by either mechanical, enzymatic, or forced aggregation after 5 weeks
of differentiation, mechanically generated EBs produced retinal organoids most similar to actual
human embryonic and fetal retinal tissue over the course of development.

Essentially all human retinal organoid differentiation protocols involve neuralizing hPSCs af-
ter aggregating them into EBs and then isolating the retinal structures that emerge, whether by se-
lecting organoids with visibly more retinal material for further growth (Cowan et al. 2019; Fligor
et al. 2018; Kim et al. 2019b; Kuwahara et al. 2015; Lowe et al. 2016; Meyer et al. 2009, 2011;
Ohlemacher et al. 2015) or by microdissecting vesicles from organoids and continuing their cul-
ture (Capowski et al. 2019, Gonzalez-Cordero et al. 2017, Nakano et al. 2012, Ovando-Roche
etal. 2018, Parfitt et al. 2016, Reichman et al. 2014, Wahlin et al. 2017, Zhong et al. 2014). hPSCs
are directed toward an anterior rostral neural progenitor state by inhibition of the Wnt and BMP
pathways with Dkk1 or IWRI and noggin, respectively, and the addition of smoothened agonist
(SAG) stimulates neural cell proliferation. Further supplementation by various small molecules
may be used to specifically direct cells toward a retinal progenitor fate. Kuwahara et al. (2015) re-
ported a dramatic increase in RPC marker expression with the introduction of BMP4 after a week
of differentiation. Retinoic acid (RA), insulin-like growth factor 1 (IGF1), and basic FGF (bFGF)
may be added to promote neuroretinal differentiation during early optic vesicle development. Ad-
ditionally, it has been shown that using rho kinase (ROCK) inhibitors, such as blebbistatin, during
the first 48 hours of differentiation not only prevents apoptosis during EB generation, but also re-
sults in earlier and more consistent formation of retinal neuroepithelium (Mellough et al. 2019b).
However, ROCK inhibitors will disrupt in vitro optic vesicle organization if used too late during
organoid development (Lowe et al. 2016).
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Without additional factors, retinal organoids are able to produce cells that express PR-specific
markers, but these cells do not make up as high a proportion of the retina as PRs do in the human
retina, nor do they show the structural or functional features of mature human PRs (Boucherie
etal. 2012, Nakano etal. 2012). Conditions have since been developed that promote differentiation
of retinal organoids with a more stereotypical complement and robust population of PRs, capable
of maturing several hundred days in culture. Since Notchl was known to inhibit PR production
in murine retina development (Jadhav et al. 2006), Nakano et al. (2012) reasoned that treatment
with the Notch inhibitor DAPT would promote PR development. DAPT treatment at approxi-
mately four weeks into differentiation resulted in an increase of PRs from approximately 15% of
total cells to approximately 60% of total cells, as determined by cells expressing the PR-enriched
transcription factor, CRX. Boucherie et al. (2012) used a different set of factors to increase the PR
population. They used a combination of taurine, which is critical for rod PR (Lombardini 1991)
and RGC (Lake 1994) survival in mammals and promotes PR formation in vitro (Altshuler et al.
1993), and Sonic Hedgehog (SHH), which has been shown to both increase in vitro mouse RPC
proliferation and enrich PRs later in development (Jensen & Wallace 1997, Levine et al. 1997).
This resulted in a reported 60% of cells expressing CRX. Differentiation protocols modified by
Zhong et al. (2014) and Wahlin et al. (2017) were designed to generate organoids with more ma-
ture PR outer-segment-like structures. Zhong et al. decreased the window of RA treatment with
the hypothesis that prolonged exposure was hindering PR maturation, treating only from days
70-98, and were able to observe structures resembling outer-segment discs and measure photore-
sponsiveness in several cells. Wahlin et al. (2017) used DAPT similarly to Nakano et al. (2012)
and also modified the RA treatment in the organoid differentiation protocol; they treated from
day 20 (after retina formation) until day 120 (before PR maturation) to promote PR development
but not hamper PR maturation. They were able to observe outer-segment-like structures after
130 days of differentiation and reported visual pigments compartmentalized to outer segments
after 300 days.

Although differentiation conditions have been established that successfully generate organoids
with mature PRes, it is interesting to note that the PRs in these organoids are not in direct con-
tact with supporting retinal pigmented epithelial (RPE) cells. In the in vivo retina, the RPE
abuts the PRs and is essential for normal PR development and function. The RPE is responsible
for the visual cycle; for transport of blood-borne nutrients and metabolites to and from PRs; and
for the daily clearance of shed, lipid-rich PR outer segments. With essentially all published retinal
organoid protocols, the RPE forms as a separate clump in an area of the organoid separate from
most of the PRs. Although the RPE in these organoids may be providing secreted factors that
affect the PRs, the physical relationship between PRs and the RPE appears to be clearly different
in organoids compared to the in vivo situation. Recently, Akhtar et al. (2019) cocultured devel-
oping retinal organoids with mouse primary RPE cells, which led to the RPE sheets adhering
to the organoids, as well as the relative enrichment of PR precursors and more mature gene ex-
pression in the organoids. Other groups are also working on improving the PR-RPE interface in
organoids (Achberger et al. 2019), and it will be interesting to see if such efforts lead to improved
PR structure and function

Another challenge with human retinal organoids, which has been addressed by more recent
protocols, is the issue of poor oxygen and nutrient exchange at the inside of the structures. It
is believed that this increases cell necrosis and affects the function and survival of the early-
differentiating RGCs that reside at the innermost part of the optic vesicles. It has been noted
across multiple cell lines that, by the time PR outer segments develop in retinal organoids, signif-
icant loss and disorganization of inner retinal cells has occurred (Capowski et al. 2019). Several
labs have begun differentiating organoids in shakers and bioreactors, or with intermittent high
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oxygen, to help improve oxygen flow and nutrient distribution and minimize necrosis inside the
organoids. These modified culture techniques have been shown to accelerate differentiation in
early developmental cell populations (DiStefano et al. 2018), increase the number of PRs and lead
to earlier development of outer segments (Ovando-Roche et al. 2018), improve the ratio of cone
to rod PRs (Kim et al. 2019b), enhance RGC migration and maturation (Gao et al. 2016), and
prevent adhesion of cells to culture plates (Reichman et al. 2014). However, a study by Mellough
et al. 2019b) suggests that shaking conditions may increase the overall expression of retinal pre-
cursor markers but actually decrease levels of mature retinal cell markers, which could potentially
hinder the use of organoids to study late-onset retinal conditions. Thus, although great strides
have been made in optimization of retinal organoid differentiation, there is still room for further
improvement. As the protocols evolve, the field needs to keep in mind that variations in protocols,
even seemingly small ones, and variations in starting cell lines can lead to significant changes in
the biology, cell populations, and behavior of the organoids (Capowski et al. 2019, Mellough et al.
2019b).

2.2. Retinal Organoid Morphology and Structure

As retinal organoids begin to differentiate, optic-vesicle-like structures emerge as a sheet of neu-
roepithelium and appear translucent and phase-bright via light microscopy (Figure 1). In in vivo
human retinal development, the distal side of the optic vesicle invaginates to form a double-layered
optic cup (OC), with the outer layer forming the RPE and the inner layer becoming the neural
retina. While the RPE is seen to differentiate in hPSC-derived retinal organoids, as noted above,
it typically forms as a mass of cells not adjacent to the PR layer. Both the in vivo neural retina and
the in vitro retinal organoid form self-organized layers of cells based on intrinsic signals and local
factors, with PRs in the most outer layer and RGCs in the most inner layer.

In addition to laminated epithelium, other ultrastructural features of the mature human retina
have been observed in differentiated human retinal organoids. The external limiting membrane,
a series of intercellular junctions between Miiller glia and PR cells, has been detected via high-
resolution microscopy in fully mature organoids (Capowski et al. 2019, Cowan et al. 2019, Lowe
et al. 2016, Ovando-Roche et al. 2018, Wahlin et al. 2017, Zhong et al. 2014). PR outer- and
inner-segment-like structures have been seen in mature retinal organoids (Capowski et al. 2019,
Cowan et al. 2019, Gonzalez-Cordero et al. 2017, Kim et al. 2019b, Lowe et al. 2016, Mellough
et al. 2019b, Ovando-Roche et al. 2018, Parfitt et al. 2016, Wahlin et al. 2017) (Figure 1) and are
discussed further in the next section. Furthermore, a peripheral zone of neural retina progenitors,
similar to the niche for ciliary margin stem cells in chicks, has been reported in mammalian fetal
retinas and at the junction of neural retina and RPE in retinal organoids (Kuwahara et al. 2015).

Opverall, the majority of retinal organoid differentiation protocols follow a timeline of retinal
differentiation over three specific stages (Capowski et al. 2019) that can be compared to those
of the human retina in utero. In vivo RPCs differentiate into the seven classes of retinal cells in
a progressively restrictive manner, becoming less multipotent as differentiation proceeds. Birth-
dating studies indicate that RGCs are the first terminally differentiated cells to emerge, followed
by horizontal cells, cone PRs, amacrine cells, rod PRs, bipolar cells, and lastly Miiller glia cells
(Reese 2011, Stenkamp 2015). This same progression is seen in differentiating human retinal
organoids, with retinal induction before day 30; RGCs and some amacrine cells seen at days 30—
70; PR precursor cells, bipolar cells, and interneurons seen between days 70 and 120; and mature
PRs and Miiller glia by day 200 (Capowski et al. 2019, Cowan et al. 2019, Gonzalez-Cordero et al.
2017, Kim et al. 2019b, Mellough et al. 2019b, Nakano et al. 2012, Ovando-Roche et al. 2018,
Reichman et al. 2014, Wahlin et al. 2017, Zhong et al. 2014). The incredible ability of retinal
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organoids to match the cell types and temporal progression seen in human retinal development
paves the way for significant developmental mechanisms to be learned by studying them.

3. HUMAN RETINAL DEVELOPMENT AND CELL TYPES
IN ORGANOIDS

The predominant cues and events that occur during mammalian retinal development have been
well studied in model organisms, mainly mice and rats (Carter-Dawson & Lavail 1979, Cayouette
et al. 2006, Dyer & Cepko 2001, Hinds & Hinds 1979, Norden et al. 2009). These studies have
given us an in-depth understanding of the timing, molecular mechanisms, and general cell types
that emerge in retinal development, but they are not a perfect model for the in utero process of hu-
man retinal development. The developmental time period of the retina in humans, beginning four
weeks post-conception and ending shortly after birth, makes studying these processes in humans
both ethically and technically challenging. Additionally, in vivo human retina cells are unable to be
engineered, preventing any studies perturbing normal developmental cellular function. As many
genes identified to be involved in retinal disease have also been implicated in retinal development
(Freund et al. 1996, Koenekoop 2004, Mansergh et al. 2015, Zagozewski et al. 2014), the ability
to introduce genetic variability into hPSCs and study its effect on retinal development further
highlights the benefits of using retinal organoids as a model system.

3.1. Single-Cell Transcriptomic Approaches

Single-cell transcriptomic techniques have rapidly advanced in the past decade. Bulk RNA-
sequencing (RNA-seq) methods are able to analyze the average gene expression of a given pop-
ulation of cells and have certainly provided valuable information. However, single-cell RNA-seq
(scRNA-seq) allows the gene expression pattern of individual cells within a complex population
to be analyzed at any given point in time and has provided unprecedented detail on the transcrip-
tomic and molecular signatures of cell classes and subtypes, as well as the subtle gene expression
changes that occur during organ development and cell fate decisions. The majority of genetic
markers for labeling and identifying developing retinal cells have been extrapolated from studies
in other mammals, and the repertoire of retinal marker genes has been substandially increased by
scRNA-seq studies in these animals (Clark et al. 2019, Laboissonniere et al. 2019, Macosko et al.
2015, Rheaume et al. 2018, Shekhar et al. 2016). Nonetheless, the human retina is significantly dif-
ferent from other retinas. This has been made abundantly clear by recent and ongoing scRNA-seq
experiments on the nonhuman primate retina and on fetal human retinal tissue. Peng et al. (2019)
performed scRINA-seq on over 100,000 cells from macaque fovea and peripheral retina and found
that interneuron subtypes were well conserved between primates and mice, but that projection
neuron subtypes had substantially differential gene expression. Major differences in cellular sub-
types and functions in adult retinas between mice and primates would suggest that there are likely
similar differences in the developmental programs of these cell types. The scRNA-seq that has
been performed on fetal human retinal tissue (Hu et al. 2019, Lu et al. 2018) has already revealed
valuable information about the transcriptional programs that direct human retinal differentiation,
but these studies are limited in their time points and the number of available cells.

scRNA-seq experiments using retinal organoids overcome many of these challenges.
Organoids may be collected and analyzed at multiple time points over the course of differenti-
ation, and sample quantity is only limited by the number of organoids that a researcher is willing
to generate. Several scRNA-seq studies have been done to compare the transcriptome of differ-
entiating cells in an hPSC-derived retinal organoid to data obtained from fetal and adult human
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tissue to assess the degree to which in vivo genetic programs for development and cellular diversity
are recapitulated in the in vitro model system. A study by Cowan et al. (2019) utilized a machine
learning approach to analyze published fetal retina transcriptomic data and was able predict the
developmental age of retinal organoids based on their transcriptomes. Cowan et al. found that
the rate of development in in vitro organoids closely mimicked that of the in vivo retina, with the
gene expression and cell types of 38-week-old organoids closely resembling the newborn human
retina. Additionally, developed organoid transcriptomes showed that organoid cell type compo-
sitions were strongly correlated with the adult peripheral retina, although cells with foveal gene
expression patterns were also present.

Welby et al. (2017) used scRNA-seq of human fetal L/M-opsin cones to identify 93 genes that
are differentially expressed over the course of cone development and analyzed the expression of
these genes in bulk transcriptomes of cones differentiated in hPSC-derived organoids. Again, gene
expression and developmental rates between the two sample types were strongly correlated. For
example, cone markers OPNILW/MW and ARR3 were detected at 12—-14 weeks in fetal tissue and
14 weeks in organoids, and again at 19-20 weeks in fetal tissue and 21 weeks in organoids (Welby
et al. 2017). Kim et al. (2019b), focused less on correlating in vitro and in vivo development and
instead compared gene expression profiles of fully matured PR and Miiller glia cells. Based on
single-cell profiles of over 11,000 expressed genes, 8-week-old retinal organoids and adult human
macula yielded Pearson’s correlation coefficients between the two sample types of r = 0.98, 0.91,
and 0.86 for rods, cones, and Miiller glia cells, respectively. These studies demonstrate the ability
to use organoids to model retinal development in the context of both multiple and specific cell
types, and as a function of time.

Single-cell approaches for studying developing cell populations and subtypes in hPSC-derived
retinal organoids have already begun to identify new human-specific cellular markers and genetic
programs. Fligor et al. (2018) used single-cell quantitative real-time PCR to assay expression of
34 guidance receptor genes in retinal organoid-derived RGCs and observed significant hetero-
geneity in the combinations and expression levels of receptors among cells. Collin et al. (2019) and
Mao et al. (2019) both collected scRINA-seq data during organoid development and used pseu-
dotime analysis, which arranges single cells along a spectrum based on their differentiated state,
to investigate the transcriptomic signatures and networks associated with developmental stages
and cell types. Mao et al. (2019) traced the single-cell transcriptomes of RPCs in organoids from
proliferation through cell fate determination and reported that the transcriptomes of RPCs at day
28 were significantly different than RPCs after day 28, suggesting a change in RPC competence
between the developmental time points. Pseudotime analysis over this transition showed positive
regulation of Notch signaling promoting retinal neurogenesis, which is contrary to its normal
role in lateral inhibition during neurogenesis and maintenance of progenitors (Mills & Goldman
2017). Expression of chromatin structure modifiers HMGA1, BAZ2B, and MECOM was also seen
to fluctuate over this period, suggesting a chromatin remodeling program associated with RPC
progression and human retinal development. Collin et al. 2019) further used scRINA-seq to tran-
scriptomically identify the cell types and their relative abundances present in organoids over time
and determine the pseudotemporal developmental relationships between cell clusters, generating
a dual in vitro—in silico model of human retinal development. These studies show the vast poten-
tial of combining hPSC-derived organoids and single-cell technology for dissecting human retinal
development in diverse and unparalleled detail.

3.2. Direct Observation of Development and Cell Types in Retinal Organoids

The large-scale ability to generate organoids and their ease of handling makes studying their struc-
tural and functional aspects relatively accessible with a range of live imaging techniques. David
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Cobrinik’s group was able to repeatedly analyze the same organoids via phase contrast microscopy,
optical coherence tomography (OCT), fluorescence lifetime imaging microscopy, and hyperspec-
tral imaging to observe retinal developmental stages in real time with negligible damage to the
organoids, and compare structure and metabolic function to that observed in fixed organoids by
staining (Browne et al. 2017). With these imaging techniques, they were able to see development of
the nuclear layers of the retinal organoids, compare glycolytic activity throughout the organoids,
and analyze retinol production, establishing the retinal organoids as a viable in vitro model system
for investigating metabolic changes in human retinal tissue. Capowski et al. (2019) used OCT and
3D imaging as well as light microscopy, immunocytochemistry, metabolic imaging, and electron
microscopy to define three distinct developmental stages across the same organoids from 16 dif-
ferent hPSC lines. They showed that at stage 1, organoids had RPCs and an inner layer formed
by RGCs and amacrine cells. At stage 2, they showed initial deterioration of RGC cells and dif-
ferentiation of PRs, horizontal cells, and amacrine cells. Stage 3 saw the development of PR outer
segments and increased organization of the outer retinal layers with increased disorganization of
the inner retinal layer. External limiting membrane and PR inner segments were also imaged,
adding to the mature retinal features examined. These studies highlight the promising combina-
tion of various noninvasive imaging techniques and retinal organoids for studying developmental,
structural, and metabolic features in hPCS-derived retinal tissue.

Given the genome engineering accessibility of cell lines, reporter constructs have already
proven to be a powerful tool for studying cell-type-specific and whole-organoid temporal,
structural, and organizational aspects of human retinal organoid development. Genomically
engineered fluorescent constructs driven by promoters for pan—cell type markers allow for
real-time observation of expression of markers of interest in differentiating cultures. One of the
earliest groups to use reporter cell lines in differentiating human retinal organoids was Voélkner
etal. (2016). Their work used two PAX6-green fluorescence protein (GFP) reporter cell lines and
observed GFP expression in neuroepithelium at day 41 of differentiation. As PAX6 expression
is involved in eye-field specification and retinal cell fate determination (Remez et al. 2017), the
reporter construct was able to identify and track cells as they became multipotent retinal progen-
itors during the differentiation process. Fligor et al. (2018) used either an mCherry or tdTomato
reporter driven by the endogenous BRN3b promoter (Sluch et al. 2015, 2017), an RGC-enriched
gene that is expressed in most known RGC subtypes (Badea et al. 2009). This allowed them to
observe RGCs developing and self-organizing in the inner layer of optic vesicles between 30
and 70 days of differentiation. Additionally, they were able to dissociate organoids and re-plate
them in 2D culture and use the fluorescent reporters to study neurite outgrowth of the RGCs
that were developed in a spatial and temporal method more reminiscent of in vivo conditions.
To study PR cells, Gagliardi et al. (2018) created a reporter hPSC line for cone rod homeobox
(CRX), with the CRX promoter sequence driving mCherry expression. Using this cell line, they
generated and identified PR cells using a retinal organoid system and were able to characterize
a cell surface antigen specific to CRX-positive cells. This enabled them to immunopurify the
PR cells and assess the potential of mature purified cells for use in future PR transplantation
studies. Additionally, Lam et al. (2019) created a triple reporter line, labeling multiple different
cell types through retinal organoid development and allowing the study of their organization
and interaction as they relate to each other in real time. In their reporter line, Cerulean, driven
by the VVSX2 endogenous promoter, marks neural RPCs and differentiated bipolar cells, while
BRN3b-eGFP and RCVRN-mCherry label RGCs and PRs, respectively. As single-cell studies
continue to identify sub-type-specific genetic signatures in cells, more intricate reporter cell lines
may be created for studying human retinal development in organoids.
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Many aspects of retinal development that have been observed in other vertebrates have been
hypothesized to hold true for human retinal development as well, but in fact only a small num-
ber of such findings have been experimentally tested with human tissue. For example, studies of
mouse retinal development have shown that thyroid hormone receptor Thrp2 plays a major role
in determining the fate of S- versus M-cones, but the function of ThrB2 in human cone sub-
type specification was not known. Taking advantage of organoid technology, Eldred et al. (2018)
demonstrated that the role of thyroid hormone signaling in the human retina is both similar to
and distinct from that in the mouse. While murine ThrB2 knockout results in a loss of M-cone
differentiation (Ng et al. 2001, Shibusawa et al. 2003), surprisingly, human retinal organoids from
hPSCs that were null for ThrB2 had no significant difference in their S-to-L/M-cone ratio. In-
stead, Eldred et al. found that L/M-opsin expression was only lost if both isoforms of Thrg (Thrp1
and ThrB2) were knocked out, and they proceeded to unravel a human-specific thyroid hormone
signaling pathway for regulating S- and L/M-cone identity during retinal development. The abil-
ity of organoids to recapitulate well-conserved aspects of vertebrate retinal development while
also distinguishing human-specific mechanisms highlights their ability to address questions that
previous animal research has left unanswered.

4. MODELING RETINAL DEGENERATION IN ORGANOIDS

Retinal organoids also present a powerful system for the study of human retinal disease. The retinal
degenerations are a heterogeneous group of conditions that range from the Mendelian inherited
orphan diseases, such as retinitis pigmentosa (RP), to the genetically complex disease age-related
macular degeneration (AMD). RD is caused by irreversible dysfunction or death of retinal neurons
and/or RPE cells, leading to vision loss and often blindness. While huge efforts have been put into
RD research, besides the development of the highly effective anti-angiogenesis treatments for neo-
vascular (wet) AMD (Al-Zamil & Yassin 2017) and the development of a gene therapy—based treat-
ment for a form of the orphan disease Leber congenital amaurosis (LCA) (Russell et al. 2017), ef-
fective treatment of other RDs is limited. The use of retinal organoid technology will now not only
allow researchers the ability to study the effects of genetic and environmental factors on the health
of human retinal cells, but also to test potential protective measures against these damaging factors.

4.1. Mendelian Retinal Disease

Over 300 different genes and genetic loci have been associated with human retinal disease (Daiger
et al. 1998), ranging from Mendelian inherited orphan diseases to genetically complex diseases
attributed to multiple loci. Many of these disease-causing genes have been implicated in retinal
development (Freund et al. 1996, Koenekoop 2004, Mansergh et al. 2015, Zagozewski et al. 2014),
and as such, clinical symptoms present themselves as early onset during childhood or even at birth.
Some of the most common monogenic and developmentally relevant retinal diseases are LCA, RP,
and cone-rod dystrophy (CRD), which typically are caused by abnormal development or function
of PR cells in the retina. LCA causes severe visual impairment at birth that may continue to dete-
riorate over time, with sensitivity to light and extreme hyperopia as additional visual defects. LCA
is one of the most common causes of blindness in children, with an incidence of approximately
3 in every 100,000 infants. 14 different genes are known to cause LCA, but recessive mutations
in the GUCY2D, CEP290, CRB1, or RPE65 genes are most common. Mutations that affect PR
development, phototransduction, or ciliary function have all been identified in LCA patients. RP
patients experience a more gradual deterioration of PR cells, often beginning with night vision
loss in childhood. As RP progresses, peripheral vision is lost, with central vision being affected
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in adulthood. RP is a relatively common inherited retinal disease, affecting up to 1 in 3,500 peo-
ple in the United States. Over 60 RP-causing genes have been identified, with one-third of those
genes having an autosomal dominant effect. Mutations in the human RHO gene, encoding for the
G-protein-coupled receptor rhodopsin normally expressed in rods and responsible for visual per-
ception in low-light conditions, account for approximately one-quarter of autosomal dominant
RP cases. In autosomal recessive inherited RP, mutations in genes responsible for phototransduc-
tion in rods, such as PDE6A, PDE6B, and PDEG6G, are often responsible for the disease. CRD has
a similar incidence rate to RP and is symptomatically similar except for the fact that deteriora-
tion of cones is seen before deterioration of rods. A decrease in visual acuity is seen in childhood,
often accompanied by light sensitivity. Color vision and central vision are lost first, followed by
peripheral vision loss and night blindness. Mutations in over 30 genes have been implicated in
CRD, with the majority of them being inherited in an autosomal dominant manner. Mutations in
ABCA4 are the most common cause of autosomal recessive CRD, as PRs are unable to remove
damaging byproducts of phototransduction. Autosomal dominant CRD is most often caused by
mutations in GUCY2D, whose gene product is responsible for returning PRs to an unexcited state
after light response, and CRX, whose expression is crucial for PR differentiation and maintenance.
Many less common heritable retinopathies have been identified in patients as well, and retinal
organoids provide a powerfully accessible and developmentally relevant model for exploring the
molecular mechanisms behind these disease-causing mutations.

hPSC-derived retinal organoids provide two major advantages in studying heritable retinal
diseases. First, stem cell lines may be genetically modified so that any desired genetic mutation can
be introduced or corrected in cells. Since CRISPR/Cas9 was first discovered and then engineered
into an affordable and accessible method for targeted genome editing (Cong et al. 2013, Jinek
et al. 2012), researchers have been able to introduce mutations into stem cell line genomes with
unprecedented efficiency (Wang et al. 2016). Cell lines engineered with retinal disease—associated
mutations can then be differentiated into retinal organoids, and the effects that the mutation may
have on human retinal cells and their development investigated. Even given the large number of
genes implicated in heritable retinopathies, this technology makes possible a system to compare
the mechanisms of various mutations in an isogenic background. The ease of genome editing
also encourages the generation of model systems for orphan heritable retinal diseases that affect
a limited number of people, as the time and expense to create a mouse model can be restrictive.

The ability to create retinal organoids from patient-derived iPSCs also allows scientists and
clinicians to study the effects of retinal disease—associated mutations, but in the context of a pa-
tient’s specific genomic landscape. These analyses would assess if and how the disease-implicated
mutation(s) may interact with other modifying loci. Studying disease mechanisms in retinal
organoids generated from cell lines created by these varying approaches (introducing a disease-
associated mutation into a well characterized stem or iPSC line, using patient-derived iPSC lines,
and repairing the disease-associated mutation in patient-derived iPSC lines) may help parse out
disease-specific versus patient-specific clinical manifestations and improve personalized treat-
ments in a clinical setting.

One of the earliest studies that used patient-derived cells to generate retinal organoids to study
retinal disease was done by Tucker et al. (2013). Using keratinocytes from an RP patient with
USH?2A mutations, they generated an iPSC line with which they differentiated retinal organoids.
USH?2A codes for the protein Usherin, which is found in the basement membrane of the retina but
has a largely unidentified function. USH24 mutations are the most common cause of autosomal
recessive RP. USH2A knockout mice present mild and late-onset RD, which does not accurately
model the phenotype seen in RP patients (Slijkerman et al. 2015), necessitating a better model
system for studying USH2A’s role in maintaining retinal integrity. Exome sequencing for this
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particular patient revealed over 400 mutations that were potentially disease causing. The patient
had a known disease-causing coding variant in one copy of USH2A4, but the mutation on the second
allele could not be identified. iPSCs from the proband were differentiated into optic vesicles, and
analysis of USH2A expression showed a mis-splicing event in the PRs. PRs from the USH2A cell-
derived organoids also had a significant increase in the protein levels of two chaperone proteins,
GRP78 and GRP94, compared to normal human retina cells and the PRs in organoids derived
from normal control human iPSCs, suggesting an increased level of protein misfolding and ER
stress in these cells. This study highlighted the use of patient-derived iPSCs and retinal organoid
differentiation in associating disease phenotypes with patient-specific candidate disease mutations
and illustrating phenotype—genotype relationships.

Using patient-derived iPSCs to create organoids for modeling retinal disease has been partic-
ularly useful for studying the effects of inherited retinal ciliopathies. The structure and function
of the PR outer and inner segments, also known as the PR primary cilia, are critical for initiat-
ing phototransduction in the retina. Defects in genes encoding cilia-associated proteins, including
proteins involved in ciliogenesis, have been implicated in many heritable retinal diseases, including
LCA, RP, Bardet Biedl syndrome, and Senior Loken syndrome (Chen et al. 2019). PR ciliopathy
has proven difficult to model in mice; affected cell types in the mouse models are often different
than those affected in patients, as are the rates of RD (Slijkerman et al. 2015, Chen et al. 2019).
Parfitt et al’s (2016) group was one of the initial groups to use retinal organoids from iPSCs de-
rived from an LCA patient’s fibroblasts to study PR cilia. The patient line contained a homozygous
mutation that causes mis-splicing of CEP290, a gene that encodes a protein crucial for primary
ciliogenesis and that is the gene mutated in 20% of LCA patients. The patient-derived iPSCs were
differentiated into retinal organoids, and compared to organoids from control patients, displayed
defects in PR cilia. While, in the control PRs, CEP290 protein is localized to the base of connect-
ing cilia, it was undetectable in the PRs of organoids generated from cells containing the CEP290
mutation, and the absence of CEP290 correlated with a significant decrease in cilia number and
cilia length. A CEP290 mRNA isoform specific to differentiating PR cells was shown to be incor-
rectly spliced due to the patient’s mutation, and an antisense oligo that blocked the CEP290 splice
variant, which included the aberrant exon, restored normal number and length of cilia when it was
introduced to the organoids at week 13, a point in differentiation when ciliation was reduced and
PRs still premature. This foundational study was the first of several (Megaw et al. 2017, Quinn
etal. 2019) to highlight the great potential of hPSC-derived retinal organoids in monitoring both
the progression and treatment of genetically based, tissue-specific RD.

One example of using retinal organoids to study the effect of a specific mutation is the work of
Deng et al. (2018), who compared organoids generated from patient iPSCs with a disease-causing
mutation with those generated from a line in which the mutation was corrected. iPSCs from three
different RP patients, each with unique frameshift mutations in the RPGR gene, were differen-
tiated into organoids. Organoids generated from each of these lines had altered PR morphology
and localization in the retina, as well as deficiencies in PR cilium length, rhodopsin protein trans-
fer, and electrophysiology (i.e., membrane potential and resistance). Using CRISPR/Cas9 genome
editing, the RPGR mutation was corrected in one of the patient’s iPSCs, and when this line was
differentiated into organoids, essentially all of the physical and functional PR defects were recti-
fied, suggesting that the RPGR correction rescued the disease phenotype. Buskin et al. (2018) also
used CRISPR/Cas9 to correct a mutation in an RP patient-derived iPSC line in which the pre-
mRNA processing factor PRPF31 was mutated. When these edited cells were differentiated into
organoids, splicing deficiencies and cilia-based deficiencies were alleviated, and the PRs developed
normally and appeared to be normal. These studies offer a promising beginning to a larger effort
in associating genotypes and phenotypes in retinal disease patients.
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4.2. Complex and Late-Onset Retinal Disease

Studying genetically complex and later-onset retinal diseases, such as AMD and glaucoma, using
in vitro systems is a challenge. Complex diseases involve a combination of genetic components
potentially affecting the vulnerability of the patient and environmental factors that contribute to
the disease. How to model individual susceptibility is very unclear. The role of the mutations that
affect susceptibility is often unknown, making it difficult to determine what to assess in the model.
One approach would be to subject organoids generated from patients with high risk—associated
alleles to disease-associated stresses and determine whether the relevant cell types are more vul-
nerable to injury or death under certain conditions. If this was done in a high-throughput manner,
it might be possible to generate a profile of paired susceptible genetic and environmental factors.
Together with disease modeling and drug discovery strategies, this profile could be used as a pre-
dictor of potentially promising prophylactic strategies. While there are challenges with actually
modeling these diseases, retinal organoids may still be a promising tool for anticipating patient
risk and severity, as well as studying potential therapies. For example, Teotia et al. (2017) used
patient-derived iPSCs with a SIX6 risk allele to differentiate RGCs and found that the mutant
cells were less efficient at generating RGCs and tended to generate more immature cells. Sim-
ilarly, organoids can be used to model retinas from later-onset disease patients to determine if
identifiable deficiencies or biomarkers (Daga et al. 2018, Nath et al. 2017) are present that may be
used to identify future patients before their disease has actually manifested.

Modeling late-onset disease is also an unmet challenge. For these diseases, age is the major risk
factor, and since differentiated organoids mimic the human timeframe, it is not feasible to model
the natural time course of the disease in the lab. Organoids generated from iPSCs obtained from
patients with late-onset disease could be used similarly to those described for the complex disease
to determine whether there are increased susceptibility and/or biomarkers that are associated with
these organoids compared to those generated from control patients (Daga et al. 2018, Nath et al.
2017). It may also be possible to accelerate the aging process in vitro. One approach that has
been tried is to introduce the age-inducing protein progerin, a truncated version of the lamin
A protein that has been shown to be involved in the pathology of Hutchinson-Gilford progeria
syndrome (Ashapkin et al. 2019). Introduction of this protein into an iPSC line created from a
Parkinson’s patient induced hallmarks of Parkinson’s, as well as age-related phenotypes (Miller
et al. 2013). Another approach would be direct conversion of cells from an elderly donor. It has
been shown that cells created from direct conversion retain the cellular hallmarks of age, while,
when generating iPSCs, cells not only obtain pluripotency but also are rejuvenated, erasing age-
associated factors (Frobel et al. 2014, Lapasset et al. 2011, Le et al. 2014). Since the most common
retinal degenerative diseases are associated with aging, this is an important challenge worthy of
attention.

5. FURTHER CONSIDERATIONS AND FUTURE PROSPECTS
FOR RETINAL ORGANOIDS

5.1. Functional Screens

Drug development over the past several decades has focused on screens, usually in vitro, directed
atidentifying small molecules that inhibit or modulate the activity of a particular molecular target
that has been shown by previous studies to be involved in the pathogenesis of a disease of interest.
Another approach is to perform phenotypic, usually cell-based, screens to look for molecules that
induce a desired phenotype, such as preservation of cell function and survival when cells are ex-
posed to a disease-relevant stress, without necessarily having a priori knowledge of the underlying
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biology. Although target-based screens are more common, of the 50 first-in-class small molecules
discovered between 1998 and 2008 that resulted in US Food and Drug Administration approval,
the majority were discovered using phenotypic approaches (Swinney & Anthony 2011).

If a robust, consistent, measurable phenotype can be discerned in modeling heritable diseases
such as the examples described above, then it could be exploited as the basis for a drug discovery
program. For example, if an assay could be developed to quantifiably measure the relative protein
levels of GRP78 and GRP%94 in PRs of organoids developed from patient lines containing the
USH2A mutations discussed above, then it could be used to screen for small molecules, or ge-
netic perturbations, that could restore expression of these proteins to wild-type levels. Such assays
would require a reliable screening platform, and although there have been proof-of-principle and
optimization studies published (Boretto et al. 2019, Kim et al. 2019a, Phan et al. 2019, Weeber
etal. 2017), successful use of organoids in drug discovery screens has yet to be reported.

In addition to phenotypic outcomes due to a specific genetic variant, disease modeling can
be built upon phenotypic outcomes of treating cells with disease-associated environmental stres-
sors. Given that RDs have potentially hundreds of targets of interest, phenotypic screening for
molecules that can help generally preserve retinal cell viability or function in the presence of
stressors has great promise and could complement other already ongoing approaches (Sharma
etal. 2017). The retina is exposed to several stresses that have been implicated in disease (Barrett
2005, Organisciak & Vaughan 2010, van Norren & Vos 2016), including light-induced damage,
oxidative stress, and inherited mutations that can lead to protein misfolding. These stresses can be
simulated in the lab, including via treatment with pharmacological agents that induce the oxida-
tive or endoplasmic reticulum (ER) stress response [i.e., cigarette smoke extract, tunicamycin (an
inhibitor of glycosylation), thapsigargin (an agent that promotes ER stress by depletion of lume-
nal calcium stores), and brefeldin A (a toxin that inhibits translocation of proteins from the ER to
the Golgi)]. Perhaps the biggest current challenge to the use of organoids in large-scale screening
platforms is the development of methodology to generate consistent organoids in large numbers.

5.2. Personalized Medicine

In addition to increasing our understanding of disease etiology on a patient-specific or mutation-
specific level, organoids developed from patient-derived or engineered iPSC lines can help dis-
criminate potential therapeutic strategies that work most efficiently. Just as patients’ genetic back-
grounds may affect the way disease manifests, these backgrounds may also affect the way that cells
respond to a particular intervention; thus, retinal organoids could be used to identify the most
productive treatment. For example, if we can use retinal organoids to create a profile for the panel
of interventions and the phenotype that they are most efficient at correcting, then the phenotype
of a patient-derived organoid can potentially be used for choosing the best strategy. The patient-
specific genomes may provide broad information on the general pathways that are being affected
by the disease and that may be targetable by treatment, and they may also provide information
about a specific mutation. Specific interventions for a disease-causing mutation can be tested using
the retinal organoid, for example, as in the case discussed above where a patient’s disease is caused
by a mutation in CEP290, which results in a splice variant that can be corrected with antisense
oligos that are complimentary to the mutated DNA (Parfitt et al. 2016). These therapies may
be directly tested in organoids with a patient’s specific mutation and in the context of a patient’s
overall genetic background, determining efficacy at different stages of maturation and identifying
unintended cellular side effects, before the therapy is actually administered to the patient. Finally,
the possibility also exists to use patient-derived iPSCs in which the disease-causing mutation is
corrected and generate transplantable retinal cells. The field of precision medicine promises to
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decrease costs of clinical trials by identifying specific subsets of patients for whom a drug may be
more efficacious, and organoids are a straightforward platform by which to screen and select those
patients.

5.3. Cell Transplantation Studies

Retinal organoids have already begun to show promise as sources of patient-derived cells to be
used for transplantation (Gagliardi et al. 2018, Lakowski et al. 2018). Organoids provide the added
benefit of differentiating cells at a developmentally accurate pace, so that cells at various stages of
precursor or mature identity may be isolated for transplantation. Researchers have published suc-
cessful attempts at transplanting cells from hPSC-derived retinal organoids into multiple retinal
degenerate mammalian models (Gagliardi et al. 2018, Gonzalez-Cordero et al. 2017, McLelland
etal. 2018, Shao et al. 2017, Singh et al. 2019) and have measured some restoration of vision post-
transplantation, as measured by electrophysiology and tracking eye movements (McLelland et al.
2018, Shao et al. 2017).

The combination of retinal organoids and genome engineering promises the ability to generate
substantial amounts of rarer cell types for transplantation. The more that is learned about the gene
expression changes that occur during retinal development, the more powerful the combination
becomes. An example in which the expression of one gene seems to control the bifurcation of a
progenitor cell is the case of bipolar cells, which are present in retinal organoids, but not as a large
percentage, nor is there a published protocol for differentiating them in a 2D system. Expression of
the transcription factor gene PRDM]1 has been shown to determine the bifurcation of progenitor
cells into bipolar cells or PRs (Brzezinski et al. 2010, Katoh et al. 2010, Wang et al. 2014), where
cells expressing the gene become PRs, while cells without its expression become bipolar cells.
Potentially, knocking out PRDM1 in hPSCs and differentiating those cells into organoids may
yield retinal organoids with a major enrichment of bipolar cells, which could then be used for
transplantation after validating that they are true bipolar cells.

5.4. Cell-Type Transdifferentiation

Transdifferentiation refers to a process in which one fully differentiated cell type transforms into
another cell type. Transdifferentiation could potentially be used as a therapeutic strategy in which
a subset of a certain retinal cell type can be induced to differentiate into a different cell type, po-
tentially replenishing a depleted cell population. As all retinal cells share a close common cellular
ancestor, the retina may be a promising organ in which to test transdifferentiation. In fact, non-
mammalian vertebrates are capable of employing terminally differentiated cells for retinal regen-
eration (Bernardos et al. 2007, Fausett et al. 2008, Islam et al. 2014). Suggesting possible applica-
bility to humans, a study by Pollak et al. (2013) demonstrated the ability to induce an RPC state in
mouse cells by artificially overexpressing ASCL1 in Miiller glia, and a study by Jorstad et al. (2017)
showed that addition of a histone deacetylase inhibitor could lead to generation of new neurons
in vivo. Human organoids may provide a suitable system to explore retinal transdifferentiation
in human cells. Giannelli et al. (2011) isolated human Miiller glia cells and were able to induce
them into a PR cell state as determined by marker gene expression. The reprogrammed cells were
even transplanted into mice retinas where they integrated into the outer nuclear layer, although
no outer segments were identified. Advances in single-cell transcriptomics and lineage tracing
provide a means for identifying the gene expression changes associated with cell fate decisions in
retinal organoids. As scientists discover more of the specific genetic and temporal programs that
are initiated in the differentiation of specific cell types and subtypes during retinal development,
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those programs can be manipulated in mature cells to induce lineage reprogramming. As an exam-
ple, PRDM1, which, as described above, is a regulatory factor that determines PR versus bipolar
cell lineage, could potentially be modulated to induce the transdifferentiation of mature bipo-
lar cells into photoreceptor cells. The National Eye Institute has established an Audacious Goals
Initiative (AGI) to “demonstrate by 2025 the restoration of usable vision in humans through the
regeneration of neurons and neural connections in the eye and visual system” (Gamm & Wong
2015). One of the focuses of the AGI is on transdifferentiation studies, particularly to replenish
damaged PR populations, and it is likely that multiple groups will be using retinal organoids to
investigate this approach in the coming years.

5.5. Caveats and Conclusions

Several caveats of organoid-based modeling of retinogenesis and retinal disease have been dis-
cussed. First, the inability of organoids to generate RPE that is in physical contact with PR outer
segments does raise questions as to how accurate of a model system the organoids can serve as for
studying PR function and the visual cycle; however, several groups, as mentioned above, are de-
veloping ways to culture RPE cells alongside retinal organoids to better mimic the in vivo cellular
conditions. Second, it has been shown that the early-born cell populations located in the internal
parts of organoids do suffer from poor oxygenation and nutrient accessibility, and deteriorate as
a result. This again raises questions as to how the phototransduction pathway can be accurately
modeled if the cell type at the receiving end of the process has been diminished. Organ-on-a-chip
technology has become a fairly new field for modeling organ function and aims to culture cells on
a microchip with perfectly controllable and tunable permeability, allowing precise control of the
timing, location, and quantity of small molecule and factor delivery (Achberger et al. 2019, Radisic
2019, Wnorowski et al. 2019). Along with bioreactor technologies, several groups are innovating
new ways to control the nutrient flow to and oxygenation of particular regions of cultured cells.
Third, there is no discernable macula or fovea in current retinal organoids, which are regions of
particular interest in studying PR degeneration. As discussed, cells with foveal gene expression pat-
terns have been identified in organoids, suggesting that there may be potential to generate these
regions in organoids, and several efforts to achieve this important goal are underway. Fourth, we
discuss above the challenges in using organoids to model later-onset retinal diseases, which are not
necessarily reflected in developmental phenotypes. However, with chemical and genetic modifica-
tions, we may be able to model aging in patient-derived cells and study the molecular mechanisms
of these diseases in cells that are more reflective of a patient’s condition.

Additional caveats that need to be considered when discussing retinal organoids are primarily
focused on the difficulties in recreating the retina’s surrounding conditions and influences in an
in vitro system. Retinal organoids do not have vasculature, whereas in vivo, the retinal vasculature
is crucial for transporting and consuming oxygen and nutrients and ensuring that the metabolic
requirements for visual function are met. Again, with organ-on-a-chip technology, this limitation
of retinal organoids is beginning to be addressed, but roles that the retinal vasculature plays in
development and disease may prove difficult to identify and may confound observations seen in
retinal organoids. Furthermore, the retinal organoid system is not subject to the external immune
or hormonal signaling that in vivo retinas are. Immune cells that are normally integral to retinal
function, such as microglia, are not present in organoid systems. While sex-related differences that
are genetically based may be studied in retinal organoids, those that are based in hormone signaling
cannot be as easily addressed. The first multi-organoid culture system was published earlier this
year, showing the ability to model liver, pancreas, and biliary duct interactions in vitro (Koike et al.
2019), which promises the development of similar multi-organoid systems, possibly retinal ones,
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in the near future that could overcome some of the challenges of modeling external environments
and providing interactions between distinct organoids that are part of a larger system. However,
as organoids become more complex, an additional and important challenge, although one that
is unfortunately beyond the scope of this review, will be to more fully consider the wide array
of bioethical issues related to the generation of, study of, and potential clinical use of human
organoids (Bredenoord et al. 2017, Munsie et al. 2017, Sugarman & Bredenoord 2019).

Caveats aside, it is clear that the development of hPSC-derived retinal organoid technology
has begun to revolutionize the field of retinal research and discovery, both biologically and clini-
cally. Retinal organoids will enable us to study the impact that genetics, environments, and drugs
have on human retinal cells at a level that was previously unattainable, and these findings will
continue to broaden in their scope and impact as additions to retinal organoid technology evolve.
The era of retinal organoid research has only just started and promises to bring us ever closer to
understanding, intervening in, and preventing RD and vision loss in humans worldwide.
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