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Editorial on the Research Topic

Stem cell-derived retinal and brain organoid culture for disease
modeling

CNS organoids are an emerging research tool in stem cell biology to recapitulate retinal
and brain development and can be used for studying disease mechanisms, regenerative
medicine, precision medicine, and cell treatment. Retinal organoids (ROs) consist of
neural retina and retinal pigment epithelium (RPE). Brain organoids (BOs) consist of
multiple neural lineage cells and contain fluid-filled ventricle-like structures surrounded
by a ventricular/subventricular (VZ/SVZ) zone-like layer of neural stem cells (NSCs). The
BO culture protocol could be further refined to culture-specific brain regions such as the
cerebral cortex, forebrain, midbrain, hindbrain, brainstem, choroid plexus, cerebellum,
thalamus, spinal cord, etc., in organoids. This editorial article frames the aim of this
Research Topic as gathering promising, recent, and novel research trends on modeling
central nervous system (CNS) diseases using the retinal and brain organoids.

There are two main approaches to establishing ROs (Cheng and Kuehn, 2023) and
many approaches for generating different regions of BOs (Mayhew and Singhania, 2023).
The modification and improvement of these methods are continuously ongoing. One
advantage of ROs and BOs is that we can control the specificity of cell populations and
maturity by timing the culture system.

For the 3-dimensional (3D) organoids, quantifying and analyzing multidimensional
data for the complex in vitro models (organoids, organ-on-chip) is difficult. Kegeles
et al’s paper introduced a deep learning-based computer algorithm to recognize and
predict RO differentiation based on bright-field imaging. This paper leverages a machine-
learning tool (convolutional neural networks, CNNs) to analyze images. Image acquisition
and analysis are universal, robust, and non-invasive and can generate quantitative,
decision-making data to assess retinal differentiation without chemical probes or reporter
gene expression.
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The patient-derived organoids can be grown to model
developmental diseases. Eintracht et al. and Vielle et al. reviewed
the use of human induced pluripotent stem cells (hiPSC)-derived
ROs to model developmental eye disorders such as microphthalmia
caused by a VSX2 variant. Eintracht et al. also reviewed the
spatiotemporal gene expression patterns and interactions between
the embryonic germ layers during vertebrate eye development.
Vielle et al. reviewed the limitations of the ROs to model eye
developmental disorders, such as RPE not juxtaposed to the apical
side of the neural retina, no optic nerve (retinal ganglion cells
dying as ROs mature), no macula formation, lack of microglia,
no yolk sac derivatives that invade the optic cup during the
period of retinogenesis in vivo, and absence blood vessels. ROs are
neuroectodermal derivatives and will not have mesodermal original
cells or tissues.

ROs can be an effective platform for identifying molecular
therapeutic targets and for future clinical applications. Singh and
Nasonkin pointed out that the implicit limitation of ROs is the
absence of a uniform layer of RPE and the direct exposure
of most photoreceptors in the developing organoids to neural
medium. Li et al. reviewed the methods to augment RO production,
reduction of RO heterogeneity, and transplantation of RO-derived
retinal ganglion cells and photoreceptors. Garita-Hernandez et al.
generated a hiPSC line with enhanced gene expression in cone
cells using a 1.7-kb L-opsin promoter. They fused the red-shifted
opsin Jaws with a fluorescent reporter gene driven by an L-
opsin promoter, enabling enriched cell sorting of the cone cells.
This study underscores the importance of promoter activity in
restricting, improving, and controlling the kinetics of transgene
expression during the maturation of ROs. Ning et al. explored an
approach to selecting and expanding the Miiller glial cells (MGCs)
from hiPSC-derived ROs. ROs older than 120 days are an optimal
source for enriching MGCs with high purity and expansion ability.
MGCs could be passaged at least 10 times serially, yielding large
numbers of cells in a relatively short period of time.

Speaking of BOs, cortical organoids can be used to model
Alzheimer’s disease (AD) in Down syndrome (DS). Zhao and
Haddad found DS patient iPSC-derived cortical organoids
have much higher amyloid beta (Af}) immunoreactivity, a
significantly higher number of amyloid plaques, an increased Tau
phosphorylation (pTau S$396) and insoluble Tau/total Tau in DS
organoids than control organoids. They found the signature of AD
is present in DS much earlier than predicted, even in early fetal
brain development.

Parkinson’s disease (PD) is a progressive neurodegenerative
disease, being the second most common after AD (Parkinson’s
Foundation, 2023). Midbrain dopaminergic (DA) neurons are
selectively lost in PD. The presynaptic neuronal protein alpha-
synuclein (a-syn), which tends to accumulate and aggregate in
PD brains as Lewy bodies, is the key driver of PD. Therefore,
preventing the propagation of a-syn could slow PD progression.
However, multiple cell types, such as astrocytes, microglia, and
oligodendrocytes, are involved in a-syn deposition. Koh et al.
proposed midbrain organoids are a promising platform for
investigating a-syn accumulation, aggregation, and transmission in
PD due to (1) dopaminergic neurons in organoids are far more
mature than those in 2D; (2) genetically resembling the prenatal
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midbrain; (3) midbrain organoids contained spatially organized
groups of dopaminergic neurons with other neuronal, astroglial,
and oligodendrocyte cells also being differentiated, which could
permit the study of how these cell types interplay with each other;
and (4) they contain both mature and aged neurons, which is more
clinically relevant. The authors also proposed to co-culture PD
iPSC-derived neurons with healthy neurons, either in 2D or as
organoids, to study a-syn propagation.

Since Lancaster et al. (2013) reported the first method
of human cerebral organoids containing ventricles and neural
layers of the cerebral cortex, a great effort has been put into
human BO development and disease modeling. However, neural
circuit formation with BOs has rarely been investigated. A
paper published in this Research Topic raises the challenges in
modeling human neural circuit formation using the BOs. Matsui
et al. used fused organoids to study the neural circuit, such
as glutamatergic excitatory neuron-rich cerebral organoids fused
with GABAergic interneuron-rich subpallium organoids to model
neuronal migration between distant components. Human cerebral
organoids fused with thalamic organoids are also used to model
the thalamocortical circuit involved in transmitting sensory and
motor information in the human brain. They pointed out that
the current organoids possess multiple randomly positioned neural
tube-like structures and, therefore, lack a fixed structural axis. As
such, organoids don’t have gradients of molecules that are required
for proper neuronal migration, axonal guidance, and synapse
formation that leads to circuit formation. The authors also stressed
that the myeloid cells (such as microglia, vascular endothelial
cells, and pericytes) in BOs might help study vasculature-mediated
neural circuit formation.

To overcome organoid-to-organoid variability and batch-to-
batch variation, Eigenhuis et al. developed a simplified protocol
for the robust and reproducible generation of cortical organoids
from hiPSC. The cortical organoids contain apical radial glial
and intermediate progenitors, deep and upper layer neurons,
and astrocytes. Unlike the “self-patterned” generation of cortical
organoids, the authors used exogenous patterning factors to guide
or direct region-specific identities in organoids.

In summary, ROs and BOs are promising and powerful
research tools in CNS disease modeling. However, there are still
challenges and limitations of ROs and BOs in the application that
need to be tackled. Integrating with other technologies, such as
organ-on-chip, omics, live imaging, machine learning, artificial
intelligence, and asssembloids (different organoids co-cultured
together), will broaden the utilization of ROs and BOs and provide
unprecedented insight into CNS diseases.
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Parkinson’s disease (PD) is an age-associated, progressive neurodegenerative disorder
characterized by motor impairment and in some cases cognitive decline. Central to the
disease pathogenesis of PD is a small, presynaptic neuronal protein known as alpha
synuclein (a-syn), which tends to accumulate and aggregate in PD brains as Lewy bodies
or Lewy neurites. Numerous in vitro and in vivo studies confirm that a-syn aggregates can
be propagated from diseased to healthy cells, and it has been suggested that preventing
the spread of pathogenic a-syn species can slow PD progression. In this review, we
summarize the works of recent literature elucidating mechanisms of a-syn propagation,
and discussed the advantages in using patient-derived induced pluripotent stem cells
(iPSCs) and/or induced neurons to study a-syn transmission.

Keywords: iPSCs, alpha synuclein (x-synuclein), lewy body disease, organoids, disease modeling

INTRODUCTION

Parkinson’s disease (PD) is a progressive and chronic neurological disorder and the second most
prevalent neurodegenerative disease after Alzheimer’s disease, affecting an estimated seven to ten
million people worldwide. Dopaminergic (DA) neurons in the substantia nigra par compacta
(SNpc) are selectively lost in PD, leading to a constellation of motor deficits that include
bradykinesia (slowed movements), tremors and muscle rigidity. In some patients, symptoms of
dementia are also present. Approximately 15% of people with PD have a family history of the
disease (termed familial PD) while the others are sporadic cases. Mutations in several genes are
each associated with the occurrence of PD, including alpha synuclein (SNCA), leucine-rich repeat
kinase 2 (LRRK2), and other autosomal recessive mutations in genes such as Parkin (PARK2),
PTEN-induced putative kinase 1 (PINK1) and Protein/nucleic acid deglycase DJ-1 (PARK?), and
has been extensively reviewed in Klein and Westenberger (2012). Although the exact cause for
sporadic PD is yet to be identified, the largest risk factors for PD are genetics, advanced age and
exposure to environmental toxins such as paraquat (Ascherio and Schwarzschild, 2016).

One of the pathological hallmarks of PD is the formation of intracellular inclusions termed Lewy
bodies, which are caused by aggregates of a-syn protein. Multiple in vivo studies—both human
and mouse—have confirmed that a-syn aggregates can be transferred from affected neurons to
healthy neural cells (Kordower et al., 2008; Li et al., 2008; Pan-Montojo et al., 2012; Recasens et al.,
2014). It is becoming increasingly appreciated that misfolded a-syn can transmit to anatomically
connected areas (Braak et al., 2003), and this could explain why a substantial proportion of PD
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iPSC Modeling of Synucleinopathies

patients also suffer from cognitive impairment, depression and
psychosis. Several mechanisms of a-syn transmission have been
proposed, including receptor-mediated endocytosis, direct cell-
to-cell transfer through tunneling nanotubes or through a trans-
synaptic pathway (Pan-Montojo et al., 2010; Luk et al., 2012b;
Holmes et al., 2013; Abounit et al., 2016; Mao et al., 2016; Rostami
et al,, 2017). Although the mechanism of spread remains slightly
controversial, it is well accepted that limiting the spread of
a-syn aggregates can slow the progression of PD, and potentially
prevent other PD-associated decline in cognitive functions.

In recent years, scientific advances in the field of induced
pluripotent stem cells (iPSCs), direct reprogramming into
induced neurons and the formation of neural organoids have
enabled the modeling of PD using patient-derived cells, and
opened up possibilities for the discovery of prognostic and
therapeutic agents. Over the years, differentiation protocols
have dramatically evolved to give rise to specific midbrain
DA neuron populations that are lost in PD. From co-culture
with mouse PA6 or MS5 stromal cells (Kawasaki et al., 2000;
Perrier et al, 2004) that gave rise to low DA neuron yield,
midbrain DA differentiation has now become more reproducible
and efficient with chemically defined protocols (Kriks et al.,
2011; Kirkeby et al,, 2012; Doi et al., 2014; Paik et al., 2018).
Disease modeling efforts by multiple groups worldwide has now
uncovered that midbrain DA neurons derived from PD patients
exhibit mitochondrial dysfunction and a-syn aggregation (Devi
et al., 2008; Byers et al., 2011; Cooper et al., 2012; Imaizumi
et al., 2012; Ryan et al., 2013; Flierl et al., 2014; Shaltouki
et al., 2015; Chung et al., 2016; Kouroupi et al., 2017). iPSC-
derived midbrain DA neurons are also useful for potential cell
replacement therapies, an undertaking that is initiated by the
GForce-PD group, a global team of scientists and clinicians
that are committed to accelerate the translation of stem cell-
based therapies to the clinic for Parkinson’s disease human trials
(Barker et al,, 2015). While cell replacement therapy can correct
the motor deficits in PD patients, it is unlikely to rectify the
non-motor symptoms such as dementia, depression, delusions
or hallucinations, which are common in advanced-staged PD
patients. Therefore, slowing down PD progression remains an
attractive therapeutic option. The focus of this mini-review will
be to highlight the complexity of a-syn propagation and how
iPSC-derived cell types and organoids can address some of this
complexity.

ALPHA SYNUCLEIN PROPAGATION AS
THE CENTRAL MECHANISM IN THE
DEVELOPMENT OF PD

Lewy bodies and lewy neurites are the histological hallmark
of PD. The main protein constituent of Lewy bodies and
Lewy neurites is a-syn, a 140-amino acid presynaptic nerve
terminal protein that comprises an amphipathic N-terminal
alpha-helical domain, a hydrophobic center of non-amyloid beta
component and a hydrophilic C-terminal domain. Under the
native physiological state, a-syn does not have a defined structure
and exists in an amorphic state. Although the exact functions

of a-syn is still unknown, knockout studies have revealed roles
of a-syn in synaptic vesicle release and trafficking, fatty acid
binding, and the regulation of enzymes and transporters that
are essential for neuronal survival (Sharon et al., 2001; Kanaan
and Manfredsson, 2012; Stefanis, 2012). In the pathological state,
a-syn becomes misfolded and therefore prone to aggregation.
First, it forms soluble oligomers and then further aggregate into
insoluble fibrils. These insoluble fibrils are made up of B-sheets
consisting of two or more polypeptide chains connected by
hydrogen bonds. Although the exact pathogenic form of a-syn
is still debatable, recent studies suggest that soluble oligomers
could be more toxic than insoluble fibrils (Karpinar et al., 2009;
Winner et al, 2011); presumably because soluble oligomers
can be transmitted more readily than insoluble fibrils. The
misfolding, aggregation and accumulation of a-syn has serious
neurotoxic implications (Stefanis et al., 2001; Tanaka et al., 2001;
Snyder et al., 2003; Cuervo et al., 2004; Xilouri et al., 2009;
Kamp et al, 2010; Nakamura et al., 2011), and is extensively
reviewed in Lashuel et al. (2012). A-syn is also thought to
be the pathogenic agent that underlies the progression of PD
when toxic a-syn species transmit from diseased to healthy
cells.

Braak and colleagues first suggested a prion-like mechanism
in PD progression (Braak et al., 2003). They proposed that Lewy
pathology spread through a stereotyped pattern of six stages,
beginning from the peripheral nervous system of the gut and
olfactory bulb and gradually progresses into the central nervous
system. Within the brain, it spreads from the brainstem to
the multiple cortical regions of the brain in a caudal-to-rostral
fashion. Following on, in 2008, the serendipitous discoveries
from two separate studies uncovered the presence of Lewy
bodies in grafted neurons of PD patients whom have received
transplantation a decade or two ago (Kordower et al., 2008;
Li et al, 2008). Such observation further supports the prion-
like spreading of a-syn in PD. Subsequently, many groups have
attempted to recapitulate the prion-like capacity of a-syn in in
vivo and in vitro models. The first few studies demonstrated
the host-to-graft transfer of a-syn by transplanting neural stem
cells or naive rodent neurons into the brains of transgenic
mice expressing human a-syn (Desplats et al., 2009; Hansen
et al.,, 2011; Kordower et al., 2011; Angot et al., 2012). It was
shown that human a-syn was taken up by the grafted cells and
can act as a seeding template or a nucleation process to form
aggregates with the intracellular mouse a-syn. In a unique mouse
model that incorporates both preformed fibrils (PFFs) and a-syn
overexpression, it was also shown that PFFs were necessary for
the transmission of a-syn as simply overexpression of a-syn was
not sufficient to result in the propagation phenomenon (Thakur
et al,, 2017). Other studies went even further to prove the prion-
like capacity of a-syn when pathogenic a-syn were detected in
neurons distant from the site of injection (Luk et al., 2012a,b;
Mougenot et al, 2012; Rey et al., 2013; Sacino et al., 2013;
Recasens et al.,, 2014; Peelaerts et al., 2015; Shimozawa et al.,
2017).

The molecular mechanisms of a-syn propagation are slowly
becoming unraveled. Detection of extracellular a-syn confirmed
that cells secrete a-syn either as a naked entity or packaged
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into exosomes and exocytosed (Emmanouilidou et al., 2010;
Danzer et al, 2012). Soluble oligomeric and monomeric a-
syn were readily detected in cell culture media, in a calcium-
dependent manner (Emmanouilidou et al., 2010), suggesting that
dysregulation in neuronal activity can impact a-syn exocytosis
and propagation. In humans, monomeric and oligomeric a-syn
are also detected in human blood plasma and cerebrospinal fluid
(Borghi et al., 2000; El-Agnaf et al., 2006; Lee et al., 2006; Tokuda
et al.,, 2006), with increased levels of oligomeric a-syn in PD
patients (El-Agnaf et al., 2006). It is also shown that elevated
a-syn burden, caused by increased a-syn production (through
overexpression or duplication and triplication mutations), or
reduced clearance through lysosomal or proteosomal systems,
would increase a-syn exocytosis (Alvarez-Erviti et al., 2011;
Lee et al,, 2013; Fernandes et al, 2016). Extracellular a-syn
can interact with different surface proteins on the cells that
facilitate its uptake via receptor-mediated endocytosis. Heparan
sulfate proteoglycan interact with a-syn fibrils and induce uptake
via macropinocytosis (Holmes et al., 2013). By means of a
proteomics screen, Mao et al. (2016) has identified a few surface
proteins that interact well with preformed fibrils (PFFs) of a-syn
(Mao et al.,, 2016). Lymphocyte-activation gene 3 (LAG3) was
one receptor found to have the strongest interaction specifically
to a-syn PFFs but not monomers. LAG3, a transmembrane
protein, facilitates the uptake of a-syn PFFs in neighboring
neurons, astrocytes and microglial via endocytosis. Through
genetic knockdown and antibody-blocking intervention, uptake
of a-syn was reduced, which led to decreased neuronal toxicity
and inter-neuronal propagation in vitro and in vivo (Mao et al.,
2016).

One major caveat of the abovementioned studies is
the assumption that fibrillar forms of a-syn are present
extracellularly. Indeed, a-syn has been detected in human
cerebrospinal fluid (CSF) exosomal vesicles (Alvarez-Erviti
et al,, 2011; Danzer et al, 2012; Stuendl et al., 2016), but
these are mainly soluble a-syn monomers or oligomers.
It is not clear whether fibrillar forms of a-syn are present
extracellularly.

VARIOUS NEURAL CELL TYPES
CONTRIBUTE TO ALPHA SYNUCLEIN
PATHOLOGY

Alpha synuclein deposits are also found in astrocytes at advanced
disease stages (Braak et al, 2007) and in oligodendrocytes as
glial cytoplasmic inclusions (Ubhi et al., 2011). This means that
pathogenic a-syn can also be transferred from neurons to other
cell types such as astrocytes and oligodendrocytes. Astrocytes
have been observed to take up extracellular a-syn in vitro (Lee
et al,, 2010; Fellner et al., 2013; Rannikko et al., 2015; Lindstrom
et al.,, 2017). Glial cytoplasmic inclusions develop despite the
lack of a-syn mRNA in oligodendrocytes (Miller et al., 2005),
suggesting that a-syn is not produced by the oligodendrocytes
but rather internalized from the external microenvironment.
Studies have shown that monomeric and oligomeric forms in
a-syn are internalized by oligodendrocytes in vitro (Kisos et al.,

2012; Konno et al,, 2012) and in vivo (Reyes et al., 2014) with
suggestions of dynamin-mediated mechanisms involved in the
uptake. Overall, the role of astrocytes and oligodendrocytes
in pathogenic a-syn propagation or PD disease progression
remain largely unknown. Studies by Abounit et al. (2016)
proposed a model for propagation of pathogenic a-syn species
by interneuronal transfer of fibrillar a-syn-laden lysosomes. a-syn
PFFs within specialized cellular structures known as tunneling
nanotubes (TNTs) were detected and these can seed soluble a-
syn aggregation in the cytosol of recipient cells (Abounit et al.,
2016). Apart from interneuronal TNTs, inter-astrocytic TNTs
also spread a-syn aggregates. Using human embryonic stem
cell-derived astrocytes, Rostami et al. (2017) demonstrated that
failure of diseased astrocytes to degrade a-syn PFFs led them
to unload their burden to surrounding astrocytes through TNTs
(Rostami et al., 2017).

It is postulated that astrocytes and microglia play key
roles in clearance of toxic a-syn species from the extracellular
environment, and consistent with this notion, astrocytes are
capable of extensive uptake of a-syn oligomers, which they
then attempt to degrade via the lysosomal pathway (Lindstrom
etal,, 2017). Incomplete degradation caused by a-syn overburden
can result in cellular damage in recipient astrocytes, including
lysosomal defects and mitochondrial damage. Internalization of
a-syn has also been shown to cause astrocyte activation and
neuroinflammation (Yu et al., 2018), which impacts neuronal
survival. Microglia are the primary immune cells of the
central nervous system, and are known to be activated by
aggregated a-syn (Zhang et al., 2005). In particular, microglial
phagocytosis of a-syn was thought to be a mechanism that
promotes a-syn clearance. It has been reported by several
studies that toll-like receptor 4 (TLR4) is required for a-syn
dependent activation of microglia, and TLR4 ablation led
to impaired microglia phagocytosis and suppressed cytokine
release, enhancing neurodegeneration in those mice (Stefanova
et al., 2011; Fellner et al., 2013).

Taken together, these are key evidence supporting the notion
that propagation of a-syn is a key driver underlying PD
pathogenesis and progression; and that interaction between
multiple cell types regulate this process. Therefore, cellular
systems using neuroblastoma cell lines (such as mouse Neuro-
2a and human SH-SY5Y) or neural stem cell lines do not
recapitulate the complexity of a-syn propagation. Animal models
are also valuable tools for studying a-syn propagation. To this
end, wild-type mice with a single inoculation of a-syn fibrils or
pathological a-syn purified from postportem PD brains showed
a-syn propagation to anatomically connected brain regions (Luk
et al., 2012b; Blesa and Przedborski, 2014; Masuda-Suzukake
et al., 2014; Recasens et al., 2014) that is reviewed in Blesa
and Przedborski (2014). Though important, the conservation
of a-syn transmission between mouse and human has to be
established, and that eventual drug screening approaches would
be more feasible and have a high throughput if performed
in cultured human cells. Therefore, we propose that human
induced pluripotent stem cell (iPSC)-derived neurons and
neural organoids are ideal cellular platforms for studying a-syn
pathology.
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INDUCED PLURIPOTENT STEM CELLS
AND MIDBRAIN DIFFERENTIATION

Induced pluripotent stem cells or iPSCs revolutionize the way
human diseases are modeled in vitro. iPSCs are typically skin
or blood cells genetically reprogrammed to revert back to an
embryonic stem cell (ESC)-like state by ectopic expression of ESC
transcription factors OCT4, SOX2, c-MYC and KLF4 (Takahashi
and Yamanaka, 2006). Several methods of reprogramming iPSCs
have now been described (Takahashi and Yamanaka, 2006; Carey
et al.,, 2009; Sommer et al., 2009; Somers et al., 2010) and are
also summarized in Table1 and reviewed in Malik and Rao
(2013) and Seki and Fukuda (2015). Importantly, these iPSCs
behave like ESCs with the capacity to self-renew and retain its
pluripotency. iPSCs also retain the genetic mutations from their
donors, making these attractive cellular models for modeling
human diseases. Thus far, human iPSCs has become a promising
tool to address the ethical issues of handling embryonic material,
clinical applications for personalized treatments, and research
applications as model systems to investigate human diseases
in the fields of neuro-developmental and degenerative diseases
(Ardhanareeswaran et al., 2017).

For meaningful disease modeling, one of the greatest hurdles
is to be able to produce large amounts of the cell type of
interest with high efficiency and reproducibility. One of the
earliest methods of deriving DA neurons from ESCs was to
co-culture with stromal feeder cells MS5 or PA6 (Kawasaki
et al., 2000; Perrier et al, 2004). This stromal co-culture
method, however, was chemically undefined, resulting in a
heterogeneous population of neurons with overall low DA
neuron yield, and the physical co-culture of human iPSCs with
mouse stromal cells made it undesirable for downstream analyses
or applications. The labs of Lorenz Studer and Malin Parmar have
made significant progress in a chemically defined protocol for
efficient differentiation of midbrain DA neurons. These methods
made use of the knowledge on developmental patterning
to efficiently differentiate iPSCs into midbrain-regionalized
floorplate progenitor cells (Fasano et al.,, 2010; Kirkeby and
Parmar, 2012) using chemical inhibitors of SMAD signaling
(achieved by LDN-193189 and SB431542), early high-dose Sonic
Hedgehog (SHH) pathway agonists (such as Purmorphamine
or recombinant SHH) and partial glycogen synthase kinase
(GSK) inhibitors/Wnt activation (by CHIR99021) (Cooper et al.,
2010; Devine et al., 2011; Kriks et al., 2011; Kirkeby et al.,
2012). This revised strategy produces midbrain DA neurons
that expresses the specific forehead box protein A2 (FOXA2)
and LIM Homeobox Transcription Factor 1 Alpha (LMX1A)
markers and demonstrates efficient dopamine release in vitro
(Kirkeby et al., 2012) and in vivo after transplantation (Kriks
etal., 2011).

However, even with a chemically-defined approach, a
heterogeneous mix of both substantia nigra pars compacta
(SNpc or A9-subtype) and ventral tegmental area (VTA or A10-
subtype) DA neurons are produced, and it remains a challenge
to derive only A9 DA neurons—the neuronal subtype that
is lost in PD. Previous work from the laboratories of Ole
Isacson and Thomas Perlmann showed that the transcription

factor Orthodenticle Homeobox 2 (Otx2) is a marker, and
controls the specification of mouse A10 VTA DA neurons,
while Sox6 defines the A9 SNpc DA neurons (Panman et al,
2014). SOX6 is also shown to localize to neuromelanin and
Tyrosine hydroxylase (TH)-positive neurons in the human SNpc
(Panman et al., 2014). A recent article that made use of single
cell RNA profiling confirmed that Sox6 and Otx2 mark SNpc
and VTA neurons respectively, while also adding a panel of
genes specific to SNpc vs. VTA that they found from single
cell RNA-seq (Poulin et al., 2014). This genetic information
would be helpful in subsequent efforts to direct A9 DA neuron-
specific differentiation. One possibility is to overexpress SOX6,
or knockdown OTX2 expression in iPSC-derived floorplate cells
as they differentiate into neurons. It has previously been shown
in mice that ablation of Otx2 results in severely diminished
VTA DA neuron differentiation (Di Giovannantonio et al., 2013)
but it remains to be determined if overexpression of SOX6
and/or knockdown of OTX2 will drive the SNpc DA neuron
transcriptional program in human iPSC-derived cultures.

BRAIN ORGANOIDS AND DISEASE
MODELING

More recently, the ability to generate three-dimensional (3D)
neural organoids has challenged the way we think about
conventional cellular differentiation and disease modeling
approaches. The two-dimensional approach to differentiate cells
forces cells into a monolayer that is uniformly exposed to
extracellular signals but does not represent their in vivo context,
and does not fully maintain the complex cell-cell and cell-
matrix interactions, resulting in the tendency to lose important
physiological function. A landmark paper by Lancaster et al.
(2013) showed that neural organoids mimick the cytoarchitecture
of the developing cortex. The development of a protocol for
brain-like organoids focused on two aims: the induction and
differentiation of neural tissue and achieving a 3-D spatial
organization that captures the development of specific brain
regions. Firstly, iPSCs can be stimulated to form germ layers
within iPSC aggregates known as embryoid bodies (EBs) (Evans,
2011). Specific media compositions are used to induce the
formation of neural rosettes (Zhang et al., 2001) (polarized
organization of epithelial cells) within the EBs. The subsequent
change to differentiation medium (usually Neurobasal medium
and B27 supplement for neuronal survival and differentiation
with specific morphogens) facilitates the development of an
organized neuroepithelium that would form various brain
structures. Due to the absence of a basement membrane for
the EBs to establish proper apical-basal polarity to form the
neuroepithelium, an external structural support is required to
ensure proper orientation of the neuroepithelium. For most
organoid protocols, hydrogels (usually matrigel) are used to
encapsulate the EBs to promote the accurate growth and
formation of brain-like structures. When EBs are encapsulated
within stagnant matrigel droplets, the diffusion of nutrients and
oxygen is very poor causing death to the cells at the center of
the organoids. Hence, after establishing the proper growth and
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TABLE 1 | Gene delivery methods used for iPSC generation.

Methods Types Subtypes

Advantages

Disadvantages

Viral Integrating Lentiviral (Somers et al., 2010)

Non-integrating Adenovirus (Zhou and Freed,

2009)
Sendai virus (RNA virus) (Fusaki o

et al., 2009; Ban et al., 2011) of cells

Ability to infect non-dividing and proliferating
cells i.e., somatic cells

Does not integrate into host genome

Does not enter nucleus and gets diluted out

Incorporation of vector sequence into host
genome
Solution:
vector
& cre/loxp mediated transgene excision e.g.,
STEMCCA

Very low reprogramming efficiency compared
to lentiviral delivery

single cassette reprogramming

Difficult to remove replicating virus

Can produce large amounts of protein

Nonviral mRNA transfection (Warren et al., 2010)

system

miRNA transfection (Miyoshi et al., 2011;
Subramanyam et al., 2011)

Transposons i.e., Piggybac (Kaji et al., 2009;
Woltjen et al., 2009; Yusa et al., 2009)

No integration into host genome
Higher efficiency than original retroviral

Absence of breaks in existing genes
Avoids reactivation of transgenes
Highly active in mammalian cells
Vector can be removed from the host

Labor intensive
Technically complex

Commercially available

No established reprogramming protocol
available

Low reprogramming efficiency

genome by expressing transposase

Episomal plasmids (Yu et al., 2009; Chen et al.,
2011)

No integration into host genome
More stable expression compared to

Requires changes to cell culture methods

standard plasmids

Recombinant proteins (Kim et al., 2009; Zhou et al.,
2009)

Small molecules (Hou et al., 2013)

Absence of breaks in existing genes
Avoids reactivation of transgenes

Nonimmunogenic
Easy to handle

Lower reprogramming efficiency compared to
retroviral systems
Challenging to generate and purify

No established protocol for human somatic
cells

differentiation within the matrigel droplet, the organoids have
to be cultured in a spinning bioreactor to increase diffusion
efficiency that promotes tissue survival. Neural organoids can
capture the key features of the human brain such as ventricle-
like spaces, distinct proliferative layers of cells, and the choroid
plexus (Marton and Pasca, 2016); offering a great potential to be
used as models of neurodevelopmental and neurodegenerative
conditions. Furthermore, protocols have already been established
for various brain regions such as cerebral (Lancaster and
Knoblich, 2014; Muguruma et al., 2015), forebrain (Qian et al.,
2016), and midbrain (Jo et al., 2016) organoids.

Although mostly used to model neurodevelopmental diseases,
neural organoids can also be extremely useful for modeling a
degenerative disorder such as PD. Since organoids mimick the
brain’s microenvironment, it has been postulated that culturing
of neurons in such a 3D microenvironment would promote
their maturation. Jo et al. (2016) reported the generation of a
midbrain organoid with A9 neurons that produces neuromelanin
(a dark pigment expressed in the SNpc of humans). So far,
none of the 2D differentiation protocols have given rise in vitro
to neuromelanin-producing DA neurons. Of significance, the
accumulation of neuromelanin in DA neurons increases with age,
suggesting that DA neurons in organoids are far more mature
than those in 2D. Comparisons of gene expression between
DA neurons cultured in 2D vs. 3D organoids also suggest that
neurons in organoids are more mature, expressing dopamine

transporter (DAT or SLC1A3) (Jo et al, 2016; Monzel et al,
2017), and genetically resembling the prenatal midbrain (Jo
et al., 2016). Recently, Monzel et al. (2017) managed to derive
midbrain-specific organoids that contained spatially-organized
groups of dopaminergic neurons with other neuronal, astroglial,
and oligodendrocyte differentiation. Functionally, they detected
the presence of synaptic connections and electrophysiological
activity. Since PD is an age-onset neurodegenerative disorder, it is
critical to model cellular and molecular aspects of the disease with
mature and aged neurons rather than neurons of an embryonic
resemblance. Moreover, the heterogeneity of cell types within
midbrain organoids would be useful to study the interplay and
contributions of other cell types to the a-synuclein pathology of
PD. As such, midbrain organoids are a very promising platform
for investigating late phenotypes associated with PD-a unique
feature that 2D culture models cannot offer.

DIRECT REPROGRAMMING OF
FIBROBLASTS INTO INDUCED
DOPAMINERGIC NEURONS (IDANS)

Apart from differentiation of iPSCs toward DA neurons that
mimic neural developmental processes, overexpression of key
transcription factors in patient-derived fibroblasts can be directly
transdifferentiated into neurons, including midbrain DA neurons

Frontiers in Cellular Neuroscience | www.frontiersin.org

11

November 2018 | Volume 12 | Article 413


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Koh et al.

iPSC Modeling of Synucleinopathies

(Xu et al, 2017). Wernig and colleagues have reported viral-
based transdifferentiation of mouse and human fibroblasts
into induced neurons (iNs) by overexpressing up to four
neuronal transcription factors, namely, achaetescute homolog 1
(ASCL1), BRN2 (also known as POU3F2), myelin transcription
factor 1-like protein (MYTI1L) and neuronal differentiation 1
(NEURODL1) (Vierbuchen et al., 2010; Pang et al., 2011). These
iNs obtained were morphologically and electrophysiologically
similar to bona fide neurons, and resembled excitatory neurons
of the cerebral cortex (Heinrich et al., 2014). Building onto this
knowledge of direct reprogramming, it has also been shown that
midbrain DA neurons can be directly converted from fibroblasts.
To do so, several groups have reported direct reprogramming
of DA neurons using a cocktail of transcription factors specific
to the midbrain lineage (Table 2). The factors that were used
for induced DA neurons (iDANs) are extensively reviewed in
Jang and Jung (2017). Overall, regardless of the combination
of transcription factors used, the efficiency of iDAN conversion
from fibroblasts is typically below 20%, even though iDANs
demonstrated spontaneous and rebound action potentials which
are characteristics of midbrain DA neurons in vivo. This low
efficiency of conversion is potentially a limiting factor for disease
modeling studies especially when large numbers of cells are

required for high throughput screening. Recently, this hurdle
has been overcome by a reprogramming strategy that involves
ASCL1, LMX1A, and NURRI in combination with p53-small
hairpin RNA (shRNA) and miR-124, as well as small molecule
and trophic factor supplements that maintain the identity and
survival of midbrain DA neurons (Jiang et al., 2015). This
transdifferentiation approach resulted in more than 50% TH*
iDANs, and it was concluded from this study that G1 arrest
was crucial for efficient transdifferentiation, and that addition
of patterning small molecules such as SB431542, CHIR99021,
Purmorphamine (SHH pathway agonist), Dorsomorphin and
trophic factors significantly enhanced reprogramming efficiency.

Another method for generating DA neurons from patient
fibroblasts is to derive expandable dopaminergic precursors
known as floorplate progenitor cells. This has been achieved in
mouse fibroblasts by ectopic expression of Brn2, Sox2, and FoxA2
(Tian et al., 2015), resulting in acquisition of floorplate identity
which include expression of Otx2, Corin and Lmx1la expression.
Induced floorplate progenitors generated with this method were
shown to differentiate primarily into TH midbrain DA neurons
(with more than 90% efficiency), even without addition of Shh
and Fgf8. Although this has not been demonstrated for human
cells, we expect similar results based on previous iN studies where

TABLE 2 | List of different strategies used to derive induced dopaminergic neurons. Adapted and revised from Jang and Jung (2017).

No. Type of Transcription factors miRNA Small molecules TH+ Characterization tests References
transdifferentiated differentiation
cells efficiency
1 Human induced Ascl1, Brn2, Myt1l, N/A N/A ~10% Expression of dopaminergic neuron Pfisterer
dopaminergic neurons  Lmx1a and FoxA2 markers and electrophysiological profile of et al., 2011
(iDAN) functional dopaminergic neurons
2 Mouse and human Ascl1, Lmx1a N/A N/A ~15%-20% Expression of dopaminergic neuron Caiazzo et al.,
iDAN and Nurr1 markers, electrophysiological profile of 2011
functional dopaminergic neurons and
dopamine release
3 Mouse iDAN Ascl1, Lmx1b N/A N/A ~18% Expression of dopaminergic neuron Addis et al.,
and Nurr1 markers, electrophysiological profile of 2011
functional dopaminergic neurons and
dopamine release
4 Mouse iDAN Ascli, Pitx3, Lmx1a, N/A Sonic hedgehog ~7% Expression of dopaminergic neuron Kimetal,
Nurr1, FoxA2 and EN1 (Shh) and markers, electrophysiological profile of 2011
fibroblast growth functional dopaminergic neurons,
factor 8 (FGF8) dopamine release and relief PD-like
symptoms in PD mice
5 Human iDAN Ascl1, Ngn2, Sox2, N/A N/A ~40% Expression of dopaminergic neuron Liuetal,
Nurr1 and Pitx3 markers, dopamine uptake and release, 2012
electrophysiological profile of functional
dopaminergic neurons and relief PD-like
symptoms in PD mice
6 Human iDAN Ascl1, Lmx1a miR124  p53 suppressor, ~60% Expression of dopaminergic neuron Jiang et al.,
and Nurr1 G1 cell cycle arrest markers, DA uptake and release, 2015
and Tet1 agonist electrophysiological profile of functional
dopaminergic neurons
7 Mouse induced neural  Foxa2, Brn2 N/A N/A ~90% Expression of dopaminergic neuron Tian et al.,
progenitor cells ((NPCs) and Sox2 proliferative progenitor cell markers, 2015

with midbrain identity

capable of deriving functional
dopaminergic neurons and to rescue
MPTP-lesioned mice
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the same reprogramming factors worked similarly in mouse and
human cells. If so, this could be an ideal method for disease
modeling because large numbers of DA neurons can be derived
from these self-renewing induced floorplate progenitors.
Although transdifferentiation technologies may not be
compatible with neural organoid formation, because directed
reprogramming forces fibroblasts to take on a specific cell
fate rather than allow for a “self-organizing” approach that is
important for organoid formation, there are distinct advantages
in using iNs for disease modeling. Two recent studies (Mertens
etal., 2015; Huh et al., 2016) found that iNs from aged fibroblasts
retained the aging cellular and molecular characteristics while
iPSCs made from the same patient fibroblasts were epigenetically
reprogrammed to erase the aging signatures and subsequent
neurons differentiated from these iPSCs did not acquire aging
characteristics. Since PD is an age-onset neurodegenerative
disease, iNs that retain aged signatures could be an especially

relevant cellular model to understand the role of aging in
neuronal decline. It is unclear, however, if induced floorplate
progenitors retain aged cellular signatures that also make them
suitable models for studying aged-associated neuronal decline.

IPSC-DERIVED MIDBRAIN CULTURES AS
AN IN VITRO MODEL OF A-SYN
TRANSMISSION

Despite numerous in vivo and in vitro studies that were
discussed in the previous sections demonstrating transmission
and propagation of a-syn in PD pathology, there is still a lack
of a robust and reproducible in vitro model that could allow
us to accurately study its role in PD pathogenesis. As such, it
makes it even more difficult to screen for potential therapeutic
compounds that could halt PD progression.

&=

PD-DA Neurons

e -
e

Astrocytes

spread of alpha synuclein (2).

FIGURE 1 | iPSC-derived midbrain cultures as an in vitro model of alpha synuclein transmission. A co-culture model of PD-DA neurons (cells in yellow), WT-GFP
neurons (cells in green), and astrocytes (in blue) can be used to track the transfer of pathogenic alpha-synuclein (orange hexagon) between diseased and healthy
neurons/astrocytes. PD-DA neurons are derived from the iPSCs of PD patients with their alpha synuclein tagged with a FLAG protein (red rectangle). WT-GFP neurons
are derived from the iPSCs of healthy subjects and are constitutively expressing GFP as a reporter-the successful transmission of alpha-synuclein between diseased
and healthy neurons can be defined as GFP-expressing cells co-expressing the FLAG signal. Several mechanisms have been postulated to be involved in the
propagation of diseased alpha-synuclein to healthy neurons/astrocytes. One mechanism describes that pathogenic alpha synuclein secreted by PD-DA neurons (1a)
could interact with various surface proteins on healthy neurons/astrocytes to induce uptake through receptor-mediated endocytosis (1b), for example LAGS receptor.
Furthermore, there are also specialized structures known as tunneling nanotubes (TNTs) between neuron-neuron and neuron-astrocytes that are involved in the

PD-DA neurons

WT-GFP expressing neurons*—f
Other neurons

Astrocytes

Endogenous a-synuclein protein O
FLAG protein m

a-synuclein-FLAG protein ‘
Receptors e.g. LAG3ly
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One obvious advantage of patient-derived iPSCs is that the
iPSCs can be differentiated into disease-relevant DA neurons,
and phenotypes observed in these in vitro neurons are well
correlated with clinical observations (Torrent et al., 2015). Apart
from being an endless source of midbrain DA neurons, using
patient-derived cells (with their specific mutations) removes
the need to rely on an artificial overexpression system that is
not representative of PD pathology. Recent advances in the
CRISPR/Cas9 technology has greatly availed genome-editing
strategies to stem cell labs to create isogenic pairs of iPSCs.
These typically take the form of “corrected iPSCs” where the
disease-causing mutation is corrected to become wild-type, or
“mutation-introduced iPSCs,” where wild-type iPSCs have their
genomic DNA altered into a known disease-causing mutation
(Soldner et al., 2011; Hockemeyer and Jaenisch, 2016; Bassett,
2017). The rationale for generating isogenic pairs of iPSCs
is to minimize genetic variation that is inherent between
different individuals and/or cell lines, and is crucial in disease
modeling studies to identify disease-related molecular and
cellular events.

Importantly, a-syn aggregation has been observed in DA
neurons derived from PD iPSCs. By differentiating a-syn
A53T iPSCs into midbrain DA neurons, Kouroupi et al.
(2017) detected the presence of the pathological form of a-
syn that is phosphorylated on serine 129 in the dendrites
of PD neurons, reminiscent of Lewy neurites in PD patients
(Kouroupi et al, 2017). Protein aggregates, as revealed by
Thioflavin S staining, also showed high concentrations of a-
syn and such inclusion bodies were observed in the cell bodies
as well as along neurites. iPSCs derived from patients with
PINK1 and Parkin mutations also differentiate into midbrain
DA neurons that showed a time-dependent increased a-syn
accumulation (Chung et al., 2016). It was also demonstrated
that mutant PINKI and Parkin DA neurons had significantly
more insoluble a-syn protein, indicative of aggregated a-syn.
These studies have proven that important cellular features
of PD are recapitulated in iPSC-derived neurons, similar
to what has been observed for other neurodegenerative
diseases.

Critically, what has not been elucidated in these iPSC
studies is the transmission and propagation of endogenous
a-syn aggregates. While important discoveries pertaining to
mechanistic spread of a-syn have been made using exogenously-
added PFFs, this approach over-simplifies the physiological
conditions in which a-syn isoforms exist. Therefore, it remains
to be determined if LAG3 or heparan sulfate proteoglycan
reduction can protect neurons against a-syn propagation. It
would also be important to establish that TNTs transport
endogenously-formed a-syn aggregates from host to recipient
cells in iNs or iPSC-derived cultures. We propose that these
endogenous propagation studies can be performed by co-
culturing PD iPSC-derived neural cultures with healthy neural
cultures, either in 2D or as organoids (Figure 1). One possible
method to track a-syn transfer from diseased to healthy cells,

a-syn from PD patients has to be tagged with a small reporter
protein such as Y-FAST (Plamont et al., 2016), while healthy
cells should express a different reporter such as constitutive
expression of CFP. Successful transmission events would then
be defined as CFP-expressing cells co-stained with Y-FAST. It
also remains to be discovered whether monomeric, oligomeric
or fibrillar forms of a-syn are transmitted from host to recipient
cells.

An advantage of organoid models vs. conventional 2D
cultures is that the cytoarchitecture of cells in organoids
closely resemble that of a brain—which may enhance
neuronal maturation and/or function that promotes aggregate
transmission. Since PD is an age-onset neurodegenerative
disease, it is also likely that the maturation status of neurons is
critical for a-syn transmission. Neurons grown in 3D cultures are
also known to be more mature (Jo et al., 2016), and accumulate
aggregates (Choi et al, 2014). The heterogeneity of neural
cells in organoids is also an ideal system for studying selective
neuronal vulnerability in PD. In particular, there are key
questions left unanswered: Are specific neural types (astrocytes,
DA neurons or other neuronal subtypes) more susceptible
to a-syn transmission? What is the molecular signature of
neurons with a-syn aggregates? Will attenuating key molecular
events downstream of a-syn transmission protect neurons
from cell death? Single-cell RNA-seq data of organoid-derived
neural cells are expected to give us insights to some of these
questions.

CONCLUDING REMARKS

Alpha synuclein accumulation, aggregation and transmission are
key events in the pathology of PD, and strategies to prevent
any of these events are thought to be able to slow down disease
progression. Patient-derived iPSCs, coupled with the use of
genome-editing tools, have become powerful tools in disease
modeling, but its utility in modeling a-syn propagation has not
been explored. In this review, we present a point-of-view that
iNs and iPSC-derived neurons can be a physiologically relevant,
all-in-one model that provides the opportunity to study a-syn
accumulation, aggregation and transmission concurrently.
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Convolutional Neural Networks Can
Predict Retinal Differentiation in
Retinal Organoids
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and Petr Baranov'*

Department of Ophthalmology, The Schepens Eye Research Institute of Massachusetts Eye and Ear, Harvard Medical
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Physics and Technology, Dolgoprudniy, Russia, *Department of Information Systems, Ivannikov Institute for System
Programming of the Russian Academy of Sciences, Moscow, Russia, “National Research Center “Kurchatov Institute”,
Moscow, Russia, °Endocrinology Research Centre, Institute for Personalized Medicine, Moscow, Russia

We have developed a deep learning-based computer algorithm to recognize and predict
retinal differentiation in stem cell-derived organoids based on bright-field imaging. The
three-dimensional “organoid” approach for the differentiation of pluripotent stem cells
(PSC) into retinal and other neural tissues has become a major in vitro strategy to
recapitulate development. We decided to develop a universal, robust, and non-invasive
method to assess retinal differentiation that would not require chemical probes or
reporter gene expression. We hypothesized that basic-contrast bright-field (BF) images
contain sufficient information on tissue specification, and it is possible to extract this
data using convolutional neural networks (CNNs). Retina-specific Rx-green fluorescent
protein mouse embryonic reporter stem cells have been used for all of the differentiation
experiments in this work. The BF images of organoids have been taken on day 5 and
fluorescent on day 9. To train the CNN, we utilized a transfer learning approach:
ImageNet pre-trained ResNetb0v2, VGG19, Xception, and DenseNet121 CNNs had
been trained on labeled BF images of the organoids, divided into two categories (retina
and non-retina), based on the fluorescent reporter gene expression. The best-performing
classifier with ResNet50v2 architecture showed a receiver operating characteristic-area
under the curve score of 0.91 on a test dataset. A comparison of the best-performing
CNN with the human-based classifier showed that the CNN algorithm performs better
than the expert in predicting organoid fate (84% vs. 67 + 6% of correct predictions,
respectively), confirming our original hypothesis. Overall, we have demonstrated that
the computer algorithm can successfully recognize and predict retinal differentiation in
organoids before the onset of reporter gene expression. This is the first demonstration
of CNN’s ability to classify stem cell-derived tissue in vitro.

Keywords: deep learning, convolutional neural networks, stem cells, retinal organoids, mouse embryonic
stem cells
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INTRODUCTION

The differentiation of pluripotent stem cells (PSC) using a three-
dimensional “organoid” approach has become the strategy of
choice to recapitulate the development of the retina, brain,
inner ear, intestine, pancreas, and many other tissues in vitro
(McCauley and Wells, 2017). This technique allows to reproduce
the process of normal development and does not require
any exogenous stimulation of developmental pathways and
genetic modification of the cells used (Eiraku et al, 2011;
Meyer et al, 2011). Indeed hundreds of studies confirm
that retinal organoids, differentiated from mouse or human
pluripotent cells, show a unique resemblance to native tissue
architecture, cell specification and sub-specification, function,
and transcriptional profile (Hallam et al.,, 2018; Cowan et al.,
2019). This demonstrates the robustness of the technology and
makes it highly attractive for potential translation to the clinic
as a source of high-quality retinal neurons for transplantation
(Decembrini et al., 2014) or as a platform for the screening of
new therapeutics (Baranov et al., 2017).

The process of the differentiation itself is stochastic, which
causes the quantity of retinal differentiation to vary a lot even
among organoids within one batch—not to say when different
cell lines are used (Hiler et al, 2015; Hallam et al., 2018;
Cowan et al,, 2019). The current approach to select retinal
tissue for further growth and maturation is based on subjective
morphological observation and features visible with bright-field
imaging: lamination of the neuroepithelium, adjacent pigment
epithelium areas, etc., and/or on the expression of fluorescent
reporter constructs driven by retina-specific promoters. These
reporters allow to assess the differentiation on different stages
of retinal development: from early eye field-specific genes [Pax6-
GFP mESCs (Volkner et al., 2016) and Rx-GFP mESCs (Eiraku
et al,, 2011)] to terminal retinal cell types as rods Nrl-GFP
miPSCs (Ueda et al., 2018), Six6 (Sluch et al., 2018), or Rx
(Nakano et al., 2012) for early optic vesicles, Brn3a (Sluch et al,,
2015) for retinal ganglion cells, Crx (Nakano et al., 2012) for
photoreceptors, or Nrl (Phillips et al., 2018) for human rods.

The use of fluorescent reporters is a “gold standard”—it is
a sensitive, specific, and easily quantifiable method to assess
retinal differentiation (Vergara et al., 2017), although it cannot
be used in cell manufacture for transplantation or to model
inherited diseases due to genome modification. The manual
selection under the microscope with bright-field imaging is
limited in throughput and the classification criteria can be
subjective, resulting in high variability between observers. This
puts its limitations on the further transition of this technology
“from the bench to bedside.” Here we tried to address this issue
by developing an automated non-invasive method which can
predict retinal differentiation based on bright-field images of
retinal organoids on the early stage of their development using
artificial intelligence.

Machine learning has been evolving rapidly during the
last decades. This is mostly due to the increase in accessible
computational power and the ability to generate and store
massive amounts of data. Nowadays, one of the most actively
developing branches of artificial intelligence is deep learning,

which was able to outperform the best conventional machine
learning algorithms in multiple fields including speech and image
recognition (LeCun et al., 2015). This technology was inspired by
the principles which lay in cognition and data processing by the
brain. In simple understanding, the biological neuron is receiving
information from other neurons, combines it, and transmits a
modified signal to the next pool of neurons. In general, the
artificial neuron works in a similar way: it receives inputs from
the group of neurons, combines them with some weights for
each input, and transmits the result to the next set of neurons
using some non-linear function. So, each artificial neuron itself
can be interpreted as a function, which gets a vector of inputs
from neurons from the previous layer and returns some value
(activation) which is being transmitted to the next layer. The
neural network usually contains several layers of these neurons
connected together, starting from the input layer and finishing
with the output layer which returns the result. The general task
for supervised learning is to find optimal weights for each neuron
in the network to minimize an error between the value predicted
by the program and the value which was assigned before the
training (e.g., ground truth label for classification or some score
for regression task).

This approach showed itself to be extremely effective in
solving multiple tasks such as speech recognition, computer
vision (LeCun et al., 2015), processing of medical and biological
data (Ching et al, 2018), etc. For the analysis of images
(or any data which has local adjacency structure), the special
type of neural networks was developed—convolutional neural
networks (CNN). This type of neural network has a few
so-called convolutional layers in the beginning of the learning
process, which allows to find relationships between spatially
adjacent parts of the image for the dimensionality reduction
and extraction of features. This approach has found a lot of
applications in multiple fields of biology and medicine. For
example, for diagnosis of diabetic retinopathy based on fundus
imaging (Gulshan et al., 2016) and for skin cancer classification
(Esteva et al., 2017), and recently it was proven effective to
predict the very early onset of PSC differentiation (Waisman
et al, 2019) and the quality of retinal pigment epithelium
(RPE) differentiation in a two-dimensional setting (Schaub et al.,
2020). Being inspired by the success that this approach showed
on the prediction of spontaneous differentiation of PSCs with
basic bright-field imaging used as a source of information,
we hypothesized that basic-contrast bright-field images contain
sufficient information on tissue specification, and it is possible
to extract it using convolutional neural networks. In this study,
we decided to test the ability of CNN to: (1) recognize early
retinal differentiation in organoids; and (2) predict retinal
differentiation in individual organoids before the onset of the
expression of the eye field-specific reporters—for instance, Rx.

To predict early retinal differentiation, we utilized a transfer
learning approach: CNN is being pretrained on the ImageNet
classification dataset (Deng et al., 2009) containing more than
10 million images which are split into more than 20,000 classes.
This approach allows to transfer the ability of a pretrained
network to extract low-level features from natural images and
focus more on high-level features from the target dataset during
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the training. Such a trick helps to achieve desirable results using
lower amounts of training data and have been proven useful for
the analysis of biological images (Ching et al., 2018).

MATERIALS AND METHODS

mES Cell Culture

mES reporter cell line RXGFP has been used in this study
(RIKEN; Eiraku et al., 2011). The cells were cultured in the mES
medium (Supplementary Table S1), fed every other day, and
passaged at 70-80% confluence on a cell culture-treated T-75
flask coated with 1% Matrigel (Corning) solution for 1 h. For
replating or seeding for retinal organoid formation, the cells were
dissociated using 0.25 Trypsin solution (Gibco) for 7 min on
37°C in a CO; incubator.

Retinal Differentiation

Retinal differentiation was performed as was shown before, with
minor modifications (Perepelkina et al., 2019). The protocol is
outlined in Figure 1A. The RxGFP mES cells were dissociated
from the flask with 0.25 trypsin and seeded in a differentiation
medium (OV; Supplementary Table S1) on a 96-well U-bottom
polystyrene plate (Greiner) at a cell density of 3,000 cells per
well in 50 pl of the media. The cells were fed with 50 pl
of OV supplemented with 1% Matrigel (Corning) on day 1
of differentiation. Additional feeding with 50 pl of OV with
0.5% Matrigel was performed on day 5 of differentiation.
Further medium change was performed with OC media starting
from day 9.

Automated Imaging

Both bright-field and fluorescent images of the organoids have
been taken using the EVOS fl Auto microscope. For bright-
field imaging, the plates were scanned with a 4x phase-contrast
objective on day 5 of differentiation, with fine autofocus function.
As each organoid is seeded separately in a separate well of a
96-well plate, each image contained no more than one organoid.

Immunohistochemistry and Confocal
Imaging

Ten organoids from each batch were collected and fixed with
4% PFA for 20 min at room temperature (RT). Prior to staining,
they were blocked with a blocking buffer for 1 h at RT. Staining
with primary antibodies (Santa-Cruz anti-Rx antibody #SC-
79031 and Hybridoma Bank anti-PAX6 antibody #AB528427)
was performed overnight at +4°C in staining buffer. On the next
day, after washing with a wash buffer (Supplementary Table
§2), secondaries were applied overnight at +4°C. After staining
with antibodies and washing, the organoids were stained with
4/,6-diamidino-2-phenylindole for 10 min at RT and mounted
on concavity slides (Lab Scientific). Confocal images were taken
using a Leica SP5 confocal microscope.

Classification Criteria for Fluorescent

Images
The discrimination between retinal and non-retinal organoids
for the purpose of assigning ground truth labels was based

primarily on the expression of the Rx-GFP reporter, which is a
very specific marker for early retinal progenitor cells (Medina-
Martinez et al., 2009; Zagozewski et al., 2014). The criteria took
into account the brightness of the reporter, localization, and
pattern of the retinal area.

We have sorted organoids based on the fluorescent images
on day 9 into three groups: “retina,” “non-retina,” and
“satisfactory.” The following criteria were utilized (Figure 2):

e The retinal organoids should have bright fluorescence or
localized fluorescent retina-like structures.

e A satisfactory organoid should have sparse or scattered
fluorescence pattern without clearly separable retinal areas.

e A non-retinal organoid should not be fluorescent or have
uniformly distributed green background fluorescence.

Classification Criteria for Bright-Field

Images
For sorting organoids on day 6 using bright-field images, the
following criteria were defined:

e Retina—distinct layer-like (neuroepithelium) transparent
areas on the periphery of the organoids

e Non-retina—uniform cellular aggregate without distinct
transparent areas

Dataset Preparation and Images

Preprocessing for Training the Network

The initial dataset (1,209 images in total) was split into three
parts: the training one (64% of total), the validation (16% of
total), and the test one (20% of total). The training and validation
datasets were used for architecture and parameter selection. The
test dataset was used only for the final validation of the best
neural network after the whole process of parameter tuning and
architecture selection is completed.

Before feeding the images to neural networks, we
implemented a few preprocessing steps. First, we find the
position of the organoid on an image and crop it out using
Python OpenCV script based on blob detection. This is a very
simple and straightforward approach for object detection.
It works best if the target object is significantly darker or
brighter than the background as it is based on automated
thresholding (Otsu method). This is exactly the case for
retinal organoids—they are significantly darker than the
background and have pretty contrast borders. Thus, we
found the algorithm to work very efficiently. Furthermore,
it does not require any manual parameter adjustments,
except for the average organoid size which stays stable, if
the same quantity of cells is used for seeding in the beginning
of differentiation.

We also applied Gaussian normalization to the images and
augmented them with random horizontal and vertical flips,
rotations, width and height shifts, and zoom transformations.
Proportionally more transformations were applied to the
non-retina class images in order to balance the number of images
used for CNN training. Additional information on augmentation
parameters can be found in the “Supplementary Extended
Methods” section.
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FIGURE 1 | Retinal differentiation. (A) Experimental outline: the organoids were imaged on day 5 using bright-field and on day 9 using fluorescent microscopy.
Fluorescent images were used to assign true labels and bright-field ones for feeding neural network. This figure was created with BioRender.com. (B) Confocal
image of retinal organoid on day 9 of retinal differentiation. Staining was performed for early retina-specific markers: Rx and Pax6. (C) Representative organoids from
retinal and non-retinal classes. Different patterns in fluorescent images reflect the difference in bright-field ones.

Interpretation of CNN Output and weight, and each neuron itself has its own value called bias.
Threshold Selection When a neuron gets some numerical values to its inputs, it
The neural network takes some piece of data as an input, multiplies them with the corresponding weights, sums them up,
i.e., image, and is designed to predict the probability for it to be adds bias, and applies to the result some non-linear function
retinal—value between 0 and 1. This is done in the following way. (usually called activation function). The resulting value is sent to
The network consists of small abstract units called neurons;  the output.
each of those has several inputs (like axons/dendrites in real The neurons are aggregated into groups called layers. The
neurons). Each dendrite of each neuron has its own value called  inputs of the neurons of the first layer are attached to the pixels
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FIGURE 2 | Image annotations. (A) Fluorescent images of representative organoids from each class which experts have classified to “retina,” “non-retina,” and
“satisfactory.” (B) Ratios of labels assigned by two experts for the training dataset.
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(C) Summary of ratios for different classes which can be assigned after combining

of the input image. The inputs of the neurons from any internal
layer are attached only to the outputs from the neurons in the
preceding layers. The last layer consists only of one neuron—its
output value is interpreted as the probability of the organoid to
be a retinal one. The way to organize the neurons and the layers
is called the architecture of the network.

Initially, the weights and the biases of the neurons
are taken randomly. While the network gets training
images, it tries to predict their classes, evaluates the
results using true classes of the images, and adjusts
the weights and the biases of its neurons using a
backpropagation algorithm.

Therefore, after processing the image, CNN returns a value
from 0 to 1, which can be interpreted as a probability for this
organoid to belong to the “retina” class. Thus, the threshold
should be selected to make the final prediction: organoids with
scores higher than the threshold would be considered “retinal,”
and with lower—“non-retinal.”

We determined a threshold by maximizing the value of
sensitivity * specificity [true positive rate * (1- false positive rate)]
on the training dataset. This approach helps to improve both
the sensitivity and the specificity of the classifier, which can be
affected by the imbalance between classes.

Selection of the Best CNN Architecture

and Cross-Validation
For our task, we selected four convolutional neural networks
with different architectures, which showed themselves
effective on ImageNet competitions and in multiple biological
applications (Esteva et al., 2017; Waisman et al., 2019): VGG19
(Simonyan and Zisserman, 2014), ResNet50v2 (He et al., 2016),
DenseNet121 (Huang et al., 2017), and Xception (Chollet, 2017).
All of these CNNs were initially pretrained on the ImageNet
dataset (Deng et al., 2009).

For the selection of the best network, 10-folds cross-
validation was used: the training dataset was split into 10
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non-overlapping subsets. On each step of the process, the
network is training on nine out of these 10 subsets and then
uses the last subset for validation. Each subset is used for
validation once. So, this allows to perform statistical tests for
CNN performance comparison.

Hyperparameters Tuning and Training of

the Networks

The training was performed on the training dataset, and multiple
hyperparameters have been optimized using the validation
dataset (learning rate, set of frozen layers, dropout rate of
the last layer, etc.). Additional information on the actual
values of the hyperparameters used for each CNN can be
found in the “Supplementary Extended Methods” section and
Supplementary Table S3. Also, as we are using transfer learning
approach, only the few last layers of the CNN are trained. The
number of these layers depends on the architecture chosen and
should be also considered as a hyperparameter.

Assessment of CNN Performance

There are multiple approaches available to measure the
performance of classifiers, including accuracy, F1 score,
receiver operating characteristic-area under the curve
(ROC-AUC), Mathews correlation coefficient (MCC), and
many others.

The simplest and the most intuitive score is “accuracy”—the
number of correct guesses divided by the total number of samples
in the dataset. Additional metrics are “precision”—number of
objects which were correctly predicted as positive divided by
the total number of objects selected as positive, and “recall” or
“true positive rate”—number of objects which were correctly
predicted as positive divided by the total number of positive
objects in the initial dataset. The accuracy shows how many
selected objects are really the correct ones, and the recall shows
how many of the relevant objects the algorithm was able to
pick up. As precision and recall cannot be optimized separately,
metrics which take into account both these values are usually
used. The F1 score is a harmonic mean of precision and recall.
However, all of these scores have some drawbacks, especially for
imbalanced data, as both classes are treated equally and changes
in a wrongly predicted minor class do not have a high impact on
the score.

Alternatively, MCC can be calculated—the value which shows
how well the predictions of the classifier and the true labels are
correlated. One of the advantages of this metric is that it can be
very sensitive even when classes are imbalanced.

Another option is using ROC-AUC score—the area under
the ROC curve (true positive rate vs. false positive rate at
different threshold values). It is the “gold standard” for binary
classification with neural networks. It has a very meaningful
interpretation: this value shows the probability of a randomly
selected object from the “retina” class to have a higher
score than a random object from the “non-retina” class.
So, for a classifier that assigns labels randomly, the score
would be 0.5, and for the perfect algorithm, it would be
equal to 1. Therefore, this score can be considered as the
measure of order which the classifier provides. Thus, we chose

the ROC-AUC score as the main measure of performance
for our CNN.

RESULTS

Retinal Differentiation and Initial
Annotation of the Collected Images by
Experts

For dataset collection, approximately 3,000 retinal organoids
were differentiated and analyzed. For the training of our neural
network and annotating the dataset, we collected bright-field
and fluorescent images for each organoid on day 5 and day
9 of differentiation, respectively (Figures 1A,C). On day 9, in
most organoids, distinct optic vesicle areas could be observed.
In Figure 1B, a confocal image of retinal organoids on day
9 of differentiation is presented. Retina-like planar structures
are formed on the periphery of the organoid; these areas
are also positive for retina-specific markers Pax6 and Rx.
As Rx is known to be an essential transcription factor for
retinal development (Zagozewski et al., 2014), we chose its
expression at day 9 to be a ground truth indication for early
retinal differentiation.

All fluorescent images were collected on day 9 and pooled
together, filtered to get rid of pictures with poor quality,
anonymized, and offered to two independent experts for sorting
in three groups: (1) good retina (Figure 1C, left; Figure 2A, left);
(2) satisfactory retina (Figure 2A, center); and (3) not retina
(Figure 1C, right; Figure 2A, right). The classification criteria are
stated in the “Materials and Methods” section. The proportions
of each class for each expert are provided in Figure 2B, and
the cumulative distribution of organoids after classification is
summarized in Figure 2C.

For our network, we stated the two-class classification
problem: we asked the program to extract features which would
distinguish high-quality organoids from bad ones based only
on bright-field images. To do that, we generated the training
dataset by assigning to organoids with label “retina” only if both
experts put this organoid in class “retina” and “non-retina” if
at least one suggested it to be non-retinal. Classes “retina/non-
retina,” “retina/satisfactory,” and “satisfactory/satisfactory” were
not used for training the network. The resulting dataset consisted
a total of 1,209 bright-field images, with the proportion of classes
at 73 vs. 27% for retina and non-retina, respectively. As each
organoid is seeded in a separate well and they are developing
independently, we consider each of them to be an independent
biological replicate.

Selection of the Best CNN Architecture

Four networks based on different architectures (VGG19,
ResNet50v2, Xception, and DenseNet121) have been trained
and validated on the dataset. The learning curves are shown
in Figure 3A. All networks were successfully trained, but the
VGG19-based classifier shows signs of overfitting: loss score on
validation dataset is significantly higher than on training dataset;
so, for further comparison, we decided to keep only ResNet50v2-,
Xception-, and DenseNet121-based CNNs.
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The remaining three networks were run through 10-fold
cross-validation, and for each step, ROC-AUC score, optimal
thresholds, F1, MCC, and accuracy scores were calculated
(Figure 3B). The mean AUC scores were 0.93 £ 0.03 vs.
091 £ 0.04 vs. 092 + 0.04 (P 0.3) for ResNet50v2,
DenseNet121, and Xception, respectively; the mean F1 scores
were 0.89 + 0.02 vs. 0.88 £ 0.04 vs. 0.88 £ 0.04 (P = 0.6)
for ResNet50v2, DenseNet121, and Xception, respectively; the
mean accuracy scores were 0.85 £ 0.03 vs. 0.83 £ 0.05 vs.
0.83 £+ 0.06 (P = 0.6) for ResNet50v2, DenseNetl21, and
Xception, respectively; and the mean Matthews correlation
coefficients were 0.64 =+ 0.08 vs. 0.62 £ 0.11 vs. 0.63 £ 0.12 for
ResNet50v2, DenseNet121, and Xception, respectively. All of the
networks show similar results, and no significant difference has
been found using the Friedman test (analog of Wilcoxon test
when three or more samples are compared). So, we can conclude
that all of these CNNs can potentially be utilized for solving our
task. However, the Xception- and DenseNet121-based CNNs had
a noticeable variation of the loss score for the different validation
steps of cross-validation (Supplementary Figure S1). Also, we
noticed that ResNet50v2 had the smallest standard deviation
among other classifiers for each metric (Figure 3B); therefore,
at this step, we selected this CNN.

Convolutional Neural Network Can Predict

Early Retinal Differentiation

To evaluate the performance of the selected CNN, we utilized
the test dataset which was not used during the training
and parameter tuning process. The ROC curve is shown in
Figure 4A and the confusion matrix in Figure 4B. For this
dataset, the predictor showed the ROC-AUC score to be 0.91
(Figure 4A), accuracy—0.84, F1 score—0.89, and Matthews

correlation coefficient—0.63. Despite a significant imbalance
between the retinal and the non-retinal classes, the classifier was
able to reach 0.85 sensitivity and 0.82 specificity scores on the test
dataset. This indicates that augmentation and threshold selection
allowed to efficiently tackle the imbalance problem.

The prediction scores for every single image and the threshold
are shown in Figure 4C. As expected, the retinal and the
non-retinal organoids are “condensed” at the corresponding
values: 0 for non-retina and 1 for the retina; so, the model clearly
can separate these two types of organoids.

Then, we decided to have a look at the performance of
the model on different classes, which were obtained after
combining the experts’ annotations. The true prediction rates
for each class are presented in Figure 4D. Expectedly, the best
performance the model shows on organoids which came from
“sure” classes: retina/retina and non-retina/non-retina, meaning
that the CNN is more likely to be mistaken where experts are
also less sure about the labels. Moreover, in Figure 4E, the
distributions of the prediction scores are shown for each class.
Again, retina/retina and non-retina/non-retina classes are clearly
separated. Moreover, organoids from retina/satisfactory class,
which were not used for training and validation, also were in
most cases correctly attributed by the network to the retina
class, although the median of the distribution is shifted from
1, showing that the program gets confused more often than
on “retina/retina” class, which is also consistent with the result
shown in Figure 4D.

Interestingly, the predictor could not separate organoids
from the retina/non-retina group, which can be concluded from
the fact that the median of the scores is located close to the
threshold: it can be interpreted as CNN is working almost as a
random predictor for organoids from this group. Organoids from
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FIGURE 4 | Performance of the best convolutional neural network (CNN) on
the test dataset. (A) Receiver operating characteristic (ROC) curve for the
selected CNN on the test dataset. ROC-area under the curve value equals
0.91. (B) Confusion matrix for selected CNN. Values in the squares represent
percentages of true negative, false positive, false negative, and true positive
predictions. Color LUT shows the absolute number of images in each group.
(C) Prediction scores for the test dataset; each dot represents a single
organoid; the red line represents the threshold value for the classifier. (D) True
prediction rates for each class of organoids with the CNN classifier. (E) Violin
plots on all possible classes of organoids which can be assigned by
combining the votes from two experts. The white dot in the center of each
plot represents the median of the distribution; the boxes and the bars
represent the first quartile and the upper/lower adjacent value, respectively;
the red line is a classifier’s threshold.

satisfactory/satisfactory class also can be poorly distinguished,
but the median is shifted toward the retinal class, which is being
in accordance with the criteria that we used for this class.

To identify the image areas and features that are used by
the CNN, we utilized SHapley Additive exPlanations (SHAP)
value approach (Lundberg and Lee, 2017). We noticed that the
border of the organoids and, more specifically, the retina-like
neuroepithelium loops on the periphery are zones of interest for
the CNN (Supplementary Figure S2).

CNN Outperforms Human Classifier on

Prediction of Retinal Differentiation
To compare the CNN performance with the human-based
classifier, we asked four independent experts to assign the labels

“retina” and “non-retina” for organoids from the test dataset.
The criteria for this classification can be found in the “Materials
and Methods” section.

True positive rates and false positive rates for each expert
are plotted on the classifier’s ROC curve (Figure 5A). The
CNN is clearly outperforming a human in distinguishing retinal
differentiation on the early stage of differentiation. Different
metrics for the comparison are provided in Figure 5B. On
average, a human expert has an accuracy of 0.67 £ 0.06, while
CNN has an accuracy of 0.84.

The more striking difference gives the comparison of a
Matthews correlation coefficient which takes into account class
disbalance: 0.63 vs. 0.27 £ 0.06 for Matthews correlation
coefficient for CNN and human, respectively.

DISCUSSION

Retinal organoid cultures have a great potential to model
human disease and development and as source of retinal
neurons for transplantation or platform for therapeutics testing.
The remaining challenges, highlighted in RPE transplantation
studies, include high variability between different cell lines
(Leach et al., 2016), scaled production with automation or other
approaches (Regent et al., 2019), and lack of cGMP-compatible
non-invasive readouts for the assessment of differentiation
during the development process (Schaub et al, 2020). The
translational success of regenerative therapies based on iPSCs-
derived RPE (Mandai et al., 2017; da Cruz et al., 2018) is largely
due to the development of strategies to overcome these issues.
In this study, we attempted to address the latter for retinal
3D organoids.

There are two distinct, non-mutually exclusive approaches
to characterize and identify the differentiating cell with
non-invasive imaging techniques. The classic strategy is to define
the exact features and the thresholds that are characteristics
of a particular cell type. This approach is based on our
understanding on how the cell looks in vivo: this was
demonstrated in decades of RPE differentiation studies in vitro
(Thumann et al., 2013), where pigmentation, cell shape, and
autofluorescence can be quantified and compared to the
pre-set quality criteria thresholds (da Cruz et al., 2018; Schaub
et al, 2020). The evolution of this approach involves better
understanding of the thresholds as well as introduction of new
imaging techniques that can detect new features—multispectral
fluorescent and non-fluorescent imaging, optical coherence
tomography (Browne et al, 2017; Capowski et al, 2019),
and others. An alternative strategy is machine learning that
is also highly dependent on the modality by which the
information is collected. However, the information is processed
in a different way: it does not require any predefined criteria
for assessment—the CNN learns how to find and extract
the most relevant features from the data by itself, provided
that the program “has seen” enough samples to learn it
from. Machine learning becomes particularly valuable when
there are multiple criteria and definitions or when they
are not very well established. In this case, the training of
computer algorithm occurs with the help of experts, who would
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classify or rank the training set of images, i.e., cats vs. dogs
(Krizhevsky et al., 2012), early vs. late diabetic retinopathy
(Pratt et al., 2016), etc. This technology becomes extremely
powerful when it is possible to use an orthogonal approach,
“other modality,” to make a decision on what class the
object belongs to: molecular profile (Waisman et al., 2019) or
functional response (Schaub et al., 2020). This is the exact
case of retinal differentiation using 3D organoid strategy:
there are limited accurate criteria distinguishing good retinal
organoids and bad ones with BF imaging, especially on the
early stage of their development, although the availability of
reporter cell lines allows to determine retinal differentiation
with high accuracy. Here we showed that such discrimination
is possible with a convolutional neural network which could
predict early retinal differentiation based only on universal
bright-field imaging.

One of the major questions in the area of deep learning
is the role of individual features in image recognition. It is
not clear which parts of the image are most important for
the algorithm to classify an object. This issue of potential
unpredictability becomes more important when the action
is solely based on artificial intelligence decision. Also, by
extracting individual features that are most important in
predicting cell behavior, it may be possible to identify novel
biological processes and identify the actual determinants of
retinal formation in the embryoid bodies. By using SHAP
value approach, we were able to show the importance
of translucent neuroepithelium-like structures in decision-
making (Supplementary Figure S2), although we were not
able to show the actual causality of these structures in the
decision-making process.

The program clearly outperformed the experts in a
classification task (Figure 5) and was able to predict
eye field induction better than a human performing a

morphological observation of organoid with bright-field
microscopy: 0.84 vs. 0.67 & 0.06 accuracy for CNN vs. human,
respectively. This additionally illustrates that the criteria for the
selection of retinal organoids at this stage are subjective.
Furthermore, the good performance of the CNN-based
classifier shows that the morphology of the organoids, even
on a very early stage, contains sufficient information to
predict retinal differentiation, and the program can extract
this information.

Moreover, the approach does not require any complicated
imaging, fluorescent reporters, or dyes for analysis; so, it
can be easily implemented in almost any laboratory or
manufacturing setting. Therefore, our method offers a robust
and universal non-invasive approach for the assessment of
retinal differentiation.

As we have stated the problem as a classification task,
we assume from the beginning that there should be some
threshold which would distinguish retinal and non-retinal
organoids. However, there are many organoids which are
“on the border’—these organoids we called “satisfactory”
organoids; these are hard to separate in two distinct classes
with the single fluorescent reporter. Moreover, for different
applications, different thresholds may be needed: for example,
for disease or development modeling, the quality of the
organoid should be prioritized to get the proper physiology
and morphology of the retina, but for cell production, the
yield may be a priority and a lower threshold can be
applied for enrichment. Moreover, for drug discovery, using
retinal organoids can be problematic as the amount of retinal
differentiation varies between different organoids, and having
a method to grade organoids can be helpful to interpret
the assay results. Therefore, having an ability to select a
threshold according to the task can be rather important for
different applications. Thus, one of the further directions to
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be considered is a statement of the regression problem for
grading retinal organoids. This would significantly expand
the possible applications of the approach. However, this task
would require a reliable quantification method to assign
“ground truth” values for the network training. One of the
possible metrics which can be utilized is not only the simple
quantification of total fluorescence in the organoid (Vergara
etal,, 2017) if using fluorescent reporters but also the localization
and the shape of retina-like structures might be important
parameters which should be taken into account, as well as the
physiological and the metabolic state of the retinal neurons
(Browne et al., 2017).

We have used mouse embryonic stem cells with Rx reporter
in this work. Using this gene expression as a specific indicator
of eye field induction, we were able to predict differentiation
using CNN. We consider that the approach that we established
can be easily translatable not only to other mouse reporter cell
lines but also for human organoids. This is due to the fact that
the method relies only on the morphology of the organoids
during development, and Sasai’s differentiation protocol has
been shown to be effective on human embryonic stem cells
(Nakano et al., 2012). Moreover, here are multiple retina-related
human PSC reporter cell lines available, which target different
cell types and differentiation stages: Six6 (Sluch et al., 2018)
and Rx (Nakano et al, 2012) for early optic vesicles, Brn3a
(Sluch et al., 2015) for retinal ganglion cells, Crx (Nakano et al.,
2012) for photoreceptors, or Nrl (Phillips et al., 2018) for rods
specifically. Therefore, our approach with training the CNN
to predict the differentiation can also be utilized for human
cells and possibly for later differentiation stages. However, to
achieve the best results on human cells, additional training for
mouse-pretrained neural network may be required to adjust to
possible morphological differences between mouse and human
organoids.

Moreover, as we have shown that CNN can accurately
predict retinal differentiation based only on simple bright-
field images of the organoids, we suppose that not only
microscope images can be utilized for the CNN training.
For example, probably this approach can be incorporated in
the large-particle flow cytometer machines as an alternative
to fluorescence.
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Approximately one-third of childhood blindness is attributed to developmental eye
disorders, of which 80% have a genetic cause. Eye morphogenesis is tightly regulated by
a highly conserved network of transcription factors when disrupted by genetic mutations
can result in severe ocular malformation. Human-induced pluripotent stem cells (hiPSCs)
are an attractive tool to study early eye development as they are more physiologically
relevant than animal models, can be patient-specific and their use does not elicit
the ethical concerns associated with human embryonic stem cells. The generation of
self-organizing hiPSC-derived optic cups is a major advancement to understanding
mechanisms of ocular development and disease. Their development in vitro has been
found to mirror that of the human eye and these early organoids have been used
to effectively model microphthalmia caused by a VSX2 variant. hiPSC-derived optic
cups, retina, and cornea organoids are powerful tools for future modeling of disease
phenotypes and will enable a greater understanding of the pathophysiology of many
other developmental eye disorders. These models will also provide an effective platform
for identifying molecular therapeutic targets and for future clinical applications.

Keywords: eye development, human induced pluripotent stem cells, developmental eye disorders, disease
modeling, ocular maldevelopment, VSX2, microphthalmia, corneal hereditary endothelial dystrophy

INTRODUCTION

Developmental eye disorders are amongst the most common cause of severe visual impairment
in children, with a combined incidence of 1-2 per 10,000 births (Nedelec et al., 2019). They
comprise a wide range of congenital abnormalities ranging from anophthalmia, aniridia, Leber
congenital amaurosis, and congenital cataracts, and are frequently associated with extraocular
features (Bardakjian et al., 2015). Childhood blindness can have extensive ramifications for the
child and their family, particularly as the global cost is higher than adult-onset vision loss (Rahi
et al,, 1999; Dharmasena et al., 2017). Quality of life, educational opportunities, mental health,
and independence are all affected by sight loss (Tseng and Coleman, 2018). Currently, there are
no preventative strategies, and management is only supportive to maximize any residual vision
and minimize amblyopia. Ocular malformations can result from several environmental factors,
including exposure to teratogenic drugs or maternal infections; however, it has been estimated
that genetic variants are responsible for approximately 80% of cases (Gregory-Evans et al.,
2019). Approximately 70% of patients with a bilateral or severe phenotype will receive a molecular
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diagnosis but 90% with a unilateral phenotype remain unresolved
(Harding and Moosajee, 2019). The early in utero onset of these
diseases poses a challenge for investigating underlying genetic
mechanisms and developing suitable treatments.

There is a diverse range of developmental eye disorders,
which can vary depending on the stage of development,
genetic pathways and tissue(s) affected (Gregory-Evans
et al, 2019). Additionally, there is large phenotypic and
genetic heterogeneity within the same group of diseases
(Williamson and FitzPatrick, 2014). One of the major early-
onset disease groups arising between weeks 4-7 of gestation is
the microphthalmia/anophthalmia/coloboma (MAC) spectrum,
which varies in severity and includes the complete absence
of an eye (anophthalmia), a small underdeveloped eye
(microphthalmia) and incomplete fusion of the optic fissure
leading to a persistent cleft in the inferior aspect of the eye
spanning one or more of the following tissues: iris, ciliary body,
retina, RPE, choroid and optic nerve (coloboma; Harding and
Moosajee, 2019). All these disorders are caused by disruption to
key regulatory genes, including numerous transcription factors,
that are essential for normal eye development (Moosajee et al.,
2018). By understanding the roles of these genes in development,
the pathological mechanisms and phenotypic variation can be
better understood, improving diagnosis and management.

A NEW TOOL TO STUDY OCULAR
DEVELOPMENT

Animal models, including the mouse, rat, zebrafish, drosophila,
Xenopus, chick and dog have all contributed to our
understanding of ocular development and disease (Kaukonen
et al., 2018; Kolosova et al., 2018; Moore et al., 2018; Sghari and
Gunhaga, 2018; Zhu et al., 2018; Kha et al., 2019; Richardson
et al, 2019). Despite their invaluable contribution, animal
models are suboptimal for critical reasons: (i) Differences in
gene expression between animal models do not inform our
understanding of human disease mechanisms; for example,
MAB21L2, which is required for eye morphogenesis and cell
survival in the developing optic cup and lens, and is associated
with microphthalmia and coloboma in humans (Gath and Gross,
2019; Eintracht et al., 2020). However, the closest expression
pattern to humans is still unknown due to differing mab2112
expression patterns and localization in the chick, mouse,
and zebrafish (Sghari and Gunhaga, 2018; Gath and Gross,
2019). (ii) Disease phenotypes observed in humans do not
always mimic those seen in animals; for instance, heterozygous
PITX3 mutations in humans primarily result in dominant
anterior segment dysgenesis and cataracts but homozygous
loss-of-function mutations result in microphthalmia in mice
(Rosemann et al., 2010; Ma et al., 2018a). (iii) The embryonic
lethality described in many animal models e.g., Sox2, Otx2, and
Mab2112 mouse and zebrafish models is incomparable (Reis
and Semina, 2015). (iv) Ocular structures and developmental
events differ between humans and animal models as highlighted
in zebrafish, where the optic vesicles are solid neuroepithelial
protrusions from the cell-dense neural tube (neural keel)
that then cavitate, whereas human optic vesicles are hollow

(Richardson et al., 2017). (v) The macula is not present in rodent
eyes, thus disease pathophysiology differs greatly to human
disorders affecting the central retina (Huber et al., 2010).

As a result, studying ocular development and disease
using human tissue is more physiologically relevant. However,
understanding mechanisms of early ocular malformations using
human samples is near-impossible due to the inaccessibility to
fetal tissue from 4 to 7 weeks of gestation (Lindsay et al., 2016).
Consequently, the use of human-induced pluripotent stem cells
is an attractive option to overcome these difficulties.

HUMAN INDUCED PLURIPOTENT STEM
CELLS

Human-induced pluripotent stem cells (hiPSCs) are generated
from somatic cells by delivery of the “Yamanaka” factors,
OCT4, SOX2, KLF-4, and C/L-MYC (Takahashi et al., 2007;
Okita et al., 2011). Overexpression of these transcription factors
will activate endogenous gene expression regulating pluripotent
gene expression (Black and Gersbach, 2018). Consequently,
cells will revert to a pluripotent state in terms of morphology,
proliferation, gene expression, epigenetics, and differentiation
capacity (Takahashi et al., 2007). Morphological and molecular
similarities between hiPSCs and human embryonic stem
cells (hESCs) have been extensively demonstrated and recent
data suggest they cannot be distinguished by a unique and
consistent gene expression signature (Choi et al., 2015). Further
comparisons of hESC- and hiPSC-derived neurons revealed that
epigenetic and gene expression profiles are remarkably similar
(de Boni et al., 2018).

While it is still unknown as to what extent hiPSCs can entirely
replace hESCs due to the unique genetic signature contained in
each line, it is important to note the distinct advantages over
hESCs. hiPSC use circumvents the ethical concerns associated
with the creation of hESC lines from embryos as they are
generated from somatic cells such as blood, urine, and skin
(Green, 2019). In terms of personalized medicine, lines can
be created from the patient themselves with a wide range
of applications including disease modeling in vitro to better
understand the pathophysiology and provide targets for novel
therapeutic development and testing (Doss and Sachinidis, 2019;
Ortiz-Vitali and Darabi, 2019). For example, histone deacetylase
4 (HDAC4) was shown to be mislocalized in patient hiPSC-
derived dopaminergic neurons modeling Parkinson’s disease,
causing downregulation of critical genes (Lang et al,, 2019).
Treatment of these neurons with compounds that specifically
inhibited MAP4K4 action corrected HDAC4 mislocalization and
rescued the Parkinson’s disease phenotype (Lang et al., 2019).
In patients with a confirmed genetic diagnosis, gene editing
could be used correct the mutation in their specific hiPSC line
(Yanai et al., 2019); for instance, CRISPR/Cas9 editing of a
deep intronic mutation in CEP290 removed the cryptic splice
site and restored CEP290 expression (Burnight et al., 2018).
Gene editing can also be used to introduce a known mutation
into wild type hiPSCs where patient cells are not available as
demonstrated by the generation of an hiPSC line with a single
base insertion in the COLI1A1 gene (c.3969_3970insT) found in
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patients with osteogenesis imperfecta (Hosseini Far et al., 2019).
Introducing a known mutation into wild type hiPSCs can also
be used as a control in disease models to ascertain its causative
nature e.g., assessing the pathogenicity of induced MYL3 variants
associated with hypertrophic cardiomyopathy (Ma et al., 2018b).
hESCs can also be engineered to contain a disease-causing
mutation for the same in vitro disease-modeling as hiPSCs, as
demonstrated by the introduction of CHCHD2 mutations such
as ¢.376C >T, p.(Gln126*) for modeling of Parkinson’s disease
and mitochondrial dysfunction (Zhou et al., 2019).

SOURCES OF INDUCED PLURIPOTENT
STEM CELLS AND REPROGRAMMING
METHODS

In principle, hiPSCs can be derived from any somatic cell (Raab
etal., 2014). hiPSCs have been most commonly derived from cell
sources such as skin, blood, urine, and hair (Takahashi et al,,
2007; Wang et al,, 2013; Agu et al.,, 2015; Cheng et al., 2017;
Figure 1). Less invasive procedures such as urine collection or
blood sampling will encourage more patient donors, particularly
children, as this avoids a general anesthetic (Chen et al,
2013). Due to its safety and accessibility, blood is currently
the most widely-used source of cells for reprogramming to
hiPSCs (Sharma et al., 2018). Reprogramming efficiencies and
kinetics vary greatly between each somatic cell type used
(Raab et al, 2014; see Supplementary Tables S1, S2 for a
comprehensive overview of reprogramming techniques and
somatic cell sources).

hiPSC MODELING OF HUMAN EYE
DEVELOPMENT

From hiPSCs to Optic Cups

Nakano et al. (2012) developed a protocol for the creation of
self-organizing optic cups complete with photoreceptors, retinal
neurons and Muller glial cells using hESCs, building on extensive
knowledge of retinal differentiation pathways in vitro gained
through previous experimentation (Meyer et al, 2009, 2011;
Nakano et al., 2012). Additionally, in vivo studies suggested the
coordinated inhibition of critical signaling pathways such as
Wnt/BMP and activation of others such as IGF were critical for
ocular development (Llonch et al., 2018). It was hypothesized that
the modulation of these specific pathways in tightly-controlled
culture conditions could generate three-dimensional in vitro
optic vesicles and mature retinal tissue.

Initially, embryoid bodies (9,000 cells/well) were formed in
the presence of Y-27632, a selective inhibitor of Rho-associated
coiled-coil containing protein kinase (ROCK) that reduces
dissociation-induced apoptosis in hiPSCs and maintained in
suspension culture. Embryoid bodies were initially cultured in
retinal differentiation media from day 0 to 18. Basal media
was supplemented with 20% knock-out serum residue (KOSR)
alongside extracellular matrix Matrigel (1%) until day 18.
Smoothened agonist (SAG) was added until day 12 to activate
the hedgehog signaling pathway and replaced with Wnt agonist

CHIR99021 from day 15 to 18. At day 18, differentiating optic
cups were transitioned to an NR culture media comprised
of DMEM/F12 and N2, a supplement promoting neural
differentiation. From day 24, optic vesicle-like structures were
excised from larger cell aggregates and retinoic acid, an essential
signaling molecule involved in human eye development, was
added to culture media to enhance optic cup differentiation.
Through temporal control of culture conditions by extrinsic
modulation of Wnt, fibroblast growth factor (FGF) and SHH
signaling pathways that initially promote eye-field formation in
the anterior plate and subsequent eye development, the group
successfully generated a protocol modeling the patterning and
evagination of the optic vesicle and the invagination of the
bilateral optic cup. Both bright-field and confocal microscopy
showed striking morphological changes in the first 30 days of
differentiation and specification of cellular layers corresponding
to early human ocular development.

Although initial experiments were performed with hESCs
rather than hiPSCs, the work of Nakano and colleagues provided
huge promise in the modeling of human ocular development and
further understanding disease pathophysiology using hiPSCs.
Many adaptations of the original protocol have differentiated
hiPSCs to a retinal lineage and maintained a completely three-
dimensional differentiation system (Figure 2; Kuwahara et al,,
2015; Arno et al, 2016; Parfitt et al.,, 2016; Volkner et al.,
2016; Wahlin et al., 2017). Novel three-dimensional protocols
have also been developed where cells were differentiated in a
descending concentration gradient of KOSR (20% from day 2,
15% from day 7 and 10% from day 11 and onwards) and in the
presence of IGF-1 and B27, a supplement promoting growth and
viability of central nervous system-associated neurons (Mellough
et al,, 2015). Remarkably, these protocols recapitulate ocular
development despite the absence of in vivo cues such as the
interaction between the optic vesicle and the surface ectoderm
that induces optic cup invagination (Oltean et al., 2016).

Zhong et al. (2014) attempted to induce an anterior
neuroepithelial fate in attached cells before directing them to
a neuroretina (NR) fate (Zhong et al., 2014). Embryoid bodies
were formed in the presence of Blebbistatin rather than ROCK
inhibitor Y-27632 and transitioned to a neural induction media
containing N2, to promote anterior neuroepithelium formation.
Aggregates adhered to culture dishes on day 7 and were
cultured in neural induction media containing B27 from day
16, until horseshoe-shaped neuroretinal domains were excised
and cultured to form optic cups. Despite the physical constraints
of a two-dimensional culture system, optic vesicle, and cup
formation were observed (Zhong et al., 2014). This protocol
differed by relying on autonomous retinal differentiation guided
through in vitro intrinsic cues (Zhong et al., 2014; Achberger
et al., 2018). Similar results were described by Reichman et al.
(2017) who excised optic cups out of culture at day 28 (Reichman
etal., 2017), and Gonzalez-Cordero et al. (2017) who excised NR
vesicles between weeks 4-7.

Interestingly, the majority of recent protocols have combined
two-dimensional and three-dimensional culture, opting to create
optic vesicles and cups at an adherent stage before committing
cells to long-term three-dimensional differentiation (Figure 2;
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FIGURE 1 | Human-induced pluripotent stem cells (hiPSC) reprogramming. Common sources of somatic cells are reprogrammed by electroporation or lipofection.
Induced overexpression of the Yamanaka factors by reprogramming methods drives hiPSC generation, visible after approximately 25 days as tightly packed colonies.
Validation of hiPSCs through immunostaining and RT-PCR confirms expression patterns and levels of key pluripotency genes. Trilinear differentiation of embryoid
bodies confirms the differentiation capacity of hiPSCs to all three germ layers, while karyotype analysis confirms no chromosomal abnormalities resulting from the

Zhong et al., 2014; Lowe et al., 2016; Wahlin et al, 2017;
Achberger et al., 2018). These protocols are advantageous due
to the high level of scrutiny when excising retinal tissue from a
monolayer of cells and the reduction of intra- and inter-culture
variability (Capowski et al., 2019). Exclusively three-dimensional
protocols are advantageous as they closely recapitulate retinal
microarchitecture, generate a high percentage of retinal cells,
and facilitate self-organization to mature ocular tissue with
high fidelity to the human eye development (Capowski et al.,
2019; Mellough et al., 2019b). However, these protocols are
disadvantageous due to the emergence of ectopic retinal
cells, and abnormal structures in culture, loss of inner cell
types due to lengthy culture periods and increased variability
amongst vesicles.

In most protocols, extrinsic modulation of differentiation
cues decreases with time, based on the assumption that long-term
differentiation gradually becomes guided by the intrinsic cues
found in the differentiating tissue itself (Achberger et al., 2018).
Morphological changes form the basis of a recently described
rigorous stage-specific selection of optic vesicle-like structures
for further differentiation to optic cups (Capowski et al., 2019).

A particular difficulty in optic cup formation lies in the
variable efficiency of optic cup invagination in vitro, although
stratified neuroretina formation is still efficiently induced even
in the absence of invaginated optic cups (Nakano et al., 2012;
Llonch et al., 2018). Optic cup formation has been reported at
efficiencies ranging from 7 to 70% dependent on hiPSC line,
reflecting an inherent difficulty in hiPSC modeling (Capowski
et al., 2019; Mellough et al., 2019b). Efficiencies can also vary
between subsequent differentiation of the same hiPSC line,
posing a further difficulty for the generation of hiPSC-derived
optic cups (Capowski et al., 2019).

A Faithful Model of Eye Development

The fidelity of previously published methods of hiPSC optic cup
differentiation was established based on the expression of EFTFs
and NR/RPE cell markers at appropriate stages of differentiation.
However, comparative analysis with human fetal tissue (HFT)
has been limited. Wang et al. (2015) differentiated hiPSCs to
optic cups and detected the expression of key EFTFs during early
ocular development for comparison with human fetal optic cups
(Wang et al., 2015). Similar expression patterns were detected
between the two tissue types; for instance, immunostaining
revealed PAX6 and OTX2 expression was ubiquitous through
both fetal and in vitro hiPSC-derived optic vesicles (Wang
et al,, 2015). Furthermore, MITF and OTX2 co-expression
was detected in the RPE layer of both the human fetal and
hiPSC-derived optic cups while SOX2 and VSX2 co-expression
was observed ubiquitously in the NR layer (Wang et al,
2015). Overall, this study demonstrated consistency between
the development of both in vitro and fetal bi-layered optic
cups using several known stage-specific transcription factor
markers (Figure 3).

Transcriptomic profiling of the human fetal ocular tissue
has provided a more in-depth molecular insight into the
developmental processes underlying ocular development.
RNA-seq is an accurate and advanced high-throughput
sequencing tool to evaluate temporal and differential gene
expression between cell types and/or developmental stages,
or delineate genetic networks underlying cell morphology
(Mellough and Lako, 2016; Hoshino et al., 2017). The molecular
mechanisms of the developing retina have been dissected in
several studies yet only one has generated a transcriptomic
profile of the early stages of eye development (Young et al.,
2013; Aldiri et al,, 2017; Hoshino et al., 2017; Welby et al., 2017;
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FIGURE 2 | In vitro optic cup differentiation with relevant genes expressed at each stage. Following the Sasai protocol, embryoid bodies are formed in the presence
of ROCK inhibitor Y-27632 and cultured in a neural induction media supplemented with Wnt inhibitor IWR1e from day O to 12, and Wnt and SHH agonists
CHIR99021 and Shh from day 15 to 18. Matrigel is added from day 2 to 18. Cells are transitioned to a retinal differentiation media supplemented with N2 and retinoic
acid from day 18. According to the Mellough protocol, embryoid bodies are formed in the presence of ROCK inhibitor Y-27632 and cultured in a neural induction
media supplemented with IGF-1 and B27 with decreasing knock-out serum residue (KOSR) concentrations adjusted from 20% to 15% at day 7 and from 15% to

2D/3D differentiation technique most recently described by Capowski et al. (2019), embryoid bodies are formed from iPSCs after 2 days of culture with ROCK
plated to differentiate as a 2D monolayer of cells. The eye field forms around day 10, as cells are guided towards optic cup-like structures. At day 16, cells were

for further maintenance in suspension and cultured in retinal differentiation media supplemented with FBS, taurine, retinoic acid, and a chemically defined

enicilin/streptomycin, SAG - smoothend agonist, IGF-1 - insulin growth factor

n media supplemented with retinoic acid, taurine, and triiodothyronine (T3). Following the
ining N2 and supplemented with BMP4 from day 6 to day 16. At day 7, embryoid bodies are

By ~25 days, optic cup-like structures are visible and are excised from the adherent culture
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Mellough et al., 2019a). Mellough et al. (2019a) reported low
expression levels of PAX6 and VSX2 despite upregulated MITF
expression during optic cup formation (Mellough et al., 2019a).
SIX6 and RAX were also expressed at low levels although higher
than PAX6 and VSX2. LHX2, SOX2, and VIM were highly
expressed at the optic cup stage, along with WNT, FGF, and
BMP4 pathway genes including WNTI11, FGF19, BMP7, and
BMP4. In a later study, comparable VSX2, OTX2, and ASCLI
expression levels were found in optic cups at week 5 compared to
the fetal retina at a similar time point, although FGF5 expression
was elevated in the in vitro optic cups (Mellough et al., 2019b;
Figure 3).

In modeling human ocular development in vitro, Kim and
colleagues reported molecular congruency between day 15 and
day 30 hiPSC-derived ocular tissue and HFT (Kim et al,
2019). Time-course analysis created four clusters of differentially
expressed genes associated with different developmental stages
of the eye. Differentiating hiPSCs at day 15 yielded highly
expressed genes involved in the Wnt and BMP pathways
and the developing forebrain including BMP4, BMP7, WNT]I,
and VAXI (Slavotinek et al.,, 2012; Kim et al., 2019). LHX2
is highly expressed both at day 15 and 30 but significantly
downregulated at future time points. By day 30, genes expressed
during the optic cup and lens formation such as VSX2, or
CRYAA, CRYB4A, and CRYBB2 were significantly upregulated
compared to day 15; expression levels closely mirrored those
detected in HFT (Kim et al., 2019). Also, RNA splicing events
and immunostaining expression patterns in differentiating optic
cups mirrored those observed in HFT (Kim et al, 2019;
Figure 3).

This initial RNA-seq data indicates a high-fidelity hiPSC-
derived model of ocular development with extensive cellular
and molecular similarities. Further improvement of these
models, such as reduction of batch variability, will create more
consistent data sets between studies. Additionally, a complete
characterization of ocular development requires accessible HFT
from earlier developmental stages than optic cup formation
(Lindsay et al., 2016). Currently, transcriptomic profiles of
the developing human retina do not include data from the
early embryological stages of ocular development and cannot
be compared with hiPSC models recapitulating those early
processes (Aldiri et al., 2017; Hoshino et al., 2017). Future omics
studies will provide further insight into early eye development
and could be utilized for further understanding of ocular
maldevelopment in an hiPSC-derived model at the single-cell
level. For a summary of the major accomplishments of omics
studies in establishing the molecular fidelity of in vitro hiPSC-
derived optic vesicles to early human eye development, see
Figure 3.

DEVELOPMENTAL EYE DISORDERS AND
ASSOCIATED GENETIC VARIANTS
MODELLED USING hiPSCs

Early Eye Development

Morphogenesis and Gene Regulatory Networks

Vertebrate eye development is tightly controlled by
spatiotemporal gene expression patterns and interactions
between the embryonic germ layers (Figure 4; Harding and

RNA-sequencing created transcriptomic profiling of
developing photoreceptors. Creation of photoreceptor
progenitor marker CRX gene expression from week 5
of in vitro optic vesicle differentiation revealed temporal
expression of CRX and rod and cone progenitor
markers NRL and NR2E3 expression was similiar to
human fetal tissue. While temporal expression patterns
match between hiPSC-derived tissue and human fetal
tissue, there is significant delay in the expression of
the same markers in human fetal tissue.

Kaewkhaw et al. 2015

Array-based gene analysis of hiPSC-derived
optic vesicles at day 35 showed the least
differentially expressed genes when compared
to human embryonic eye tissue between 4.6-8
weeks of gestation. This paper highlighted the
most effective method for embryoid body
formation and retinal differentiation to faithfully
recapitulate the gene expression pattern of
early ocular development between weeks 4-8
in vitro.

Mellough et al. 2019

2015 2016 2017

Y

2018 2019 2020

Immunostaining of fetal tissue

and hiPSC-derived retinal organoid
at corresponding time points of 3-, 4
and 6 weeks of development or
differentiation revealed common
expression of early eye-field

transcription factors such as OTX2, Kim et.al 2019

Bulk RNA-sequencing profiling of day 15 and day 30 hPSC-derived|
optic vesicles revealed a similar transcriptomic profile to human
fetal tissue at week 10 of development. Temporal expression of <
retinal progenitors matched that of human fetal tissue. This
suggests high fidelity in molecular profiles of hiPSC-derived optic
vesicles to human fetal tissue.

SOX2, VSX2, MITF and PAX6.
This suggests common molecular
pathways between human ocular
development and hiPSC
differentiation in vitro.

Wang et.al 2015

Single-cell RNA-seq analysis of retinal organoids at day 45 and 60
showed gene expression of retinal progenitor markers such as
OTX2, LHX2, VSX2 and SOX2 were largely similar to human fetal
tissue at day 58. There are also more progenitor cells than retinal
ganglion cells in retinal organoids compared to fetal tissue at these|
time points. Detected differences in retinal ganglion cell gene
expression between organoids and fetal retina at similar time
points.

Sridhar et.al 2020

le—

FIGURE 3 | Important milestones in establishing the fidelity of in vitro-generated optic vesicles to human fetal tissue (HFT) at early developmental time points.
RNA-sequencing has generated transcriptomic profiles of hiPSC-derived optic vesicles and HFT. A comparison of these profiles has revealed novel genes involved in
ocular development and highlighted the high molecular fidelity of in vitro optic vesicle development to human embryological development.
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Moosajee, 2019). The eye is derived from: (i) neuroectoderm,
which gives rise to the neural retina (NR), retinal pigment
epithelium (RPE), optic nerve, iris dilator and sphincter muscles,
and ciliary bodys; (ii) surface ectoderm, which contributes to the
lens, conjunctival and corneal epithelia; and (iii) mesenchyme,
which originates from the mesoderm and neural crest cells,
forming the corneal endothelium and stroma, iris stroma, ciliary
muscles, vasculature, and sclera. Human eye development is first
evident at around day 22 of gestation and is not completed until
several months after birth.

Following gastrulation and specification of the three germ
layers, the formation of the eye field from the anterior neural
plate takes place, this is characterized by expression domains
of early eye-field transcription factors (EFTFs) PAX6, OTX2,
RAX, SIX6, SIX3 and LHX2 (Figure 4A; Chen et al, 2017).
The complex interactions between various signaling cascades
and EFTFs are crucial to produce the appropriate cell types
at the correct developmental time and ensure their correct
optimal cell proliferation, migration, and polarity (Gregory-
Evans et al., 2013). EFTFs regulate signaling pathways intrinsic
to ocular tissue that drives the morphogenetic events of ocular
development, such as optic vesicle and cup formation. Mutations
in the genes encoding EFTFs lead to ocular maldevelopment.

OTX2 is initially expressed in the anterior neuroepithelium
and is the earliest molecular marker in the eye field, together
with SOX2, it activates PAX6, RAX, and SIX3 expression and
is subsequently downregulated (Figure 5A; Danno et al., 2008;
FitzPatrick, 2016; Giger and Houart, 2018). SIX3 regulates SHH
expression in the sonic hedgehog (SHH) signaling pathway,
required for dorso-ventral patterning of the forebrain and later
modeling of the optic vesicle and cup, through canonical Wnt
pathway antagonization (Jeong et al., 2008; Diacou et al., 2018).
RAX, an early marker of ocular development, is critical for
retinal progenitor proliferation and optic vesicle evagination
but later restricts OTX2 expression in the eye field (Figure 5A;
Gregory-Evans et al.,, 2013; Zagozewski et al., 2014; Rodgers
et al., 2018). RAX variants are associated with anophthalmia
and microphthalmia (Reis and Semina, 2015). SOX2 and OTX2
expression in the early eye field regulate RAX by binding to a
conserved enhancer element containing binding sequences for
both factors (Danno et al., 2008; Slavotinek, 2019). TBX3 is
also expressed in the eye-field and induces neural induction
and normal eye formation by repressing BMP4 expression, and
maintaining these eye-field neural progenitors in a multipotent
state before retinal induction (Motahari et al., 2016).

The first morphological milestone in eye development is the
bilateral evagination of the eye field region, which occurs during
neurulation. The splitting of the eye field first appears as small
indentations known as optic sulci at day 22 post-conception
(Figure 4B; Harding and Moosajee, 2019). SHH and FGF
signaling pathways, regulated by transforming growth factor
(TGF) signaling, initiate the splitting of the eye field and the
subsequent posterior to anterior migration of cells to drive
optic vesicle evagination (Cardozo et al., 2020). SHH signaling
originating from the midline tissue in the ventral forebrain by
regulating the inverse expression of PAX2, expressed in the
presumptive optic stalk, and PAX6, expressed in the presumptive
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FIGURE 4 | Early ocular morphogenesis. (A) Developmental pathways such
as Wnt, BMP, and fibroblast growth factor (FGF) drive upregulation of
eye-field transcription factors in the anterior neural plate, creating the
specified region known as the “eye-field.” (B) Deepening of optic sulci and
evagination of optic vesicle around 22 days post-conception. The newly
formed optic vesicle ubiquitously expresses all eye-field transcription factors.
(C) The action of signaling pathways determines presumptive regions in the
optic vesicle characterized by unique gene expression patterns in the third
and 4th weeks of gestation. (D) Interactions between the optic vesicle,
surface ectoderm, and extraocular mesenchyme cause the invagination of
the optic cup at approximately 5 weeks post-conception. MITF and

VSX2 interactions create boundaries between retinal pigment epithelium
(RPE) and neuroretina (NR) in the developing optic cups. The lens pit begins
to form from the surface ectoderm. (E) In the 5th week of gestation following
optic cup formation, Wnt and FGF pathways drive RPE/NR differentiation and
clear definition of these regions through ciliary margin formation. The lens
vesicle forms as the lens pit detach from the surface ectoderm. (F) By the 7th
week of gestation, lens fibers extend to form the lens from the hollow lens
vesicle. The cornea forms from the overlying surface ectoderm. NR and RPE
are clearly defined and separated by the ciliary margins, while the optic nerve

forms from the convergence of the optic stalk.

neural retina and pigment epithelium, to mediate the partitioning
of the optic primordia to optic stalk and presumptive optic cup
(Macdonald et al., 1995).
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FIGURE 5 | Gene regulatory networks of common eye field transcription
factors associated with ocular malformation guiding cell fates during (A) eye
field formation and (B) optic vesicle evagination and optic cup formation. The
regulatory effect of each transcription factor on the other is illustrated in the
key adjacent to each figure along with the specific developmental stage.

Eph/Ephrin signaling likely plays a role mediating Wnt, SHH,
and FGF signaling to control optic vesicle evagination as it
branches off from the anterior forebrain (Cardozo et al., 2020).
Failure of the eye field to split results in a single central eye
known as cyclopia, often caused by defects in dorso-ventral
patterning associated with SHH mutations (FitzPatrick, 2016;
Placzek and Briscoe, 2018). LHX2 is required for correct optic
sulci localization and loss of expression after optic vesicle
formation may arrest optic cup formation (Roy et al, 2013).
However, LHX2 variants associated with anophthalmia have only
been described in a mouse model and have not been linked to
any ocular malformations in humans (Desmaison et al., 2010;
Plaisancié et al., 2019).

The optic vesicles form as the optic sulci deepen in the
4th week of embryonic development. They are connected
to the developing forebrain by the optic stalk which later
develops into the optic nerve. Early EFTFs such as PAX6
and OTX2 are expressed in the optic vesicle and are required
for cell fate-determining signaling pathways (Fuhrmann, 2010).
Co-expression of SOX2 and PAX6 is ubiquitous throughout the
optic vesicles (Hever et al., 2006; Matsushima et al., 2011; Kondoh

et al,, 2016). RAX expression is upregulated by LHX2 in the eye
field and the evaginating optic vesicle (Figure 5B; Gregory-Evans
etal., 2013).

Intrinsic and extrinsic factors provide patterning cues to
establish molecular boundaries in the optic vesicles, while a
distinct set of transcription factors are expressed in presumptive
regions of the optic vesicle for the development of each
cell type (Figure 4C; Heavner and Pevny, 2012; Giger and
Houart, 2018). SHH, retinoic acid, and BMP4 signaling
pathways create unique molecular regions, such as the PAX6-
expression domain specified by BMP4 modulation in the
distal optic vesicle (Figure 4C; FitzPatrick, 2016). Disruptions
to this process can arrest eye development; for example,
mutations in BMP4 antagonist SMOCI result in anophthalmia
(Rainger et al., 2011).

Towards the end of the 4th week of gestation, the distal
optic vesicle contacts the overlying surface ectoderm allowing
BMP and retinoic acid released from the lens placode to bind
to the optic vesicle and displace the intervening mesenchyme
(Snell and Lemp, 2013; Harding and Moosajee, 2019). Within
this region of contact, each optic vesicle and surface ectoderm
thickens to form placodes and invaginate to form the optic cup
and lens pit respectively (Figure 4D). The invagination of the
optic vesicle to form the bi-layered optic cup is stimulated by
BMP4 and retinoic acid (Harding and Moosajee, 2019). The
inner layer develops into the NR, while the RPE is formed
from the external layer. TBX3 activates Noggin induction
of PAX6 expression and co-expression with TBX3 drives
retinal differentiation in the eye field (Motahari et al., 2016).
SOX2 expression is downregulated in the presumptive RPE
region, upregulating MITF and OTX2 expression to drive
RPE formation (Figure 5B; Kondoh et al., 2016; Chen et al,
2017). SOX2 and PAX6 are expressed at an inverse gradient
in the invaginating optic cup where SOX2 has a critical role
in maintaining the potential for neuronal differentiation as its
expression is gradually confined to the outer layer of the NR
(Chen et al., 2017). Loss of SOX2 reduces the capacity for NR
formation during optic cup invagination and causes preferential
differentiation to the non-neurogenic ciliary epithelium
(Matsushima et al., 2011). Optic cup malformation caused by
loss of SOX2 function is possibly due to the failed antagonism
of the Wnt/B-catenin pathway that results in impaired NR/RPE
differentiation and optic cup formation (Kelberman et al.,
2008; Capowski et al.,, 2016). Accordingly, a large proportion
of SOX2 loss-of-function mutations cause anophthalmia
(Slavotinek, 2019).

The reciprocal relationship between MITF and VSX2, coupled
with FGF signaling, drives the establishment of pronounced
NR and RPE domains (Figure 4E; Capowski et al, 2014).
LHX2 also acts upstream of MITF, VSX2, and PAX2 for
temporal control of their expression (Figure 5B; Chou and
Tole, 2019). P-catenin/Wnt signaling specifies the RPE fate
in the dorsal optic cup by directly upregulating MITF and
OTX2 expression while FGF signaling acts primarily through
FGF9 through promoting the development of the ciliary margin
at the NR/RPE junction (Figure 4E; Westenskow et al., 2009;
Balasubramanian et al., 2018).
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The proximal portion of the newly-formed optic vesicle
expresses PAX2, VAX1 and VAX2 genes that are responsible
for optic stalk formation (Figure 4D; Stanke et al, 2010;
Patel and Sowden, 2019). In the evaginating optic vesicle,
LHX2-regulated BMP4 expression induces the formation of the
lens placode in the overlying surface ectoderm while PAX6 and
SOX2 simultaneously bind to enhancers in the lens placode to
drive early lens crystallin production, targeting critical genes
such as FOXE3 (Harding and Moosajee, 2019). The deceleration
of cell division at the center of the lens placode causes its
invagination, producing lens pits that detach from the overlying
surface ectoderm to form the lens vesicle (Plaisancié et al., 2019).
After detachment, PROX1 regulates lens differentiation and fiber
elongation as PAX6 expression is maintained in the lens vesicle
(Cvekl and Zhang, 2017).

During the 5th week of ocular development, the optic fissure
develops as a furrow along the ventral surface of the optic
cup extending to the optic stalk (Plaisancié et al., 2019). This
transient structure enables the vasculature to enter and supply the
developing eye and completely fuses around week 7 (FitzPatrick,
20165 Richardson et al., 2017). Ocular coloboma will result from
incomplete optic fissure fusion and has been associated with
various genetic variants, including PAX6 and PAX2 that cause
disrupted optic nerve/RPE boundaries (ALSomiry et al., 2019).
Following optic fissure fusion, the formation of the major eye
structures is mostly complete and maturation of the ocular tissues
occurs subsequently.

By approximately the 6th week of gestation, interactions
between the lens and optic cup induce the formation of the
cornea from the surface ectoderm (Davies et al., 2009; Snell and
Lemp, 2013). During the 7th week of embryonic development,
periocular mesenchymal and neural crest cells migrate into
the space between the surface ectoderm and the lens vesicle
in three distinct waves to gradually form the corneal stroma,
epithelium and endothelium (Figure 4F; Lwigale, 2015). The
third wave of mesenchymal cell migration also contributes to
iris formation (Eghrari et al., 2015). PITX2 and FOXCI are key
transcription factors expressed in the periocular mesenchyme
regulating corneal development; mutations in these genes
are associated with anterior segment dysgenesis (Hara et al,
2019). PAX6 expression is still critical at this point for the
development of the anterior segment structures originating from
the mesenchyme (Cvekl and Tamm, 2004; see Supplementary
Table S3 for a comprehensive overview of the genes associated
with development eye disorders)

Microphthalmia

Microphthalmia is defined by the presence of an eye with
an axial length of more than two standard deviations (SD)
below the age-adjusted population mean (21 mm in adults
and <14 mm in newborns; Harding and Moosajee, 2019).
Severe microphthalmia is characterized by a corneal diameter
of <4 mm associated with a total axial length <10 mm at
birth or <12 mm after 1 year (Harding and Moosajee, 2019).
In complex cases, microphthalmia can be associated with other
anterior or posterior segment abnormalities (Plaisancié et al.,
2019). The common causative genes encode EFTFs such as SOX2,

PAX6, VSX2, and OTX2, or those that encode components of
the retinoic acid signaling pathway such as STRA6 or ALDHIA3
(Williamson and FitzPatrick, 2014). Chromosomal abnormalities
are responsible for approximately 7-15% of syndromic cases
(Eintracht et al., 2020).

To investigate ocular maldevelopment, hiPSCs containing
a homozygous VSX2 mutation (p.Arg200Gln) associated with
microphthalmia were differentiated to early optic cups (Joseph
Phillips et al., 2014). The early stages of ocular development
were not impaired by the VSX2 mutation, demonstrated by
consistent eye field marker expression and the appearance
of morphologically indistinguishable VSX2+ proliferative optic
vesicle-like structures in both the wild type and mutant cultures.
However, a disease-like phenotype was apparent after optic
vesicle formation as mutant vesicles did not proliferate at the
same rate as the healthy control. Mutant optic vesicles also
showed a greater preference towards an RPE than NR fate,
disrupting optic cup formation. This observation was verified
using comparative RNA-seq analysis, where genes involved in
Wnt and TGF signaling that drive RPE differentiation, such as
WNTI11 and BMP8A respectively, were upregulated in mutant
vesicles during optic cup formation. Simultaneously, genes
involved in FGF signaling driving NR formation, such as FGF19,
were downregulated in mutant vesicles.

Further investigation into the molecular -etiology of
microphthalmia, using the same patient hiPSC line, highlighted
the transcriptional regulatory role of VSX2 (Capowski et al.,
2016). In wild type vesicles, VSX2 and MITF were expressed
exclusively in NR and RPE progenitor cells respectively by day
18 yet VSX2 and MITF co-expression was detected in VSX2-
mutant vesicles. 3-catenin, a marker of canonical Wnt pathway
activation, was also co-expressed with VSX2+ cells in mutant but
not wild type vesicles, indicative of dysregulated Wnt signaling.
Altogether, the results suggested that defective VSX2 binding
activity fails to repress Wnt signaling and MITF expression that
is required to induce correct NR/RPE differentiation and optic
cup formation. Tightly-controlled pharmacological inhibition
of the Wnt pathway during specific windows of optic vesicle
development in VSX2 mutant vesicles restored functional
NR differentiation and disrupted VSX2/MITF colocalization
in the developing optic cup. VSX2+ cells were detected in a
similar abundance and pattern as wild type vesicles, although
MITF expression was not detected in treated vesicles. This
partially rescued the disease phenotype as the NR layer of
the bi-layered optic cup was restored, but not the RPE layer.
Pharmacological activation of the Wnt pathway in wild type
vesicles also effectively recapitulated the phenotype observed in
VSX2 mutant vesicles.

A recent study revealed that FGF9 and FGF19 were expressed
at different times in the optic vesicles to direct early NR
development and their expression was found to be reduced
in the VSX2 mutant (Gamm et al, 2019). NR differentiation
was enhanced by FGF9 supplementation, as ERK1/2 expression
was transiently upregulated and partially rescued the mutant
phenotype observed in the VSX2-mutant vesicles. ERK1/2 is
part of the ERK/MAP pathway that promotes cell proliferation
(Mebratu and Tesfaigzi, 2009). The reverse action of withholding
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FGF9 did not promote a non-NR fate. This possibly indicates a
role for VSX2 in concert with FGF9 to promote NR development
(Gamm et al., 2019). Despite limited work, the use of patient
hiPSC-derived optic vesicles has already provided some insight
into the pathophysiology of VSX2-related microphthalmia and
highlighted potential therapeutic targets.

Modeling of microphthalmia-associated with the VSX2
mutation (p. Arg200GIn) was only performed with one patient-
specific hiPSC line and one unaffected sibling control (Joseph
Phillips et al., 2014; Capowski et al., 2016; Gamm et al., 2019).
Consequently, the reliability or reproducibility of published
results can be questioned and larger sample size is required.
These studies may skew our understanding of disease phenotype,
etiology, and pathophysiology. The choice of age-, sex-
and ethnicity-matched controls is an important consideration
to minimize variability between cell lines (Ortmann and
Vallier, 2017; Takasaki et al., 2018; Victor et al., 2018;
Deneault et al., 2019).

Introducing specific mutations in wild type iPSC lines
through CRISPR/Cas9 gene editing can create isogenic disease
models. A comparison of isogenic and patient-derived disease
models can ascertain the causative nature of disease-associated
variants, such as the VSX2 mutation (p. Arg200GIn) associated
with microphthalmia. As an isogenic iPSC-derived disease model
of VSX2-associated microphthalmia has not been produced
alongside these patient models, it is harder to predict the
causative nature of the VSX2 mutation.

Corneal Hereditary Endothelial Dystrophy
Corneal  hereditary  endothelial ~ dystrophy = (CHED;
OMIM:217700) is a rare autosomal recessive disorder leading
to severe visual impairment caused by bilateral corneal edema
characteristic of primary endothelial cell dysfunction (Brejchova
et al., 2019). A subset of patients also suffers from progressive
sensorineural hearing loss, in a condition known as Harboyan
syndrome (Desir and Abramowicz, 2008; Brejchova et al,
2019). CHED is associated with biallelic pathogenic SLC4A11
variants, where loss-of-function mutations cause cell adhesion
and ion transport defects that reduce corneal endothelial cell
viability (Brejchova et al., 2019; Malhotra et al., 2020). This
developmental defect occurs around the 7th week of gestation as
migrating periocular mesenchymal and neural crest cells begin
to differentiate into specialized corneal cell types (Lwigale, 2015;
Brejchova et al., 2019).

To characterize the effects of SLC4A11 variants on corneal
endothelial (CE) cells, Brejchova et al. (2019) differentiated both
healthy and six patient-hiPSC lines with an SLC4A11 mutation
(c.2240 + 5G >A) to CE cells (Brejchova et al., 2019). Detection
of corneal markers ZO-1, N-Cadherin, and CD166 confirmed
the identity of differentiated cells. Eleven pathogenic variants
were identified, including an alternatively spliced transcript
detected in one patient line, revealing a cryptic donor site
introduced by the ¢.2240 + 5G >A mutation. This led to the
insertion of six bases, resulting in a premature stop codon (p.
[Thr747*]).

One patient, compound heterozygous for ¢.2240 + 5G >A,
p.(Thr747*) and c.625C >T, p.(Arg209Trp), in this study

had late-onset CHED compared to the congenital form
observed in all other patients. This variant was not located
within the canonical splice site and its pathogenicity could
not be determined without an experimental model. As
SLC4A11 is only expressed in CE cells, these needed to
be generated from hiPSCs due to the inaccessibility of
appropriate HFT.

Changes to SLC4Al1 splicing detected in hiPSC-derived
models may inform our understanding of variable disease
phenotypes caused by changing quantities of mutant SLC4A11
transcript due to both alternative splicing and overriding
mechanisms. The hiPSC-derived CHED model can be
further utilized to investigate changes to SLC4All transport
function, protein stability, and localization associated with
SLC4A11 variants.

LIMITATIONS OF hiPSC USE

Genetic variation imparts a donor-specific genomic and
epigenetic signature on hiPSCs that can influence their
differentiation capacity and downstream functionality (Kim
etal,, 2010; Vaskova et al., 2013; Noguchi et al., 2018). Each hiPSC
line will have variable differentiation capacities and many cell
lines may need to be initially differentiated in pilot experiments
to select optimal lines for further experiments (Kyttild et al.,
2016; Cowan et al,, 2019). Isogenic hiPSC lines created by gene
editing can avoid the genetic variability of multiple hiPSC lines
yet effectively model diseased or healthy phenotype (Chakrabarty
et al., 2018). Reprogramming efficiency can also be impacted
by specific epigenetic enzymes such as the SWI/SNF complex,
the age and ancestral origins of the donor (Mackey et al,
2018). The practicalities of hiPSC production also need to be
considered. The process to generate hiPSCs is time-consuming
and costly, and reprogramming requires specialized equipment
and expertise (Giacalone et al., 2016). Additionally, uniquely
formulated costly media and reagents handled with a meticulous
aseptic technique are required for reprogramming and culture
(Giacalone et al.,, 2016). As there is no consensus on the
optimal somatic cell source for reprogramming, it is important
to consider the specific advantages and disadvantages of each cell
type during experimental design (Supplementary Tables S1, S2,
Foltz and Clegg, 2019).

An important disadvantage to consider is the loss of
X-chromosome inactivation, the transcriptional silencing of
one of the two X-chromosomes in female cells (Geens and
Chuva De Sousa Lopes, 2017). This epigenetic regulation
of X-chromosomal gene expression is critical to correctly
modulating X-chromosome dosage to ensure healthy
development. Aberrant X-chromosome states associated with
the disease have been detected in hiPSCs and may impact their
capability to model development and disease in vitro (Geens and
Chuva De Sousa Lopes, 2017).

Following iPSC generation, it is critical to ensure any
reprogramming vectors or plasmids are completely absent
from cells, as common methods such as Sendai or episomal
reprogramming can leave a transient footprint on the
host genome. To ensure differentiation is not impaired by
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these vectors or plasmids, low passage (<10) iPSCs should
not be used.

hiPSC modeling is inherently limited as it does not replicate
the entire biological system with intrinsic and extrinsic cues
that control tissue development in vivo (Bartfeld and Clevers,
2017). Normal oxygen conditions do not mimic the hypoxic
embryological microenvironment of optic vesicle and cup
development (DiStefano et al., 2018). Additionally, secondary
structures of the developing eye such as vascularization are
lacking (Achberger et al., 2018).

It is also important to note that hiPSCs are not hESCs, for
whom most of these limitations are not relevant. Yet hESCs have
their specific shortcomings such as unclear genotype-phenotype
correlations in hESC-based disease models and the need to
genetically manipulate hESCs for disease modeling (Halevy and
Urbach, 2014). The differences and similarities of hiPSCs and
hESCs have been extensively discussed in the literature (Cherry
and Daley, 2013; Halevy and Urbach, 2014; Marei et al., 2017;
Zhao et al., 2017).

FUTURE WORK

Retina-on-a-chip and retinal differentiation using bioreactors
are attempting to enhance in vitro differentiation to more
closely recapitulate the human embryological environment,
such as the outer blood-retina barrier (DiStefano et al., 2018;
Achberger et al, 2019). A recently reported retina-on-a-chip
system incorporated a vascularized retinal organoid-RPE unit
with demonstrated capabilities for drug testing and greater
recapitulation of native retina physiology (Achberger et al,
2019). Researchers at the National Eye Institute, USA are
developing a three-dimensional in vitro RPE/choroid to improve
understanding of the photoreceptor/RPE/choroid complex using
patient-derived endothelial cells, choroidal fibroblasts and
pericytes encapsulated in a collagen-based gel and bio-printed
on one side of a biodegradable scaffold with an RPE monolayer
derived from the same hiPSCs grown on the other side.

Of the numerous developmental eye diseases that can affect
patients, only hiPSC-based modeling of microphthalmia and
CHED has been described so far (Joseph Phillips et al,
2014; Brejchova et al., 2019; Gamm et al., 2019). The utility
of hiPSC modeling for genetically heterogenous early-onset
developmental eye disorders will enhance our understanding
of their molecular and epigenetic mechanisms (Gregory-Evans
et al.,, 2019). Future modeling of developmental eye disorders
can assess the long-term effects of a mutation in, for example,
an EFTF gene through retinal organoids. VSX2 is involved with
bipolar cell differentiation (Clark et al., 2008; Zou and Levine,
2012), and modeling of retinal development in VSX2-mutant
hiPSCs revealed a complete absence of this cell type, indicating
impaired retinal differentiation (Joseph Phillips et al.,, 2014).
These models can provide information on cell patterning to
be used for patient phenotyping with advanced ocular imaging
techniques and help to predict the response to potential therapies
(Ma et al., 2017).

hiPSC-derived models of ocular disease are powerful tools for
the development of new therapies and are more physiologically

relevant than animal models for pre-clinical testing. Gene
editing and antisense oligonucleotide therapy have restored
a healthy phenotype from patient-derived retinal organoids
with CEP290 and RPGR mutations (Parfitt et al.,, 2016; Deng
et al., 2018). Nonsense suppression using read-through drugs
such as PTC124 (ataluren) is a further promising approach
which has been reported to restore full-length protein and
functionality in RP2RI20X MERTK-deficient and KCNj13W>3X
hiPSC-derived RPE (Schwarz et al., 2015; Ramsden et al., 2017;
Shahi et al., 2019). Once hiPSC-derived organoids that effectively
recapitulate the hallmarks of each disease have been established,
these models will provide ideal pre-clinical platforms for the
discovery, testing and development of translational therapeutics.

CONCLUSION

Ocular maldevelopment accounts for a third of congenital
blindness worldwide, and a genetic component is responsible
for the majority of cases. hiPSC modeling of early eye
development has advanced greatly in recent years and omics
studies reveal a close cellular and molecular similarity with
HFT of similar development stage. Improvement of hiPSC
modeling protocols will enhance the fidelity of these models
to early ocular morphogenesis. The use of hiPSCs to model
developmental eye diseases has been effectively demonstrated in
a patient-derived model of microphthalmia and CHED. These
findings are encouraging for further investigation of many
other developmental eye disorders, which will be essential to
understand the mechanisms of ocular malformation due to their
genetic heterogeneity. This will advance therapeutics testing and
inform genetic counseling, to improve the quality of life of both
patients and their families affected.
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Limitations and Promise of Retinal
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Stem Cells for Developing Therapies
of Blindness

Ratnesh K. Singh* and Igor O. Nasonkin*

Lineage Cell Therapeutics, Alameda, CA, United States

The self-formation of retinal tissue from pluripotent stem cells generated a tremendous
promise for developing new therapies of retinal degenerative diseases, which previously
seemed unattainable. Together with use of induced pluripotent stem cells or/and
CRISPR-based recombineering the retinal organoid technology provided an avenue
for developing models of human retinal degenerative diseases “in a dish” for studying
the pathology, delineating the mechanisms and also establishing a platform for large-
scale drug screening. At the same time, retinal organoids, highly resembling developing
human fetal retinal tissue, are viewed as source of multipotential retinal progenitors,
young photoreceptors and just the whole retinal tissue, which may be transplanted
into the subretinal space with a goal of replacing patient’s degenerated retina with a
new retinal “patch.” Both approaches (transplantation and modeling/drug screening)
were projected when Yoshiki Sasai demonstrated the feasibility of deriving mammalian
retinal tissue from pluripotent stem cells, and generated a lot of excitement. With
further work and testing of both approaches in vitro and in vivo, a major implicit
limitation has become apparent pretty quickly: the absence of the uniform layer of
Retinal Pigment Epithelium (RPE) cells, which is normally present in mammalian retina,
surrounds photoreceptor layer and develops and matures first. The RPE layer polarize
into apical and basal sides during development and establish microvilli on the apical
side, interacting with photoreceptors, nurturing photoreceptor outer segments and
participating in the visual cycle by recycling 11-trans retinal (bleached pigment) back
to 11-cis retinal. Retinal organoids, however, either do not have RPE layer or carry
patches of RPE mostly on one side, thus directly exposing most photoreceptors in the
developing organoids to neural medium. Recreation of the critical retinal niche between
the apical RPE and photoreceptors, where many retinal disease mechanisms originate,
is so far unattainable, imposes clear limitations on both modeling/drug screening and
transplantation approaches and is a focus of investigation in many labs. Here we dissect
different retinal degenerative diseases and analyze how and where retinal organoid
technology can contribute the most to developing therapies even with a current limitation
and absence of long and functional outer segments, supported by RPE.

Keywords: retinal organoids, disease modeling, pluripotent stem cells, retinal degeneration, photoreceptors,
assembloids, drug screening, retinal pigment epithelium
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INTRODUCTION

Retina is a great model for developmental neuroscience and a
very attractive therapeutic target for biotech companies working
in the field of regenerative medicine. There are only several
types of retinal neurons (rod and cone photoreceptors, amacrine,
horizontal, rod & cone bipolar and retinal ganglion cells), one
type of glial cells (Muller glia) and a pigmented layer of supportive
cells (Retinal pigment epithelium), which form the retina and
help to carry out visual function (Wallace, 2011). On the contrary,
the cortical organization in the brain is much more complex
and has six layers of cortical neurons, each carrying different
cell types with different function (Molyneaux et al., 2007; Lodato
and Arlotta, 2015). This relative simplicity creates a promise
for ease of recapitulation of this process in a dish (compared
to brain), as well as (expected) relative ease of cell replacement
therapies (again, compared to the brain). This, in turn, is very
attractive to regenerative medicine and biotechnology, which aim
to convert the already “understood” and “worked out” knowledge
and concepts into robust technologies and therapies to transition
science from the bench to patients. Age related macular
degeneration (AMD), glaucoma and retinitis pigmentosa (RP)
are the major retinal degenerative diseases affecting people
worldwide. Understanding the causes and mechanisms of these
diseases (outlined below) is a key for developing organoid-
based in vitro models of these diseases for drug screening and
disease modeling.

According to eye health data and statistics, summarized on
NEI's web site' and in a recent study published by Varma
et al. (2016), the number of people with most common eye
diseases is going to double by 2050. AMD is a leading cause of
vision loss in United States and mainly affects the central vision.
According to statistics presented by Brightfocus foundation®
about 11 million of Americans have visual problem associated
with AMD symptoms, and this number is projected only to
increase and reach 22 million by 2050. The total number of
people with macular degeneration worldwide is projected to
be 196 million by now (2020) and 288 million by year 2040.
About 30% of people age 75 and above have vision problems
associated with AMD symptoms. Macular degeneration triggers
loss of central vision and death of photoreceptors in the macula
(maculae) (Molday, 1998; Molday and Moritz, 2015). The dry
form of AMD accounts for 85 to 90 percent of all AMD cases
(Klein et al., 1992; Bird et al., 1995; Vingerling et al., 1995). In
dry AMD disruption and death of RPE causes accrual of yellow
deposit (drusen) in the macula that contributes to accumulation
of complement component and acute phase proteins leading to
proinflammatory macrophage response (Ding et al., 2009) and
eventually photoreceptor cell death. Geographic atrophy (GA)
is devastating complication of dry AMD and is considered the
late stage of this disease affecting more than 5 million people
worldwide including nearly 1 million in the United States*
(Bird et al, 1995; Wong et al., 2014) (Friedman et al.,, 2004;

Uhttps://www.nei.nih.gov/learn-about-eye-health/resources-for- health-
educators/eye-health-data-and-statistics
Zhttps://www.brightfocus.org/macular/article/age-related- macular-facts- figures

Rudnicka et al., 2015.Geographic atrophy is a frequent cause
of legal blindness (42% of patients with GA) (Klein et al,
1995) and severe (> 6 lines) vision loss (Sunness et al., 1999).
Transplantation of human pluripotent stem cell (hPSC) derived-
RPE into the subretinal space is one experimental therapy (in
clinical trials now), which may address this condition (Schwartz
et al, 2012, 2015, 2016; McGill et al., 2017; Cuzzani, 2018)
and is aimed to support photoreceptors and prevent their
cell death. In wet (also neovascular or exudative) AMD the
abnormal growth of blood vessels (also known as choroidal
neovascularization, CNV) beneath the macula causes separation
between photoreceptors and RPE (Yeo et al., 2019). This is
the only blinding disease, which has a robust treatment via
suppressing neovasculogenesis with anti-Vascular Endothelial
Growth Factor (VEGF) therapies (Meadows and Hurwitz, 2012)
such as antibodies (or antibody fragments) to (bevacizumab,
ranibizumab) (Rosenfeld et al, 2006; Raftery et al, 2007),
VEGE-A soluble decoy (aflibercept) (Sarwar et al., 2016) or/and
small molecules suppressing the tyrosine kinases induced by
VEGF binding (lapatinib, sunitinib, pazopanib and a few other
compounds). Glaucoma is another leading cause of irreversible
vision loss. From 2011 to 2050, the number of people in the
U.S. with glaucoma is expected to increase from 2.71 million
in year 2011 to 3.72 million in year 2020 to 7.32 million by
year 2050 (Vajaranant et al, 2012). Glaucoma affects retinal
ganglion cells, carrying the visual signals from retina to brain,
It is caused (mostly) by elevated intraocular pressure followed
by loss of retinal ganglion cells and their axons (Weinreb
et al,, 2014) and impacts long-distance connectivity between the
retina and the visual centers in the brain (discussed earlier).
In retinitis pigmentosa, or rod-cone dystrophy (a group of
inherited, mostly recessive diseases characterized by the onset of
night blindness and gradual loss of peripheral vision, prevalence
~1:3500 to 1:4,000) loss of rod photoreceptor cells triggers the
late stage degeneration of cone photoreceptors even though
specific mutation affects only rods but no cones (Kaplan et al.,
2017). Once the photoreceptors die it causes remodeling of inner
retinal neurons and followed by cell death of inner retinal cells
(Singh et al., 2014). In addition, cone-rod dystrophies (inherited
retinal dystrophies/maculopathies, prevalence 1:40,000) (Hamel,
2007) and Leber Congenital Amaurosis (very early-onset child
blindness, usually autosomal-recessive, prevalence 1-2:100,000,
source™*) add to the number of devastating blinding diseases
affecting people and causing loss of life quality and partial loss
of independence.

At present, there is no effective treatment available for most
of these retinal disorders (except for wet AMD) despite most
of the studies done on animal (mostly rodent) models to find
new therapeutic options for retinal diseases. Rodent models can
mimic only certain aspect of human retinal pathophysiology.
They fail to reproduce the etiologic complexity of human RD
diseases, including and especially some critically important
characteristics of the primate retina like macula (Zeiss, 2010)
[rodents don’t have macula (Volland et al., 2015a); cats and

*https://rarediseases.org/rare-diseases/leber-congenital-amaurosis/
“https://ghr.nlm.nih.gov/condition/leber- congenital-amaurosis
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dogs have area centralis (Petersen-Jones, 1998; Mowat et al,
2008)] or trichromacy important for visual acuity in patients
(Kostic and Arsenijevic, 2016), and do not always mimic the
retinal disease phenotype (Slijkerman et al., 2015). Nevertheless,
the neuroanatomical structure and connectivity of young retinal
organoids growing in a dish is very similar to the developing
human fetal retina, which is being explored as new way to study
early stages of human retinal development (Meyer et al., 2009).
However, all studies, where retinal organoids were cultured
for prolonged period of time (6 months or longer), note the
gradual changes in retinal organoids (specifically, gradual loss
of RGCs and thinning of INL) (Wahlin et al., 2017; DiStefano
et al., 2018; Brooks et al., 2019; Capowski et al., 2019; Nasonkin
et al., 2019), thus substantially reducing the ability to model
diseases and derive therapeutically meaningful results from
drug screening efforts. Human retinal tissue in a dish has a
real potential to be a great tool for drug screening, as well
as disease modeling and source of transplantable 3D retina
for RP and AMD after these critical shortcomings of retinal
organoid technology are addressed. Scientific retinal community
is keenly aware of the immense potential of human retinal
organoid technology and the urgency of addressing these critical
deficiencies in organoid technologies, preventing us to use it
to the fullest extent for basic and translational research and
regenerative medicine treatments. However, even now some
remarkable success has been achieved with modeling treatments
of some types of blindness (e.g., some ciliopathies) in retinal
organoids, highlighting precise disease mechanisms and new
potential therapies, which could be challenging to decipher
and discover in cultured cells and time-consuming in animals
(Schwarz et al., 2017).

In this review, we discuss the biology of retinal organoids
and similarities with human retinal development, translational
applications of retinal organoids in disease modeling (based
on today’s technology state), cell or tissue replacement and
discuss current major limitations of retinal organoid technology
and how to overcome it. We provide a brief summary for
each blinding disease (RP, AMD, glaucoma) to be aware of
the current limitations as well as opportunities of retinal
organoids as a tool for designing such models in a dish. We
also use this summary throughout the text to discuss the
key basic and translational research directions needed now
to improve the retinal organoid models and technologies to
enable faithful recapitulation of retinal biology, homeostasis and
diseases in a dish for developing new drugs, delineating disease
mechanisms and designing 3-Dimensional transplantable retina
for replacement therapies.

We pay special attention to highlighting similarities and
differences between human retinal organoids and human fetal
and mature retinal tissue, and the impact of these similarities
and differences on our ability to interrogate disease mechanisms,
screen for drugs and use organoids for cell and tissue
replacement therapies. Last, we present our opinion on how the
technology will be developing in the next 3-7 years to focus on
addressing the current limitations and urgent needs of biotech
sector for developing therapies (drugs, biologics) using retinal
organoids as a tool.

RETINAL ORGANOIDS FOR BASIC
BIOLOGY AND TRANSLATIONAL
STUDIES

Modeling Early Retinal Development

Early Cell Fate Decisions and Studying the Role of
Morphogens

Ongoing retinogenesis in 3D retinal tissue derived from
hPSCs (ES and iPS) recapitulate early stages of human retinal
development (Meyer et al., 2009; Volkner et al., 2016) (Figure 1).
A number of very informative and well-designed retinal cell
fate studies in young organoids were done by Gamm lab, which
uncovered the instructive signaling of WNT and FGFs and
decisions between NR and RPE fate (Capowski et al., 20165
Gamm et al., 2019). Developing retinal organoids (even without
RPE) seem to be a good model for dissecting such major cell
fate decisions, cell cycle, number of progenitors of each cell type
and their initial organization in developing mammalian retina.
Nevertheless, one should be mindful of some differences such
as lack of RPE and lens and changes in the extrinsic factors
and morphogen gradients caused by these differences (Dakubo
et al., 2008; Smith et al., 2018). Though these signaling cues
have some major consequences for translational research (e.g.,
BMP/TGFb signaling from ocular surface ectoderm through
Smad4, also modulated HH signaling (Li et al., 2016), these are
very early developmental processes (NR vs RPE), typically related
to microphthalmia (Bharti et al., 2006; Manuel et al., 2008; Bharti
etal., 2012) and marginally related to RD diseases.

Retinal Ganglion Cell Development

Retinal ganglion cell development takes place early in
retinogenesis (Marquardt and Gruss, 2002), and young retinal
organoids (~6-15 weeks) derived by various methods carry
RGCs (Singh et al., 2015), which are typically detected with
antibodies to BRN3A, BRN3B, ISL-1, sometimes SNCG, HuC/D,
neuronal-specific class III §-Tubulin (TUJ-1 antibody) and/or
Thy-1 (Barnstable and Drager, 1984; Huang et al, 2006).
A number of labs pursuing RGC development successfully
study RGC development, early stages of axonogenesis and axon
guidance in retinal organoids (Fligor et al., 2018). In the absence
of their natural target (visual centers in the brain (Cruz-Martin
et al., 2014; Dhande and Huberman, 2014; Ray and Kay, 2015)
RGC axons may even traverse through the retinal tissue (Singh
et al., 2015) but eventually degenerate, together with RGC cell
bodies (Wahlin et al., 2017; Capowski et al., 2019; Nasonkin
et al., 2019). This is because RGCs need connectivity with the
brain to receive flow of neurotrophins; RGC axotomy models
and cases of anencephalic brain (both severing this vital to RGC
connection) indicate rapid degeneration of RGCs in human fetal
retina (Mo et al., 2002; Nakazawa et al., 2002; van Adel et al.,
2005; Hendrickson et al., 2006). With the conceptualization and
development of assembloid technologies co-culturing of retinal
and brain organoids became feasible (Gopalakrishnan, 2019;
Pacitti et al., 2019). This extends the developmental window for
RGC studies in retinal organoid model which can now include
studies interrogating mechanisms guiding RGC projections to
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FIGURE 1 | Comparing retinogenesis between human pluripotent stem cell derived retinal organoid growing in a dish and in human fetal retina. Both retinal
organoids and fetal retina develop neural retina (NR), but only fetal retina (not organoids) develop continuous layer of RPE surrounding NR (Stage1). Both fetal retina
and retinal organoids undergo lamination (Stage 2), and develop outer and inner neuroblast layers (ONBL, where progenitors, including photoreceptor progenitor and
young photoreceptors localize, and INBL, where RGCs and 2™ order neurons migrate). However, as tissue maturation proceeds in retinal organoids, the RGCs
gradually die (no connectivity) and then a layer of 2nd order neurons becomes progressively thinner. And, while cilia and inner segments in photoreceptors develop,
outer segments never elongate full-length, compared to that in mature mammalian retina (Stage 3). In fetal retina (2"4—> 3" trimester) photoreceptor layer
undergoes maturation, cilia and inner segments are formed and elongation of outer segments takes place (which continues after birth). Organoids at stage3 preserve
the features of immature human retina (IPL-ONL-IS-cc region, shown). This diagram is designed based on the following data: https://embryology.med.unsw.edu.au/
embryology/index.php/Vision_-_Retina_Development, https://embryology.med.unsw.edu.au/embryology/index.php/Carnegie_Stage_Comparison, https://
embryology.med.unsw.edu.au/embryology/index.php/Carnegie_stage_table (O'Brien et al., 2004; Hendrickson et al., 2008; Jukic et al., 2013; Hendrickson, 2016;

Hoshino et al., 2017).

brain (Kurimoto et al., 2010; de Lima et al., 2012; Erskine and
Herrera, 2014; Crair and Mason, 2016; Benowitz et al., 2017;
Laha et al., 2017).

INL & Outer Plexiform Synaptic Layer

Several long-term in vitro and in vivo studies investigated
connectivity of second order neurons (rod bipolar neurons,
typically stained with anti-PKCa antibody) and photoreceptors
in human and mouse retinal organoids (Wahlin et al,
2017; Capowski et al,, 2019) and in vivo, between graft or
host-specific bipolar neurons and graft-specific photoreceptors
(Assawachananont et al., 2014; Gonzalez-Cordero et al., 2017;
Tu et al, 2018). The formation of CTBP2[+] horseshoe-
like ribbon synapses (Singh et al., 2014; Singh et al., 2017)
was documented by both IHC and electron microscopy in
organoids cultured for 5-6 months or longer by several teams.
In the in vivo studies, where the INL-specific organoid cells
(including the bipolar neurons) continue to be lost, graft-specific
photoreceptors were found in contact with (in some cases) graft-
specific and (in some other cases) host-specific bipolar neurons
(Assawachananont et al., 2014; Shirai et al., 2016; Tu et al.,
2018). Collectively, these studies demonstrate that connectivity
at the OPL level in organoids and in grafts is feasible, which
lays foundation for tissue replacement work using hESC-3D

retinal tissue from organoids as source of transplantable tissue.
In anticipation of improved 3D human retinal models with
functional RPE-photoreceptor niche and photoreceptor-second
order neuron connectivity, it becomes important to focus
on defining cone bipolar-photoreceptor connectivity and cone
bipolar cell markers. The classical cone bipolar marker Recoverin
(RCVRN) (Milam et al., 1993; Euler and Wassle, 1995) is also
strongly expressed in CRX[+] photoreceptor progenitors (Singh
et al., 2015) and a-RCVRN staining is the method of choice
for defining photoreceptor layer in retinal organoids. Because of
the major emphasis of translational retinal work on AMD (in
addition to glaucoma) for building models of human macula
and designing transplantable retina for patients with advanced
AMD, delineating new reliable markers of cone bipolar cells for
demonstrating cone bipolar-cone photoreceptor connectivity in
organoids and in subretinal grafts may be critical for moving such
modeling and transplantation work forward. Some excellent new
markers were recently described (Shekhar et al., 2016).

Photoreceptors (Rod and Cone)

Photoreceptors (rod and cone) in retinal organoids are the
key cell types in retinal organoids, which seem to remain
organized in a uniform layer in long-term organoid cultures
(Wahlin et al., 2017; Capowski et al., 2019; Nasonkin et al.,
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2019), and (in addition to RGCs) represent the primary drug-
screening target for Big Pharma companies. Pioneering work
has been done in human fetal retina by researchers like Drs.
Anita Hendrickson, Tom Reh, Anand Swaroop and others
to elucidated human retinal development with emphasis on
photoreceptors (Abramov et al., 1982; O’Brien et al., 2004;
Hendrickson et al.,, 2008; Hendrickson, 2016; Chao et al.,
2017). A layer of photoreceptors with NRL[+] rods (Swaroop
et al, 1992), OPNISW[+] (S-cones) and TRB2[+] (Ng et al.,
2001) M-cones robustly forms in organoids derived by multiple
techniques, which highlights retinal organoids as a good model
of human photoreceptor genesis and maturation in a 3D tissue
in a dish. This enables to dissect the important of multiple small
molecules, morphogens and canonical signaling pathways such
as basic fibroblast growth factor (bFGF), docosahexaenoic acid,
bone morphogenic protein (BMP), taurine, Retinoic Acid (RA),
WNT (Wingless) (Murali et al., 2005; Pandit et al., 2015; Zhong
etal., 2014; Capowski et al., 2016, 2019; Brooks et al., 2019; Gamm
et al,, 2019) important for photoreceptor development. Methods
outlining mostly cone photoreceptor development from CRX[+]
photoreceptor progenitors will be instrumental for modeling
human macula in a dish as well as for designing transplantable
3D retinal grafts for treating patients with advanced AMD
(Zhou et al., 2015).

SIGNALING PATHWAYS INVOLVED IN
HUMAN RETINAL DEVELOPMENT,
DERIVATION OF RETINAL ORGANOIDS
AND POSTMITOTIC MAINTENANCE OF
BOTH TISSUES

Human retinal organoids recapitulate stages of human
embryonic and early fetal retinal development (Meyer et al,
2009; Volkner et al, 2016; Gonzalez-Cordero et al., 2017)
(Figure 1) and use the same pathways, active in developing
human embryonic and early fetal retina for retinogenesis
(Hoshino et al., 2017). The embryonic patterning and cell fate
decisions in embryogenesis in general are regulated by very
conserved developmental cues throughout the animal phyla
(Perrimon et al., 2012). Human retinal development is not an
exception and is shaped by the same cues and pathways (Heavner
and Pevny, 2012). Some of these pathways also participate
in maintaining retinal homeostasis. The importance of the
complex interplay of these pathways in formation and further
maturation of 3D human retinal tissue in a dish (organoids)
only recently became a subject of thorough investigation
(Hoshino et al.,, 2017). Understanding of this complexity will
help with developing better retinal tissue-in-a-dish models
with all retinal layers and functional RPE/photoreceptor niche
for biopharmaceutical companies for drug screening (; Aasen
and Vergara, 2020), and better retinal transplants for curing
advanced retinal degenerative diseases (Assawachananont et al,,
2014; Mandai et al., 2017a; McLelland et al., 2018; Shirai et al,,
2016; Singh et al, 2019). Retina develops from the anterior
portion of the neural tube through evagination of the optic

vesicles from diencephalon, followed by invagination of those
vesicles to form the optic cups carrying RPE and neural retina
(NR) layers (consisting of the multipotential retinal progenitors)
(collectively, “retina”) (Adler and Canto-Soler, 2007; Bharti
et al., 2006; Fuhrmann et al., 2014). Invagination of each optic
cup also leads to the formation of the optic stalk (the precursor
of the optic nerve), which then becomes the optic nerve after
the invagination of the stalk and closure of the choroid fissure
(Remington, 2012; Forrester et al., 2016). MITF[+] RPE layer
and CHX10 (same as VSX2[+]) NR layer carrying multipotential
retinal progenitorsgive rise to the retinaand are collectively
called “retina” (though some call NR “retina”’, in contrast to
RPE). Following their formation, RPE consistently remains as a
single, layer, accumulates pigmentation and undergoes gradual
maturation (Bharti et al.,, 2006, 2012), while NR undergoes a
fascinating process of retinogenesis, where multipotential retinal
progenitors sequentially acquire cell fate and form different
types of retinal neurons and Muller glia (Livesey and Cepko,
2001; Marquardt and Gruss, 2002; Cayouette et al, 2006;
Matsushima et al., 2011; Bassett and Wallace, 2012). Rod and
cone photoreceptor cell fate acquisition and development is part
of this retinogenesis process, and leads to the formation of the
therapeutically valuable light-sensing outer nuclear layer (ONL)
consisting of rods and cones (Swaroop et al., 2010; Ng et al.,
2011). The default pathway in rod versus cone photoreceptor
cell fate acquisition is cone PRs (specifically short-wave cones,
S-cones) (Swaroop et al., 2010; Hunt and Peichl, 2014; Zhou
et al, 2015). This pathway is promoted by blocking Bone
Morphogenic Protein signaling (BMP), also WNT and TGFf
signaling in culture (Zhou et al., 2015), and mutations of NRL
or NR2E3 genes in vivo (enhanced S-cone syndrome) (Mears
et al., 2001; Sharon et al., 2003; Cheng et al., 2006; Littink et al.,
2018). The expression of transcription factor Neural Leucine
Zipper (NRL) at about week 10.5 of human fetal development
defines rod photoreceptor cell fate (Swaroop et al., 1992; Mears
et al.,, 2001; Hendrickson et al., 2008) and NR2E3 (activated by
NRL, at about week 11.7 in human fetal retinal development)
(O’Brien et al., 2004; Cheng et al., 2006) further strengthens rod
PR identity. Both of these transcription factors are expressed
prominently in rod PRs in retinal organoids. Waves of signaling
mediated by WNT, FGE, Hedgehog, BMP/TGFb NOTCH, Retinoic
acid (RA) and IGF-1 pathways through retina shape retinal
development from earlier stages toward the completion of
retinogenesis (Yaron et al., 2006; Liu et al., 2006; Das et al., 2008;
Fuhrmann, 2008; Fuhrmann, 2010; Fujimura, 2016; Mills and
Goldman, 2017). Signaling via diffusible ligands is also present
in postmitotic retina (Chen et al., 2015). These principles of
development neurobiology combined with pluripotent stem cell
technology are used for derivation of retinal organoids (good
summary was provided in Dr. Sally Temple’s review Zhao et al,,
2017). While some of these morphogen gradients seem to be
present in retinal organoids (e.g, WNT pathway, judged by
the presence of LGR5 and SFRP1 on the apical and basal side
(Figures 2, 3) some other key gradients may be completely or
partially absent due to lack of choroid, retinal vasculature and a
continuous layer of RPE around the organoids. Exploring these
signaling pathways in retinal organoids and comparing them to
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FIGURE 2 | Presence of LGR5 in retinal organoids. Immunostaining of human pluripotent stem cell derived retinal organoid with anti-LGR5 antibodly.

signaling in developing and postmitotic mammalian retina will
improve the development of better 3D in vitro models of human
retina, which may be particularly critical for drug development.

WNT in Retina and Organoids

WNT is one of the most studied pathways in developing
mammalian retina (Liu et al., 2006; Fuhrmann, 2008; Liu et al.,
2010; Fujimura, 2016). Leucine rich repeat containing G protein-
coupled receptor 5 (LGR5), a member of the G protein-coupled,
7-transmembrane receptor (GPCR) superfamily, is a receptor
for R-spondins, and potentiates the canonical WNT signaling
(de Lau et al, 2014). LGRS is highly expressed in developing
retinal organoids (300 fold) (Singh et al., 2015) and also present
in developing human fetal retina (Chen et al., 2015). Formation
of retinal organoids can be promoted by modulation of WNT
pathway (Takata et al., 2017; Luo et al., 2018). WNT signaling
remains important in postmitotic retina (Yao et al., 2016). WNT
and Notch pathways acting together are known to regulate stem
cell niches (birth, renewal and maintenance of multipotential
stem cells, in short, stemness (Androutsellis-Theotokis et al.,
2006; Clevers et al., 2014; Kessler et al., 2015) in tissues, including
in the organoids (Kessler et al., 2015). Modulating these pathways
in retinal organoids may be an interesting approach to study
retinal regeneration and stemness (Jiang et al., 2020) to replenish
cells lost in ageing, trauma or due to degenerative conditions.

Sonic Hedgehog (SHH)

Sonic Hedgehog (SHH) and members of the Hedgehog
(HH) family (Indian- and Desert Hedgehog, IHH and
DHH) are well studied in developing vertebrate retina
(Levine et al., 1997; Neumann and Nuesslein-Volhard, 2000;
Nguyen and Arnheiter, 2000; Vogel-Hopker et al., 2000; Zhang
and Yang, 2001a,b; Wang et al., 2002; Dakubo et al., 2003, 2008;
Spence et al., 2004; Locker et al., 2006; Yu et al., 2006), including

mammalian retina, more relevant to the biology of human retinal
organoids, and provide very important paracrine signaling
cues. There seem to be two major sources of HH signaling,
one coming from RGCs (Wang et al., 2002), and another from
choroid/RPE (from endothelial cells Dakubo et al., 2008, also
from RPE Nakayama et al., 1998; Perron et al., 2003) impacting
RPE (Zhang and Yang, 2001b; Burnett et al., 2017; May-Simera
et al, 2018) and likely photoreceptors (Levine et al., 1997).
HH signaling impacts retinal progenitor proliferation and cell
fate determination (Wang et al., 2002; Sakagami et al., 2009).
Cilia is needed for SHH signaling and is very important part of
both types of cells forming the subretinal niche (photoreceptors
Gilliam et al., 2012; Rachel et al., 2012a,b; Yildiz and Khanna,
2012; Wheway et al., 2014 and RPE May-Simera et al., 2018).
Problems with cilia development, structure and functions
result in ciliopathies, and many of them involve RD conditions
because of importance of primary cilia for visual transduction,
RPE-photoreceptor connectivity and outer segment function
(Chen H.Y. et al, 2019). RPE cilia length had a noticeable
change in Dnmt1 conditional mutants with short outer segment,
hypoplastic apical RPE and retinal degeneration (Nasonkin et al.,
2013). Pharmacological drugs were found, which promote apical
RPE maturation in hiPSC-RPE and promote cilia formation. In
relation to SHH, the integrity and shape of cilia impact SHH
signaling efficacy, dependent on cholesterol (derived from OS
membranes) (Myers et al., 2013; Bangs and Anderson, 2017;
Garcia et al., 2018; Kinnebrew et al., 2019; Kong et al., 2019). Cilia
is present in maturing hPSC-retinal organoids ~5-6 month and
older (demonstrated by our lab (Nasonkin et al., 2019) and others
(Wahlin et al., 2017; Hallam et al., 2018; Capowski et al., 2019).
With cholesterol provided via FBS (Yang et al., 2014) (critically
needed for further growth of organoids) (Zhong et al., 2014) and
photoreceptor cilia present in organoids ~5-6 month old and
older, SHH signaling is probably reconstituted in tissue culture.
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SFRP1

FIGURE 3 | Localization of SFRP1 in human fetal retina. Immunostaining of human fetal retina (wk10) with anti-SFRP1 and anti-BRN3B antibody shows SFRP1
presence in the apical side of ONBL and distal side of INBL. Anti BRN3B colocalized with SFRP1 in the INBL.

BRN3B/DAPI

SFRP1/BRN3B/DAPI

However, once the co-culture system between photoreceptor
sheet in retinal organoids and the RPE (or RPE/choroid) sheet
is created, this signaling will become closer to the one present in
mammalian subretinal niche.

FGF1 and 9

FGF1 and 9 are important for neural retina formation (less for
cell fate specification Cai et al., 2010 except for RGCs Chen
etal., 2013) and then for photoreceptor survival and maintenance
(Fontaine et al., 1998; Qin et al., 2011; Hochmann et al., 2012),
and were used to enhance NR cell fate in mouse models and
in vitro in hPSC- > retinal differentiation systems (2D and
3D) at the expense of RPE (Pittack et al., 1997; Zhao et al,
2001; Horsford et al., 2005; Cai et al., 2010; Hambright et al,,
2012; Gamm et al, 2019). Separately, some lower (reduced)
level of basic fibroblast growth factor (bFGF) signaling (Moore
et al., 2004) but not the complete abrogation of FGF signaling
(Meyer et al., 2009) is needed for initial eye field specification.
FGF morphogens are potentially a great tool to enrich for
neural retina cell fate in organoids and 2D monolayer cultures.
However, in view of the importance for developing better
in vitro retinal models with RPE and NR growing together
for studying and treating RD diseases, it seems that keeping
the developmentally relevant balance of these factors, rather
than completely abrogating RPE cell fate in developing retinal
organoids, may be the right approach for developing better
3D retinal models. Nevertheless, investigating neuroprotective
abilities of FGFs for promoting photoreceptor survival (Fontaine
et al.,, 1998; Qin et al., 2011; Hochmann et al., 2012) seems a
doable and therapeutically relevant approach in 6-12 - month old
organoids, where the predominant surviving cell type is rod and
cone photoreceptors.

BMP and TGFg Signaling

Contribution of BMP signaling is important in retinal
development for determination of NR identity (Murali et al.,
2005; Pandit et al, 2015) and originates from developing
lens (Pandit et al.,, 2015), ocular surface ectoderm (Li et al.,

2016) as well as retinal neurons (Close et al., 2005), RPE
and vasculature (summarized in Ma et al.,, 2019). Activin A
signaling through SMAD2/3 was found to increase number of
photoreceptor precursors during retinal differentiation in 2D
adherent monolayer (Lu et al., 2017). BMP/TGFb (and SHH)
pathways modulation were used for derivation of organoids
from human embryonic stem cells (hESCs) (Hallam et al., 2018;
Kuwahara et al., 2019). Constitutive TGFf signaling is needed
in postmitotic retina (Ma et al., 2019). TGFf (bl, b2, b3) are
expressed by multiple developing and postmitotic retinal cell
types including neurons, vasculature, RPE and microglia (Lutty
et al,, 1991; Lutty et al., 1993; Siegert et al., 2012; Close et al.,
2005; Ma et al., 2019). Excessive TGFp signaling causes epithelial
to mesenchymal transition (EMT) in RPE and proliferative
vitreoretinopathy (PVR) and fibrosis, while Cre-mediated
deletion of TGFp in the whole eye and in vascular endothelium
(but not RPE) caused choroidal neovascularization (CNV)
(Schlecht et al.,, 2017). Both EMT- > PVR and CNV cause
secondary changes in retina causing photoreceptor degeneration.
These signaling are very relevant and important for developing
vision restoration therapies (Kobayashi et al., 2019). However,
in the absence of vasculature and subretinal niche in organoids
we are so far limited in the ability to study them in the 3D
retinal organoid model. A major source of BMPs and TGFs in
retinal organoid culture is clearly delivered exogenously, with
addition of 5-10% fetal bovine serum (FBS), and adding FBS
is critical for maturation and growth (but not formation) of
retinal organoids (Zhong et al., 2014). Modulating BMP-4 level
in developing retinal organoids may help generate NR with RPE
at the margin (ciliary margin-like zone, CMZ) (Kuwahara et al.,
2015), which is a step in the right direction toward generating
physiologically and therapeutically relevant 3D NR-RPE models
(the subretinal niche).

NOTCH pathway is frequently mentioned when discussing
retinal progenitor cell (RPC) proliferation/maintenance and
specification, asymmetric cell division via Numb (where one
RPC daughter acquires cell fate while another proceeds with
symmetric cell division) (Shen et al., 2002; Ha et al., 2017)
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as well as regenerative cues in retina supporting retinal tissue
regeneration (Mills and Goldman, 2017). Notch signaling in
retina (which involves 4 receptors) works via paracrine ligands
(Ha et al., 2017), with downstream signaling cascade involving
RBP-J transcription factor (Riesenberg et al., 2009; Zheng et al.,
2009) and Hesl/Hes5 (Yaron et al., 2006). Inactivation of RBP-
J and modulation of Notch pathway with inhibitors (DAPT
being the most well-known y-secretase/Notch pathway inhibitor)
impacts the formation of NR, retinal lamination and may impact
PR vyield (Tomita et al., 1996; Yaron et al., 2006; Zheng et al.,
2009), as well as determination of other cell types (Furukawa
et al,, 2000) depending on timing of Notch pathway inactivation
during retinogenesis. Retinal cell types are born sequentially
during retinogenesis (Livesey and Cepko, 2001; Marquardt and
Gruss, 2002). Notch pathway promotes cell cycle progression
in multipotential retinal progenitors (Yaron et al., 2006), while
Notch suppression causes premature exit from a cell cycle,
causing premature birth of later-developing cell types (Tomita
et al., 1996). Therefore, it is clear that when Notch pathway
is blocked earlier in retinal development (when e.g., cone PRs
are developing), such modulation may increase cone PR yield
(Yaron et al., 2006). This knowledge has been used productively
for modulating the number of different cell types in human and
mouse retinal organoids (Volkner et al., 2016). Because of the
involvement of Notchl in regeneration and major differences
in species in the ability to regenerate retinal tissue we focused
this paragraph mostly on reports outlining the role of Notch
pathway in mammalian retina. Critically to retinal organoids
(which usually do not have a sheet of RPE cells around PRs
(Zhong et al., 2014). Notch signaling is active in RPE as well
(providing signaling cues to nearby RPCs (Ha et al., 2017; Liu
et al., 2013). Ablation of RPE in mouse development severely
impacts retinal layer organization (lamination) (Raymond and
Jackson, 1995). Likewise, lamination defects occur in two RBP-
J -knockout mouse models (Riesenberg et al., 2009; Zheng et al.,
2009) (summarized in Zheng et al., 2010), potentially pointing
to the need of active Notch signaling (via RPE or diffusible
Notch ligands) for organoid growth and contributing to retinal
lamination in organoids. It is likely that serum provides some
level of Notch ligands as it is needed for organoid growth (Zhong
et al.,, 2014) and RPE-free lamination in retinal organoids has
been reported (Capowski et al., 2019).

Insulin-Like Growth Factor 1 (IGF-1)

Insulin-like growth factor 1 (IGF-1)is one of the pathways,
which was instrumental for derivation of retinal progenitors
from hESCs in 2D adherent monolayers (Lamba et al,
2006; Lamba et al., 2010; Hambright et al, 2012) and 3D
retinal organoids (Mellough et al.,, 2015; Singh et al., 2015).
IGF-1 is a very important extrinsic factor (morphogen) in
developing retina and was shown to promote proliferation
multipotential retinal progenitors (RPCs) via PI3K/Akt and
MAPK/Erk pathways (Wang et al., 2018) and rod photoreceptor
precursors in the fish (teleost) retina (Mack and Fernald,
1993). IGF-1 signaling in general regulates tissue growth and
development in embryogenesis by supporting cell survival and
cell cycle progression (Schlueter et al., 2007). The transition

of rod photoreceptor precursors to mature post-mitotic rod
photoreceptors is also promoted by IGF-1 (Yi et al, 2005;
Pinzon-Guzman et al., 2011) and is regulated (at least partially)
by phosphatidylinositide concentration and 3-phosphoinositide-
dependent protein kinase-1 (PDPK-1) (Xing et al., 2018). IGF-
1 receptor immunoreactivity is present in the ONBL (where
photoreceptor progenitors reside in developing retina and retinal
organoids) and in ONL of postmitotic mammalian retina
(Greenlee et al., 2006). Another report mapped IGF-1 receptor
(IGF-1R) as well as insulin receptor, IR, predominantly to
photoreceptors and blood vessels, with very low level in other
retinal cell types (Lofqvist et al., 2009). IGF-1 is also a component
of FBS (Singh and Armstrong, 1997), and, given the importance
of IGF-1 for photoreceptor maintenance [above and (Arroba
etal.,, 2009)] as well as RPE maintenance (Zheng et al., 2018) and
the need of growing organoids for serum (Zhong et al., 2014),
IGF-1 will likely be included in serum-free (“defined media”)
culturing methods of long-term organoid/RPE culture in the
next few years. In addition, data from Igf-1~/~ mutant mice (a
model of human neurosensory syndromic deafness/blindness)
indicated the gradual loss of ERGs, retinal morphology and
significant loss of connectivity between photoreceptors and
their synaptic partners (loss of bassoon and synaptophysin)
while only small changes in the INL (Rodriguez-de la Rosa
et al., 2012), highlighting the importance of IHG-1 pathway
for photoreceptors and the need for IGF-1 in long-term
photoreceptor-RPE cultures.

Retinoic Acid (RA)

Retinoic Acid (RA) is one of the best studied signaling pathways,
active and important in many tissues during embryonic
patterning and organogenesis (Rhinn and Dolle, 2012). Retinoic
acid signaling is important at several stages of mammalian eye
development, including promoting retinogenesis (Osakada et al.,
2008, 2009; Cvekl and Wang, 2009; Lamba et al., 2010). Vitamin
A and RA are indispensable for eye development and participate
in several stages of eye and retina development (Matt et al.,
2005; Cvekl and Wang, 2009). Early in development, Raldh2
expression in the optic vesicle enables generation of RA signal
needed for invagination of retina to form an optic cup (Mic et al.,
2004). Retinoic Acid, a biologically active Vitamin A (retinol)
derivative, serves as a ligand for nuclear receptors regulating
gene expression (Duester, 2000; Duester, 2009) and regulates
the expression of the key rod photoreceptor cell fate gene NRL
(Khanna et al., 2006). However, the continuing presence of RA
negatively impacts photoreceptor maturation (Nakano et al,
2012). Exposure to exogenous RA increased the number of rod
and green cone photoreceptors and decreased the number of
blue and UV cone opsin cells in zebrafish (Prabhudesai et al.,
2005), suggesting RA as an instrumental factor in retinal organoid
culture contributing to rod-cone photoreceptor development.
The enzyme involved in RA synthesis (RALDH2) has been
localized to RPE. Mimicking RA signaling in young retinal
organoids for promoting photoreceptor development is now part
of many protocols and can be done with addition of RA to
differentiation medium (Zhong et al., 2014; Wahlin et al., 2017;
Capowski et al., 2019). Retinol/RA was localized to photoreceptor
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outer segments in long-term retinal organoid cultures (Capowski
et al,, 2019) and light-responsive (mature) retinal organoids
have been generated (Hallam et al.,, 2018). However, restoring
the chemistry of the retinoid (visual) cycle (Kiser et al., 2014)
and recycling of all-trans-retinol back to 11-cis retinal by RPE
(canonical pathway for chromophore recycling) (Saari, 2000;
Wang et al., 2009) for natural reintroduction into photoreceptor
outer segments seems unattainable until the establishment of
long-term co-culture between sheets of photoreceptors in retinal
organoids and RPE and rebuilding of functional photoreceptor-
RPE subretinal niche.

Pigment Epithelium Derived Factor

(PEDF, or SERPINF1)

Pigment epithelium derived factor (PEDE or SERPINF1)
signaling is an important paracrine and autocrine pathway
in retina (Tombran-Tink et al., 1991; Malchiodi-Albedi et al.,
1998; Tombran-Tink and Barnstable, 2003) for maintaining
PR-RPE niche (Volpert et al., 2009; Akiyama et al., 2012),
photoreceptor maturation (Jablonski et al., 2000; Akhtar et al.,
2019) and survival (Comitato et al, 2018; Chen Y. et al,
2019). PEDF expression is a hallmark of RPE maturation
and polarization (Strunnikova et al., 2010; Maruotti et al,
2015; McGill et al., 2017). High level of PEDF expression is
produced by RPE differentiated from human pluripotent stem
cells (Kanemura et al., 2013; Maruotti et al.,, 2015; Geng et al,,
2017; McGill et al., 2017).

Pigment epithelium derived factor has a pleiotropic impact
on many pathways, is considered a neuroprotective factor
in retina and among other functions, may potentially have
immunomodulatory function (Dawson et al., 1999; Gregerson
et al,, 2006; Ho et al., 2011; Chuderland et al.,, 2013; Nelius
et al, 2013; Idelson et al, 2018). In view of increasing
interest in co-culturing systems between photoreceptor sheets in
retinal organoids and RPE sheets for recreating the subretinal
niche, better 3D in vitro long-term retinal disease modeling
as well as designing transplantable retinal patches, PEDF may
become one of the important factors for establishing such
cultures and maintaining homeostasis in vitro between the
photoreceptors and RPE.

3D RETINAL TISSUE MODELS FOR
ELUCIDATING DISEASE MECHANISMS &
DRUG DISCOVERY

Though developmental biology questions were driving the
discovery of retinal organoids, most work quickly shifted toward
translational applications because of the unique ability to use
organoids as a tool to design human retinal diseases in a
dish (Figure 4). 3D-retinal organoids grown in a dish are
developmentally, anatomically and physiologically similar to
retinal tissue in vivo. Such ability has huge implication in disease
modeling with organoids (Lancaster and Huch, 2019) although
further improvements, particularly in formation of RPE and
photoreceptor interaction and scalability, are definitely needed

(Jin et al., 2011). Generation of human induced pluripotent stem
cells (hiPSCs) from patients with retinal disease and further
differentiating them to retinal organoid provide deep insight in
understanding retinal diseases.

A number of studies have recently used retinal organoid
for understanding retinal diseases (Jin et al., 2011), caused by
photoreceptor degeneration (RP, AMD). Because most RP diseases
are single-gene autosomal recessive, many RPs represent a very
attractive target for organoid technologies for modeling and
drug development.

Screening for small molecules ameliorating RD critically
depends on the quality of model (retina-in a dish). For
example, most RD diseases originate in the RPE-PR niche
(either in PRs or/and RPE) and not having RPE-PR interaction
in human retina-in-a-dish significantly impacts our ability to
model these diseases (and screening for drugs preventing these
RDs). Likewise, screening for drugs to ameliorate glaucoma
(number one blinding disease) is so far challenging because
RGCs degenerate in maturing retinal organoids (by ~6 month
in culture) (Capowski et al., 2019) due to the absence of the
projection targets for RGCs (superior colliculus, lateral geniculate
nucleus). However, a number of diseases focused on diseases
originating at the level of photoreceptors can be studied and
modeled. As one example, retinitis pigmentosa-39 (RP39) is
caused by homozygous or compound mutations in USH2A
gene, which encodes protein Usherin, required for photoreceptor
(also hair cells in the cochlea) maintenance because of its
role in cilia formation and function (Liu et al, 2007). In
a study by Guo et al. the team reprogrammed cells from
RP39 patient carrying (c.8559-2A > G/c.9127_9129delTCC)
to iPSCs, generated mature retinal organoids from iPSC
line with USH2A mutation and found significant defects in
photoreceptor morphology with defective retinal progenitor cell
development and retinal layer formation compared to control
(Guo etal, 2019). Transcription profiling done on mutant retinal
organoid revealed increase in apoptotic genes and abnormal
gene expression compared to control. In another study iPSCs
lines generated from three RPGR mutant patients [RP3 (Rozet
et al,, 2002), also RP15, cone-rod degeneration, X-linked (Mears
et al., 2000)] were used for differentiation to retinal organoids
(Deng et al.,, 2018). The team observed defects in photoreceptor
morphology and localization, changes in transcriptional profiling
and electrophysiological activity, in line with knowledge about
the disease mechanisms. Interestingly, shortened cilium was
found in patient iPSCs and RPE and photoreceptors in retinal
organoids, derived from those iPSCs. Similarly, Megaw et al.
(2017) showed that iPSCs-derived photoreceptors from RPGR
mutation patients exhibited increased actin polymerization
compared to the control, which was due to a disruption of cell
signaling pathways regulating actin turnover via disruption of
RPGR-Gelsolin interaction, which impacts Gelsolin activation
(Megaw et al, 2017). Therefore, this study uncovered a
disease mechanisms (loss of RPGR-mediated Gelsolin activation)
using patient’s iPSC- derived retinal organoids as a tool,
cheaper and faster than an animal model, and therefore
identified a druggable pathway, amenable for regulation with
small molecules.
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FIGURE 4 | Summary of generating three-dimensional retinal tissue from human pluripotent stem cells and its application in disease modeling, drug screening and

cell therapy or tissue replacement.

Drug screening

Disease Modeling
(RP, Glaucoma)

Study by Schwarz et al. (2017) identified interacting partners
(Kif7 and Kif17) of the RP2 protein [GTP-ase activating protein
(Veltel et al., 2008)] and observed reduced kinesin Kif7 (a
conserved regulator of HH signaling) and Kifl7 staining at
photoreceptor cilia tips in iPSC-derived 3D optic cups from a
patient with the X-linked RP2 nonsense mutation ¢.519C > T (p.
R120X) compared to control mutation-free organoids (Schwarz
et al, 2017). The team was able to correct the PR2 defect by
using translational read-through drugs, collectively elucidating
the disease mechanism/etiology and highlighting the potential
therapeutic approach to treat the disease. Kif7 (together with
another ciliary protein Kifl7) is reported to play a role in
stabilizing cilia tips yet prior to this study multiple other
studies done in various models including zebrafish, C. elegans
and mice failed to elucidate the precise mechanism of this
blinding ciliopathy disorder [reviewed in Schwarz et al. (2017)].
Interestingly, the study from another group done in mice
indicated that loss of RP2 protein is associated with cone but
not rod photoreceptor defects and leads to abnormal extension
of cone outer segments (Li et al., 2015).

In yet another study focused on iPSCs disease modeling of
RP Masayo Takahashi’s team derived iPSCs from a patient with
a RHO mutation, derived retinal organoids and demonstrated
that photoreceptors in organoids recapitulate the disease
phenotype and display signs of endoplasmic reticulum stress
(Jin et al, 2012), typical feature in RHO models of RD
(Kroeger et al., 2014).

What RD Diseases Caused by PR
Degeneration Can and Cannot Be

Modeled so Far

From these examples it is evident that modeling of diseases
originating within PR cell bodies (e.g., ER) and cilia may be
modeled successfully and are not dependent/less dependent on
the presence of RPE. The connecting cilium of photoreceptors

is a very specialized structure providing stability for fragile
and very compartmentalized photoreceptor OSs as well as
enabling protein trafficking across the ISs between photoreceptor
cell body and OSs (Pearring et al, 2013). Perturbing such
protein traffic triggers photoreceptor cell death in many
neurosensory ciliopathies, which involve not only vision but
also hearing (Rachel et al, 2012a,b; Chen H.Y. et al,
2019). Photoreceptor disk formation is initiated at the level
of cilia via specialized recently described mechanism of
peripherin-dependent suppression of ciliary ectosome release
(Salinas et al., 2017). The capture of photons and initiation
of phototransduction takes place in the outer segments,
which critically dependent on well-developed microvilli of
apical RPE around them (Finnemann and Chang, 2008).
RPE microvilli wrap around the tips of outer segments
though do not reach the base of photoreceptor cilium
(Marmor, 2013).

Interaction of photoreceptor OSs with microvilli of apical
RPE is critical for phototransduction, retina-RPE adhesion,
stability/homeostasis of photoreceptors and their OSs, and
long-term sustaining of vision (Bazan, 2007; Goldberg et al.,
2016; Kevany and Palczewski, 2010; Molday and Moritz, 2015;
Palczewski, 2014; Wang and Kefalov, 2011). RPE supports
photoreceptor function directly (via receptor-ligand mechanism)
and indirectly (by secreting interphotoreceptor matrix, recycling
11-cis retinal for phototransduction etc.) (Bonilha et al., 2006;
Finnemann and Chang, 2008; Sparrow et al., 2010). And, while
models of photoransduction defects and perturbed OS renewal
(all causing RD) (Lolley et al., 1994; Molday, 1998; Molday and
Moritz, 2015; Petersen-Jones et al., 2018) clearly cannot be built
in vitro until such 3D long-term co-culture is recreated in a
dish, cilia formation and function seems to be recapitulated well
enough in retinal organoids likely because it is not dependent
directly on microvilli (Figure....) (Marmor, 2013). Therefore,
when considering which RD diseases (discussed below) can be
studied and modeled with retinal organoids, (some) ciliopathies
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may be an interesting and very important class of RD diseases
(Chen H.Y. et al, 2019), which may be modeled even in the
absence of RPE microvilli.

Retinal Ganglion Cells

Retinal ganglion cells are primarily affected in Glaucoma and
other optic neuropathies and glaucoma, a leading cause of
irreversible blindness in the United States and the world®. The
main technological limitation of modeling glaucoma with retinal
organoids is clearly the lack of the connecting partners of RGC
neurons (visual centers in the brain). Yet, with the development
of assembloids (retina-brain organoid co-cultures) technologies,
this limitation seems to be only temporary.

The optic nerve originates in the retina and is formed
by the axons of retinal ganglion cells (RGCs), the only type
of retinal neurons, which requires long-distance connectivity
(compared to other cell types, which use short distance
connectivity: photoreceptor: bipolar neurons and INL neurons:
RGCs). Modeling of RGC biology and disease in retinal
organoids is challenged the need of RGCs to establish long-
distance connectivity with visual centers in the brain to
survive. RGC viability critically depends on their connectivity to
visual cortex neurons, and such nerve fibers carry supportive
(trophic) factors between RGCs and visual cortex neurons
(Johnson et al, 2009). Damage to the optic nerve (e.g., the
axotomy) can cause interruption or destruction of nerve cell
connections and therefore, disrupt the flow of trophic factors
leading to the gradual but steady loss of vision caused and RGC
death. Restoration of trophic support (even partial) leads to
preservation of RGCs (Mo et al., 2002; Nakazawa et al., 2002;
van Adel et al., 2005). RGC layer will survive for months to years
post injury as long as there is preservation of axonal connectivity
between the RGC nerve fibers (forming the optic nerve) and
the neurons of the visual cortex (Chang et al., 2006; Chang,
2013). One may find the retina in advanced degeneration stage
(no photoreceptors and thin/degenerated INL) but with almost a
normal RGC layer and optic nerve (Chang et al., 2002). However,
it is feasible to study RGC development, organization and initial
steps of axonal outgrowth to uncover factors promoting neurite
elongation, guidance and target selection (Fligor et al., 2018). In
the absence of their natural targets (visual centers in the brain)
the RGC axons may grow randomly and even traverse the retina
(Singh et al., 2015). With newly developed concept of retina-
brain (“assembloids”) co-culturing methods (Gopalakrishnan,
2019; Pacitti et al., 2019) retinal organoids are becoming a very
promising model of optic nerve regeneration, reconnection of
retina to brain (Kurimoto et al., 2010; de Lima et al., 2012;
Erskine and Herrera, 2014; Crair and Mason, 2016; Benowitz
et al., 2017; Laha et al., 2017) and potentially glaucoma [when
the chambers for ocular pressure mimicking may be designed for
recreating intraocular pressure homeostasis (Acott et al., 2014;
Wu et al., 2019)] .

Collectively, these studies demonstrate that retinal organoids
can be successfully differentiated from hiPSCs lines derived from
retinal disease patients and used for delineating and modeling

www.glaucoma.org

complex disease mechanisms, closely recapitulating the featured
of RD diseases in patients. This in turn makes them reliable
models for drug discovery.

Cell and Tissue Replacement Therapies for Retinal
Degenerative Diseases

Before the arrival of retinal organoid technology, the aborted
human fetal tissue (Radtke et al., 2008; Seiler and Aramant,
2012) and retinal progenitors derived from hPSCs (Banin et al.,
2006; Lamba et al., 2006; Hambright et al., 2012) (embryonic and
induced) were the two cell sources for transplantation. Human
fetal tissue is a gift, with strong ethical restrictions and limited
supply (NCSL, 2008; NIH, 2009; Finklea et al., 2015; Gerrelli
et al,, 2015; Wadman, 2015). A very promising and pioneering
work on fetal retinal tissue transplantation has been done by
Drs. Seiler, Aramant and Radtke (Radtke et al., 2002, 2004,
2008; Seiler et al., 2010; Lin et al., 2018). As discussed above,
retinal organoids provide unprecedented way of approaching
basic and translational aspects of human retinal biology for
disease modeling, drug screening and also as source of retinal
cells and retinal tissue for subretinal transplantation aimed at
treating blindness.

Age related macular degeneration and RP/LCA are very good
and tempting diseases for evaluating retinal sheet replacement
strategies with retinal organoids (Assawachananont et al., 2014;
Shirai et al., 2016; Mandai et al., 2017a; McLelland et al., 2018; Tu
et al., 2018). Though both types of diseases are good targets for
such therapy, AMD is not a purely genetic disease and etiology
is not completely elucidated, while most RPs are recessive and
can be avoided in the near future with advanced genetic testing
and genetic counseling. There are at least 15 million people in the
US affected by AMD, with at least 2 million having an advanced
AMD stage. Macular patch approach, depending on organoid-
derived photoreceptor sheet-RPE sheet coculture, is an attractive
approach to bring vision to central retina. The size of human
maculae is about 5mm in diameter (Kolb, 2005), and biological
retinal patch ~4 x 4 or 5 x 5 millimeters (mm) on a flat sheet
of biomaterial carrier seems like a doable strategy (Ramsden
et al.,, 2013; Mandai et al., 2017b; Kashani et al., 2018). It can
be grafted to the back of patients eye to bring a layer of healthy
and functional retinal tissue to replace patient’s own retina (too
damaged/degenerated after the injury). This tissue is expected to
reconnect (based on studies in mice) (Seiler et al., 2010, 2017)
to patient’s RGCs and function as a bioprosthetic device similar
to completely electronic chips currently approved for clinic (e.g.,
Argus II Stronks and Dagnelie, 2014). However, due to biological
nature and much higher pixel density (which is expected to bring
better vision Mathieson et al., 2012), where each individual light-
capturing neuron [photoreceptor] of the patch is equal to a pixel,
the biological retinal patch approach is expected to eventually
supersede the electronic (neuroprosthetic) chip approach and to
generate bioprosthetic retina capable of permanent integration
into patient’s globe. A large piece of tissue from a hESC-derived
retinal organoid carrying a layer of PRs and second order neurons
provides the light sensors that can synaptically transmit visual
information to patient’s RGCs, which persist even after all PRs
are degenerated (Lin and Peng, 2013). Unlike electroprosthetic
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chips, a “bioprosthetic” implant based on hESC-derived retinal
organoids enables long-lasting synaptic integration, and can be
adjusted to carry more cones than rods (Mears et al., 2001)
if the goal is to repair the macula. These technologies will be
subject of intense studies in the next few years and will likely
result in symbiosis of 2 approaches (biological and electronic) and
neurobioprosthetic retinal implants, utilizing biomaterials and of
course retinal organoids. Surgical technologies are already here to
deliver such 3D constructs into the eye (Kashani et al., 2018).

CRISPR-Cas-9 gene correction in retinal organoids has been
tested successfully in several human RD models (Deng et al.,
2018; Huang et al.,, 2019; Lane et al., 2020) as well as in vivo in
mice (with up to 45% efficiency of repair of dominant-negative
Rho mutation to wild type allele in photoreceptors) (Li et al.,
2018). CRISPR-Cas-9-based repair may be especially productive
and needed for RP diseases, which are caused by dominant-
negative mutations, and may potentially work together with
retinal tissue replacement (discussed above).

CURRENT LIMITATIONS OF RETINAL
ORGANOID TECHNOLOGY

The current key limitations of retinal organoids for modeling
and treating RD diseases are the lack of vasculature, the lack
of continuous layer of RPE around the organoids, gradual
degeneration of RGC and then INL in mature organoid cultures,
lack of the connecting partners for RGC axonal elongation
(critical for glaucoma) and critically, lack of RPE-photoreceptor
interaction (critical for dry AMD, RP and LCA). Here we discuss
ongoing and future work needed to address these limitations.

Absence of Vasculogenesis in Retinal
Organoids

The retina is one of the most energy-demanding tissues, with
high need for oxygen and nutrients (Warburg, 1928; Ng et al.,
2015; Sun and Smith, 2018). Adult retina generates energy
via aerobic glycolysis, in addition to oxidative phosphorylation,
to compensate for such high demand (Ng et al, 2015)
similar to cancer cells (Warburg et al., 1927; Vander Heiden
et al, 2009). The oxygen and nutrient supply are delivered
either from the choroid side (thus, RPE and photoreceptor
layers are avascular and depend on choriocapillaris), or
central retinal artery (which brings oxygen to RGC and
INL; these 2 layers carry vascular capillaries). These energy
demands are caused by energy-demanding phototransduction
and related neurotransmitter demand caused by constant
depolarization/repolarization (collectively: hyperactive neuronal
activity) (Wong-Riley, 2010). However, the initial steps in retinal
development lack vasculature (Hughes et al., 2000; McLeod
et al.,, 2006; Hasegawa et al., 2008) (about week14), while the
nutrition and oxygenation are delivered from choroid (beneath
the RPE) and hyaloid (above the developing retina) (Ye et al.,
2010) (Figure 5). This can be easily recreated in tissue culture
incubator in smaller-size organoids, where penetration of oxygen
and metabolites are not yet impacted much by organoid size.
This indicates that initial stages of retinogenesis in a dish

may be not impacted by lack of vasculature in organoids (i.e.,
neurovascular niche is not relevant at this stage, additionally
confirming young organoids as a good model of early retinal
development (Meyer et al., 2009)). Indeed, human fetal retina
(~Carnegie stage 23, day 56-60 and slightly older retina week
11-13) highly resemble human retinal organoids (~week 10-
12), as CHX10[+] NR with multipotential retinal progenitors
is gradually separating into outer and inner neuroblast layers
(ONBL and INBL). There are differences in the dynamics of
retinal vasculature development in humans versus mice, though it
is not clear if this is relevant to retinal organoid culture. However,
in humans vascular development is complete before birth, while
in mice and rats vascular development takes place postnatally
[discussed in Sun and Smith (2018)]. There is ongoing productive
work to recreate choroid-RPE border in a dish, which is a step in
the right direction toward building a complete “retina in a dish”
model (Jha and Bharti, 2015; Song and Bharti, 2016) from retinal
organoids, RPE sheets and biomaterials. In general, organoid
vascularization is a very active research niche at the moment
(Grebenyuk and Ranga, 2019) since the initial stages (organoid
formation) has been worked out. However, because of the
clear differences between the laminated and heavily vascularized
structure of human inner retina and spheroid “closed” and
avascular structure of retinal organoids, where the oxygen and
nutrition supply have difficulty penetrating into the INL/RGC
layers (closer to the organoid core (Capowski et al., 2019)), it
seems so far impossible to maintain the long-term dynamics of
development in retinal organoids, shaped as a sphere. As a result,
a number of labs, including ours, noted the almost exclusive
survival of photoreceptors in the ONL and gradual demise of INL
and RGCs in the organoid core (Wahlin et al., 2017; Capowski
et al.,, 2019), highlighting older retinal organoids (maintained
with current level of technology) as a questionable models for
a number of RD conditions. Hypoxia inducible factor 1 (HIF-
1) plays an important role in response of retina to oxygen level
(hypoxic conditions), specifically alpha (HIF-1a) subunit, which
becomes stable and translocates to the nucleus only in hypoxic
conditions (Hughes et al., 2010). There is constitutive HIF-1a
signaling reported in the normal rat and human retina suggesting
an important physiological role (Hughes et al., 2010). The level
of HIF-1a is high in both developing human fetal retina and
young and mature (6-month-old) retinal organoids (based on
RNA-Seq data sets from various publications). Because hypoxic
conditions and active HIF-1a were reportedly noted as important
for tissue regeneration (Nauta et al., 2014; Zhang et al., 2015;
Heber-Katz, 2017; Lee et al., 2019), retinal organoids may be
an interesting model for exploring retinal tissue (specifically
photoreceptor) regeneration by modulating HIF-1a pathway,
active in organoids.

LACK OF RPE PHOTORECEPTOR
INTERACTION IN RETINAL ORGANOIDS

Retinal organoids do not have the continuous layer of RPE
around the organoids (Figure 6). Achieving photoreceptor-RPE
interaction and designing a functional subretinal niche in retinal
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FIGURE 5 | Anatomy of human eye and retinal circuits. (A) Schematic drawing of a cross-section through human eye. Light enters the eye through the cornea,
passes through the pupil, lens and strikes the retina. Retina is the light-sensitive tissue lining the inner surface of the eye. Visual information from retina transmits to
the brain through optic nerve fiber. In the middle of the retina small depression is called the fovea and is responsible for high resolution vision. Region surrounding the
fovea is called as macula and are rich in only cones. Retinal pigment epithelium (RPE) is a pigmented layer and separates the choroidal blood supply from the
photoreceptors. Choroid is a vascular layer of the eye. The sclera is a tough white sheath around the outside of the eyeball. (B) Schematic diagram of normal retina
circuits. Mammalian retina consists of six major types of neuronal cells — rod (RC) and cone (CC) photoreceptors also horizontal (HC), bipolar (BC), amacrine (AC) and
retinal ganglion cell (RGC). The Muller cell are the dlial cells that span across the retina and their somata. RPE provides metabolic and transport functions essential
for homeostasis of the neural retina. Bruch’s membrane (BM) is a highly specialized and multi-laminar structure in our retinas that forms the basis for mediating
interactions between the retinal pigment epithelium and blood flow from the choroid. Choroidal capillaries (CC) are the blood capillaries present in choroid that supply
oxygen and nourishment to the outer layer of the retina. Retinal blood vessels are present in OPL, IPL and RGC layers.

organoids is an urgent goal critically needed for designing
better models of human retina for drug development and for
tissue replacement. As photoreceptors develop their specialized
structure adapted for phototransduction, they elongate the
inner and outer segments (ISs and OSs) into microvilli,
elongating in sync on the apical RPE side (Figure 7).
This elongation process takes place rapidly in developing
mouse eye between approximately postnatal day 9.5 and 14.5
(Nasonkin et al, 2013), while in human developing retina
the process starts in the 3" trimester and continues into
infancy (Hendrickson et al., 2008). This indicates that to
achieve outer segment elongation in human retinal organoid
cultures one needs to wait approximately 24 weeks after the
formation of retinal organoid, and 32 weeks or more to have
OSs reach the maximum length, assuming that the organoid
culture faithfully recapitulates human retinal development,
and RPE-organoid co-culture system is established. Genetic
ablation of RPE leads to complete loss of photoreceptor OSs
(Longbottom et al., 2009), while hypoplastic changes in the
apical RPE prevent OS elongation (Nasonkin et al, 2013),
collectively pointing to the instructive and important role
of RPE in outer segment elongation and maintenance. The
interdigitation of OSs of photoreceptors and microvilli of apical
RPE creates a stable NR-RPE border and a very specialized
subretinal niche (absent or mostly absent in retinal organoids),

where critical first steps of phototransduction take place in
photoreceptor outer segments (Molday, 1998; Kefalov, 2012;
Wang et al., 2009).

Photoreceptors have very compartmentalized structure
adapted for phototransduction, which is supported by RPE
microvilli (Molday and Moritz, 2015) (Figure 7). A number
of extracellular (“interphotoreceptor”) cell matrix (ECM)
proteins important and some critical for phototransduction
and photoreceptor OS maintenance reside in the ECM matrix
surrounding photoreceptor OSs and apical RPE microvilli
(Bonilha et al., 2006; Ebrahimi et al., 2014; Ishikawa et al., 2015;
Kelley et al., 2015; Salido and Ramamurthy, 2019). One of them is
Interphotoreceptor Retinol-Binding Protein (IRBP), which plays
a very important role of shuttling 11-cis retinal from RPE cells
and bleached pigment (all-trans retinol) from photoreceptors
to RPE (Figure 7) (Jin et al., 2009). IRBP message is abundant
in human retinal organoids (based on published RNA-Seq
data from various labs). A number of other interphotoreceptor
proteins were highlighted in recent publications, some focused
on studying these proteins specifically in retinal organoids
(Felemban et al., 2018; Salido and Ramamurthy, 2019). There
is a lot of interest now in these proteins among the teams,
trying to use retinal organoids for modeling of retinal diseases
and for cell replacement therapies (Dorgau et al, 2019; Guo
et al., 2019). This interest is guided by the expectations that
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FIGURE 6 | Localization of PMEL17 in the retinal organoid. Immunostaining the retinal organoid (day 70) with pigmented RPE marker PMEL17 show patches of
retinal organoids were pigmented. HNu stains the human nuclei. The insets in panel a are high magnification of area marked with asterisk (*). DAPI counter stains

these “missing factors” (interphotoreceptor matrix proteins
being some of them (Salido and Ramamurthy, 2019)) may help
to build connectivity between RPE and photoreceptors in the
organoids co-cultured with RPE in vitro to improve long-term
culture of organoids and recapitulate the biology and structure
of RPE-photoreceptor OS niche for disease modeling, drug
screening and cell/tissue replacement therapies (Felemban et al.,
2018; Achberger et al., 2019).

Lack of Photoreceptor Disk
Morphogenesis, Outer Segment
Shedding, Phagocytosis in Retinal

Organoids

These processes are fundamental to photoreceptor biology and
phototransduction, and are critically missing in organoids (so
far), thus reducing our ability to model many retinal degenerative
diseases in a dish. Disk shedding occurs on the distal side of
OSs facing the RPE, and these disks are phagocytosed by RPE,
while disk morphogenesis takes place at the base of the OSs
(next to the cilium) (Kolb, 1995; Molday and Moritz, 2015;
Volland et al., 2015b). Up to 10% of OS discs are renewed daily
(Young, 1967). The stack of rod photoreceptor OSs consists
of over 1000 compact disk structures in adult retina (Molday
and Moritz, 2015). However, the maximum number of disks we

and others observed in the retinal organoids cultured for 6-
8 months is limited to several disks, and these are not typically
organized tightly in a stack (Wahlin et al., 2017; Nasonkin et al.,
2019). However, some in vivo results reveal better organization
of OSs and longer OSs in the long-term subretinal grafts (Shirai
et al, 2016), all pointing toward the lumen of rosette-like
photoreceptor aggregates in subretinal space (Shirai et al., 2016;
Nasonkin et al., 2019). Naturally, there is no ongoing renewal
and phagocytosis processes in long term retinal cell and retinal
organoid cultures, but it has been expected for a long while that
with developing photoreceptor-RPE co-culture systems faithfully
recapitulating structure and function of the subretinal niche, OS
elongation and photoreceptor-RPE biology can be reestablished
(German et al., 2008; Di Lauro et al., 2016; DiStefano et al., 2018;
Akhtar et al., 2019; Brooks et al., 2019; Capowski et al., 2019).
As work on retinal repair rapidly progresses (Holmes, 2018a,b;
Makin, 2019), these technologies will likely be developed in the
next 3-5 years as a cheaper and robust model for drug screening
and discovery, as well as platform for biomanufacturing 3D
retinal tissue transplants to repair vision in advanced RD patients.

The Visual Cycle

The visual cycle in mammalian retina (and lack of visual
cycle in retinal organoids) Photoreceptors convert lights into
an electrical signal that pass through the second and third
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FIGURE 7 | Schematic diagram showing important functions of RPE and its interaction with rod and cone photoreceptor outer segments. The RPE microvili interacts
with photoreceptor OS and RPE cells are involved in visual cycle, phagocytosis of outer segments disc, nutrient uptake and paracrine secretion of PEDF, VEGF.
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layer of retinal neurons and conveys the information to the
brain. Defect in RPE cell or photoreceptor cell impairs the
visual function and causes retinal blinding diseases (Age
related macular degeneration, Retinitis pigmentosa, Leber
congenital amaurosis). The biochemistry of visual cycle
has been worked out in seminal work of many laboratories
(Hsu and Molday, 1993; Pugh and Lamb, 1993; Baehr and
Palczewski, 2007; Luo et al., 2008; Arshavsky and Burns,
2012; Palczewski, 2014). Clearly, no similar Ca(2 +) or cGMP
gradients (which are present in the subretinal niche) are
present in developing retinal organoids though increased
level of Nat, K* and Ca?* electric current are present
in developing organoids (Singh et al, 2015). This could
be one of many factors causing gradual degeneration of
photoreceptors in long-term organoid cultures. It is expected
that recreation of photoreceptor-RPE niche in a dish would
make it possible to substantially increase the viability of
photoreceptors in long-term in vitro cultures (Di Lauro
et al., 2016; Achberger et al., 2019; Akhtar et al, 2019
Chen Y. et al, 2019), thus enabling disease modeling and
drug screening of diseases, where the integrity of subretinal
niche and photoreceptor-RPE structural and functional
connectivity is of paramount importance for maintaining
visual function.

11-cis Retinal

11-cis retinal is critical for visual process in the OSs and OSs
do not have it if we don’t have RPE. In the RPE65 mutant dogs
a lack of 11-cis retinal supply to the photoreceptors leads to
very reduced function of both rods and cones (Gearhart et al,,
2008) similar to that observed in RPE65-mutant mice (Redmond
et al, 1998). RPE is critically important for maintaining
visual function (Strauss, 2005; Bharti et al., 2006, 2011) and
recycles retinal between photoreceptors and RPE (11-cis -all-
trans retinal). Though 11-cis retinal (or, more stable for of
it, 9-cis form of retinal (Fan et al, 2003)) can be provided
in trans to enhance visual responses (Gearhart et al., 2010),
this will not substitute for OS homeostasis, turnover and
recycling in photoreceptor sheets from organoids and RPE
sheets (as discussed above) unless the subretinal niche with
close OS-microvilli interaction will be recreated in a dish.
After all, though hESC- and hiPSC-derived RPE sheets can
indeed phagocytose photoreceptor OSs (Carr et al., 2009; Idelson
et al, 2009; Bharti et al, 2011) (one of many functions of
RPE in subretinal niche (Mazzoni et al., 2014)), OSs start
degenerate pretty quickly after retinal detachment unless physical
reattachment takes place quickly, within a day or less (Fisher
and Lewis, 2010). Retinal detachment negatively impacts the
biological process of disk production and disk shedding. Though
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OS-specific proteins are synthesized, they start to localize to
locations other than OSs: Opsin accumulates in the plasma
membrane, Peripherin/rds appears in cytoplasmic vesicles. It
was reported that proteins specific to cone OSs are more
sensitive to OS damage, and after only one week of cone opsin
mislocatization the expression of cone opsins is downregulated.
It was noted that within 24 to 72 h after retinal detachment
almost all rod and cone OSs display signs of OS degeneration:
they are shorter, acquire abnormal morphology with disks not
positioned as stacks (Fisher and Lewis, 2006; Wickham et al.,
2013). These features of OS morphology are very similar to
those observed by our lab and others in long-term cultures of
human pluripotent stem cells (hPSC)-retinal organoids (Wahlin
et al, 2017; Capowski et al., 2019; Nasonkin et al., 2019).
severely shortened but yet visible OSs can persist for up to
several weeks after retinal detachment (Fisher and Lewis, 2006;
Wickham et al., 2013).

Variability in Size, Shape, Photoreceptor
Density, Lamination

Variability in size, shape, photoreceptor density, lamination
determined by cell line-specific and protocol-specific differences
(both derivation and maintenance) were described and
documented (Capowski et al, 2019; Cowan et al, 2019
Mellough et al., 2019). However, it is feasible even with current
technologies to culture and maintain organoids for longer than
one year, as a proof-of-principle (Capowski et al., 2019). It
quickly became evident that once the self-formation of retinal
organoids is done (which can be achieved with a number
of protocols maintaining and promoting the propensity of
retina (the outpocketing of anterior neuroectoderm) to form,

further maturation and long-term maintenance of retina-in-
a-dish requires more sophisticated media providing more
salts, anti-oxidants, a milieu of supporting paracrine factors
(provided by serum or serum plus RPE conditioned medium),
etc. (Zhong et al,, 2014; Bardy et al,, 2015; Singh et al.,, 2015;
Di Lauro et al.,, 2016; Achberger et al., 2019; Akhtar et al., 2019;
Capowski et al., 2019). These issues are mostly technical, and
current biomanufacturing technologies allow generating large
number of aggregates of a defined size (e.g., for large-scale drug
discovery) if needed.

SUMMARY

Modeling early retinal development with hESC and hiPSC
approaches (from eye field determination and before
photoreceptor develop outer segments) seems the most
straightforward and very productive way of using retinal
organoids for basic and translational research (Meyer et al.,
2009). With arrival of methods of co-culturing between
brain and retinal organoids (assembloids (Gopalakrishnan,
2019)), engineering vascularization of organoids (Grebenyuk
and Ranga, 2019) and developing pressurized chambers
(for glaucoma studies, all discussed above) it will become
feasible, and very soon, to use human retinal organoids for
studying wet AMD and glaucoma and developing better
drugs tested in models faithfully representing pathophysiology
of these diseases.

Conceptual Efforts
Conceptual efforts should be centered on better understanding
of rebuilding PR-RPE niche with cells and layers of tissue
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(e.g, PR layer and RPE sheet), building models of AMD
and glaucoma with functional PR-RPE niche, developing
techniques for designing cone photoreceptor-only sheets
with RPE for modeling of human macula, generating retina-
brain organoids co-culture methods for studying and treating
glaucoma, and (potentially) investigating vascularization
of hESC-retina in a dish. This will open the door for
multiple therapeutic/translational approaches (drug testing,
photoreceptor transplantation, 3D retinal tissue transplantation).
3D human retinal tissue model on a chip is still unattainable
but technologies are being developed to make this a reality
in the next 5-7 years (McUsic et al, 2012; Gu et al, 2018;
Achberger et al., 2019; Haderspeck et al., 2019; Masaeli et al,,
2020). Big Pharma companies need this tool to do large-
scale screening of drugs to suppress/ameliorate RD. This
screening is not possible with mouse models (not human,
expensive, cannot be scaled up) and not productive in
cultured retinal cells.Most cells in primary retinal culture
are represented by Muller glia after 2-3 several passages;
immortalized cell lines have multiple changes in signaling
pathways, lack of cell-cell connectivity and loss of many
feature of retinal biology, critically needed to faithfully
recapitulate pathology.

Among Current Limitations

Among current limitations one can list lack of functional
maturation of PRs caused by lack of PR-RPE niche,
premature degeneration, gradual loss of RGCs and second
order neurons (Figure 8) and lack of connecting targets
for RGCs to elongate and project. Difficulty for large-scale
isolation of “good” retinal organoids and standardization
of retinal organoid size and shape are also limitations
yet it is expected that progress in biomanufacturing
and biologic product development will soon be able to
solve these hurdles.

RPE-PR Interaction

RPE-PR interaction: (and lack of -in organoids) This hurdle
is clearly biology-driven but the general expectation is that
it could be circumvented with progress in technology, as
organoid-biomaterial work progresses. Interestingly, even
without RPE small stubby outer segments with rudimentary
stacks of disks still grow, and in some cases even elongate,
yet fail to develop organized stacks of outer segments,
likely due to the absence of RPE-photoreceptor interaction.
This interaction may be an inducing factor of elongation
and most likely a stabilizing factor for disk formation.
Equally interesting is the fact that there is hardly any data
demonstrating the interaction between RPE and photoreceptors
and elongation of outer segments in a dish, even in long-term
organoid cultures.

The RPE layer is normally expected to polarize into apical
and basal sides, and establish a network of microvilli on the
apical side, interacting with photoreceptors and nurturing
photoreceptor outer segments. Retinal organoids, however,
normally carry patches of RPE on one side, thus directly
exposing photoreceptors in the developing organoids to

neural medium. Recreation of the critical retinal niche on
the border between the apical RPE and photoreceptors,
where many retinal disease mechanisms originate, is so
far unattainable and is a focus of investigation in many
labs. Interestingly, even without RPE small stubby outer
segments with rudimentary stacks of disks still grow, and
in some cases even elongate, yet fail to develop organized
stacks of outer segments, likely due to the absence of RPE-
photoreceptor interaction. This interaction may be an inducing
factor of elongation and most likely a stabilizing factor for
disk formation. Equally interesting is the fact that there is
hardly any data demonstrating the interaction between RPE
and photoreceptors and elongation of outer segments in
a dish, even in long-term organoid cultures. Though the
expectations are that the translational research in the near
future may solve this hurdle (which is clearly biology-driven
but could be clearly improved as organoid-biomaterial work
progresses), so far the absence of this RPE-photoreceptor
niche imposes clear limitations on both modeling/drug
screening and transplantation approaches, especially for
AMD/human macula work. Here we dissected the different
retinal degenerative diseases and organoid technologies
and present our thinking how and where retinal organoid
technology can contribute the most to developing therapies
even with a current limitation and absence of outer segments,
elongating into the microvilli of RPE. Understanding how
PR and RPE come together to rebuild functional subretinal
niche is important not only for tissue transplantation and
modeling of long-term RD disease in a dish, but also
for promising cell therapy approaches, based on sorted
photoreceptor transplantation (Singh et al, 2013; Gagliardi
et al., 2018; Lakowski et al., 2018) (which is more feasible
technically that grafting tissue (Seiler and Aramant, 2012)
yet needs better understanding of biology to rebuild PR-
RPE border with inner and outer segments). Photoreceptor
(sorted CD73[+] cell suspension) transplantation so far
has to depend on approaches circumventing this biological
question like optogenetically engineered photoreceptors (Garita-
Hernandez et al., 2019), where functional OSs, where light it
converted to electricity are replaced by optogenetic constructs,
mimicking OS function.

Now it is very interesting time in translational biology
combining pluripotent stem cell technologies, biomaterials,
3D organoid and co-culture approaches in effort to model,
rebuild in a dish and transplant the complex 3-dimensional
tissue - the retina. This exciting time can be compared to
the time when scientists were searching for elusive ways to
dedifferentiate adult human cells back to pluripotent state.
Developing 3D co-culture technology faithfully recapitulating
the biology and physiology of the subretinal niche, together
with organoid vascularization strategies, will open the new
opportunities for designing better disease modeling in a dish
to study the “late-onset” retinal diseases, which impact visual
function at the lever of OS:RPE. In additional to biological
breakthrough, this will be an ethical breakthrough, enabling us
to avoid using animals excessively for studying development and
treating diseases.
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Human brain organoids are three-dimensional self-organizing tissues induced from
pluripotent cells that recapitulate some aspects of early development and some of the
early structure of the human brain in vitro. Brain organoids consist of neural lineage
cells, such as neural stem/precursor cells, neurons, astrocytes and oligodendrocytes.
Additionally, brain organoids contain fluid-filled ventricle-like structures surrounded by
a ventricular/subventricular (VZ/SVZ) zone-like layer of neural stem cells (NSCs). These
NSCs give rise to neurons, which form multiple outer layers. Since these structures
resemble some aspects of structural arrangements in the developing human brain,
organoid technology has attracted great interest in the research fields of human brain
development and disease modeling. Developmental brain disorders have been intensely
studied through the use of human brain organoids. Relatively early steps in human brain
development, such as differentiation and migration, have also been studied. However,
research on neural circuit formation with brain organoids has just recently began. In this
review, we summarize the current challenges in studying neural circuit formation with
organoids and discuss future perspectives.

Keywords: human brain organoid, circuit formation, neural differentiation, neuronal migration, axonal projection,
synapse formation

INTRODUCTION

Human brain tissue is considered the best resource for analyzing the mechanisms of human
brain development and diseases. However, ethical issues have prevented us from easily accessing
human brain tissue samples, especially samples from living patients. Thus, researchers are
mainly dependent on human postmortem brains and the brains of aborted fetuses to study
the human brain. Additionally, rodent model animals have been used for tissue cultivation
and genetic manipulation studies. However, approximately one decade ago, human pluripotent
stem cell-derived retinal organoids composed of multiple cell types that imitate the three-
dimensional (3D) structure of the retina were reported for the first time (Eiraku et al., 2011).
This organoid technology paved the way for analyses of various cell-cell interactions in 3D
human tissues in vitro. Many protocols for the generation of human organoids that imitate
various tissues, such as colon, kidney, lung and liver tissues, have since been published (Jung
et al, 2011; Sato et al, 2011; Takebe et al, 2013; Taguchi et al, 2014; Takasato et al,
2014; Dye et al, 2015). In 2013, Lancaster et al. reported the first method for inducing
human cerebral organoids that recapitulate the structure of the ventricles and the neuronal
layers of the human cerebral cortex, even though these organoids harbor other various brain
regions (Lancaster et al., 2013). Following this report, many protocols for generating organoids
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that mimic other brain components, including the midbrain
(Jo et al., 2016), brainstem (Eura et al., 2020), choroid plexus
(Pellegrini et al., 2020), cerebellum (Muguruma et al., 2015),
and spinal cord (Ogura et al, 2018; Duval et al., 2019), were
established. Furthermore, fine-tuned protocols for producing
cerebral cortex-specific organoids were later reported (Pasca
et al., 2015; Qian et al, 2016, 2018). These brain organoids
have been used to study many diseases, such as lissencephaly
(Tefremova et al., 2017), Zika virus infection (Qian et al.,
2016), and ischemia (Pasca et al,, 2019). Additionally, human
brain organoids have contributed to investigations of neural
development, such as differentiation (Pasca et al., 2015; Qian
et al,, 2016; Trujillo et al., 2019) and migration (Birey et al,
2017). The formation of precise neural networks and interactions
between specific neurons are indispensable for information
processing, but limited research on neural circuits has been
conducted with human brain organoids. Direct investigation
of neural circuits through the use of human organoids will
contribute to the elucidation of the mechanisms that underlie the
properties of human circuits. This approach will also facilitate
the understanding of the mechanisms behind neural circuit-
associated developmental diseases.

The developing human brain possesses human-specific cells,
structures, gene expression profiles and functions. There is
a 1,000-fold difference in brain volume and the number of
cells in the brain between humans and mice (Hodge et al,
2019). In humans, outer radial glial cells, which are rare in
rodents, produce a large number of cortical layer neurons
and enable marked expansion and high complexity of the
human cerebral cortex (Hansen et al., 2010; Pollen et al., 2015).
ARHGAPI11B, a human-specific gene that specifically expressed
in radial glial cells, may contribute to this expansion in humans
(Florio et al.,, 2015). In addition, human neural circuits are
apparently distinct from those of mice. For example, humans
harbor unique neuronal circuits around the caudate nucleus and
anterior putamen that are associated with executive function and
social/language regions in the striatum; however, these circuits
are absent in mice (Balsters et al., 2020). In the spinal cord, the
pyramidal tract descends from the motor cortex through the
lateral column in humans and through the dorsal column in
rodents (Lemon, 2008). Some human pyramidal neuron axons
make direct connections with spinal motor neurons that are
responsible for fine motor skills; however, in mice, pyramidal
neuron axons mainly contact motor neurons via interneurons
(Lemon, 2008). In humans, approximately 40% of the axons
of retinal ganglion cells (RGCs) do not cross the midline at
the optic chiasm to innervate the ipsilateral side, whereas in
mice, most RGC axons cross the midline, thereby establishing a
structural basis for binocular or monocular vision (Petros et al.,
2008). In addition, potent human-specific excitatory connections
exist between pyramidal neurons and GABAergic inhibitory
interneurons, through which a single action potential from a
pyramidal cell can induce polysynaptic GABAergic firing of
interneurons (Molnar et al., 2008; Szegedi et al., 2016). Finally,
human pyramidal neurons are known to have 4 times more
docked vesicles at 2 times larger active zones than rat pyramidal
neurons (Molndr et al., 2016). Many of these previous studies on

human samples were carried out with biopsy/abortion samples,
which have many disadvantages, including multiple genetic
backgrounds, inconsistencies in patient age, and damage from
surgery and diseases.

Fortunately, we can now employ human brain organoids
to acquire genetically homogenous samples and introduce
genetic manipulations, such as knockout of specific genes
by CRISPR/Cas9-mediated genome editing. Although brain
organoids still have the issues of variability and artificial
metabolic stress, organoid technology provides a novel approach
for investigating human neural circuits. In this review, we
discuss previous accomplishments and future research directions
regarding the use of organoids for studying neural circuits.
Additionally, we address the current limitations of organoid
technology in studying neural circuits and means for overcoming
these limitations.

USE OF HUMAN BRAIN ORGANOIDS
FOR RESEARCH ON TOPICS OTHER
THAN NEURAL CIRCUIT FORMATION

Currently, there are two major protocols for generating brain
organoids from pluripotent stem cells. In the first protocol
(Lancaster et al., 2013), pluripotent stem cells are differentiated
into brain organoids mostly through intrinsic signals; therefore,
almost no additional growth factors are required. This protocol
yields a random variety of brain components, such as the
retina, hippocampus, cerebral cortex and colloid plexus, in
each organoid (Lancaster et al., 2013). Neurons in organoids
induced by this protocol mature into glutamatergic excitatory
neurons and GABAergic inhibitory neurons after 3 months of
cultivation (Matsui et al., 2018). Additionally, oligodendrocytes
emerge after 6 months of cultivation and form myelin sheath-
like structures around axons in the organoids (Matsui et al.,
2018). Furthermore, microglial cells, of mesodermal origin,
are also present in the long-cultivated organoids (Ormel
et al, 2018). While these cerebral organoids resemble the
developing human brain, in which intrinsic signals autonomously
orchestrate the stepwise differentiation of each component,
the low reproducibility and high variability of the induced
brain components in the organoids sometimes limit the use
of this protocol. The other major protocol for generating
brain organoids requires fine tuning of additional growth
factors such as BDNF, GDNF and NT-3. This protocol gives
rise to more specific components with less variability than
the previously mentioned protocol and is able to selectively
induce specific brain components, such as the cerebral cortex,
brainstem, midbrain, retina, cerebellum, and basal ganglia, in
organoids (Pasca et al., 2015; Qian et al., 2016). The brain
organoids generated by these two distinct methods have much
in common; both types of organoids contain multiple neural
cell populations, such as neural stem cells (NSCs), neurons
and astrocytes, and exhibit basic neural structures, with NSCs
surrounding ventricle-like cavities and neurons on the surface
of NSC region forming layered structures similar to those in the
developing human brain.
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Organoid technology has provided new insights into human
brain development and diseases. For example, in the field
of development, studies on organoids have revealed that
the retinoblastoma gene regulates apoptosis of NSCs and
neuronal migration in humans (Matsui et al., 2017). Analysis
of developing human brain organoids have revealed that the
wrinkled structure of the human brain can be explained
by two different mechanical forces that act on different
regions of organoids, namely, cytoskeletal contraction at the
core and nuclear accumulation at the perimeter (Karzbrun
et al, 2018). In addition, molecular analysis of human
cerebral organoids has shown that suppression of PTEN
signaling is a key mechanism underlying proliferation of
neural progenitor cells and subsequent folding of the cerebral
cortex specifically in the human brain (Li et al, 2017).
Evolutionary analysis comparing gene expression profiles in
human brain organoids and those of other primates identified
the mTOR pathway, which is specifically activated in human
radial glial cells, as a signaling pathway that is unique
to humans (Pollen et al, 2019). Furthermore, in the field
of disease modeling, this technology has been used to
demonstrate that impairment of N-cadherin/B-catenin signaling
is a crucial mechanism underlying lissencephaly caused by
deficiency of the LISI/NDEL1/14.3.3¢ complex (Iefremova
et al, 2017). Investigation of the mechanism of Zika virus
infection platforming organoids identified neural progenitor
cells as the cell population that is primarily affected by
infection (Qian et al., 2016). Additionally, brain organoid-based
modeling of fetal brain hypoxia has revealed that intermediate
progenitors in the subventricular zone are mainly damaged under
hypoxic conditions, which was confirmed in patient samples
(Pagca et al., 2019).

Thus, the multicellular and layered human brain-like
structure of brain organoids has greatly contributed to the
understanding of the mechanisms underlying human brain
development and diseases.

CURRENT ANALYSIS OF HUMAN
NEURAL CIRCUITS IN BRAIN
ORGANOIDS

Organoid technology has only been applied in a few studies
on the process of human neural circuit formation. To establish
functional neural circuits, neurons precisely follow stepwise
processes, including cell migration, axonal projection, dendritic
growth, synapse formation and synapse elimination. Among
those steps, so far, several organoid-based researches on cell
migration, axonal projection and synapse formation have been
published (Birey et al., 2017; Xiang et al., 2019). In this section,
we discuss the use of human brain organoids for the analysis of
neural circuits.

In humans as well as rodents, newborn neurons migrate
radially or tangentially to a preprogrammed destination in the
cerebral cortex and form a specific neural network (Marin
et al, 2010; Bartolini et al., 2013; Paredes et al., 2016). In
humans, excitatory glutamatergic neurons differentiate from

radial glial cells around the lateral ventricles at approximately
gestational week 15 and undergo directional radial migration
to establish a six-layered structure (Das and Takahashi, 2018;
Larkum et al.,, 2018). Electrophysiological analysis conducted
in the mouse brain revealed that pyramidal neurons in layers
II, 111, IV, and V form local excitatory microcircuits between
cortical layers, with prominent excitatory pathways from layer
II/TII to layer V (Thomson and Bannister, 2003; Hooks et al.,
2011). However, these local excitatory circuits have not been
analyzed in detail in human samples. Human brain organoids are
able to partially recapitulate radial migration, producing cerebral
cortex-like neuronal layers. Mice and humans share the same
basic layered cortical structure composed of distinct neurons
expressing markers specific for each of the six cortical layers:
REELIN for layer I, CUX1 for layer II, BRN2 for layer III, SATB2
for layer IV, CTIP2 for layer V and TBRI for layer VI (Leone
et al., 2008; Qian et al.,, 2016). Forebrain organoids, which can
be generated by the fine tuning of growth factors, reportedly
include neurons expressing marker genes for each of the six
neuronal layers, although the boundaries of cortical neural layers
in forebrain organoids are not as distinct as those in the human
fetal brain (Qian et al., 2016). The expression of layer-specific
marker genes indicates that neurons in forebrain organoids
recapitulate the gene expression profile of the human brain.
Satb2, Ctip2, and Tbr1 are known to be transcription factors that
determine the identity of neurons and affect the pattern of axonal
projection and connectivity in rodents (Leone et al., 2008). Thus,
for example, Satb2-expressing neurons in forebrain organoids
likely establish, perhaps only partially, intracortical circuits that
mimic those in the human cerebral cortex.

In humans, at approximately gestational week 17, inhibitory
GABAergic interneurons originating from the ganglionic
eminence migrate tangentially into the cerebral cortex
(Figure 1A), connect to glutamatergic excitatory neurons
via synapses, and form microcircuits in the cerebral cortex (Rakic
and Zecevic, 2003). Mimicking tangential migration in organoids
is more difficult than mimicking radial migration because
tangentially migrating neurons travel a long distance between
distinct components. In the fetal brain, the ganglionic eminence
and the cerebral cortex develop in a highly synchronized manner
that cannot be completely recapitulated simultaneously by
current organoid technology. Thus, fused organoids composed
of the glutamatergic excitatory neuron-rich cerebral organoids
and GABAergic interneuron-rich subpallium organoids induced
by fine tuning of growth factors have been generated to model
neuronal migration between distant components (Birey et al.,
2017; Xiang et al., 2017; Figure 1A). GABAergic interneurons
reportedly migrate from subpallium organoids to cerebral
organoids and form synapses with local glutamatergic neurons
(Birey et al., 2017; Xiang et al., 2017). This observation indicates
the existence of a mechanism allowing orientation of neuronal
migration followed by synapse formation in the fused organoid
system. Moreover, in these fused organoids, stimulation
of migrated GABAergic interneurons induced evoked
inhibitory postsynaptic currents in glutamatergic neurons,
while stimulation of glutamatergic neurons induced evoked
excitatory postsynaptic currents in GABAergic interneurons
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FIGURE 1 | Current approaches for modeling human neuronal circuit formation with fused brain organoids. (A) Left: Tangential migration of GABAergic interneurons
from the ganglionic eminence to the cerebral cortex in the human brain. Right: GABAergic interneurons in subpallium organoids migrate into the cerebral organoid in
fused organoids. (B) Left: Synapse formation between excitatory and inhibitory neurons in the human cerebral cortex. Right: GABAergic interneurons that migrate
from subpallium organoids form functional synapses with excitatory neurons in cerebral organoids. (C) Left: Reciprocal axonal projection between the thalamus and
cerebral cortex in the human brain. Right: Thalamic and cortical neurons reciprocally project axons into the other organoid in the fused system. (D) Left:
Thalamocortical axons specifically innervate layer 4 of the somatosensory cortex. Right: Axons of thalamic organoids selectively innervate the neuronal layer but not
the VZ/SVZ-like layer, in which neural stem/progenitor cells reside, in the fused cerebral organoid system.
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(Birey et al, 2017; Figure 1B). These findings indicate that
migrated GABAergic neurons are functionally integrated into
local excitatory circuits in cerebral organoids (Birey et al., 2017).
Additionally, human cerebral organoids and thalamic organoids
have been combined to model the thalamocortical circuit (Xiang
et al., 2019; Figure 1C). Cortical neurons and thalamic neurons
extend axons and form synapses with each other, recapitulating
the reciprocal thalamocortical axonal projections involved in

the transmission of sensory and motor information in the
human brain (Lopez-Bendito and Molnar, 2003; Xiang et al.,
2019). Interestingly, thalamic organoid-derived axons selectively
innervate the upper neuronal layers of cortical organoids,
avoiding the lower VZ/SVZ-like region in which NSCs reside
(Figure 1D). This selectivity indicates that like the human brain,
fused thalamocortical organoids possess orchestrated molecular
machinery for proper axonal guidance and targeting.
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The above mentioned six-layered forebrain organoids may
be fused with other region-specific organoids in the future for
analysis of the detailed patterns of neuronal migration, axonal
innervation and synapse formation (Qian et al., 2016; Birey
et al,, 2017; Xiang et al., 2019). In addition, we may be able to
utilize genome editing technology to analyze the fine structures
of human neural circuits in brain organoids by labeling specific
types of neurons with fluorescent reporter genes. We are also
able to investigate the molecular mechanisms underlying human
neural circuit formation through genome editing-mediated
knockout of candidate genes. Moreover, the newly developed
microelectrode array system will help us measure neural activity
at the circuit level in organoids and facilitate functional mapping
of neural networks formed in organoids.

CURRENT OBSTACLES AND
PERSPECTIVES FOR ORGANOID-BASED
ANALYSIS OF NEURAL CIRCUITS

As described above, there have been some reports on neuronal
migration, axonal projection and synapse formation in
fused human brain organoids, although the molecular
mechanisms underlying these events have not been studied
(Birey et al, 2017; Xiang et al, 2019). During neural
development, spatiotemporally coordinated expression of
various guidance molecules and cell adhesion molecules
is essential for establishing precise neural circuits. These
molecules are expressed by specific cells and sometimes form
local gradients in restricted brain regions, enabling proper
neuronal migration, axonal guidance, and synapse formation.
However, the organoids generated by the currently available
protocols possess multiple randomly positioned neural tube-
like structures and therefore lack a fixed structural axis
(Figure 2A). Morphogen gradients, such as sonic hedgehog
(SHH) gradients and fibroblast growth factor gradients
(Stevens et al., 2010; Oosterveen et al., 2012; Bokel and
Brand, 2013), in organoids are indispensable for establishing
appropriately positioned brain components that lead to
precise circuit formation, especially in the early stage of neural
differentiation. Nevertheless, the generation of morphogen
gradients in current brain organoid protocols has rarely
been successful.

To generate brain organoids bearing molecular gradients,
we should first focus on relatively simple neural structures,
such as the spinal cord. In the developing spinal cord, the
gradients of morphogens, such as SHH and bone morphogenetic
protein (BMP), play key roles in the determination of regional
identity in the early developmental stage (Shirasaki and Pfaff,
2002; Ulloa and Briscoe, 2007; Osseward and Pfaff, 2019). The
balance between roof plate-derived BMP and floor plate-derived
SHH defines regional identity along the dorsoventral axis in the
spinal cord. Subsequently, each neural progenitor cell along the
dorsoventral axis acquires a region-specific expression profile of
transcription factors that leads to differentiation of the cell into a
specific neuronal subtype (Shirasaki and Pfaff, 2002; Ulloa and
Briscoe, 2007; Osseward and Pfaff, 2019). Then, each neuron

expresses a set of cell type-specific receptors for chemoattractants
and cell adhesion molecules to form each circuit.

Although several groups have reported the generation of
spinal cord organoids, these spinal cord organoids lack the proper
molecular gradients (Ogura et al., 2018; Duval et al., 2019). Thus
far, organoids mimicking the dorsal and ventral parts of the
spinal cord cannot be induced simultaneously; therefore, these
organoids fail to recapitulate the exact regionality and cell type
specificity of the spinal cord. Because of these limitations, analysis
of neural circuits seems impossible in these organoids (Ogura
et al,, 2018; Duval et al,, 2019). The generation of spinal cord
organoids with morphogen gradients may lead to region-specific
expression of transcription factors and subsequent autonomous
differentiation into specific neuronal subtypes. In addition,
morphogen gradients may also produce surrounding cells such as
floor plate cells, which secrete several axonal guidance molecules,
including netrin and slit.

Newly developed devices, such as microfluidic devices and
molds, are attracting interest for studying morphogen gradient
axes in organoids (Figure 2B). A group reported successful
modeling of the structure of the neural tube by the combined
use of a mold, which enables the formation of a tube-like
structure by pluripotent stem cells, and a microfluidic device,
which produces a Wnt gradient that is critical for rostrocaudal
axis formation in the neural tube (Rifes et al., 2020). In this study,
a tube-like structure acquired region-specific gene expression
profiles along the rostrocaudal axis under the action of a Wnt
gradient. The rostral region exposed to low concentration of
Wnt showed the marked expression of OTX2, a highly expressed
gene in the developing forebrain and midbrain, while the caudal
region exposed to high concentration of Wnt expressed GBX2, a
highly expressed gene in the developing hindbrain. Additionally,
transplantation of morphogen-secreting cells into the organoid
may allow the formation of the dorsoventral axis. Indeed,
embedding of SHH-secreting human pluripotent stem cells at
one pole of a cerebral organoid was shown to successfully induce
an SHH gradient and subsequent gene expression topography in
one organoid, even though multiple neural structures randomly
emerged in the organoid (Cederquist et al., 2019). Moreover,
SHH-secreting floor plate-like tissue can be induced from
pluripotent stem cells (Fasano et al., 2010).

Thus, by utilizing existing technologies, it may be feasible
to generate spinal cord organoids with rostrocaudal and
dorsoventral axes in the near future. If we obtain such organoids,
we may recapitulate complicated spinal neural circuits, such
as a circuit of commissural neurons that project axons that
first extend ventrally, cross the midline, and subsequently
turn orthogonally toward the anterior direction to form
synapses with targets.

POTENTIAL MODELING OF THE
SYNAPTIC PRUNING WITH BRAIN
ORGANOIDS

In the course of neural circuit formation, neurons transiently
form excess synapses. In rodents, some inactive synapses are
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FIGURE 2 | Current limitations to brain organoids and prospective approaches. (A) Human brain organoids generated by current protocols lack a self-generating
molecular gradient, as well as blood flow. These limitations hamper the formation of a structural axis assembled by orderly-positioned brain components; therefore
the formation of appropriate neural circuits in brain organoids is impeded. (B) A device that generates molecular gradients would be effective in inducing directional
migration and axonal projections, as well as a structural axis. Embedding of cells that secrete a certain molecule such as morphogens may also help to generate
molecular gradients in brain organoids (not depicted). (C) Human brain organoids that contain microglial cells may allow us to analyze a process of synaptic
refinement, such as microglia-mediated synapse pruning, in human neural circuits. (D) The transplantation of human brain organoids into highly vascularized organs

of immunodeficient mice may allow us to analyze vascular system-mediated neural circuit formation in humans.

removed after birth, mainly by microglial cells, which selectively
leave functional synapses (Paolicelli et al., 2011; Schafer et al,,
2012). Brain organoids have not yet been utilized to investigate
the pruning processes in humans. To model this phenomenon
with brain organoids, both microglial cells and firing neurons
with synapses must be included in a single organoid because
microglial cells engulf the synapses of neurons with low neuronal
activity (Schafer et al., 2012; Figure 2C). Neuronal firing has
already been observed in some brain organoids (Giandomenico
et al., 2019; Trujillo et al., 2019; Eura et al., 2020), and synapse
formation between neurons has also been observed in long-
cultivated organoids and fused organoids (Birey et al., 2017;
Trujillo et al., 2019; Xiang et al., 2019). Microglial cells are not

expected to be present in brain organoids because microglial
cells are yolk sac-derived mesodermal cells (Gomez Perdiguero
et al, 2015), whereas brain organoids are established by
neuroectodermal induction. However, microglial cells expressing
IBA-1, a microglial marker, have been detected in the brain
organoids induced by the autonomous differentiation protocol
without fine tuning of growth factors (Lancaster et al., 2013;
Ormel et al, 2018). It is possible that, in this protocol, a
few pluripotent cells differentiate into mesodermal linage cells
as a result of weak neuroectodermal induction without fine
tuning. Additionally, methods for inducing pure microglial
populations from ES/iPSCs are already available (Muffat et al.,
2016). Thus, theoretically, we are now able to model the human
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brain with microglia through appropriate selection of a brain
organoid protocol or by mixing human brain organoids with
microglial cells induced from pluripotent stem cells. Accordingly,
human brain organoids are expected to become a powerful tool
for analyzing the molecular mechanism underlying microglia-
mediated synaptic pruning. We can also manipulate neuronal
firing in organoids through optogenetic tools and knockout
specific genes by genome editing, which will further facilitate
research on synaptic pruning. The establishment of a method
for inducing organoids along with abundant microglial cells
will also facilitate the development of more sophisticated brain
organoids because microglial cells have been shown to support
the proliferation of NSCs and neuronal survival in rodents (Ueno
et al., 2013; Matsui and Mori, 2018).

POTENTIAL ANALYSIS OF VASCULAR
SYSTEM-MEDIATED NEURAL CIRCUIT
FORMATION WITH BRAIN ORGANOIDS

Blood vessels are another major non-neuronal component of
the brain and are mainly composed of endothelial cells, smooth
muscle cells and pericytes. In perinatal mice, neuroblasts around
the corpus callosum require blood vessels as scaffolds for radial
migration to cortical neuronal layers (Le Magueresse et al., 2012).
Blood vessels also serve as scaffolds for elongating neurites in
the cortical germinal zone (Stubbs et al., 2009). Several vascular-
derived molecules have been identified to regulate neural circuit
development. GABA and VEGF-A secreted by vascular vessels
control tangential migration of interneurons from the medial
ganglionic eminence to the cerebral cortex in mice (Inada et al,,
2011; Won et al., 2013; Barber et al., 2018). Endothelin derived
from endothelial cells directs the extension of sympathetic axons
and their innervation of the external carotid artery (Makita et al.,
2008). In addition to playing a regulatory role in migration, VEGF
also facilitates synaptogenesis in the cerebral cortex (Wu et al.,
2019). However, blood vessel-mediated neural circuit formation
has yet to be confirmed in humans.

While several vascular cells, such as endothelial cells and
smooth muscle cells, can be observed in brain organoids (Logan
et al, 2020), a self-organizing vessel structure is absent in
brain organoids generated with current protocols. On the other
hand, several groups have achieved vascularization of human
brain organoids by utilizing the mouse vascular system via
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Human-induced pluripotent stem cell (hiPSC) derived organoids have become
increasingly used systems allowing 3D-modeling of human organ development, and
disease. They are also a reliable source of cells for transplantation in cell therapy and
an excellent model to validate gene therapies. To make full use of these systems, a
toolkit of genetic modification techniques is necessary to control their activity in line with
the downstream application. We have previously described adeno-associated viruse
(AAV) vectors for efficient targeting of cells within human retinal organoids. Here, we
describe biological restriction and enhanced gene expression in cone cells of such
organoids thanks to the use of a 1.7-kb L-opsin promoter. We illustrate the usefulness
of implementing such a promoter to enhance the expression of the red-shifted opsin
Jaws in fusion with a fluorescent reporter gene, enabling cell sorting to enrich the
desired cell population. Increased Jaws expression after transplantation improved light
responses promising better therapeutic outcomes in a cell therapy setting. Our results
point to the importance of promoter activity in restricting, improving, and controlling
the kinetics of transgene expression during the maturation of hiPSC retinal derivatives.
Differentiation requires mechanisms to initiate specific transcriptional changes and to
reinforce those changes when mature cell states are reached. By employing a cell-type-
specific promoter we put transgene expression under the new transcriptional program
of mature cells.

Keywords: human induced pluripotent stem cell, human retinal organoid, cones, optogenetics, vision restoration,
cell therapy, promoter

INTRODUCTION

The generation of human retinal organoids has opened up new ways to study the brain and retinal
development and evolution, as well as to model and treat neurodegenerative disorders (Ahmad
et al.,, 2019; Gagliardi et al., 2019). Retinal organoids are multicellular 3D structures that mimic
certain aspects of the cytoarchitecture and cell-type composition of the human retina. These
structures are generated by the differentiation of Human-induced pluripotent stem cells (hiPSCs)
or embryonic stem cells (ESCs; Llonch et al.,, 2018; Ahmad et al., 2019; Lidgerwood et al., 2019).
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However, even the best accomplished 3D model of retinal
development carries some limitations and can benefit from
genetic modifications to control cellular functions. The ability to
genetically modify retinal organoids is essential for their utility as
disease models as well as their therapeutic use for regenerative
medicine. Genetic modification is a powerful tool that allows
for the introduction of alterations ranging from small changes
in the genome to the removal or integration of entire genes to
the expression of exogenous genes to control cellular function
(Garita-Hernandez et al., 2016). This enables researchers to
investigate individual genes relating to cellular functions, and
interactions. Moreover, drugs (small molecule or gene-based)
can be tested in a larger variety of disease states and in different
genetic environments (Kalatzis et al., 2013; Cereso et al., 2014;
Garita-Hernandez et al,, 2018; Quinn et al., 2018). Any method
of genetic modification of hiPSC derivatives needs to address
three key issues: (i) the ultimate purpose of the modification
(investigative study or therapy); (ii) the stage of differentiation
and the bioavailability of receptors; and (iii) the proportion of
cells target of the genetic transformation. For non-integrative
genetic modifications to be stable, it should be made once the cell
cycle arrest has been induced, circumventing cell divisions. The
delivered genetic cargo is then maintained even in the absence
of chromosomal integration and the transgene expression is
dependent on the recruitment of transcription factors by the
promoter sequence preceding the transgene.

Due to the cellular heterogeneity of retinal organoids, the
third issue concerns the cell type(s) within the organoid
that is/are subject to genetic modifications. Approaches can
either target cells indiscriminately, regardless of their location
and cell type (Garita-Hernandez et al., 2018, 2020; Gonzalez-
Cordero et al., 2018) or, contrariwise, target a subset of
cells. The latter can be achieved by biologically restricting the
genetic modification to specific cell types by the use of cell
type-specific promoters to drive transgene expression (Macé
et al., 2015; El-Shamayleh et al., 2016; Chaffiol et al., 2017;
Juettner et al.,, 2018; Khabou et al., 2018). In this work, we
targeted to achieve high-level microbial opsin expression in
cones derived from human retinal organoids to restore light
responses in blind mice following transplantation of these
cells. For this type of genetic modification, one of the most
important aspects to consider is the mode of gene delivery
and control of transgene expression. The two most widely
used methods in the case of organoids are viral delivery via
adeno-associated viruses (AAVs) and non-viral methods such
as electroporation (Fischer et al, 2019). AAVs have been
successfully used in transducing retinal organoids by simple
addition to the cell culture medium, which results in gene
expression throughout the entire organoid (Garita-Hernandez
et al.,, 2018, 2019, 2020; Gonzalez-Cordero et al., 2018; Quinn
et al.,, 2018). This is a reliable approach to broadly target the
whole organoid, but it must be refined to meet the needs of the
downstream application.

The spectrum of potential applications has so far ranged from
the simple expression of fluorescent marker proteins (Gagliardi
et al., 2018) to the modeling of disease conditions (Artegiani
et al,, 2020). Yet, significant untapped potential remains for

the future use of gene delivery to retinal organoids in disease
modeling and therapy (Dalkara et al., 2016). Over the last
5 years, efforts have been directed to the transplantation of
photoreceptors derived from 3D retinal organoids (Gonzalez-
Cordero et al., 2017; Gagliardi et al., 2018; Lakowski et al,
2018; Collin et al., 2019; Aboualizadeh et al., 2020) resulting in
different levels of success but the formation of light-sensitive
outer segments (Mandai et al., 2017; Iraha et al., 2018) and
interaction with retinal pigment epithelium (RPE), which is
necessary for the appropriate functioning of photoreceptor cells
(Strauss, 2005) remain challenges for cell replacement with
therapeutic outcomes. Microbial opsins can circumvent these
issues as we have recently proposed (Garita-Hernandez et al.,
2019). Using the hyperpolarizing microbial opsin Jaws, we have
previously conferred light sensitivity to hiPSC-derived cones.
After transplantation of optogenetically-transformed cones, we
observed restoration of light responses in blind mice both
at the retinal and behavioral levels under very bright light
(Garita-Hernandez et al., 2019). Here, we demonstrate that
the success of this approach can be increased by expressing
the microbial opsin selectively and at a high level in the
desired cell population within the organoid. The use of a
strong and cell-type-specific promoter allows to isolate and
enrich such population via fluorescence-activated cell sorting.
We hypothesize that an increase in transgene expression occurs
via increased availability of cone-specific transcription factors as
cells mature in the subretinal space. Enhanced microbial opsin
expression contributes to better light sensitivity and temporal
resolution of light responses in the transplanted cones paving
the way to better therapeutic efficacy in vision restoration. To
our knowledge this is the first time a molecular strategy has
been used to overcome issues related to the isolation of a
target hiPSC-derived cell population and control of transgene
expression within these cells, thereby improving the response
amplitude and the kinetic profile of light responses via a
microbial opsin.

MATERIALS AND METHODS

Maintenance of hiPSC Culture

All experiments were performed using hiPSC-2 and hiPSC-5f
cell lines, previously established from human fibroblasts and
Miiller glial cells respectively (Reichman et al., 2014; Slembrouck-
Brec et al, 2019). Cells were kept at 37°C, under 5%
C0O,/95% air atmosphere, 20% oxygen tension, and 80%-85%
humidity. Colonies were cultured in feeder-free conditions as
previously described (Reichman et al, 2017) with Essential
8™ medium (Thermo Fisher Scientific) in culture dishes coated
with truncated recombinant human Vitronectin (Thermo Fisher
Scientific). The medium was changed every day and the cells were
passaged once a week when reaching 70% of confluency.

Differentiation of Human iPSCs Into Retinal
Organoids

Optimization of previous protocols (Reichman et al, 2017)
allowed the generation of retinal organoids from hiPSC. In brief,
hiPSC cell lines were expanded until 80% confluence in Essential
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TABLE 1 | Animal details used to generate figures.

Figure Strain Experimental group Experiment Transplant age Analysis age Number of
(weeks) (weeks) mice (N)
2-C/D rd1—/— Enriched human Jaws-cones Fundus 7 9 23
2-E rd1—/— Enriched human Jaws-cones Fundus 7 10 23
2-F rd1—/— Enriched human Jaws-cones 2-photon 7 1 1
2-G rd1—/— Non transplanted IHC - 7 1
2-H/I rd1—/— Enriched human Jaws-cones IHC 7 12 5
3 rd1—/— Enriched human Jaws-cones Patch clamp 7 12 5
4 rd1—/— Enriched human Jaws-cones Patch clamp 7 12 2
Supplementary Figure 1A rd1—/— Enriched human Jaws-cones IHC 7 12 5
Supplementary Figure 1B rd1—/— Enriched human Jaws-cones IHC 7 12 5
Supplementary Figure 1C rd1—/— Enriched human Jaws-cones IHC 7 12 5

TABLE 2 | Media formulation for 100 ml total volume.

Medium Formulation (100 ml)

Essential 8™ Basal medium (Thermo Fischer
Scientific)- 98 ml.

Essential 8™ Supplement 50X (Thermo Fischer
Scientific)-2 ml.

Essential 6™ medium (Thermo Fischer
Scientific)-95ml.

Penicillin/Streptomycin (Thermo Fischer
Scientific)-100 pl.

N2 supplement (Thermo Fischer

Scientific)-5 ml.

DMEM-F12 ™ (Thermo Fischer
Scientific)-97 ml.

B27 Supplement (Thermo Fischer
Scientific)-2 ml.

MEM Non-Essential Amino Acids Solution
100X (Thermo Fischer Scientific)—1 ml.
Penicillin/Streptomycin (Thermo Fischer
Scientific)-100 l.

NaCl 1565 mM, KCI 5 mM, CaCl2 2 mM, NaCl2
1 mM, NaH2PO4 2 mM, HEPES 10 mM,
glucose 10 mM.

Maintenance of hiPSCs

Proneural medium

Maturation medium

Ringer Solution

8™ medium before switched in Essential 6™ medium (Thermo

Fischer Scientific). After 3 days, cells were cultured in a Proneural
medium. On day 28, NR-like structures grew out of the cultures
and were mechanically isolated and further cultured in a 3D
system in Maturation medium until day 70 of differentiation.
Table 2 summarizes media formulation. Floating organoids were
passed to 6 well-plates (10 organoids per well) and supplemented
with 10 ng/ml FGF2 (Preprotech) until day 35. Additionally,
between day 42 and day 49, 10 uM DAPT (Selleckchem) was
added to the Maturation medium to promote the photoreceptor
commitment of retinal progenitors. The medium was changed
every 2-3 days (Figure 2; Garita-Hernandez et al., 2018).

AAV Vector Production

Recombinant AAV2-7m8 were produced as previously
described using the co-transfection method and purified by
iodixanol gradient ultracentrifugation (Choi et al, 2007).
Concentration and buffer exchange was performed against
PBS containing 0.001% Pluronic. AAV vector stocks titers
were then determined by the real-time quantitative PCR
titration method (Aurnhammer et al., 2012) using SYBR Green
(Thermo Fischer Scientific).

Infection of Retinal Organoids With AAV
Encoding Jaws-GFP

Retinal organoids were transduced at day 44 using the
recombinant AAV2-7m8 capsid variant (Dalkara et al.,, 2013)
carrying the hyperpolarizing chloride pump Jaws (Chuong et al.,
2014) fused to the fluorescent reporter GFP under the control
of the cone-specific promoter PR1.7 (Ye et al, 2016). One
single infection was performed by direct addition in Proneural
medium (Table 2) of 5 x 10" vg per organoid in 6-well plates
containing 10-12 organoids. The medium was changed 72 h
after infection.

Single-Cell Dissociation of Retinal

Organoids

Retinal organoid dissociation was done with two units of
pre-activated papain at 28.7 u/mg (Worthington) in Ringer
solution. The samples were incubated 25 min at 37°C with
several pipetting steps to obtain a homogenous suspension. The
cell solution was filtered with a 40 pwm filter (Miltenyi Biotec,
Germany) and centrifuged for 5 min at 800 rpm. The pellet was
resuspended at the desired concentration in a Proneural medium
(Table 2) for cell transplantation.

Flow Cytometry Analysis

Dissociated retinal organoids were filtered with a 30 pm filter
(Miltenyi, Bergisch Gladbach, Germany) and fixed for 10 min
at 4°C with 4% paraformaldehyde. Cells were washed in PBS.
The samples were analyzed by flow cytometry and at least
10,000 events were examined in each experiment using the
FACSCalibur system (BD Biosciences, Allschwil, Switzerland).
The number of GFP-positive cells within the gated population
was measured using CellQuest™ Pro (BD Biosciences) software.
Non-infected organoids serve as controls.

Fluorescence-Activated Cell Sorting
(FACS)

Sorting of GFP positive cells was performed from Papain
single-cell dissociated retinal organoids. Dissociated cells were
passed through a 30 pm filter (Miltenyi, Bergisch Gladbach,
Germany) and resuspended in PBS/0.5% FBS/5 mM EDTA
(2.10° cells/ml). The GFP positive cells were sorted with a MoFlo
Astrios EQ FACS system (Beckman Coulter, Villepinte, France)
in an enrichment mode.
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v
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®©

FOLD CHANGE
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BRN3B

FIGURE 1 | Optogenetic engineering of retinal structures derived from human induced pluripotent stem cells (hiPSCs). (A) Bright-field/epifluorescence image of a
hiPSC-derived retinal organoid after mechanical isolation on day 30 of differentiation. (B) Schematics of the adeno-associated viruses (AAV)-mediated strategy used
to engineer 3D retinal organoids, AAV2-7m8-PR1.7-Jaws-GFP was used to transduce cone photoreceptors on day 44 of differentiation. (C) Live GFP fluorescence
observed after prolong culture of retinal organoids showing strong and long-term expression of the transgene. (D) Merge of bright-field/epifluorescence and live GFP
fluorescence images observed in 70-days old organoids. (E) Immunofluorescence (IF) analysis of a representative retinal organoid at day 70 of differentiation,
depicting a thick layer of photoreceptors immunoreactive for GFP and some sparse ganglion precursors cells identified by BRN3a. (F) Magnification of the IF analysis
in (D) in another organoid. (G) Real-time gRT-PCR analysis of cone specific marker, Cone arrestin (ARR3) and retinal ganglion cell specific marker BRN3B.

N = number of biological replicates. Values are mean + SEM. Error bars are SEM. Statistical significance assessed using Mann-Whitney Student’s test

(**p < 0.0005). (H) IF analysis of optogenetically engineered retinal organoids at day 70 showing Jaws+ cells do not express CD73 photoreceptor surface marker.
(1) IF analysis confirming postmitotic photoreceptor identity of GFP positive cells, showing they are immunoreactive for the photoreceptor-specific marker Recoverin
(RCVN) and complete absence of proliferation marker KI67. (J) Magnification of the IF analysis in (1) in another organoid. (K) IF analysis of confirming the cone
identity of GFP positive cells, showing colocalization with cone-specific marker GNAT2. (L) 2-Photon laser image of GFP+ cells inside a retinal organoid at D70 of
differentiation. Images correspond to representative retinal organoids from at least four different biological replicates, scale bar: (C,D) = 250 pm, (E,Fl) = 100 pm,

(H,J,K) =50 pm, (L) = 10 pm.

Animals

Retinal degeneration 1 (rdl) mice line (C3H rd/rd) was
kindly provided by Dr. Thierry Leveillard and used as a
cell recipient. Rdl mice photoreceptor cells degenerate to
a single row of cones by P20 (Farber and Lolley, 1974;
Lavail and Sidman, 1974; Bowes et al., 1990). All mice
were housed under a 12-h light-dark cycle with free access
to food and water (certified animal facility of the “Institut
de la Vision”; agreement number A751202). All experiments
were carried out in strict accordance with the Association
for Research in Vision and Ophthalmology statement for
animal research in ophthalmology. Moreover, all procedures
were approved by the local animal experimentation ethics
committee (Charles Darwin Ethical Committee for Animal
Experimentation C2EA-05) in strict accordance with French

and European regulations for animal use in research (Directive
2010/63/EU).

Transplantation Procedures

Mice were anesthetized by intraperitoneal injection of ketamine
(50 mg/kg) and xylazine (10 mg/kg) and placed on a heating
pad to maintain body temperature at 37°C. Pupils were dilated
with 0.5% mydriaticum (Thea) and a blunt 34-gauge needle
was inserted tangentially through the conjunctiva and sclera.
Using a Hamilton syringe, 1 .l total volume of cell suspension
containing approximately 100,000 (97,667 % 4,041) GFP+ cells
were delivered into the subretinal space of each eye. A drop of
antibiotic, Ophtalon (Tvm) was applied and mice were placed
into a warm chamber after the surgery until their awakening.
After transplantation, the mice were under oral treatment of

Frontiers in Cellular Neuroscience | www.frontiersin.org

83 March 2021 | Volume 15 | Article 648210


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Garita-Hernandez et al.

Refining Genetic Modification of iPSC Derived Organoids
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FIGURE 2 | Enrichment and transplantation of optogenetically-engineered cones. (A) Schematics of the general transplantation strategy. Human iPSC-derived

Transplantation

retinal organoids were Papain-dissociated and Jaws-enriched expressing cells were transplanted subretinally into blind rd1 mice. (B) Representative histogram of
flow cytometry analysis performed to determine Jaws-expressing cells within the retinal organoids (N = 8 biological replicates, n = 10,000 cells gated). (C) Fundus
imaging analysis of representative rd1 mice retinae after 14 days of transplantation. (D,E) Representative fluorescent fundus images of rd1 mice in panel (C) showing
Jaws-expressing cells 14 (D) and 21 (E) days after subretinal transplantation. (F) 2-Photon laser image of GFP+ cells in a rd1 transplanted retina. (G) Histological
analysis of 7-week-old mice retina showing complete absence of photoreceptors layers, corresponding to the time of transplantation. Remaining cells are
immunoreactive for bipolar specific marker PKCa. (H,l) IF analysis of vertical cryosections of rd1 mice retinae after transplantation of Jaws-enriched expressing cells
(GFP). (H) Transplanted Jaws-cones depicted as GFP+ cells in rd1 mice were also immunoreactive for human marker HNA (red). (I) Transplanted cones overlie host
PKCua bipolar cells and expressed synaptic marker Synaptophysin (Syn, white arrows) All images are representative of at least five different transplants. Animal details

SRS, subretinal space.

for each transplantation are provided in Table 1. Scale bars: (F and I) = 10 pm, (G) = 25 um, (H) = 100 pm. INL, inner nuclear layer, RGC, retinal ganglion cells;

210 mg/L Cyclosporine A (Atopica™, Novartis) administrated
in the drinking water. To improve stability Cyclosporine A was
prepared in 5% glycosylated water and changed three times
per week.

Fundus Analysis

Transplanted eyes were examined with a fluorescent fundus
camera (Micronll, Phoenix Laboratories) weekly. Mice were
sedated with 5% isofluorane and kept in 2% isofluorane during
the experiment. The pupils were dilated with a drop of 0.5%
mydriaticum (Thea) and 5% neosynephrine (Faure). The eyes
were kept hydrated with a drop of Lubrithal (Dechra).

Cryosectionning and

Immunohistochemistry

Ten micrometer-thick organoid sections were obtained with a
Cryostat Microm and mounted on Super Frost Ultra Plu® slides
(Menzel Gliser). Samples were washed in PBS to remove the
rest of O.C.T. and then permeabilized in PBS containing 0.5%
Triton® X-100 for 1 h at RT. Blocking was done with PBS

containing 0.2% gelatin and 0.25% Triton X-100 for 30 min at
RT. Incubation with primary antibodies (Table 3) was performed
overnight at 4°C. Several washes with PBS containing 0.25%
Tween20 were performed before incubation with Fluorochrome-
conjugated secondary antibodies (Table 4) and DAPI (4-6-
diamino-2-phenylindole, dilactate; Invitrogen-Molecular Probe;
1/1,000 dilution) to counterstain the nuclei for 1 h at RT.
Samples were further washed in PBS and dehydrated with
100% ethanol before mounting using fluoromount Vectashield
(Vector Laboratories).

Image Acquisition

Immunofluorescence  was  observed using a Leica
DM6000 microscope (Leica microsystems, Wetzlar, Germany)
equipped with a CCD CoolSNAP-HQ camera (Roper Scientific,
Vianen, Netherlands) or using an Olympus FV1000 (inverted
IX2 and upright BX2) laser scanning confocal microscopes
equipped with a GaAsP PMT detector with 405, 488, 515, and
635 nm pulsing lasers. The images were acquired sequentially
with the step size optimized based on the Nyquist-Shannon
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TABLE 3 | Primary antibodies.

Antibody Reference Specie/Clonality Dilution
BRN3a Millipore MAB1585 Mouse Monoclonal 1/250
CD73 Biolegend 344002 Mouse Monoclonal 1/100
GFP Abcam ab13970 Chicken Polyclonal 1/500
GNAT2 Santa Cruz sc-390 Rabbit Polyclonal 1/200
hCAR Gift from Cheryl Craft Rabbit Polyclonal 1/20,000
HNA Millipore MAB4383 Mouse Monoclonal 1/200
KI67 BD Pharmagen BD4127608 Mouse Monoclonal 1/200
PKCa Santa Cruz sc-208 Rabbit Polyclonal 1/100
Recoverin Millipore AB5585 Rabbit Polyclonal 1/2,000
Ribeye (Anti-CtBP2) BD Biosciences 612044 Mouse Monoclonal 1/500
Synaptophysin Sigma S5768 Mouse Monoclonal 1/200
vGlut1 Abcam ab77822 Rabbit Polyclonal 1/500

TABLE 4 | Secondary antibodies.

Antibody Reference Dilution
Alexa Fluor-488 Thermo Fischer Scientific (A21202) 1/600
Donkey anti mouse

Alexa Fluor-488 Thermo Fischer Scientific (A21206) 1/500
Donkey anti rabbit

Alexa Fluor-488 Thermo Fischer Scientific (A11039) 1/500
Goat anti chicken

Alexa Fluor-546 Thermo Fischer Scientific (A10036) 1/500
Donkey anti mouse

Alexa Fluor-546 Thermo Fischer Scientific (A10040) 1/500
Donkey anti rabbit

Alexa Fluor-647 Thermo Fischer Scientific (A31571) 1/500
Donkey anti mouse

Alexa Fluor-647 Thermo Fischer Scientific (A31573) 1/500

Donkey anti rabbit

theorem. The analysis was conducted in FIJI (NIH). Images were
put into a stack, Z-sections were projected on a 2D plane using
the MAX intensity setting in the software’s Z-project feature,
and the individual channels were merged.

Two-Photon Imaging and

Electrophysiological Recordings

A custom-made two-photon microscope equipped
a 25x water immersion objective (XLPlanN-25 x
MP/NAL.05, Olympus) and a pulsed femtosecond laser
(InSight™ DeepSee™ —Newport Corporation) were used
for imaging and targeting AAV-transduced fluorescent cells
(Jaws-GFP+ or GFP+ cells) in retinal organoids or in C3H
rd/rd (rd1) mice retinae. Two-photon images were acquired
using the excitation laser at a wavelength of 930 nm. A CCD
camera (Hamamatsu Corp.) was used to visualize cells under
infrared light, and images were processed offline using Image]
(NIH). Retinal organoids were placed in the recording chamber
of the microscope at 36°C in oxygenated (95% O,/5% CO,)
Ames medium (Sigma-Aldrich) during the whole experiment.
Ames’ Medium is a powder mixture of 42 different components,
in which sodium bicarbonate is later added, its composition
was initially formulated to support retinal tissue in short-term
cultures (Ames and Nesbett, 1981). Transplanted mice were
sacrificed by CO, inhalation followed by quick cervical
dislocation, and eyeballs were removed. Retinae from rd1 mice

with
“W-

were isolated in oxygenated (95% O,/5% CO;) Ames medium
and whole-mount retinas with ganglion cell side down were
placed in the recording chamber of the microscope at 36°C for
the duration of the experiment for live two-photon imaging
and electrophysiology.

For patch-clamp recordings, AAV-transduced fluorescent
cells were targeted with a patch electrode under visual guidance
using the reporter tag’s fluorescence. Whole-cell recordings were
obtained using the Axon Multiclamp 700B amplifier (Molecular
Device Cellular Neurosciences). Patch electrodes were made
from borosilicate glass (BF100-50-10, Sutter Instrument) pulled
to 7-8 M2 and filled with 115 mM K+ Gluconate, 10 mM KCI,
1 mM MgCl,, 0.5 mM CaCl,, 1.5 mM EGTA, 10 mM HEPES,
and 4 mM ATP-Na2 (pH 7.2). Photocurrents were recorded
while voltage-clamping cells at a potential of —40 mV. Cells were
also recorded in the current-clamp configuration to monitor the
membrane potential during light stimulations and measure the
resting membrane potential.

Light Stimulation of Jaws-Positive and

Control Cells

Light-triggered responses from Jaws-GFP+ cells were measured
in donor cells in retinal organoids before transplantation and ex-
vivo in transplanted mice retinae, control cells expressing only
GFP were also recorded in both conditions (in organoids
and after transplantation). To measure light responses
(photocurrents or changes in cells membrane potential) a
monochromatic light source was used (Polychrome V, TILL
photonics). Photocurrent and voltage hyperpolarization of
cells in organoids and rdl transplanted retinae were recorded
as a function of light intensities ranging between 10 and
3.1 x 10Y photons.cm™2.s7! at 590 nm. To measure the
activity spectrum of Jaws, 300 ms light flashes ranging from
400-650 nm (25 nm steps; interstimulus interval 1.5 s) were
used at a constant light intensity of 8 x 10'® photons.cm™2.s71.
This light source was used at a constant wavelength of 590 nm
to generate light pulses at different frequencies (ranging from 2
to 25 Hz) and durations (from 20 ms to 4 s) to determine the
temporal response properties of transplanted cells expressing
Jaws. Stimulation and analysis were performed using custom-
written software in Matlab (Mathworks) and Labview (National
Instruments) and output light intensities were calibrated using
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a spectrophotometer (USB2000+, Ocean Optics). Both retinal
organoids and retinae were dark-adapted for at least 45 min
before electrophysiological recordings.

RESULTS

Generation of
Optogenetically-Transformed Cone

Photoreceptors

Using our previously published protocol of differentiation
(Garita-Hernandez et al., 2018, 2019) we have generated
cone-enriched retinal organoids in only 70 days. We have
followed the 2D/3D protocol of Reichman et al. (2017) until
mechanical isolation of retinal organoids (Figure 1A). 3D retinal
organoids were allowed to grow in the presence of basic fibroblast
growth factor-2 (FGF2) for a week and then cell cycle arrest was
induced. This was performed by adding the gamma-secretase
inhibitor DAPT, for a week from day 42 of differentiation. To
favor differentiation towards cone lineage DAPT was added at
the time point corresponding to the onset of cone arrestin (CAR)
positive cells within the organoids (Garita-Hernandez et al,
2019). 3D retinal organoids were optogenetically-transformed
with the recombinant AAV2-7m8 capsid variant selected for
its improved performance in retinal organoids when compared
to other capsids also known for their tropism towards cones
(Garita-Hernandez et al., 2020). AAV2-7m8 vector carried the
hyperpolarizing chloride pump Jaws (Chuong et al, 2014),
under the control of the 1.7-kb cone-specific L-opsin promoter
PR1.7 (Ye et al, 2016; Figure 1B). This vector-promoter
combination has proven to be very efficient for gene delivery in
non-human primate and human cone cells, including those in
3D retinal organoids (Khabou et al., 2018). Jaws was chosen over
other hyperpolarizing microbial opsins, based on its enhanced
expression levels and improved membrane trafficking in human
cells (Chuong et al., 2014; Garita-Hernandez et al, 2018).
The retinal organoids were transduced with AAV on day
44 of differentiation corresponding to the onset of cone-specific
gene expression (Garita-Hernandez et al., 2019). We observed
a strong and long-lasting expression of Jaws-GFP in retinal
organoids, up to 30 days after infection (Figures 1C,D). GFP
positive cells were organized in a layer in the outer part
of the day 70 retinal organoids (Figures 1E,F) as a distinct
major population identified as cones by the colocalization with
the photoreceptor marker Recoverin (Figures 1LJ) and the
cone-specific marker GNAT2 (Figure 1K). Additionally, no
Jaws-GFP cells colocalize with the ganglion cell marker Brn3A
(Figures 1E,F). Gene expression analysis by quantitative RT-PCR
also confirmed a greater expression of cone-specific ARRESTIN
in comparison with the ganglion cell marker BRN3b in our
organoids (Figure 1G). Immunofluorescence analysis showed
Jaws-GFP+ cells do not express the photoreceptor cell surface
marker CD73 at day 70 of differentiation (Figure 1H) and
no expression of the proliferation marker, Ki67 was found in
day 70 organoids, excluding the presence of remaining retinal
progenitor cells or tumorigenic pluripotent cells within the
organoids (Figures 1LJ). These results show that using an

efficient capsid promoter combination such as AAV2-7m8-
PR1.7, is possible to drive a high-level specific expression of Jaws
opsin in cones derived from retinal organoids.

Selection and Transplantation of

Jaws-Expressing Cone Photoreceptors
Jaws-GFP engineered 3D organoids were dissociated with
papain and Jaws expressing cells were selected by FACS
using the endogenous GFP expression. Sorted cells were then
transplanted via subretinal injections into blind rdl mouse
retinas lacking the outer nuclear layer (7 weeks old rd1 mice;
Figure 2A). A fraction of 78.83 £ 2.86% of cells were GFP+
(n = 20 organoids, N = 3 differentiations; Figure 2B) and
approximately 100,000 cells were injected in each eye of
rdl mice in a 1 pl volume. Using in vivo eye fundus imaging,
we detected the widespread presence of Jaws-GFP+ cells as
early as 7 days after injection (Figure 2D) and transgene
expression levels increased in the transplanted cells until 21 days
post-transplantation (Figure 2E). At the time of transplantation,
there is no detectable outer nuclear layer in the rdl retinae
(Figure 2G). Three weeks after transplantation injected eyes
were dissected and flat-mount retinas were observed live under
our two-photon microscope. We found abundant Jaws-GFP
positive cells within the organoids, before transplantation
(Figure 1L) and in transplanted retinas (Figure 2F). We
fixed and cryosectioned these retinas to perform histological
analysis of the transplanted region. Cross-sections of host
retinas showed that all GFP positive cells corresponded to
human cone cells as evidenced by colocalization with the
human nuclear marker HNA (Figure 2H) and the cone-specific
marker cone ARRESTIN, hCAR (Supplementary Figure 1).
Immunofluorescence against the bipolar cell marker, PKCa,
demonstrated close contact between the transplanted Jaws-
GFP+ cones and the underlying host inner retina as well
as the capability to form Synaptophysin-mediated synapses
(Figure 2I). Jaws-GFP+ cells also expressed vesicular glutamate
transporter 1 (vGluT1), which packs glutamate into synaptic
vesicles, at the synapses. Immunohistochemistry against RIBEYE
confirmed the presence of ribbon synapses (Supplementary
Figure 1). Morphological analysis of the transplanted cells
revealed Jaws-expressing cells lack of outer segment as previously
reported (Garita-Hernandez et al,, 2019). Our strategy is an
alternative approach to the CD73 MACS separation (Gagliardi
et al., 2018), which cannot be performed in organoids younger
than 100 days old due to lack of expression of the cell surface
marker, CD73. This was confirmed at the time of FACS sorting
when immunofluorescence analysis showed Jaws-GFP+ cells
do not express CD73 (Figure 1H). Our results show that
Jaws-GFP expression driven by PR1.7 promoter can be used to
successfully isolate a transplantable population of cones from
day 70 organoids, which integrate with the host retina forming
synaptic connections with the host bipolar cells.

Transplanted Jaws-Expressing Cones
Respond to Light Stimulus

Next, we tested if Jaws-GFP positive cells can elicit light responses
in response to illumination. Two-photon guided patch-clamp
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recordings revealed robust responses to orange light pulses
(590 nm, 3.1 x 10'7 photons.cm~2.s71) in organoids (Figure 3A)
and rdl retinae after transplantation (Figure 3B). Jaws-elicited
responses presented a typical photocurrent shape consisting
of a fast onset (sometimes with a small transient) followed
by a steady-state current. These light responses are based on
the activity of the microbial opsin since organoids infected
with control AAV-GFP did not elicit photocurrents upon
stimulation. In the same way, age-matched transplanted mice
with photoreceptors expressing GFP only showed no measurable
light-evoked currents, which is consistent with the lack of outer
segments in the transplanted cell population (gray traces in
Figures 3A,B). Whole-cell patch-clamp recordings in GFP-Jaws
cones exhibited robust light responses to orange light flashes,
which increased continuously with increasing light intensity
(Figures 3C,D). Of note, significant differences in photocurrents
were found after transplantation compared to organoids
starting at a stimulus intensity of 6 x 10'> photons.cm™2.s7!
(Figures 3A-F). Accordingly, hyperpolarization expressed as
transmembrane voltage, increased steadily when increasing the
light intensity up to 3.1 x 10! photons.cm™2.s71, with all
the light intensities, used remaining below the safety limit
for optical radiation in the human eye (European Parliament
and European Council, 2006; International Commission on
Non-Ionizing Radiation Protection, 2013). Importantly, the
mean values of the resting membrane potential (RMP) in the
dark (at 0 current) were —42.76 + 2.88 mV in organoids
and were even more depolarized at —36.72 £+ 1.52 mV after
transplantation which is higher than with our previous approach
for transplanted cells (Figure 3E, orange dots; Garita-Hernandez
et al., 2019). Those significantly depolarized RMP values are
consistent with the results reported by Busskamp et al. who
showed dormant cone cell bodies completely lacking outer
segments were found to be surprisingly depolarized (Busskamp
etal., 2010). Indeed, a depolarized state in the dark is mandatory
in photoreceptors to activate calcium channels necessary for
glutamate release. Additionally, we comparatively analyzed
the amplitude of the photocurrents generated by PR1.7-Jaws
in organoids and transplanted retinas vs. those observed by
mCAR-Jaws used in our past studies (Garita-Hernandez et al.,
2019). We observed significantly higher response amplitudes in
the transplanted retinas than in those measured in organoids
transformed with PR1.7-Jaws, significant response differences
started at the intensity of 6 x 10" photons.cm™2.s~! as shown
in Figure 3 and at the highest light intensity of 3.1 x 10'7
photons.cm™2.s™! we obtained 16.8 £ 2.91 pA in organoids
(n = 7) and 74.57 + 18.48 pA after transplantation (n = 9**,
p =0.0012, Mann-Whitney). More importantly, higher response
amplitudes were recorded in retinae transplanted with PR1.7-
Jaws when compared with mCAR-Jaws (Figure 3F) at the
same intensity. By comparison, after transplantation with our
precedent protocol, using mCAR promoter, we observed a
mean response amplitude around 5 pA (Garita-Hernandez
et al, 2019). Altogether, we show here that using a highly
specific cone promoter we can increase Jaws expression levels
in the cone membrane and observe an increase in light
response amplitudes.

Temporal Properties of Jaws-Induced
Responses in hiPSC-Derived Cones After
Transplantation

To further characterize the properties of Jaws-induced light
responses, we used two-photon guided patch-clamp techniques
to record hyperpolarization in single cone cells under current-
clamp whole-cell configuration. The spectral sensitivity of
Jaws-expressing cells was measured by stimulating the cells
at different wavelengths. The action spectrum of Jaws, with
maximal responses between 575 nm and 600 nm was confirmed
(Figure 4A). To examine temporal properties of Jaws-cones,
we first recorded light-responses using illumination pulses at
increasing frequencies and observed that cells could follow
up to 25 Hz stimuli with an excellent signal-to-noise ratio
(Figure 4B). This is in line with our previous observations that
optogenetically-engineered photoreceptors respond to light at
a faster pace than natural photoreceptors. Then we recorded
light responses as a function of stimuli of increasing durations,
from 20 ms to 4 s. Cells responses were obtained at
all durations, following the stimulus precisely, even at 4 s
(Figure 4C). Because of the fast kinetics and the robustness
of Jaws-cones responses, intermittent and complex stimuli can
hence be applied and still elicit responses, thus also reducing
drastically the total energy reaching the retina compared
with a strategy that would use a single continuous light
stimulation, which is important for clinical applications and light
stimulation devices.

DISCUSSION

Genetic modification of cells within hiPSC-derived retinal
organoids is essential to their utility as models of human
organ development, as disease models, or for their therapeutic
use as a source of cells for regenerative medicine. Genetic
modifications to introduce small changes in the genome such as
disease-causing mutations or the knock-out/integration of entire
genes mostly use gene-editing tools at the single pluripotent
stem cell stage, before selection and differentiation (Kruczek
and Swaroop, 2020). However, the expression of exogenous
genes to control cellular function after differentiation is needed
for asking biological questions concerning disease mechanisms
or using the cells for downstream therapeutic applications
(Llonch et al., 2018). Moreover, the use of human retinal
organoid models to test transgene expression has become a
critical addition to the gene therapy pipeline bridging proof
of concept work towards clinical applications by removing
potential interspecies differences (Kalatzis et al., 2013; Cereso
et al., 2014; Garita-Hernandez et al., 2018; Quinn et al., 2018).
The specific features of transgene expression need to suit the
ultimate purpose of the experiment both for gene therapy
validation and transplantation. In our experiments, we sought
to achieve a stable modification of the cone photoreceptor
cell population within the human retinal organoids to render
them light-sensitive using optogenetics. For our purpose,
achieving detectable expression early in the cone cell population
was necessary to isolate these cells before transplantation.
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FIGURE 3 | Jaws-driven light responses in engineered retinal organoids before and after transplantation. (A) Left. Infrared (IR)/epifluorescence image showing a
transfected organoid with an electrode contacting a GFP+ cell. Right, photocurrent responses after stimulation with two consecutive flashes at a light intensity of
3.1 x 10" photons cm~2 s~, absence of response in GFP- cells is shown in gray. (B) Left. Infrared/epiflucrescence-Infrared image of a rd1 transplanted retina
depicting small clusters of fluorescent cells. Right, photocurrent responses after stimulation with two consecutive flashes at a light intensity of 3.1 x 10'” photons
cm~2 5™, absence of response in GFP-cells is shown in gray. (C,D) Light-intensity dependency of photoresponse amplitude. Photocurrent (C) and voltage
hyperpolarization (D) of GFP+ cells in organoids and rd1 transplanted retinae as a function of light intensities ranging between 10'* and 3.1x 10" photons cm—2
s, (E) Resting membrane potential (RMP) of Jaws-expressing photoreceptors in the dark (at O current) for the recordings presented in panel (D). Mean RMP values
were —42, 76 &+ 2, 88 mV in organoids and —36.72 £+ 1.52 mV in transplanted cells. (F) Comparison of maximum photocurrent response amplitudes at the highest
light stimulation intensity, for GFP+ cells in organoids (16.8 + 2.92 pA) or after transplantation (74.57 + 18.48 pA). Mean values obtained with our previous protocol
(Garita-Hernandez et al., 2019) are depicted as doted orange lines. For all recordings the stimulation was performed at 590 nm if not stated otherwise. Values
correspond to mean + SEM. *p < 0.05, *p < 0.001, ns = not significant.
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Increasing the light sensitivity within the sorted cell population
post-transplantation was a second desirable feature fit for our
downstream application.

In advanced stages of retinal degeneration where
photoreceptor cells are lost, a promising therapeutic strategy
would be to transplant healthy and functional photoreceptors.
For this type of therapy to be successful, transplanted
photoreceptor cells need to respond to light and transmit
the information to second-order neurons of the host retina.
Moreover, chromophore replenishment through the support
cells should be ensured. Despite several advances in the field
of retinal differentiation (Meyer et al., 2009; Reichman et al.,
2014, 2017; Zhong et al., 2014; Mellough et al., 2015; Garita-
Hernandez et al, 2018; Capowski et al., 2019), functional

light responses remain sparsely reported at the cellular level
(Zhong et al.,, 2014; Hallam et al., 2018; Cowan et al., 2020).
Moreover, transplantation studies using a photoreceptor cell
suspension, in end-stage retinal degeneration, have not reported
a fully functional outer segment. Importantly in the field, direct
proof of transplanted cell functionality by direct patch-clamp
photoreceptor cell recordings is rarely provided. In the case of
retinal sheet transplantation, seldom has a developing outer
segment been described with some MEA responses (Mandai
et al.,, 2017; Iraha et al., 2018; McLelland et al., 2018), but RPE
contact with donor cells has not been studied extensively at
this stage. In our recent work, we proposed a new approach
and demonstrated that the combination of stem cell-derived
photoreceptors and optogenetics can overcome the above-
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mentioned issues. We have shown that optogenetically modified
cone cells, expressing the microbial opsin Jaws under a mouse
cone arrestin promoter can integrate into mouse retinas after
the loss of endogenous photoreceptors and transmit the light
signal to second and third-order neurons (Garita-Hernandez
et al., 2019). This approach overcame the issues related to
lack of outer segments and interaction with support cells,
however, it required very high light levels for opsin activation
and the expression levels were not compatible with cell sorting
of the cone population before transplantation. In this work,
we outweigh the limitations of our past work by a refined
regulation of microbial opsin expression. Implementation of the
strong PR1.7 cone promoter enhanced the expression of Jaws
in 3D human retinal organoids and improved light responses
especially after the cells matured in the subretinal space. Our
work challenges the idea that photoreceptor precursors with
integration capacity cannot be found at an earlier time point
than other transplantation studies have shown, where the
purification of a transplantable population has been based on
cell surface markers that express later in differentiation using
human pluripotent stem cells (Figure 1H; Gagliardi et al., 2018;
Lakowski et al., 2018). It also highlights the importance of the
promoter in driving transgene expression in retinal organoids
both in terms of kinetics and expression levels.
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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.

Keywords: retina, development, stem cells, organoids, congenital abnormalities

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 Miiller glia (Brzezinski and Reh, 2015;
Hoshino et al., 2017). Differentiation of cell subtypes and maturation 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 lack microglia, 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 to mature, 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), no macula 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 the most 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 with MITF. 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 and maintenance are driven
by signaling molecules including Wnt, bone morphogenetic
proteins, and the transforming growth factor-g (TGF-B) 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
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

involves
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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. Firaku 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-f
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 been modeled
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 RBI 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
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Retinal organoids (ROs), which are derived from stem cells, can automatically form
three-dimensional laminar structures that include all cell types and the ultrastructure
of the retina. Therefore, they are highly similar to the retinal structure in the human
body. The development of organoids has been a great technological breakthrough in
the fields of transplantation therapy and disease modeling. However, the translation
of RO applications into medical practice still has various deficiencies at the current
stage, including the long culture process, insufficient yield, and great heterogeneity
among ROs produced under different conditions. Nevertheless, many technological
breakthroughs have been made in transplanting ROs for treatment of diseases such as
retinal degeneration. This review discusses recent advances in the development of ROs,
improvements of the culture protocol, and the latest developments in RO replacement
therapy techniques.

Keywords: retinal organoid, stem cell, retinal ganglion cell, photoreceptor cell, replacement therapy

INTRODUCTION

An organoid is a type of tissue induced from stem cells that is able to automatically form three-
dimensional structures with a variety of cell types. Organoid structures are highly similar to
the organ structures in the human body (Khan et al,, 2016). At present, the types of brain
organoids that can be induced include the hippocampus, pituitary gland, forebrain, and retina
(Brawner et al., 2017; Eastlake et al., 2019; Hua et al., 2020). Retinal organoids (ROs) are induced
from stem cells and develop into the optic vesicle and optic cups, which are finally compressed,
thinned, and matured. Mature ROs have all of the cell types and structures included in the retina
(Miltner and La Torre, 2019). Currently, human embryonic stem cells, induced pluripotent stem
cells (iPSCs), retinal progenitor cells (RPCs), mesenchymal stem cells, and other types of stem
cells have been used to cultivate ROs with multi-cell retinal laminar structure and ultrastructure
(Capowski et al., 2019).

The development of ROs is a major technological breakthrough in the field of transplantation
therapy. Because ROs are highly similar to the retinal structure and include all of the cell types
of the human retina, the corresponding tissue slices can be separated from the cultured organoids
and transplanted into the diseased layers of the retina. This functional replacement also preserves
the original structure of the retina, overcoming the disadvantage of previous single cell type
transplantation techniques (Singh et al., 2018; Ahmad et al., 2020). Some studies have shown
that ROs provide an opportunity to restore vision in patients with advanced retinal degeneration
(McLelland et al., 2018; Ahmad et al., 2020).
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Compared with two-dimensional stem cell techniques, three-
dimensional ROs can more realistically simulate the interaction
between the micro-environment in each layer in vivo, which
allows investigation of the poor efficacy of some drugs in practical
applications and may therefore result in the development of more
efficient drugs. Additionally, the three-dimensional suspension
medium is beneficial for generation of certain cell types, such
as neurons, thus providing the possibility to improve the
production efficiency of retinal ganglion cells (RGCs) and obtain
longer axons. This is particularly beneficial for the study of the
pathogenesis and repair of neuro-degenerative diseases such as
glaucoma (Wright et al., 2015). Goureau et al. (2020) induced
and cultured iPSCs from blind patients and obtained ROs with
pathological characteristics, in which early loss of photoreceptor
cells (PRCs) could be observed.

However, the use of ROs for disease modeling and even
clinical applications still has various deficiencies at the current
stage. These limitations mainly include the long culture process,
insufficient yield, and great heterogeneity among ROs cultivated
by different protocols. Meanwhile, research on various diseases
requires differentiation of ROs to produce sufficient numbers
of specific cells.

This review focuses on the development process of ROs,
improvements in the culture protocol of ROs, and the
induction of differentiation of PRCs and RGCs in ROs to
provide useful information about disease modeling and clinical
applications of ROs.

DEVELOPMENT OF RETINAL
ORGANOIDS

The development of ROs occurs as follows. First, stem cells
proliferate and aggregate and are then induced to form
neuroepithelial cells. Then, the cells develop into neuro-spheres,
including forebrain progenitor cells and optic vesicles. The latter
will develop into optic cups and the neural retina, and the cells
will differentiate into RGCs, amacrine cells and horizontal cells,
followed by PRCs (including rods and cones), as well as bipolar
cells and Muller glial cells (Reichman et al., 2014).

The differentiated cells spontaneously undergo nuclear
migration, form a spire-like shape, and finally arrange into a
laminated structure, where the RGCs are located in the inner
layer and the PRCs are located in the outer layer of ROs (Nakano
et al,, 2012; Ohlemacher et al., 2015, 2019; Cui et al., 2020; Fligor
etal., 2020). At the same time, the mature PRCs in the organoids
have an outer segment and photosensitivity, which can be used
in the study of retinal degeneration and other related diseases
(Zhong et al., 2014).

Eiraku et al. (2011) showed that this migration is determined
by intracellular processes, such as expression of high levels of
myosin at the initial stage of organoid invagination, resulting in a
certain degree of rigidity, and this process is related to the specific
local regulation of the epithelium. Phillips et al. also found that
the human-derived retina expresses intercellular communication
genes such as CX36 at this stage. Meanwhile, the genes expressed,
such as VGLUTI, SNAP-25, AMPA1, NMDA2A, and MGLURG,

are also closely related to the formation of synaptic connections,
and the platelet reactive protein gene THBS2 is up-regulated
(Phillips et al., 2012; Palomo et al., 2014).

Currently, the development and differentiation process of ROs
can be continuously monitored and quantitatively evaluated.
Some studies have developed an algorithm based on deep
learning using bright-field images, allowing researchers to predict
the direction of differentiation and identify differentiation
even before gene expression in the mouse-derived organoid
culture (Kegeles et al., 2020a). When human-derived organoids
develop into a lamellar structure, real-time imaging modalities
such as fluorescence lifetime imaging microscopy, hyperspectral
imaging, and optical coherence tomography can be used to
monitor the metabolic status of ROs and even PRCs, and these
methods will not damage the culture structure (Browne et al.,
2017). The above-mentioned technologies that can be used to
evaluate and monitor the development and differentiation of
ROs have been summarized in Figure 1. Immunocytochemistry
methods have also been used to monitor typical genes such
as VSX2 (corresponding to RPCs), HuC/D (corresponding to
RGCs), CHAT (corresponding to starburst amacrine cells), Crx
(corresponding to PRCs), and RXR (corresponding to cone
precursors), aiming to observe and map the progression of
differentiation of each human-derived cell type (Chichagova
et al., 2019). The improved protocols mentioned in this chapter
are summarized in Table 1.

IMPROVEMENT OF RETINAL ORGANOID
CULTURE

Promotion of Retinal Organoid

Differentiation

The culture process of ROs is very time-consuming. According
to reports, at least 100 days are required for human pluripotent
stem cells to form ROs and differentiate into mature and
functional PRCs (Gasparini et al., 2019). Therefore, promotion
of the differentiation of organoids to shorten the culture time
is an important issue. Cells expressing PAX6 have been shown
to be the major cell type comprising ROs. In one study,
mouse embryonic stem cells were added to serum-free 96-
well plates with approximately 3,000 floating cells in each well
to induce clumped embryoids. Then, extracellular matrix was
added to the culture medium to differentiate the culture into
neuroepithelial cells with a degree of rigidity. After a week,
transcription factors specific to the eye such as PAX6 were
expressed, and differentiation into optic vesicles began (Llonch
etal., 2018). Zhu et al. attempted to induce iPSC NCL-1 produced
by CD34(+) umbilical cord blood cells to produce rosette-like
nerve aggregates by culturing cells for 2-4 weeks and then
manually separating the cells and switching to ultra-low adhesion
6-well plates with neural stem cells medium. Changing the
medium 2-3 times a week can induce the aggregates to self-
organize and differentiate into organoids. The organoids also
have a laminated cell structure and take the shape of the optic
cup (Zhu et al, 2018). For the induction culture of human
pluripotent stem cells, the stem cells need to be suspended in
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FIGURE 1 | Algorithm to predict and identify organoid differentiation, and real-time imaging modalities to monitor the metabolic status of the lamellar structure of
ROs. This illustration is created by Biorender.com (A) OCT image, (B) HSpec image, and (C) FLIM image are reprinted with permission from ref (Browne et al., 2017).
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neural induction medium to form aggregates and differentiate
into neuroepithelium. After 2 weeks, the aggregates are cultured
in retinal differentiation medium to induce their differentiation
into three-dimensional optical vesicles (Ohlemacher et al,
2015). However, the xenogeneic/feeder-free culture protocol
can greatly shorten the culture time. Reichman et al. used
Essential 8 medium, which is a pure chemical medium, to
induce human iPSCs to differentiate into RPCs and neuroretinal
structures after five passages, bypassing the embryoid body
stage and thus shortening the culture time from 6 months to
1 month. Additionally, this process can extend the lifespan of
PRCs that are functional in organoids for up to 10 months
(Reichman et al,, 2017). There is another protocol achieving a
xenogeneic-free cell culture. Perepelkina et al. suggested that
a low concentration of Synthemax SC II (vitronectin mimic
peptide) can be used to replace the Matrigel medium to induce
the early differentiation of the mouse ESC-derived retina.
Furthermore, Synthemax SC II concentrations in the range of
0.005-0.02 mg/ml have no dose-dependent effects on the cells
(Perepelkina et al., 2019).

It is currently thought that insulin-like growth factor
1, retinoic acid, and trilodo thyroxine not only play an

important role in the development of actual retinas, but are
also essential for cell differentiation in ROs. Studies have also
found that adding serum and high glucose concentrations to
the medium promotes the differentiation and development
of human iPSC-derived ROs (Chichagova et al, 2019;
Slembrouck-Brec et al., 2019).

In addition, an electrospinning polybenzyl glutamate scaffold
is also used. This material is composed of polypeptides
containing glutamate. Because the glutamic acid pathway
is related to the development of neurons, it promotes an
increase in RGCs and axon growth in human iPSC-derived
Ros. Moreover, compared with ordinary culture medium,
hiPSC on PBG takes a shorter time to form organoids and
differentiate into RGC (Chen et al., 2019). Previous studies
have designed the electrospun scaffold, which can simulate
the growth process of RGC axons in vivo, thereby promoting
the survival of RGCs and guiding the axons to project along
the radial direction of the scaffold (Kador et al, 2013).
Kador et al. (2014) designed the concentration gradient of
Netrin-1, a guidance factor, on the electrospun scaffold to
promote the polarization of RGCs, and further promote the
connection of RGC and visual pathway during stem cell
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TABLE 1 | Summary of improved protocols of retinal organoids.

Study

Improved protocols

Effects

Development of retinal organoids

Kegeles et al., 2020a

Browne et al., 2017

Chichagova et al., 2019

An algorithm based on deep learning using bright-field images

Real-time imaging modalities including fluorescence lifetime imaging
microscopy, hyperspectral imaging, and optical coherence tomography
Immunocytochemistry methods

Promotion of retinal organoid differentiation

Llonch et al., 2018

Zhu et al., 2018

Ohlemacher et al., 2015

Reichman et al., 2017

Perepelkina et al., 2019

Chen et al., 2019
Kador et al., 2013

Kador et al., 2014

Yao et al., 2015

Adding mESC to a serum-free 96-well plate to keep the cell density at
3000/well, then adding extracellular matrix after induction of embryoid
bodies

Stem cells were manually separated after 2—4 weeks to form rosette-like
aggregates and were cultured in a low-adhesion 6-well culture plate
and NSC medium which was changed every 2-3 times a week.

Human iPSCs are induced into RPCs by neural induction medium and
retinal differentiation medium, and then remain suspended in the neural
induction medium to form aggregates.

Passing human iPSC five times in Essential 8

Using Synthemax SC I (vitronectin mimic peptide) at a concentration of
0.005-0.02 mg/ml to induce early differentiation of the retina

Polybenzyl glutamate scaffold
Electrospun scaffold

Creating the concentration gradient of Netrin-1 on the electrospun
scaffold

Subretinal space transplantation of mRPC with PCL stent

Augmentation of retinal organoid production

Zhu et al., 2018

Volkner et al., 2016, 2019

Regent et al., 2020
Perepelkina et al., 2019

Passing the aggregates in the ratio of 1:3, and use low-adhesion culture
plates and NSC medium for the neuroepithelium

Induceing mESC differentiation with Matrigel.
The neuroepithelium is separated at the ratio of 1:3, and 40% oxygen is
added before maturity.

Dispersing the adherent cell clusters and keep them in suspension
Adding 2% lipid concentrate or 0.06% methy! cellulose to the medium

Reduction of retinal organoid heterogeneity

Llonch et al., 2018

Zhuetal., 2018

Adding mESC to a serum-free 96-well plate to keep the cell density per
well of 96-well plate at 10000/well

RO culture staging system, including light microscopy, electron
microscopy, optical coherence tomography, metabolic imaging,
immunohistochemistry, and other technologies.

Extraction and transplantation of ganglion cells

Wang et al., 2019

Rabesandratana et al.,
2020

Tanaka et al., 2015

Transplanting RPC in RO to the ganglion cell layer
Intravitreal injection of RGC screened by cell marker THY1

BDNF transforms organoids into the two-dimensional development
model after developing into the three-dimensional vesicle structure

Extraction and transplantation of photoreceptor cells

Chen et al., 2016

Pan et al., 2020

The High Efficiency Hypoxia Induced Generation of Photoreceptors in
Retinal Organoids protocol
The reporter gene tdTomato

Predicting the direction of differentiation and identify
differentiation

Non-invasive real-time monitoring of metabolic status of
ROs and even PRCs

Observing and mapping the progression of differentiation

Differentiating the culture into rigid neuroepithelium, express
PAX6 after 1 week, and differentiate into optic vesicles

Promoting the differentiation of stem cells into organoids
with an optic cup shape and multi-layered cell structure.

Inducing hPSC into RPCs and visual vesicles

Skipping the embryoid body stage and directly
differentiating into RPCs and neuroretinal structures,
shortening the time from 6 months to 1 month.

Achieving xenogeneic-free cell culture without the
dose-dependent effects

Promoting the increase in RGCs and axon growth in ROs.
Promoting the survival of RGC and guide axons to project
radially along the scaffold

Promoting the polarization of RGC cells

Guiding stem cells to differentiate, help cells move and
express corresponding markers

Increasing the yield of ROs

Increasing the yield of ROs

Increasing the yield of ROs by 5 times
Reducing the aggregation of culture.

Reducing heterogeneity and increase production
Synchronizing the cultivation phase and reduce
heterogeneity

Making up for the lack of RGC in the ganglion cell layer

Contacting the remaining RGCs

Increasing the differentiation efficiency of ganglion cells and
making them have higher-level functions

Restoring the development of photoreceptor cells in vivo

Non-invasive monitoring of photoreceptor cell differentiation

transplantation. Studies have also reported that the use of
polycaprolactone scaffold for mouse RPC subretinal space
transplantation is able to guide stem cell differentiation and help
cells move to the outer nuclear layer of the retina, and express
photoreceptor-related markers. These strategies may provide
references for promoting the effective transplantation of ROs

(Yao et al., 2015).

In summary, maintaining a certain cell density and keeping
the cells in suspension can induce the formation of embryoid
body, and the addition of extracellular matrix promotes the
rigidity of the culture. When high-quality iPSCs are suspended,
rosette-like nerve aggregates will appear first, and they can
differentiate into ROs after being induced by neural stem

cells medium. And hPSC can be cultured by neural induction
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medium and retinal differentiation medium to produce optical
vesicles. The xenogeneic-free cell culture protocols such as
Essential 8 medium and low-concentration Synthemax SC II
medium can bypass the embryoid body stage and greatly shorten
the time required for differentiation. In addition, electrospun
scaffolds can promote RGC axon projection, and glutamate-
containing scaffold can shorten the differentiation time of
RGCs, and the Netrin-1 protein gradient can increase the
polarization ratio of RGCs. There are also scaffolds such as
polycaprolactone scaffold, which can promote the movement
of the culture to the corresponding level of the retina, thereby
providing the possibility for precise replacement therapy. The
improved protocols mentioned in this section are summarized in
Table 1.

Augmentation of Retinal Organoid

Production
One of the major problems within RO research is the insufficient
yield of organoid culture. In suspension, stem cells tend
to aggregate, resulting in low organoid yields. At present,
most studies suggest separating organoids manually to
improve production efficiency (Volkner et al., 2016). Zhu
et al. (2018) attempted to improve the production efficiency
of human-derived ROs by screening high-quality iPSC
NCL-1, subculturing the cells at 1:3 when aggregation is
observed, and isolating and cultivating the neuroretina part
in neural stem cell medium in a low-adhesion culture plate.
Some studies have explored protocols to produce large-scale
laminated organoids. In contrast to the mainstream protocol,
this method does not require separation of aggregates, but
instead induces the aggregated mouse embryonic stem cells to
form neurons using Matrigel. The resulting neuroepithelium
is then separated into three equal-sized parts, and 40%
oxygen is added when the neuroepithelium nears maturity.
This solution can double the production of organoids
and improve their quality (Volkner et al., 2016, 2019). In
addition to separating aggregates, some studies have explored
a different method to increase yield, that is, promoting the
development and differentiation of cultures that have not
yet formed the three-dimensional structure of organoids.
Regent et al. extracted and dispersed human-derived cell
clusters that were not suspended in medium with a cell
scraper, and the small clumps were kept floating. 24 h
later, a large number of ROs shaped like neuroepithelium
could be observed. This method increased the yield by five
times, and no significant difference was observed compared
with ROs cultured by dissection and separation (Regent
et al, 2020). This finding indicates that the yield of the
cultures is related to the degree of culture suspension.
Perepelkina et al. (2019) suggested that adding 2% lipid
concentrate or 0.06% methyl cellulose to the medium can reduce
aggregation of the culture, thus improving the mouse-derived
culture efficiency.

In short, the organoid production is closely related to the
degree of suspension of the culture. Manual separation of
aggregates or neuroepithelium is the most direct solution to

increase organoid production. Reducing the degree of cell
aggregation or suspending adherent cells is another strategy to
increase yield. The improved protocols mentioned in this section
are summarized in Table 1.

Reduction of Retinal Organoid
Heterogeneity

In addition to the low yield of organoid cultures, another
obstacle to organoid research lies in the great heterogeneity
among various organoid cultures. Therefore, it is urgent to
explore a reproducible culture protocol to reduce heterogeneity.
This is also a major problem that hinders the translation
of RO research into clinical practice and leads to the risk
of damaging the normal retinal structure of the recipient
and causing teratoma when retinal organ transplantation is
performed clinically (Ahmad et al,, 2020). Although studies
have shown that, for ROs derived from reprogrammed human
iPSCs, the culture process itself may enable the ROs to acquire
immunogenicity and cause the recipient to produce a T-cell
immune response in the transplantation stage, thus avoiding the
risk of teratomas caused by organoid heterogeneity (Phillips et al.,
2012). Studies that have summarized the culture schemes that
promote RO differentiation have shown that the shape of the
well, cell number in each well, composition of each medium,
and method of culturing aggregates are factors that lead to the
great heterogeneity among ROs in different culture conditions.
When the mouse ESC-derived cell number is 10,000/well
in a 96-well plate, the size of the aggregates generated will
be 380-550 pm, which will significantly reduce the degree
of heterogeneity of organoids among different batches and
greatly increase the number of organoids at the same time
(Perepelkina et al., 2019).

Capowski et al. developed a human-derived RO culture
staging system using light microscopy, optical coherence
tomography, metabolic imaging, electron microscopy,
immunohistochemistry, and other technologies to synchronize
various culture stages and reduce organoid heterogeneity. First,
the organoids were divided into the neuroepithelial stage, dark
nucleus stage, and hairlike surface appendage stage using light
microscopy. Optical coherence tomography scanning of these
three culture stages revealed that no layered structures were
present in stage 1 and 2, and alternating high and low reflectivity
layers appeared in stage 3. Immunohistochemistry results
showed that the main cells in stage 1 were neural RPCs, RGCs,
and starburst amacrine cells. A large number of PRC precursors
and gradually maturing cone and rod cells appeared in stage 2.
Stage 3 included more mature outer nuclear layer and plexiform
layer cells, as well as mature upper and inner core layer cells. At
this time, PRCs already have light-sensing function, but the cells
formed in stage 1 exhibit structural disorder and degeneration
(Capowski et al., 2019).

In a nutshell, maintaining the consistency of cell density in
each culture dish can reduce the heterogeneity of organoids.
The use of light microscopy, electron microscopy, optical
coherence tomography and other methods can synchronize
the differentiation process of cultures, thereby reducing the
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heterogeneity between products. The improved protocols
mentioned in this section are summarized in Table 1.

EXTRACTION AND TRANSPLANTATION
OF VARIOUS CELL TYPES IN THE
RETINA

Extraction and Transplantation of
Ganglion Cells

Ganglion cells are closely related to glaucoma. Diseases that can
cause glaucoma may lead to the loss of ganglion cells through
mechanical compression, abnormal blood supply, and immune
mechanisms (Cohen and Pasquale, 2014). Wang et al. attempted
to transplant RPCs in human-derived ROs into the ganglion
cell layer of mice, but only a portion of RGCs remained in this
layer. The implanted RPCs filled the original positions of RGCs
in the ganglion cell layer and even expressed the RGC-specific
marker BRN3A (Wang et al., 2019). Rabesandratana et al. also
reported that the cell marker THY1 can be used to screen out
effective human-derived RGCs. When these cells are injected into
recipient mice vitreous, they will associate with the remaining
RGCs and survive for 1 month (Rabesandratana et al., 2020).

Unfortunately, the number of ganglion cells in organoids
is not substantial, and they will gradually degenerate over
time (Pereiro et al, 2020). In ROs derived from PSCs of
Thyl-EGFP transgenic mice, the ganglion cell markers BRN3B
and SMI-312 can be maintained for 2-3 weeks, and the RO
ganglion cells obtained from human iPSCs can be identified for
4 weeks (Kobayashi et al., 2018), but the expression time is still
much shorter than that of PRCs. Miltner and La Torre (2019)
suggested that ganglion cell apoptosis may be mediated by the
Bax signaling pathway. Therefore, to study RGCs in ROs, it
is necessary to explore a protocol that can efficiently produce
RGCs in large numbers. Converting three-dimensional organoid
cultures into two-dimensional cultures is an effective method to
amplify ganglion cells. Tanaka et al. found that brain-derived
neurotrophic factor can transform human-derived organoids
into a two-dimensional development model after the formation
of three-dimensional optic vesicle structures, thereby increasing
the differentiation efficiency of ganglion cells. The differentiation
rate was as high as 90%, and the cells expressed BRN3B, MATHS,
and other specific markers. The cells also had characteristics
of ganglion and nerve cells, such as axoplasmic transport and
action potentials, suggesting that these cells have a higher level
of function (Tanaka et al., 2015).

A study by Fligor et al. also suggested that another factor that
influences the effect of RGC transplantation is the length of RGC
axons. An insufficient RGC axon length will affect the synaptic
connections between ganglion cells and the visual pathway,
leading to failure of RGC transplantation. Thus, investigation of
factors affecting the length of ganglion cell axons in organoids
is conducive to the improvement of RGC replacement therapy
(Fligor et al., 2018). Prolonging the survival time of ganglion
cells is another strategy for RGC replacement. Kobayashi et al.
(2018) found that ganglion cells extracted from more mature

organoids have a greater ability to elongate axons, allowing easier
establishment of connections with the brain. Aparicio et al. found
that human-derived RPCs and ganglion cell precursors express
high levels of CD184 markers, while mature ganglion cells mainly
express CD171. Therefore, this differential expression of ganglion
cell markers allows monitoring of ganglion cell development and
collection of cells at specific times to obtain ganglion cells that
can produce sufficiently long axons (Aparicio et al., 2017). Tanaka
etal. (2015) found that addition of Muller cells to human-derived
ganglion cell medium can significantly improve the survival rate
of ganglion cells and significantly extend their functional axons.

Injection of Muller glial cells derived from ROs into rats
with NMDA-depleted RGCs could partially restore vision,
which suggested that transplantation of Muller cells might be
helpful to repair retinal degeneration and vision loss caused
by RGC degeneration (Eastlake et al., 2019). Pereiro et al.
(2020) suggested that this process is related to up-regulation
of the transcription factor ATOH7, which is required for
mouse—derived ganglion cell development, in Muller cells.
However, over-expression of ATOH7 during mouse-derived
RGC formation also correspondingly reduced the number of
remaining progenitor cells, resulting in a decrease in the
number of PRCs, which develop later than ganglion cells
(Zhang et al., 2018).

In conclusion, the RGC of RO can be connected with
the remaining ganglion cells in the diseased retina. However,
the low yield of RGC and the inability to obtain axons of
sufficient length are currently obstacles to clinical transformation.
Two-dimensional expansion of RGC through brain-derived
neurotrophic factor is a feasible strategy to solve the problem
of low yield; screening and purifying mature RGC from RO for
transplantation, adding Muller cells to the culture medium to
promote the development of ganglion cells is a potential strategy
to solve the problem of insufficient axon length. The improved
protocols and research findings mentioned in this section are
separately summarized in Tables 1, 2.

Extraction and Transplantation of

Photoreceptor Cells

For retinal degenerative diseases caused by the loss of
photoreceptors, subretinal transplantation of RO sheets and
PRCs or even RPCs can be performed to compensate for the
function of degraded PRCs, which acts as a type of patch
(Singh and Nasonkin, 2020). Pearson et al. (2012) found that
an integrated graft can provide vision in mice with retinal
degeneration under low-light conditions and can project signals
to the V1 area of the brain, which is mainly responsible for
visual processing.

Studies have found that the development of human-derived
ROs after 30-70 days of culture in vitro is equivalent to
that of embryos at 8-14 weeks. At the same time, the
implanted organoids can continue to develop, differentiate,
and constantly integrate information with the recipient’s retina.
McLelland et al. (2018) showed that connection of the donor
lamina to the receptors inner plexiform layer indicates the
establishment of synaptic connections. Assawachananont et al.
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TABLE 2 | Summary of findings related to retinal organoid culture process and transplantation.

Study

Findings

Retinal ganglion cells
Kobayashi et al., 2018
Aparicio et al., 2017

Tanaka et al., 2015
Eastlake et al., 2019

Photoreceptor cells
Singh and Nasonkin, 2020

Pearson et al., 2012
McLelland et al., 2018
Assawachananont et al.,
2014

Goureau and Orieux, 2020

Kegeles et al., 2020b

Chen et al., 2016
Pan et al., 2020
Volkner et al., 2016

Gagliardi et al., 2018

Lakowski et al., 2015, 2018

Mature ganglion cells are more capable of extending axons.

Ganglion cell precursors express CD184.
Mature ganglion cells express CD171.

Muller cells promote ganglion cells to survive and extend axons.
Transplanting Muller cells conduces to repair RGC degeneration-related diseases.

Organoid lamellar transplantation compensates for degraded photoreceptor cells.
Transplanting PR and neurons together can increase the survival rate of neurons.
Organoid grafts provides dark vision.

The connection with the IPL of the receptor indicates the synaptic connection.
Organoids cultured for 11-17 days are most likely to have synaptic connections.
Transplanting the outer nuclear layer with a small amount of the inner core layer
promotes the connection between the ONL of the donor and the INL of the recipient.
The purified PR precursor cells injected into the subretinal space and are more easily
integrated with the recipient neurons.

Adding Forskolin, an activator of adenylate cyclase, on the first day of organoid culture
improves the efficiency of visual field induction.

70% of organoids are rod cells.

COCO promotes the generation of PR precursor cells.

Inhibitors of the Notch pathway can promote cone cells when added in the early stage,
and can promote rod cells when added in the later.

Magnetically activated cell sorting (MACS) can separate CD73(+) CRX + photoreceptor
cells.

CD73(+) marked mouse-derived PR precursors will differentiate into rod cells after
implantation in the subretinal space, and will be marked by Recoverin.

CD73(+) can screen mouse-derived rod cells, but it is not effective for human-derived
cells.

Cell marker CD29 (-)/SSEA-1 (-) can screen human-derived photoreceptor cells.

suggested the use of mouse-derived ROs cultured for 11 to
17 days for transplantation. These ROs have not matured, but
they make the most efficient synaptic connections with the
recipient (Assawachananont et al., 2014). Studies have found that
transplantation of organoid sheets is not an effective therapy
because of their unorganized structure and complex cell types.
Goureau and Orieux (2020) suggested that direct injection of
purified mouse-derived photoreceptor precursor cells into the
subretinal space can promote the production of a single cell
type in the graft and facilitate the exchange of information and
substances with receptor neurons, resulting in more efficient
and accurate replacement therapy. Therefore, PRCs should
be extracted from organoids before transplantation into the
subretinal space. Additionally, Singh et al. found that if PRCs
and neurons in mouse-derived ROs were transplanted together,
the neurons connected to RGCs could still survive even if the
PRCs subsequently underwent apoptosis (Lin and Peng, 2013).
Assawachananont et al. (2014) suggested that if the outer nuclear
layer to be transplanted in the mouse-derived RO contains a
small amount of the inner nuclear layer, connections between
the donor outer nuclear layer and the recipient’s inner nuclear
layer will be promoted. Kegeles et al. (2020b) added forskolin, an
adenylate cyclase activator, on the first day of mouse ESC-derived
RO culture, and the induction efficiency of the visual field was
significantly improved.

Some studies have also used embryonic stem cells and iPSCs
from Nrl-green fluorescent protein mice to induce ROs and
evaluate the development of rod cells in vitro. The results
showed that up to 70% of the cells in ROs were rods (Chen
et al,, 2016). The addition of COCO as an auxiliary supplement
to medium has also been shown to promote the production
of human-derived photoreceptor precursor cells and, in the
long term, leads to more cones than rods (Tanaka et al,
2015). Nakano et al. (2012) found that Notch signaling pathway
inhibitors is able to accelerate the generation of human-derived
photoreceptors. Volkner et al. found that it can also control the
differentiation trend of mouse-derived precursors. If a Notch
pathway inhibitor is added in the early stage of differentiation,
the generation of cones will increase. If the inhibitor is added
in the late stage, the growth of rod cells will be promoted
(Volkner et al., 2016).

Labeling PRC-specific reporter genes such as CRX also
plays an important role in separating PRCs of ROs for
subsequent transplantation. Gagliardi et al. showed that the
mCherry gene is specifically expressed in all CRX(+4) PRCs,
and surface antigen marker CD73 is specifically expressed
in mCherry(+) cells, which provides a feasible method to
efficiently collect CRX(+) PRCs. Magnetic activated cell sorting
can thus be used for targeted separation of CRX(+4) PRCs
with the specific surface antigen marker CD73 (Gagliardi
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et al, 2018). CD73(+) is a rod-specific marker for mouse-
derived ROs that can be labeled with rhodopsin, but its
specificity is low for human-derived ROs. Lakowski et al.
(2015, 2018) suggested that a higher proportion of PRCs
can be obtained from human-derived ROs by identifying
CD29(-)/SSEA-1(-) cells. There is also research on targeted
screening of mouse-derived CD73(+) CD24(+) CD133(+)
CD47(+) CD15(-) photoreceptor precursors, which will then
differentiate into functional rods that can be labeled by Recoverin
(Lakowski et al., 2015).

The differentiation and maturation processes of PRCs of
ROs from different sources obviously differ (Hallam et al,
2018). Therefore, to reduce the heterogeneity of culture,
the currently used protocol, serum-free floating culture of
embryoid body-like aggregates with quick reaggregation, has
been improved, and the modified protocol called High Efficiency
Hypoxia Induced Generation of Photoreceptors in ROs protocol
was used so that the development of mouse-derived ROs
and their PRCs could be highly representative of the retina
in vivo (Chen et al, 2016). Labeling a specific gene of
PRCs, CRX, with the reporter gene tdTomato can help to
track the differentiation process of human-derived cones and
rod cells. This alteration will not affect the differentiation of
ROs. Additionally, the fluorescence intensity of the tdTomato
gene is consistent with that of flow cytometry; therefore, the
degree of differentiation of precursor cells can be quantified
(Pan et al., 2020).

At present, the transplantation therapy of PRC is more
mature than that of ganglion cells. It has been proven to be
an alternative treatment for retinal degenerative diseases and
provide scotopic vision. This is achieved through a successful
synaptic connection with the inner plexiform layer of the
receptor. However, the current difficulty lies in the complex
and disordered structure of the organoid lamellar tissue itself,
which affects the therapeutic effect. Therefore, the better solution
is to separate and extract the PRCs to a certain extent. Using
CRX reporter gene and cell markers such as CD73, PRCs can
be separated more accurately. At the same time, COCO and
Notch signal inhibitors can control the relative proportion of
cone and rod cells in ROs, indirectly making the transplant more
precise. On the other hand, the High Efficiency Hypoxia Induced
Generation of Photoreceptors in ROs protocol and tdTomato
reporter gene can reduce the heterogeneity between PRCs
from different sources. The improved protocols and research
findings mentioned in this section are separately summarized in
Tables 1, 2.

DISCUSSION

Because ROs have highly similar structures and cell types to
retinas, the RO model will be an ideal choice for studying
the mechanisms of diseases, developing efficient drugs, and
examining organ transplantation. However, because of their low
yield, long culture time, and high heterogeneity of products under
different culture conditions, the application and translation of
ROs are restricted at this stage.

Currently, methods such as computer deep learning
algorithms, multimodal imaging, and immunohistochemistry
can be used to predict the direction of differentiation, monitor
development and even metabolic processes in real time,
and perform quantitative evaluations without destroying the
structure of organoids. This has allowed the development
process of ROs to be categorized into three stages, which
greatly reduces the heterogeneity among products under
different conditions. Regarding the problem of low yield,
existing research has improved the efliciency of organoid
culture by dividing the original product in advance and
improving the utilization of cells. Controlling cell density,
the use of pure chemical culture media, and the addition of
retinal developmental substances to the culture medium can
promote organoid differentiation, and the development of
related biological scaffold materials will undoubtedly shorten the
maturation process of ROs.

Currently, studies have shown that ganglion cells can be
transplanted into the corresponding ganglion cell layer, and
the transplanted cells can compensate for the loss of function.
However, the implanted ganglion cells have a relatively short
lifespan, and there is also the problem that the number of
ganglion cells and the length of axons available in the traditional
RO protocol are not sufficient to connect to the visual pathway.
Some studies have suggested that the combination of three-
dimensional and two-dimensional protocols can promote the
expansion of ganglion cells. Additionally, as the survival time
of ganglion cells increases, the ability of ganglion cells to
grow axons in organoids increases, and axon functions become
more mature. The addition of Muller cells can increase the
short lifespan of RGCs in culture and promote the functional
recovery of RGCs that have degenerated because of disease
after transplantation into the receptor. This effect may be
related to the transcription factor ATOH?7, which promotes RGC
development, but it may decrease the number of progenitors
in organoids, thus reducing the number of PRCs during
subsequent development.

The current technology can also provide scotopic vision
for mice with retinal degeneration via transplantation of
RO sheets or subretinal cells. Synaptic connections can
be verified when the inner plexiform layer of the receptor
is connected to the donor, and these connections will
not degenerate over time. In addition, the use of early-
stage ROs is recommended to establish connections more
effectively. A higher proportion of cone or rod cells can be
obtained using photoreceptor precursor cells extracted from
ROs, adding a Notch signaling inhibitor to RO culture at
different stages, or targeted isolation based on cell markers,
resulting in more accurate and efficient cell replacement
therapy. The existing technology can be used to develop
photoreceptors that are similar to those in retinas and
assess the degree of cell differentiation. Optical coherence
tomography, visual dynamics tests, immunohistochemistry,
and other methods can be used to determine the effect of
transplantation.

As mentioned above, the latest studies have made progress
in solving the problems of insufficient yield, large heterogeneity,
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and long process of ROs culture. However, when the ganglion
cells or PRCs produced from organoids are transplanted into
the body, it is still unknown whether they can create long-term
clinical functional connections with visual pathways. Therefore,
in order to apply the cultivated organoids to the clinical practice
and benefit the patients, there is still a long way to go.
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Muller glial cells (MGCs) play important roles in human retina during physiological and
pathological conditions. However, the development process of human MGCs in vivo
remains unclear, and how to obtain large numbers of human MGCs with high quality
faces technical challenges, which hinder the further study and application of MGCs.
Human induced pluripotent stem cell (hiPSC)-derived retinal organoids (ROs) with all
retinal cell subtypes provide an unlimited cell resource and a platform for the studies of
retinal development and disorders. This study explored the development of human MGCs
in hiPSC-derived ROs and developed an approach to select and expand the induced
MGCs (IMGCs). In ROs, retinal progenitor cells progressively differentiated into SOX9+
Ki67— MGC precursors during differentiation day (D) 60 to D90, while mature MGCs
expressing markers CRALBP and GS gradually appeared since D120, which spanned
the entire thickness of the neural retina layer. Cells isolated from ROs aged older than 120
days was an optimal source for the enrichment of IMGCs with high purity and expansion
ability. They had typical features of human MGCs in morphological, structural, molecular
and functional aspects, and could be passaged serially at least 10 times, yielding large
numbers of cells in a short period. The transcriptome pattern of the expanded iIMGCs
was also revealed. This study firstly clarified the timecourse of human MGC development
in the RO model, where the IMGCs could be enriched and expanded, paving the way for
downstream investigation and application in MGC-related retinal disorders.

Keywords: Miiller glial cells, human induced pluripotent stem cells, retinal organoids, development, enrichment,
transcriptome

INTRODUCTION

Miiller glial cells (MGCs), which are the principal glial component of vertebrate retina, originate
along with retinal neurons from retinal progenitor cells (RPCs). It is reported that they are the last-
born cell type during mouse retinal development (Dvoriantchikova et al., 2019). They span radially
across the entire width of neural retina and constitute a structural scaffold to contact nearly all
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Development and Enrichment of iMGCs

of retinal neurons (Bringmann et al., 2006; Eastlake et al., 2020).
Due to this unique anatomical distribution, MGCs perform many
vital physiological functions throughout the retina, including the
formation of blood-retinal barrier, the control of extracellular
space volume, ion and water homeostasis, and thus maintain
the integrity of retina (Bringmann et al.,, 2006; Eastlake et al.,
2020). They also provide neurotrophic, metabolic and anti-
oxidative support for retinal neurons, and regulate the neuronal
activity by neurotransmitters recycling, which are considered
to be neuroprotective in nature (Reichenbach and Bringmann,
2013). These important characteristics of MGCs have generated
scientific interests in their potential therapeutic applications,
including as a vehicle to deliver benefit factors into the retina
(Eastlake et al., 2020).

However, in pathological conditions, some studies indicate
that MGCs can dedifferentiate into retinal progenitor-like cells
to replenish injured neurons in zebrafish and chick (Raymond
et al., 2006). This regenerative ability in the adult mammalian
and human retina is still controversial. Many efforts have
been made to identify the mechanism underlying regenerative
potential of MGCs in order to establish new strategies for
treatment of late-stage retinal diseases. In multiple types of
human retinal diseases such as retinal detachment, proliferative
vitreoretinopathy, diabetic retinopathy and retinal degenerative
diseases, MGCs become activated by various pathogenic stimuli
such as hypoxia and stress (Bringmann et al., 2006). The slight
activation of MGCs may promote the survival of retinal neurons
and so repair the retina, while the persistent activation may
contribute to the formation of reactive gliosis and eventually
lead to glial scar, accelerating the retinal neurodegeneration and
greatly impeding the retinal repair (Bringmann et al., 2009;
Bringmann and Wiedemann, 2012).

At present, most insights into MGCs are gained from
experimental animal models and await confirmation on human
cells. However, the pathophysiological mechanisms of human
MGCs are still largely unknown due to the limited human
cell source. To date, human MGCs are mostly obtained from
cadaveric donors and samples after vitreoretinal surgery (Limb
et al, 2002; Lawrence et al., 2007). In adult human retina,
astrocytes, which share many features with MGCs, also present
in retinal nerve fiber layer, and interfere the expansion and
purification of MGCs in vitro (Lawrence et al., 2007). Moreover,
immune rejection and risk of disease transmission are also
obstacles of translational applications of these human MGCs
(Eastlake et al., 2019). However, great progress in human
induced pluripotent stem cells (hiPSCs) makes it possible to
solve the above challenges. Retinal organoids (ROs), which can
be generated by hiPSCs, are able to recapitulate the retinal
development and form laminated retinal tissues (Zhong et al.,
2014). Studies have demonstrated that the MGCs are the only
glial cell type sharing a common progenitor with the retinal
neurons, and they can emerge and survive in hiPSC-derived ROs
(Zhong et al., 2014; Fligor et al., 2018; Capowski et al., 2019; Singh
etal., 2021), providing many advantages in exploring the features
of human MGCs.

Since there are many vital functions of MGCs in the human
retina, the aim of our study is to clarify the developmental

characteristics of human MGCs in hiPSC-derived ROs and
establish protocols to enrich these cells, thus to facilitate the
pathophysiological mechanism study of human MGCs and the
treatment of MGC-related retinal diseases. Originating from
RPCs, Ki67- SOX9+ CRALBP- GS- induced MGC (iMGC)
precursors were identified in the early-stage ROs, while the Ki67-
SOX9+ CRALBP+ GS+ mature iMGCs presented in the late-
stage ROs. Importantly, the iMGCs were successfully enriched
and expanded from the late-stage ROs, which exhibited similar
morphological, structural, molecular and physiological features
of primary human MGCs. The transcriptome pattern of the
expanded iMGCs was also identified. Our findings provided new
insights into the temporal and spatial development of human
MGCs in vivo and established a simple approach to enrich these
cells, laying the foundation for downstream investigation and
application of human MGCs.

MATERIALS AND METHODS

hiPSC Culture and RO Induction

Two hiPSC lines, BC1 and BC1-GFP lines were used in this study,
which were gifts from Professor Linzhao Cheng (University of
Science and Technology of China) (Chou et al., 2011; Zou et al.,
2012). hiPSCs were cultured on Matrigel-coated (Corning, USA)
plates in mTeSR1 medium (Stem Cell Technologies, Canada) and
passaged at ~80% confluence every 5-7 days. RO induction was
performed as previously described (Zhong et al., 2014; Li et al,,
2018; Guan et al,, 2021). Briefly, on differentiation day (D) 0,
hiPSCs were dissociated and cultured in low adherent dishes to
form embryoid bodies (EBs). EBs were plated on Matrigel-coated
dishes during D5-D7 with neural induction medium (NIM),
which was composed of DMEM/F12 (1:1), 1% N2 supplement
(Invitrogen), 1% non-essential amino acids (NEAA) (Gibco)
and 2 pg/ml heparin (Sigma-Aldrich). From D16, the culture
medium was changed to retinal differentiation medium (RDM),
containing DMEM/F12 (12:5), 2% B27 (without vitamin A,
Invitrogen), 1% NEAA, and 1% antibiotic-antimycotic (Gibco).
By week (W) 4-6, optic vesicles with neural retina (NR) domains
turned up and were lifted up with tungsten needles, then cultured
in suspension to spontaneously form ROs. Retinal culture
medium (RCM), which comprised RDM, 10% fetal bovine serum
(FBS) (Gibco), 100 M Taurine (Sigma-Aldrich), and 2mM
GlutaMAX (Invitrogen) were used after 1 week of detachment.
From D90, B27 supplemented in RCM was replaced by N2 for
long-term RO culture. Medium was changed twice a week.

Expansion Culture of iMGCs

NR layers were isolated from ROs at different timepoints (D60,
D90, D120, and D150) after differentiation, dissected into small
pieces with a pair of tungsten needles, and then dissociated into
single cells by incubation of accutase (Gibco) for 15-25min at
37°C. Afterwards, cell suspension was plated at a density of 1 x
10* cells per cm? on Matrigel-coated plates with MGC culture
medium consisting of DMEM, 10% FBS, 2 mM GlutaMAX, 1%
NEAA and 1% antibiotic-antimycotic. These cells were noted as
passage 0 (P0). After cells were expanded, they were passaged
at approximately 90% confluence every 6-10 days. Medium
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was changed every 3-4 days. MIO-MI1, a commercial MGC
line obtained from human retina (Limb et al., 2002; Lawrence
et al., 2007), served as a control in designated experiments, was
cultured and expanded at a density of 1 x 10* cells per cm?
on Matrigel-coated plates in 1640 medium containing 10% FBS
and 1% antibiotic-antimycotic. They were passaged at ~90%
confluence every 4-6 days. Medium was changed every 2-3 days.
The cell doubling time (DT) of the passaged cells were measured
according to the following equation (Zou et al., 2019):

DT =t x [lg2/ (IgNt — 1gNO) ]

where N; represents the cell number at time period ¢ (days) and
Ny represents the initial cell number at the cell-plating day.

Immunofluorescence Staining

Collected ROs were fixed in 4% paraformaldehyde (PFA,
Sigma) for 30 min at room temperature. Mouse eyeballs were
fixed in 4% PFA overnight at 4°C. Fixed ROs and mouse
eyeballs were dehydrated through ascending grades of sucrose
solutions from 6.25, 12.5, to 25%. Then they were embedded
in O.C.T compound for frozen sections. Cells cultured on
coverslips were fixed with 4% PFA for 8 min. Coverslips or
sections were incubated in blocking solution consisting of
10% donkey serum and 0.25% Triton X-100 for 1h at room
temperature. Primary antibodies were incubated in the proper
dilution overnight at 4°C. After that, the cells or sections
were incubated with the corresponding secondary antibodies
with either Alexa Fluor 488, 555, or 647 (Life Technologies,
USA) for 1h at room temperature. DAPI (4)6-diamidino-2-
phenylindole, Dojindo Molecular Technologies, China) was used
for counterstaining nuclei. The used primary antibodies are
listed in Supplementary Table S1. Fluorescence images were
acquired with a fluorescence microscope (Zeiss, Germany), a
microscope slide scanner (Zeiss, Germany) or an LSM 880
confocal microscope (Zeiss, Germany).

Scanning Electron Microscope

The passaged iMGCs were grown on coverslips and fixed in
a mixture containing 2.5% glutaraldehyde and 2% PFA at 4°C
overnight. Then these samples were sent to Electron Microscopy
Core Facility at Fuda Testing Group (Guangzhou, China) for
dehydration, drying, coating, and observed by scanning electron
microscope (Apreo 2; FEL Inc., Carlsbad, CA, USA).

Transmission Electron Microscopy

The passaged iMGCs were cultured on plates and dissociated
into cell suspension with 0.25% trypsin-EDTA (Gibco). Then
cells were centrifuged into cell aggregates and fixed in mixture
containing 2.5% glutaraldehyde and 2% PFA at 4°C overnight.
After that, these samples were sent to Electron Microscopy
Core Facility at Fuda Testing Group (Guangzhou, China) for
dehydration, bedding, sectioning, staining and observed by
transmission electron microscope (Tecnai G2 Spirit; FEI, Inc,
Carlsbad, CA, USA).

Electrophysiological Experiment

Whole-cell recordings at current-clamp mode were performed
using an Integrated Patch-Clamp Amplifier (Sutter Instrument,
USA) controlled by Igor 8 software (WaveMetrics, USA), filtered
at 5kHz and sampled at 20 kHz. Patch pipettes (4-6 M2) were
filled with the internal solution containing the following (in
mM): 130 K-gluconate, 10 HEPES, 10 KCI, biocytin 0.1-0.4%,
4 MgATP, 0.5 Na3GTP and 10 Na-phosphocreatine; pH 7.2—
7.4. Osmolarity was adjusted to 290-300 mOsm. Recordings
were performed at room temperature. Cultured iMGCs were
perfused with ACSF (in mM): 124 NaCl, 3 KCl, 1.25 NaH, POy,
1 MgCl,, 2 CaCl,, 26 NaHCOs3, and 10 dextrose, bubbled with
95% 02/5% CO,. iMGCs were selected for study if they had a
resting membrane potential <-30 mV. L-glutamate was applied
to iMGCs by Picospritzer III (General Valve Corporation, USA)
with Puff perfusion. The tip diameter of puff micropipettes
was about 2-5um and puff pressure was between 4 and 6 psi.
Glutamate at 100 WM was locally delivered using local pressure-
puff.

RNA-seq and Data Analysis

Samples from BC1-GFP hiPSCs and their derivatives were
used to perform RNA-seq and data analysis. HiPSCs (~2 x
106 cells per experiment, three independent experiments), NR
layers isolated from D70-ROs and D150-ROs (five ROs per
experiment, three independent experiments), P1 and P5 iMGCs
from NR layers of D150-ROs (~1 x 10° cells per experiment,
three independent experiments) were collected in Trizol reagent
(Invitrogen) and stored in a —80°C freezer. Then all of these
samples were submitted to Gene Denovo Biotechnology Co.
(Guangzhou, China) for RNA extraction, library construction,
sequencing and data analyses. Total RNA was extracted using
Trizol reagent kit (Invitrogen) according to the manufacturer’s
protocol. RNA quality was assessed on an Agilent 2100
Bioanalyzer (Agilent Technologies). Oligo (dT) beads were used
to isolate the poly mRNA from the total RNA. The enriched
mRNA was fragmented and reverse transcribed into cDNA using
random primers. After synthesis of the second strand, the cDNA
was purified, end-repaired and ligated to Illumina sequencing
adapters. The ligation products were size selected, amplified, and
sequenced. Raw reads were filtered and the clean reads were
obtained. Afterwards, an index of the reference genome was
built, and paired-end clean reads were mapped to the reference
genome using HISAT2 (Kim et al., 2015). The mapped reads of
each sample were assembled by using StringTie (Pertea et al,
2016). For each transcription region, a fragment per kilobase of
transcript per million mapped reads (FPKM) value was calculated
to quantify its expression abundance and variations, using
RSEM software (Li and Dewey, 2011). Correlation analysis was
performed by R. Correlation and principal component analysis
(PCA) was performed with R package gmodels (http://www.r-
project.org/). Differential expression analysis was performed by
DESeq?2 software (Love et al., 2014) between two different groups.
The genes/transcripts with the parameter of false discovery
rate (FDR) below 0.05 and absolute fold change >2 were
considered differentially expressed genes/transcripts (DEGs).
Then the upregulated DEGs were underwent Gene Ontology
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(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis, and the GO terms or pathways
with an adjust p-value < 0.05 (qvalue) were defined as significant
enriched GO terms or pathways.

Animals and Subretinal Transplantation of

iIMGCs

NOD/SCID mice were used in this study. The animal study
was reviewed and approved by the Animal Ethics Committee
of the Zhongshan Ophthalmic Center, Sun Yat-Sen University.
All experiments complied with national animal care guidelines.
Four to six-week-old NOD/SCID mice were divided into two
groups: a treatment group injected with the P2 or P5 iMGCs
from BC1-GFP or BCl ROs older than D120 (1 x 10°
cells in 1.5 pl DMEM per eye), and a vehicle control group
injected with DMEM (1.5 pl per eye). Subretinal injections
were performed using a 2.5 pul Hamilton syringe and 33 G
needle (Hamilton, Swizerland). Fundus photography (Topcon
TCR-50DX) and optical coherence tomography (OCT, Envisu R-
Class) examination were done to dynamically track the donor
cells in subretinal space (SRS). These transplanted mice were
monitored for about 4 weeks. The mice were sacrificed by cervical
dislocation at days 3, 7, and 21 after surgery. The experimental
eyeballs of mice were removed and fixed with 4% PFA overnight
at4°C.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
Software 8.0.1 (GraphPad Software, USA). The results of
electrophysiological experiment are presented as the mean
+ SEM (standard error of mean), and other results are
presented as the mean + SD (Standard Deviation). P <
0.05 was considered statistically significant. For statistical
analysis of RNA-seq, see RNA-seq and Data Analysis for
more details.

RESULTS

Temporal and Spatial Development of
MGCs in hiPSC-Derived ROs

To observe the development of human MGCs, dissociated
hiPSCs were differentiated into ROs according to our
published retinal differentiation protocol (Zhong et al,
2014; Li et al, 2018; Guan et al, 2021). During W4-W7,
three-dimensional (3D) ROs with thick and transparent NRs
spontaneously formed, resembling human eye-cups (Figure 1A;
Supplementary Figure S1). Immunofluorescence staining of
these ROs showed that at the early stage of differentiation
(D60-D90), most cells in the NR layer firstly co-expressed RPC
markers Ki67, SOX9, VSX2, vimentin and nestin, representing
a population of RPCs (Figures 1B,C). Some early-born retinal
neurons such as BRN34 PAX6+ ganglion cells and CRX+
photoreceptor cells were also seen in the NR layer at this
stage (Supplementary Figures S2A-C). As the differentiation
progressed, RPCs exited the cell cycle and differentiated into
Ki67- VSX2- SOX9+ CRALBP- GS- cells, which gradually

migrated to the intermediate layer of NRs and were defined as
MGC precursors to represent a transitional period of developing
MGCs between RPCs and mature MGCs (Figures 1B,C). At
the late stage of differentiation (D120 afterwards), the MGCs
expressed markers CRALBP and GS specific for mature MGCs
(Limb et al.,, 2002; Eastlake et al., 2019) and stretched the
whole width of NRs with their cell processes (Figures 1B,C;
Supplementary Figures S3A,B). RPC and MGC markers SOX9,
nestin and vimentin were also expressed in the intermediate
layer of NRs from D120 (Figures 1B,C), implying the mature
MGCs emerged in the late-stage RO (Zhong et al., 2014; Fligor
et al,, 2018; Capowski et al., 2019). Surprisingly, GFAP, a marker
for astrocyte and active MGC (Vecino et al., 2016; Reichenbach
and Bringmann, 2020), was not expressed in the NR of ROs at
both the early and late stages (Supplementary Figures S2D, S4).
In addition, the NR layers were negative for optic stalk
marker PAX2 and forebrain cell marker SOX1, further
confirming MGCs in NR layers indeed originated from retina
(Supplementary Figure S2D).

RNA-seq analysis further characterized the development
of MGCs during retinal differentiation. PCA indicated
developmental age as the first principal component explaining
almost 74% of the variance (Figure 2A). Differential expression
analysis showed that there were substantial differences
among hiPSCs and ROs at different stages (Figure 2B;
Supplementary Figures S5A,B). When compared with hiPSCs,
the number of differential expression genes (DEGs) that
showed more than or equal to 2-fold change in D70-ROs
or D150-ROs was, respectively, up to 6860 and 9238. And
when compared with D70-ROs, there were 5214 DEGs in
D150-ROs (Figure 2B; Supplementary Figures S5A,B). GO
analysis showed that the upregulated DEGs of D150-ROs
comparing to hiPSCs were enriched in cellular components
related to MGCs development, such as cytoskeleton, cilium,
cell projection (Figure2C). While KEGG analysis revealed
that the upregulated DEGs of D150-ROs comparing to hiPSCs
were enriched in signaling pathways related to the functions of
MGCs, such as Glutamatergic synapse (Figure 2D). Pluripotency
marker genes including FOXD3, TERT, TDGFI, and NANOG
were high expressed in hiPSCs but low in hiPSC-derived ROs
(Figure 2E). In addition, RPC-related genes such as OLIG2 and
DLL3 were enriched in the early-stage ROs (Figure 2F). While
MGC-related genes, such as CRYAB, RLBPI, CA2, and SLCIA3
were progressively upregulated over the differentiation process
(Figure 2G; Supplementary Figure S5C), which were consistent
with the previous studies (Hoshino et al., 2017; Kim et al,
2019; Yan et al., 2020; Couturier et al., 2021). The expression of
RPC and MGC genes SOX9 and VIM significantly increased in
the early-stage ROs when compared to hiPSCs and kept high
expression level in late-stage ROs (Figure 2G). Additionally,
the expression of astrocyte marker GFAP and forebrain cell
marker SOX1 were not detectable, and the expression level of the
optic stalk marker PAX2 was very low in ROs at different stages
(Supplementary Figure S5C). Part of these results were verified
by the immunostaining analysis described above (Figure 1B;
Supplementary Figures S2D, S4).
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FIGURE 1 | Spatiotemporal development of MGCs in hiPSC-derived ROs. (A) Schematic overview of the development of MGCs in ROs. (B) Immunofluorescence
staining showed the expression of markers VSX2, SOX9, Ki67, vimentin, nestin, CRALBP and GS in D60-, D90-, D120-, and D150-ROs. (C) Schematic diagram of
MGCs development in hiPSC-derived ROs. hiPSC, human induced pluripotent stem cell; ROs, retinal organoids; MGC, Muller glial cell; NR, neural retina. Scale bars =
50 um (B).

Altogether, RPCs from both hiPSC lines sequentially located in the intermediate layer of NRs, which recapitulates the
differentiated into MGC precursors and mature MGCs in  spatiotemporal pattern of MGC development in human fetal
hiPSC-derived ROs and the mature MGCs were spatially  retina (Figure 1C) (Xiang, 2013; Quinn and Wijnholds, 2019).
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FIGURE 2 | RNA-seq analysis of MGC development in ROs at different stages. (A) Principal components analysis (PCA) showed a comparison of the transcriptome

data in hiPSCs (D0) and ROs at different stages. (B) Venn diagram showed the number and overlapping relations of the differentially expressed genes (DEGs) among

hiPSCs and ROs at different stages. (C) Dot plot showed Gene Ontology (GO) analysis of the upregulated DEGs of D150-ROs comparing to hiPSCs; GO terms with
(Continued)

Frontiers in Cellular Neuroscience | www.frontiersin.org 115 May 2022 | Volume 16 | Article 820396


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Ning et al.

Development and Enrichment of iMGCs

of CRALBP.

FIGURE 2 | an adjust p-value (qvalue) < 0.05 were defined as significant enriched GO terms. (D) Dot plot showed Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis of the upregulated DEGs of D150-ROs comparing to hiPSCs; signaling pathways with qvalue < 0.05 were defined as significant enriched pathways.
(E-G) Heatmap showed the expression pattern of the hiPSC-related genes (E), RPC-related genes (F) and MGC-related genes (G) in hiPSCs (D0), D70-ROs (D70),
and D150-ROs (D150). Blue to red indicated a gradient from low to high gene expression. hiPSC, human induced pluripotent stem cell; NR, neural retina; ROs, retinal
organoids; RPC, retinal progenitor cell; MGC, Mdller glial cell; —1, —2, and —3, experimental replicates; VS, versus. VIM, gene name of vimentin; RLBP1, gene name

The Enrichment of iMGCs From

hiPSC-Derived ROs

To acquire MGCs with high purity and expansion ability,
according to the timecourse of MGC development in ROs
described above, we tried to expand the MGCs from ROs
at early (D60, D90) and late (D120, D150) stages. NR layers
isolated from ROs were dissociated into retinal cells, and these
cells were seeded in culture plates, noted as PO (Figure 3A).
The primary cells from early- and late-stage ROs are both
expandable, but exhibited different growth patterns (Figure 3B).
As for cells from the early-stage ROs, majority of primary
cells survived, proliferated quickly and reached confluency
in about 1 week (Figure3B). In contrast, only a few of
primary cells from the late-stage ROs could survive, grew
in a single clone, proliferated slowly and took more than 2
weeks to reach confluency (Figure 3B). In addition, the cell
doubling time of the passaged cells peaked at P6 cells from
the early stage ROs and P10 ones from the late-stage ROs,
respectively (Figure 3C), indicating that cells from the latter
could expand more times than from the former. After passage,
the expanded cells from both the early- and late-stage ROs
were progressively elongated and exhibited a spindle-like shape
with rough membrane and abundant projections in a few days
(Figure 3D), showing similar morphological features of primary
MGCs isolated from human adult retina (Limb et al., 2002;
Lawrence et al., 2007).

Immunofluorescence staining was performed to validate
the molecular signature of the passaged cells from ROs
at different stages. The majority of passaged cells from
early-stage ROs strongly expressed RPC and MGC
markers SOX9, vimentin and nestin, but did not express
key mature MGC marker GS (Figures4A,B). Some of
these cells weakly expressed VSX2 and PAX6 and a
few of them expressed photoreceptor cell marker CRX
(Figures 4A,B). These results indicated that the passaged
cells from early-stage ROs might be mixtures of RPCs,
MGC precursors and the other retinal neurons. Whereas,
nearly all passaged cells from late-stage ROs were positive
for MGCs markers SOX9, vimentin, nestin and GS, but
rarely expressed markers VSX2, PAX6, or CRX, indicating
that these cells were MGCs with high purity (Figures 4A-C;
Supplementary Figure S6A).

Collectively, above data indicated that the late-stage ROs were
the optimal choice for the enrichment of iMGCs which could be
serially expanded more than 10 passages, yielding large numbers
of cells with high quality and purity. For example, 10 late-
stage ROs could produce ~100 million P2 cells within 15 days.
These cells could be also cryopreserved for future applications.
The P1 to P5 iMGCs were used for further characterization

in this study unless otherwise noted. In addition, although
the morphological and molecular features of the expanded
iMGCs from the BC1 and BC1-GFP hiPSCs tested were quite
similar, the variability of iMGCs from these two lines were
also observed. The iMGCs from BC1-GFP ROs had a slightly
stronger expansion ability than those from BC1 ROs at the same
developmental stage.

Transcriptome Analysis and Phenotype
Stability of the Passaged iMGCs

Next, we examined the transcriptomes of the passaged iMGCs
from the late-stage ROs. RNA-seq analysis showed the global
difference of transcriptomes between ROs and the iMGCs
(Figures 5A-C). Photoreceptor-related genes such as CRX and
RCVRN, amacrine and horizontal cell-related genes such as
PROX1 and TFAP2A, retinal ganglion cell-related genes such
as ATOH7 and ISL1, and bipolar cell-related genes such as
GRM6 and CA10, were downregulated in the iMGCs, but up-
regulated in D150 ROs. While the expression of MGC-related
genes such as VIM, CRYAB, APOE, and CCL2 (Hoshino et al,,
2017; Kim et al., 2019; Yan et al., 2020; Couturier et al., 2021) were
enriched in the passaged iMGCs, but down-regulated in D150
ROs (Figures 5D-H). Moreover, all of these passaged iMGCs
expressed neither GFAP protein (Supplementary Figure S7), nor
GFAP, SOD3, S100B, PAX2, CSFIR, or CX3CR1 mRNA (FPKM
< 1, data not shown), indicating there were no contamination
of non-retinal cells or tissue such as astrocyte, optic stalk and
microglia in these passaged iMGCs (Westergard and Rothstein,
2020; Bosze et al, 2021). Therefore, RNA-seq data further
confirmed that the iMGCs from the late-stage ROs were enriched
with typical transcriptome signature, and not contaminated with
other retinal subtypes or non-retinal cells.

We further analyzed the phenotype stability of the
iMGCs after serial passages. Immunofluorescence staining
showed that there were no significant differences in the
expression of specific markers between P1 and P5 iMGCs
(Supplementary Figure S6A). Both the P1 and P5 iMGCs
abundantly expressed MGC markers SOX9 and GS, but
rarely expressed markers VSX2, PAX6 or CRX for other
retinal subtypes (Supplementary Figure S6A). Surprisingly,
the MGC marker CRALBP became negative from passage
1 (Supplementary Figure S6A), which was consistent with
a previous study on MGCs isolated from ROs (Couturier
et al., 2021). RNA-seq analysis illustrated that the majority
of genes including the classical MGC marker genes such
as SOX9, VIM, GLUL, APOE, and SPPI presented similar
transcript level between the P1 and P5 iMGCs, demonstrating
the phenotype stability of the iMGCs after several passages
(Supplementary Figures S6B-D).
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FIGURE 3 | Optimal expansion of induced MGCs (iMGCs) from hiPSC-derived ROs. (A) Schematic diagram of expansion of iMGCs from hiPSC-derived ROs. (B)
Bright-field images showed the distinguished morphological features of the passage 0 (P0) cells isolated from D90-ROs (D90-P0) and D150-ROs (D150-P0). (C) The
cell doubling time showed different expansion capability of cells isolated from D60-, D90-, D120-, and D150-ROs. (D) Bright-field images showed no obvious
morphological difference in P1, P3, and P5 cells expanded from D90- and D150-ROs, all appearing a spindle-like shape. ROs, retinal organoids; NR, neural retina.

Scale bars = 200 pm (B) and 100 wm (D).

Remarkably, when compared to MIO-M1, a spontaneously
immortalized MGC line obtained from human retina (Limb et al.,
2002), iMGCs were much larger in size with a long, spindle-like
shape and abundant cytoplasm, and expressed only the MGC
markers SOX9, vimentin, nestin and GS. While some MIO-M1
cells expressed not only the MGC markers, but also markers such
as VSX2, PAX6, and CRX for other retinal subtypes and GFAP
for astrocytes (Supplementary Figures S7A,B). These findings
implied that long-term expanded MIO-M1 over 65 passages
might progressively lose the molecular and morphological
signatures of human MGCs under 2D culture conditions.
Altogether, iMGCs expanded from hiPSC-derived ROs did not
contaminate astrocytes, and maintained the typical features of
primary human MGCs within several passages.

The Ultrastructural and Functional
Characteristics of iMGCs

To further characterize the structural signatures of the passaged
iMGCs, SEM and TEM were used to observe the ultrastructure
of the passaged iMGCs (Figures 6A,B). The cells displayed

a spindle-like morphology with microvillus projections and
contained large nucleus with obvious nucleoli. In these
iMGCs, Golgi apparatus, mitochondria, endoplasmic reticulum
surrounded the nucleus. Abundant glycogen particles and
cytoskeletal elements including microtubules, intermediate
filaments and actin filaments presented in cytoplasm
(Figures 6A,B), which were consistent with the features of
MGC:s isolated from human retina (Limb et al., 2002; Lawrence
et al., 2007).

Then membrane potential of iMGCs were recorded in
response to L-glutamate puft. The electrophysiological properties
of these iMGCs were similar to MGCs isolated from human
retina (Limb et al., 2002; Lawrence et al., 2007) (Figure 6C).
At current-clamp mode, the membrane potential depolarized
from —34.97 to ~ —28.38mV (6.59 £ 1.64 mV change, resting
membrane potential —34.97 £ 2.10mV, N = 13 cells) in P1
iMGCs, and from —40.01 to —33.37 mV (6.64 £ 1.29 mV change,
resting membrane potential —40.01 £ 1.74mV, N = 16 cells) in
P5 iMGCs (Figure 6C). There was no significant difference in
resting membrane potential and the magnitude of depolarization
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induced by L-glutamate between P1 and P5 iMGCs (Figure 6D,
p > 0.05, unpaired ¢-test), suggesting the iMGCs still maintained
the functional characteristics of human MGCs even after
several passages.

Evaluation of Cell Survival of the iMGCs

After Subretinal Transplantation Into Mice

Although studies have shown that MGCs can serve as
endogenous stem cells to regenerate neural retina in zebrafish
and chick (Fischer and Reh, 2001; Raymond et al., 2006),
this regenerative capacity remain debatable in mammalian and
human retina. Here, we performed a preliminary evaluation
about the cell survival of the iMGCs in subretinal space of
NOD/SCID mice (Figure 7A). A total of 19 eyes were injected
with iMGCs, followed by 21-day observations. During the
observation period, all mice kept healthy and no tumors were
observed. Fundus photography and OCT examination showed
the successful delivery of cells with high reflection located
in the subretinal space (SRS) in 3 days after transplantation
(DAT) (Figures 7B,C). Immunofluorescence staining confirmed

that the substantial grafted cells survived in 3 DAT, and co-
expressed MGC marker SOX9 and human nucleus antigen
marker (HNA), but were negative for other retinal neuron
markers VSX2, PAX6, or CRX (Figures 7D,E). However, the
grafted cells gradually deteriorated since 7 DAT and almost
disappeared in SRS at 21 DAT (Figure7E). During the
observation period, the donor cells rarely migrated into the host
retina of mice. The above data indicated that the iMGCs could
not survive well and transdifferentiate into other retinal neurons
after transplantation.

DISCUSSION

In this study, we firstly clarified the spatiotemporal development
of human MGCs in a hiPSC-derived RO model and developed
a simple approach to enrich human MGCs from ROs. MGC
precursors and mature MGCs emerged sequentially from the
early to the late-stage ROs, where they spatially spanned the
entire thickness of NR with their soma located in the intermediate
layer of NR. These observations were consistent with the
developmental timecourse and the spatial characteristics of
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MGCs in human retina (Ohsawa and Kageyama, 2008; Kohwi
and Doe, 2013; Xiang, 2013; Quinn and Wijnholds, 2019; Singh
etal., 2021). Importantly, the optimal timepoint of ROs to enrich

MGCs were explored. Although cells isolated from both early-
and late-stage ROs were expandable, the late-stage ROs were
the most optimal option for enriching iMGCs with high purity
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FIGURE 7 | Evaluation of cell survival of the passaged IMGCs after subretinal transplantation into NOD/SCID mice. (A) Schematic overview of the subretinal
transplantation process of the IMGCs. (B,C) Fundus photography (B) and optical coherence tomography (OCT) (C) showed the successful delivery of the iIMGCs into
subreinal space (SRS) in NOD/SCID mice 3 days after transplantation (DAT). *The grafted cells. (D,E) Immunofluorescence staining showed the grafted IMGCs (D3, P2
iIMGCs from D120 BC1-ROs) were positive for HNA and SOX9, but negative for VSX2, PAX6, and CRX at 3 DAT, and gradually disappeared from 7 to 21 DAT. INL,

and long-term expansion ability. They possessed morphological,
structural, molecular and functional characteristics of primary
human MGCs, had the ability to serially expand for at least
10 passages, producing a large population of iMGCs in a short
period. The transcriptome pattern of the expanded iMGCs

was also revealed. Surprisingly, the passaged iMGCs survived
only a short-term period and did not transdifferentiate into
other types of retinal cells after transplantation into NOD/SCID
mice. Altogether, this study has revealed the developmental and
biological features of human MGCs and provided a valuable cell
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source, which would significantly promote the investigation and
application in MGC-related retinal disorders.

Studies in animal models and cell lines show that the
retinal glia differentiates from a progenitor-like state, via a
stage of immature glia, and finally to mature MGCs (Ohsawa
and Kageyama, 2008; Kohwi and Doe, 2013; Xiang, 2013;
Dvoriantchikova et al., 2019; Quinn and Wijnholds, 2019). These
differentiation progresses involve morphological, biochemical
and physiological changes (Ohsawa and Kageyama, 2008; Kohwi
and Doe, 2013; Xiang, 2013; Dvoriantchikova et al., 2019; Quinn
and Wijnholds, 2019). However, there are few reports referring to
the marker sets which can be used to define immature MGCs or
MGC precursors. In this study, RPCs appeared at the early stage
of ROs, co-expressing markers Ki67, VSX2, and SOX9; while at
D90 ROs, SOX9+ VSX2- or SOX9+ Ki67- cells began to appear
in the NR layer, which lost the characteristics of RPCs but did
not express mature MGC markers CRALBP or GS. Since D120,
Ki67- SOX9+ VSX2- CRALBP+ GS + mature MGCs were
clearly identified in the NR layer. Therefore, we defined the Ki67-
SOX9+ CRALBP- GS- cells as MGC precursors to represent
a transitional period of developing MGCs between RPCs and
mature MGCs. These MGC precursors eventually differentiated
into mature MGCs, sufficiently expressing CRALBP and GS,
which is consistent with the fact that mature MGCs accumulate
glia-specific protein and enzymes such as CRALBP and GS (Limb
etal., 2002; Lawrence et al., 2007). RNA-seq analysis also revealed
that from the early to the late stage ROs, RPC-related genes were
downregulated, while MGC-related genes were continuously
upregulated, indicating that RPCs progressively obtained the
MGC fate as differentiation progressed. In addition, the unique
morphology and special distribution of MGCs are associated with
many vital physiological functions. For example, they provide
an orientation scaffold and migration substrate for post-mitotic
young neurons (Reichenbach and Bringmann, 2013, 2020). In
hiPSC-derived ROs, the mature MGCs radially spanned the
entire thickness of NR with their soma located in the intermediate
layer of NR, which is consistent to the morphological features
of MGCs in human retina (Reichenbach and Bringmann,
2020). The detailed elucidation of the temporal and spatial
development of iMGCs in hiPSC-derived ROs greatly promotes
the understanding of human MGC development in vivo.

MGCs possess plenty of significant functions in the retinal
pathological conditions, but the functional mechanisms are
still largely unknown. Enrichment of human MGCs in vitro
is of great significance for further MGC mechanism studies,
which may help to develop effective therapeutic targets for
the treatment of various MGC-related human retinal disorders.
However, at present, human MGCs are mostly obtained from
cadaveric donors and samples after vitreoretinal surgery (Limb
et al.,, 2002; Lawrence et al., 2007), which is limited by scarce
donor, astrocyte contamination, immune rejection and risk of
disease transmission (Eastlake et al., 2019). There are also
some spontaneously immortalized MGC lines obtained from
human retina, such as MIO-M1 (Limb et al., 2002; Lawrence
et al, 2007). However, in this study, we found that after
too many serial passages, their molecular and morphological
signatures have altered progressively and there was still astrocyte

contamination among these cells. hiPSC-derived ROs containing
MGCs can serve as an unlimited source for the selection and
enrichment of human MGCs without immune rejection and risk
of disease transmission. Moreover, we noticed that the optic
stalk marker PAX2, forebrain cell marker SOX1 and astrocyte
marker GFAP were negative in the NRs of late-stage ROs in our
differentiation system, which could exclude the contamination of
non-retinal cells in the subsequent MGCs isolation. Therefore,
ROs have advantages to provide purer MGCs than retinal tissues
for downstream studies, solving an issue existing in the field
for long-term.

A couple of groups have tried to expand iMGCs from ROs
at different developmental stages ranged from D34 to D281
(Chung et al., 2019; Eastlake et al., 2019; Couturier et al., 2021).
However, the optimal stage of ROs for enrichment of iMGCs
has not been discussed. In this study, we compared the cells
isolated from ROs at early- (D60-90) and late-stages (D120
and afterwards) in detail. Although both were expandable, cells
isolated from the late-stage ROs were the most optimal choice for
the selection and enrichment of human MGCs, as they expanded
to daughter MGCs with higher purity and expansion capability,
and expressed typical MGC markers GS, which is consistent
with the reported iMGCs expanded from ROs older than D160
(Couturier et al,, 2021). In addition, Eastlake and colleagues
reported that all of MGCs isolated from ROs aged at D34-D281
could express mRNA coding for the MGC markers CRALBP, GS,
nestin and vimentin in two different passages (Eastlake et al.,
2019). However, based on our results, cells from the early-stage
ROs (D60-D90) did not express key MGC marker GS in protein
level, and lost proliferative ability after six passages. According to
the timecourse of iMGC development in ROs described above,
we presumed that cells isolated from the early-stage ROs, which
mainly consisted of RPCs or MGC precursors other than mature
MGG s, were not able to continue differentiating or growing into
mature MGCs under 2D culture conditions. Therefore, the late-
stage ROs older than D120 were recommended to enrich iMGCs
which recapitulated the features of primary human MGCs and
were suitable for downstream investigation.

In the adult human retina, much controversy has arisen
on the regeneration of MGCs, although it has been reported
that MGCs have regenerative potential after retinal injury
in the zebrafish, chick and mouse (Fischer and Reh, 2001;
Raymond et al, 2006; Karl et al, 2008). Our current study
along with previous reports demonstrated that the expanded
iMGCs possessed the morphological, molecular and functional
characteristics of primary human MGCs (Couturier et al., 2021).
However, it remains unknown whether these iMGCs are capable
of survival, regeneration or transdifferentiation in vivo or not. In
2019, Eastlake and colleagues intravitreally transplanted iMGCs
into a rat model with NMDA-induced RGC depletion, and found
that these iMGC grafts integrated into the retinal ganglion cell
layer, leading to a partial rescue of the retinal ganglion cell
function (Eastlake et al., 2019). In this study, we preliminarily
explored the cell behavior of the expanded iMGCs after subretinal
transplantation into the healthy NOD/SCID mice. Our results
showed that the iMGCs expanded from the late-stage ROs could
survive only for a short time and could not transdifferentiate
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into other types of retinal cells. HNA, a marker specific for
human cells, was clearly expressed in the nucleus of the grated
cells on 3 DAT, but in both nucleus and cytoplasm on 7 DAT,
indicating the donor cells did not survive well, and started to
deteriorate or apoptosis leading their nucleus to break down
and spread out. Finally, these cells all disappeared on 21 DAT.
Many factors contributing to the graft failure have been discussed
in previous studies. For instance, the NOD/SCID mice without
retinal defects in our current study could not provide specific
microenvironments to promote the growth of donor cells, or
the plasticity of the passaged iMGCs is limited. The passaged
iMGCs growing in a 2D culture condition might have changed
the characteristics of iMGCs in ROs which grow in a 3D
culture environment mimicking human retina in vivo. Although
immune rejection is believed to be one of the main causes
of the graft failure (Singhal et al., 2008), it may not be the
case since we used immunodeficiency NOD/SCID mice in our
current study. However, we did not completely exclude this
possibility since our immunostaining with anti-Ibal antibody
did show a certain degree activation of microglia following cell
transplantation in NOD/SCID mice (data not shown). Therefore,
substantial investigations will be needed to further evaluate the
cell behavior of iMGCs in vivo, such as using a diseased mouse
model, transplanting MGC precursors or MGCs directly isolated
from hiPSC-derived ROs.

In conclusion, MGCs play important roles in physiological
and pathological conditions in vertebrate retina, whose roles
and related mechanisms still remain elusive in human retina
due to the species differences, human tissue source limits and
ethical concerns. Our results demonstrated that hiPSC-derived
ROs could provide an accessible platform to directly study
the developmental, morphological, molecular and functional
characteristics of human MGCs. The simple approach and the
optimal stage of ROs to enrich iMGCs have been established.
Especially, iMGCs expanded from ROs lack of astrocyte
contamination in comparison with those from human retinal
tissue, which would serve as a better model and facilitate
the follow-up investigation of MGC-related retinal disorders.
This study also has limitations, such as only two hiPSC lines
were evaluated and the expanded iMGCs did not survive
well in the SRS of mouse retina. More studies are necessary
to further explore the characteristics and applications of the
enriched iMGCs.
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Introduction: Down syndrome (DS) is a genetic disorder with an extra
copy of chromosome 21 and DS remains one of the most common causes
of intellectual disabilities in humans. All DS patients have Alzheimer's
disease (AD)-like neuropathological changes including accumulation of
plagues and tangles by their 40s, much earlier than the onset of such
neuropathological changes in AD patients. Due to the lack of human samples
and appropriate techniques, our understanding of DS neuropathology during
brain development or before the clinical onset of the disease remains largely
unexplored at the cellular and molecular levels.

Methods: We used induced pluripotent stem cell (iPSC) and iPSC-derived
3D cortical organoids to model Alzheimer’s disease in Down syndrome and
explore the earliest cellular and molecular changes during DS fetal brain
development.

Results: We report that DS iPSCs have a decreased growth rate than control
iPSCs due to a decreased cell proliferation. DS iPSC-derived cortical organoids
have a much higher immunoreactivity of amyloid beta (AR) antibodies and
a significantly higher amount of amyloid plaques than control organoids.
Although Elisa results did not detect a difference of AR40 and AR42 level
between the two groups, the ratio of AR42/AR40 in the detergent-insoluble
fraction of DS organoids was significantly higher than control organoids.
Furthermore, an increased Tau phosphorylation (pTau S396) in DS organoids
was confirmed by immunostaining and Western blot. Elisa data demonstrated
that the ratio of insoluble Tau/total Tau in DS organoids was significantly
higher than control organoids.

Conclusion: DS iPSC-derived cortical organoids mimic AD-like
pathophysiologyical phenotype in vitro, including abnormal AR and insoluble
Tau accumulation. The molecular neuropathologic signature of AD is present
in DS much earlier than predicted, even in early fetal brain development,
illustrating the notion that brain organoids maybe a good model to study
early neurodegenerative conditions.

Down syndrome, Alzheimer's disease (AD), iPSC, proliferation, amyloid-beta, tau
pathology, cortical organoid
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Introduction

Down syndrome (DS) is a genetic disorder with an extra
copy of chromosome 21, characterized by physical growth
delay, mild to moderate intellectual disability, and characteristic
facial features. DS is one of the most common causes of
intellectual disabilities in humans, with an incidence of one
in 700 newborns. Moreover, DS patients often have an
increased risk to develop many other health problems including
Alzheimer’s disease (AD), obstructive sleep apnea, congenital
heart defect, and leukemia (Asim et al, 2015). Almost all
DS patients have AD-like neuropathological changes (AD-
DS) such as accumulation of plaques and tangles at about
40 years of age. Approximately 40%-80% of DS patients
develop AD-like dementia by 50-60 years, much earlier
than the majority of AD patients (Oliver and Holland,
1986; Holland et al, 1998; Zigman et al., 2004). DS and
AD patients share many neuropathological changes such
as amyloid beta accumulation, tau pathology, endosomal
dysfunction, synaptic dysfunction, and neurogenesis defects.
The earliest neuropathological changes such as enlarged
endosomes, impaired synaptogenesis, and neurogenesis can
be traced back to early life even at the fetal brain in DS
patients (Marin-Padilla, 1972; Wisniewski et al., 1984; Cataldo
et al.,, 2000; Baburamani et al, 2019; Patkee et al., 2020;
Tang et al, 2021). However, due to the lack of human
samples and appropriate techniques, our understanding of DS
neuropathology during brain development or before the clinical
onset of the disease remains largely unexplored at the cellular
and molecular levels.

Induced pluripotent stem cell (iPSC) technology, first
introduced by Yamanaka in 2007 (Takahashi et al., 2007) has
been widely used by many laboratories to study a variety of
human diseases, including Alzheimer’s disease (Kondo et al,
2013), Parkinson’s disease (Hargus et al,, 2010), and Autism
spectrum disorder (Russo et al, 2019). iPSC-derived 3D
cortical organoids have been shown to closely simulate the key
endogenous neurodevelopmental events with a cytoarchitecture
resembling regions of the developing human brain (Pasca, 2018)
and recapitulate the trajectory of human brain development
and maturation (Lancaster and Knoblich, 2014; Pasca et al,,
2015). Moreover, brain organoids have a transcriptome profile
that is close to that in the early human brain (Camp et al,
2015; Pagca et al, 2015; Nascimento et al, 2019; Trujillo
et al,, 2019). Therefore, iPSC-derived brain organoids represent
an optimized approach for modeling neurodevelopmental
disorders such as Down syndrome and allow us to explore
the earliest cellular and molecular changes during DS fetal
brain development.

To our knowledge, currently only one published study
used iPSC-derived organoids to investigate the AD-like
pathology to compare a DS patient and a healthy control
(Gonzalez et al., 2018). Here, by comparing DS-specific iPSC
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lines and their isogenic control iPSC lines, we demonstrate
that abnormalities in Down syndrome start as early as
the iPSC stage and AD-like neuropathological phenotype
including abnormal Afl accumulation and Tau pathology
progressively manifest themselves

in organoids during

early development.

Materials and methods

Karyotype of iPSC lines

AlliPSC lines were obtained from Dr. Stuart Orkin at Boston
Children’s Hospital through a material transfer agreement. The
use of cells was approved by IRB at the University of California
San Diego. Two DS iPSC subclones and two isogenic control
subclones were isolated from DS1-iPS4 cells as previously
described (Maclean et al, 2012). The iPSCs were fed daily
with mTeSR medium. DNA was extracted from iPSCs using
a DNase Blood and Tissue kit (Qiagen, CA), the presence of
an extra copy of chromosome 21 in DS iPSCs was confirmed
by a high-resolution karyotyping performed by the Cell Line
Genetics (Madison, WI).

Real time PCR

RNA from iPSCs was extracted using the RNase Mini
kit (Qiagen, CA). One microgram of total RNA was
converted to complementary DNA using SuperScript First-
Strand Synthesis System for RT-PCR (Life Technologies,
CA). Real time PCR was performed using a GeneAmp
7900 sequence detection system with POWER SYBR Green
(Applied Biosystems, CA). Gene expression of GAPDH
levels was used as a loading control. Real time PCR
after normalization with GAPDH
expression. Primers used in the current study are listed in
Table 1.

data were presented

TABLE 1 List of primers.

Genes Primer sequence
APP FW: TTTGGCACTGCTCCTGCT
RV: CCACAGAACATGGCAATCTG
DYRKIA FW: CTGGACTCTTCCCTCCCTTC
RV: GCCGAACAGATGAAGGTTTG
BACE2 FW: TGCCTGGGATTAAATGGAATGG
RV: CAGGGAGTCGAAGAAGGTCTC
RCAN1 FW: GCGTGGTGGTCCATGTATGT
RV: TGAGGTGGATCGGCGTGTA
CSTB FW: ATTCAAGAGCCAGGTGGTCG
RV: CACTCGCAGGTGTACGAAGT
DSCAM FW: CCTACGAACACGCCAAGATG
RV: TACTCATTTGTCCCTGCCGT
GAPDH FW: GCACCGTCAAGGCTGAGAAC

RV: CGCCCCACTTGATTTTGG
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Cell growth analysis

Both DS and isogenic control iPSCs were seeded in a 6-well
plate with a density of 10° live cells/well and total cells are
collected and counted after 3, 5, and 7 days in culture using
Bio-Rad TC20 cell counter. The cell numbers were compared
between the two groups.

Cell proliferation experiments

DS and isogenic control iPSCs were seeded in a 4-well
chamber slide with a density of 10* live cells/well and
cultured for 5 days. Immunostaining of Ki67 in iPSCs was
followed the standard immunofluorescence staining protocol.
Double labeling of EdU and BrdU was performed as
previously described (Deshpande et al, 2017) with minor
modifications. In brief, iPSCs were treated with EdU (20
pwM) for 1 h and then with BrdU (10 wM) for an
additional 1 h of incubation. Cells were fixed with 4%
paraformaldehyde for 15 min and then permeabilized with
0.5% triton in PBS for 20 min. DNA was denatured with
4 M HCI for 20 min and followed by phosphate citric
acid buffer for 10 min. EdU detection was performed
using Click-iT™ Plus EdU Cell Proliferation Kit following
the manufacturer’s protocol. BrdU detection was performed
following the standard immunofluorescence protocol with BrdU
antibody (clone MoBU-1). Nuclei were stained with Hoechst
33342. EdU* and BrdU* cells were compared between the
two groups.

Generation of cortical organoids

Cortical organoids were generated from iPSCs and organoid
spheres were kept in suspension under rotation (95 rpm) as
previously described (Camp et al., 2015; Trujillo et al., 2019; Yao
et al,, 2020). In brief, on day 0, iPSCs colonies were dissociated
into single cells using accutase with PBS at a ratio of 1:1,
approximately 4 x 10° cells were transferred to one well of
a 6-well plate in mTeSR1 supplemented with 5 pM Y-27632,
10 WM SB431542 (SB), and 1 uM Dorsomorphin (Dorso) for
3 days. Y-27632 was removed after 24 h; on day 3, mTeSR1 was
substituted by base medium containing neurobasal, glutamax,
1% MEM nonessential amino acids (NEAA), 2% Gem21, and 1%
penicillin/streptomycin (PS) supplemented with 1% N, 10 uM
SB, and 1 M Dorso. The medium was changed every other day.
On day 9, organoids were fed with a base medium supplemented
with 20 ng/ml FGF2 for a week and the medium was changed
every day. On day 16, the medium was switched to base
medium supplemented with 20 ng/ml of FGF2 and 20 ng/ml
EGE On day 22, organoids were fed with the base medium
supplemented with 10 ng/ml of BDNE 10 ng/ml of GDNE
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10 ng/ml of NT-3, 200 WM L-ascorbic acid, and 1 mM dibutyryl-
cAMP. Four weeks later, cortical organoids were maintained
in the base medium with media changes twice a week. All
reagents and chemicals used in the current study are listed in
Table 2.

Elisa of amyloid beta and tau

Detergent soluble and insoluble fractions of amyloid beta
(Ap40, AP42) and total Tau were quantified using Elisa
kits following the manufacturer’s instructions. Soluble and
insoluble fractions were prepared based on the previously
published study (Wang et al,, 2021). In brief, organoids were
homogenized in RIPA buffer with protease inhibitors, the
homogenate was centrifuged at 15,000x g for 10 min, and the
supernatant was collected to yield a detergent soluble fraction.
The remaining organoid pellet was then resuspended in 5 M
guanidine-HCI diluted in 50 mM Tris, pH 8.0 with protease
inhibitor and mechanically agitated at room temperature for
4 h to extract the detergent-insoluble fraction. Guanidine
treated samples were diluted 1:2 in sterile PBS and centrifuged
at 16,000x g for 20 min. The supernatant was collected to
yield an insoluble fraction. The protein concentration of both
soluble and insoluble supernatants was determined using a BCA
assay and an equal amount of total protein was used for the
Elisa assay.

Immunofluorescence staining

fixed with 4%
for 30 min and then were transferred to 30% sucrose

Organoids ~ were paraformaldehyde
solution at 4°C overnight. Cryopreserved organoids were
embedded in OCT and sectioned into 14 pm-thick slices
for immunofluorescence staining. The sections were treated
with 0.5% triton in PBS for 20 min and followed by blocking
with 5% BSA in PBS for 1 h at room temperature. The
sections were then incubated with the primary antibody
(see Table 2) diluted in PBS with 5% BSA overnight and
Alexa 488 and Alexa 555 conjugated secondary antibodies
to specific IgG types for 1 h. Prolong Diamond anti-fade
mountant with DAPI was used as a counterstain (Sigma,
St. Louis, MO).

Amylo-Glo staining

Amyloid plaque staining on organoid sections was
performed using the Amylo-Glo RTD amyloid plaque stain
reagent (Biosensis, Australia) following the manufacturer’s
instructions.
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Western blot

Twenty micrograms of soluble protein from 12 weeks DS
and control organoids were separated on NuPAGE 4%-12%
Bis-Tris gels and then transferred to polyvinylidene difluoride
membranes (Millipore, CA). The membranes were probed with
a primary antibody in PBST with 5% BSA overnight at 4°C and
followed by an appropriate horseradish peroxidase-conjugated
secondary antibody (Invitrogen, CA). Immunoreactive bands
were visualized using Bio-Rad ChemiDoc XRS with enhanced

TABLE 2 List of reagents and chemicals.

chemiluminescence (Perkin Elmer, MA). Equal loading was
assessed using GAPDH and data were analyzed using ImageLab
software (version 3.0, Bio-Rad).

Imaging analysis
All immunofluorescence images were captured using a 20x

objective on a Nikon A1 confocal microscopy with NIS elements
AR 5.20.02 software (Nikon Instruments Inc, Melville, NY). All

Reagents and kits Catalog number Company
mTeSR1 85850 Stemcell technologies
Accutase A6964 Sigma-Aldrich
Y-27632 125410 Fisher

SB431542 04-0010-10 Stemgent
Dorsomorphin 3093 Fisher
Neurobasal 21103049 Life Technologies
Glutamax 35050061 Life Technologies
MEM nonessential amino acids 11140050 Life Technologies
Gem21 400160 Gemini Bio-Products
penicillin/streptomycin 15140122 Life Technologies
N2 NeuroPlex 400163 Gemini Bio-Products
FGF2 PHG0263 Stemcell technologies
EGF AF-100-15 PeproTech
BDNF 450-02 PeproTech
GDNF 450-10 PeproTech

NT3 450-03 PeproTech
L-ascorbic acid A4403 Sigma-Aldrich
dibutyryl-cAMP D0627 Sigma-Aldrich
BrdU (5-bromodeoxyuridin) B23151 Themo fisher
Goat Anti-Rabbit IgG H&L (Alexa Fluor® 555) ab150078 Abcam

Goat Anti-Mouse IgG H&L (Alexa Fluor® 488) ab150113 Abcam
TRA-1-60 Antibody SC-21705 Santa Cruz
Nanog (1E6C4) Mouse mAb 4893 Cell signaling
Nestin (E409E) XP® Rabbit mAb 73349 Cell signaling
Anti-Sox-2 Antibody, clone 1A2 ZRB5603 Sigma
Anti-MAP?2 antibody Ab5392 Abcam

$100 Beta Polyclonal antibody rabbit 15146-1-AP Proteintech
anti-cleaved-caspase-3 (rabbit) 96618 Cell signalling
anti-Ki67 (rabbit) ab15580 Abcam

BrdU Monoclonal Antibody (MoBU-1) B35141 Thermofisher
B-Amyloid (D54D2) XP® Rabbit 82438 Cell signaling
Amyloid beta (N) (82E1) anti-human mouse IGG 10323 IBL-America
Amylo-Glo RTD Amyloid Plaque Stain Reagent TR-300-AG Biosensis
Phospho-Tau (Ser396) Polyclonal Antibody 44-752G Thermofisher
Tau Antibody (A-10) SC-390476 Santa Cruz
GAPDH antibody 2118s Cell signaling
guanidine-HCI G3272 Sigma

RIPA buffer 9806S Cell signaling
protease inhibitor 1860932 Thermoscientific
PMSF 8553S Cell signaling
Click-iT™ Plus EAU Cell Proliferation Kit for Imaging, Alexa Fluor™ 594 dye C10639 Themofisher

Tau (Total) Human ELISA Kit KHBO0041 Themofisher
Amyloid beta 40 Human ELISA Kit KHB3481 Life Technologies
Amyloid beta 42 Human ELISA Kit KHB3441 Life Technologies
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images that were compared were obtained with identical settings
and quantified using FIJI/Image] (version 2.5.0).

Statistical analyses

All data analysis and plots were done by OriginPro 2018b
software (Northampton, MA, USA). All data were subjected to
Shapiro-Wilk normality testing, normally distributed data were
analyzed by one way ANOVA and non-normal distributed data
were analyzed by non-parametric Mann-Whitney test. Results
are expressed as mean = SEM and the threshold for statistical
significance (p-value) was set at 0.05. All the experiments were
repeated at least three times.

Results

Characterization of DS and isogenic
control iPSCs

To confirm the presence of an extra copy of chromosome
21 in DS lines, stem array, a higher resolution of karyotyping,
was performed and confirmed that DS iPSC lines indeed have
a third copy of chromosome 21 while the isogenic control iPSC
lines have a normal karyotype (Figure 1A).

To examine whether an extra copy of chromosome 21 results
in overexpression of chromosome 21-encoded genes, we
compared the expression profile of six genes between DS
iPSCs and isogenic control iPSCs using real time PCR. Five
of them were known to be overexpressed in both DS and
AD patients (Gomez et al,, 2020) and DSCAM was known to
play an important role in synaptic plasticity and maturation
(Stachowicz, 2018; Chen et al,, 2022). As shown in Figure 1B,
all six chromosome 21-encoded genes tested have a significantly
increased expression in DS iPSCs as compared to isogenic
controls (Figure 1B and Supplementary Figure 1, p < 0.05 or
p <0.001), indicating a gene dose effect of trisomy 21 in DS lines.

Decreased cell growth in DS iPSCs

Previous studies have shown that DS fibroblasts and
neural progenitor cells exhibited decreased cell proliferation
or increased apoptosis (Kimura et al, 2005; Gimeno et al,
2014; Hibaoui et al, 2014), while DS astrocyte precursor
cells exhibited an accelerated proliferation (Kawatani et al,
2021). Since we made the preliminary observation in our
experiments that the expansion of DS iPSC lines is slower
than control iPSC lines, we wanted to know whether the rate
of proliferation or cell death is different in DS from control.
We first cultured both DS and control iPSC lines with the
same number of live cells (10° cells) at day 0, and total cell
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numbers were counted at day 3, day 5, and day 7. As shown
in Figure 2A, there was a significantly reduced number of
DS iPSCs as compared to control lines at 5 and 7 days in
culture (Figure 2A and Supplementary Figure 2A, p < 0.05 and
p < 0.001). We next used Ki67, BrdU, and EdU as cell
proliferation markers to compare the number of proliferating
cells between DS iPSCs and control iPSCs. Ki67 labels cells
in the G1, S, G2 and M phase. BrdU and EdU label cells
in the S phase only. Interestingly, since most of the DS and
control iPS cells were immunoreactive for Ki67* (Figure 2B),
we compared and quantified the BrdU" and EAU" cells between
the two groups. As shown in Figures 2C,D, DS iPSCs have a
significantly decreased number of BrdU* and EdU* cells than
control cells (Figures 2C,D and Supplementary Figure 2B,
p < 0.01), suggesting a decreased proliferation in DS iPSCs. To
exclude a potential effect of loss of pluripotency on a decreased
proliferation in DS iPSCs, we confirmed that both DS and
control iPSCs remain in a stem cell state at day 5, positive
for pluripotency markers TRA-1-60, Nanog, and SOX2 and
negative for neural progenitor marker nestin (Supplementary
Figure 2C). Last, we used cleaved caspase 3 as a cell death
marker to compare the number of cell death between DS and
control iPSCs. There were no significant differences in cleaved
caspase 3% cells between the two groups (Figures 2E,F and
Supplementary Figure 2D, p = 0.21), suggesting that a slower
growth of DS iPSCs is not due to an increased cell death but due
to a decreased proliferation.

Abnormal accumulation of AR in DS
organoids

Accumulation of Afl is a major AD-like neuropathology
feature in DS patients. AR is a cleavage product of APP
through sequential proteolytic processing by - and y-secretases,
a process that generates a number of AP isoforms with
36-43 amino acid residues in length. AB40 and AP42 are
two major isoforms and the longer isoform, e.g., AB42, is
more prone to form aggregates and be more toxic. Most
amyloid plaques contain beta amyloid with 40 and 42 isoforms
(Antzutkin et al.,, 2000; Balbach et al., 2002; Gu and Guo,
2013). In the current study, we used three different methods to
examine the presence of Af§ accumulation in DS organoids. First,
immunostaining was performed on 8-week-old and 12-week-
old organoids using two different Af} antibodies, D54D2 and
82E1 (Horikoshi et al., 2004; Ruiz-Riquelme et al., 2021), that
recognize Af3 37-42 and Af3 40-42, respectively. In general, there
are much more immunoreactivity of D54D2 than 82E1 in both
8-week and 12- week organoid sections. Immunoreactivity of
D54D2 was significantly increased in both 8-week (data not
shown) and 12-week-old DS organoids (Figures 3A,B, p < 0.01)
as compared to control organoids. In contrast, immunoreactivity
of 82E1 was hardly detected in 8-week organoid sections but can
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FIGURE 1

Characterizations of DS iPSC and isogenic control cell lines. (A) DS iPSC (top) and isogenic control (bottom) lines have correct karyotypes. (B)
Overexpression of chromosome 21 genes in DS iPSCs was confirmed by real time PCR (n = 4). *p < 0.05 and ***p < 0.001 vs. control.
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be detected in the 12-week organoid sections. The difference
in 82E1 immunoreactivity between DS and control organoids
was significant at 12 weeks (Figures 3A,B and Supplementary
Figures 3A,B, p < 0.01). Next, we used Amylo-Glo plaque stain
reagent to stain the amyloid plaque in the organoid sections
and observed a significantly increased Amylo-Glo™ staining
in DS organoids than control organoids (Figures 3C,D and
Supplementary Figure 3C, p < 0.05). Lastly, we used Elisa to
quantify amyloid beta including A340 and Af342 in the detergent
soluble and insoluble fractions of DS and control organoids.
No significant difference of Af42, A40, or A342/A340 was
observed in the soluble fraction between the two groups in either
8 weeks or 12 weeks. Instead, we found a significantly increased
A342/A340 in the insoluble fraction of 12 weeks DS organoids
than that in control organoids at the same age (Figure 3E and
Supplementary Figure 3D, p < 0.05).

Abnormal accumulation of tau pathology
in DS organoids

AD-like
pathological hallmark in DS patients and occurs following Af3
accumulation. We, therefore, compared the immunoreactivity of
phospho-tau S396 (pTau S396, PHF-1), a widely used antibody
to study Tau pathology in AD, in DS and control organoids at
12 weeks (Citron et al., 1994; Foidl and Humpel, 2018; Aragao
Gomes et al,, 2021). Immunoreactivity of phosphorylated Tau

Hyperphosphorylation of Tau is another

$396 was significantly increased in DS organoids as compared
with control organoids (Figures 4A,B and Supplementary
Figures 4A,B, p < 0.001). This increased phosphorylation
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of Tau was also confirmed by Western blot when using pTau
$396 and total Tau (A-10) antibody: the ratio of pTau $396/Tau
was significantly increased in DS organoids than control
organoids (Figures 4C,D and Supplementary Figure 4C,
p < 0.001).

The pathologic hyperphosphorylation of tau proteins
induces the formation of insoluble aggregates and neurofibrillary
tangles (NFTs) that abnormally accumulate inside neurons in
AD or AD-like DS brains (Mondragon-Rodriguez et al., 2014).
Levels of soluble and insoluble tau reflect the overall status
of tau phosphorylation in vivo (Hirata-Fukae et al,, 2009) and
the insoluble tau correlates with the pathological features of
tauopathy (Ren and Sahara, 2013). Therefore, we measured the
amount of Tau in the soluble and insoluble fractions of organoids
using Elisa. The ratio of insoluble Tau/total Tau was significantly
increased in DS organoids at 12 weeks as compared to control
organoids (Figure 4F and Supplementary Figure 4D, p < 0.05),
further confirming a relatively increased insoluble tau aggregates
in DS organoids.

Discussion

Virtually all DS patients over 40 years of age have AD-like
neuropathology including abnormal Afl accumulation and
neurofibrillary tangles (Wisniewski et al., 1985; Mann and Esiri,
1989). According to the National Down Syndrome Society,
about 30% of DS patients are diagnosed with dementia in
their 50s, and 50% of DS patients are diagnosed with dementia
by their 60s. However, how the disease progresses or how
early does it start in DS or AD-DS brain before the clinical
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Decreased cell growth in DS iPS cells. (A) iPSCs were seeded in a 6-well plate with a density of 10° live cells/well and total cell numbers were
counted after 3, 5, and 7 days in culture. DS iPSCs have a significantly reduced cell number as compared to control iPSCs at day 5 (n = 12,
p < 0.05) and day 7 (n =12, p < 0.001). (B) A representative immunostaining of Ki67 in DS and control iPSCs. (C) A representative double labeling
of BrdU (green) and EdU (red) in DS and control iPSCs. (D) Immunohistochemical analysis of BrdU* and EdU* cells revealed that DS iPSCs have a
significantly decreased number of BrdU™ and EAU™ cells than control iPSCs (n = 1,690-1,897 cells, p < 0.01). (E) A representative immunostaining
of cleaved caspase 3 in DS and control iPSCs. (F) Immunohistochemical analysis of cleaved caspase 3 revealed a similar percentage of cell death
in DS and control iPSCs (n = 1,045-1,570 cells, p > 0.05). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. Control.

onset of the disease is still obscure and much less explored.
IPSC-derived 3D organoids closely simulate key endogenous
neurodevelopmental events with a cytoarchitecture resembling
the developing human brain (Helen Zhao et al., 2021) with the
trajectory of human brain development and maturation (Trujillo
et al,, 2019). Therefore, we used DS-specific iPSC-derived brain

Cellular Neuroscience

131

organoids as a model system to study the AD-like disease
pathology in DS.

Clinically, individuals with DS have an overall reduced
brain volume. Hypocellularity has been associated with
impaired neurogenesis and lower proliferative rate potency
that can be observed as early as 24 weeks during gestation
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FIGURE 3

Abnormal AR accumulation in DS iPSCs-derived cortical organoids. (A) A representative AR immunostaining in 12 weeks DS and isogenic control
organoids with two different antibodies D54D2 (AR37-42, green) and 82E1 (AR40-42, red). (B) Immunohistochemical analysis of AR antibodies
D54D2 and 82E1 revealed a significantly increased AR immunoreactivity in DS organoids (n = 10-11, p < 0.01). (C) A representative AR plaque
staining in DS and control organoids using Amylo-Glo. (D) Immunohistochemical analysis of Amylo-Glo revealed a significantly increased amyloid
plaque load in DS organoids (n = 8, p < 0.05). (E) AR40 and AR42 in the soluble and insoluble fractions of 8 weeks and 12 weeks DS and control
organoids were quantified using Elisa and the ratio of AR42/AR40 was significantly increased in the insoluble fractions of 12 weeks DS organoids

(n =10-11, p < 0.05). *p < 0.05, and **p < 0.01 vs. Control.
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in the DS brain ( R ; R ).
This phenomenon was not only observed in neurons but
also in other cell types in vitro. For instance, DS fibroblasts
); DS
iPSC-derived neural progenitor cells show a decreased

have a decreased proliferation ( R

132

proliferation and increased apoptosis ( , )
DS iPSC-derived astrocytes have however an increased
proliferation rate than control cells ( , ).
In the current study, we report that DS iPSCs have a slower
growth rate and a decreased proliferation than control
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FIGURE 4

Tau pathology in DS iPSCs-derived cortical organoids. (A) A representative pTau S396 (red) and DAPI (blue) immunostaining in 12 weeks DS and
isogenic control organoids. (B) Immunohistochemical analysis of pTau S396 revealed a significantly increased pTau S396 immunoreactivity in
DS organoids (n = 24-28, p < 0.001). (C) A representative Western blot of pTau S396 and Tau expression in 12 weeks DS and isogenic control
organoids. (D) Immunoblotting analysis of pTau S396 and Tau revealed a significantly increased pTau S396/Tau ratio in DS organoids (n = 6,
p < 0.001). (E) Both soluble and insoluble Tau in 12 weeks of DS and control organoids are measured and Elisa data revealed that DS organoids
have an increased insoluble Tau/total Tau (soluble Tau + insoluble Tau; n = 6, p < 0.05). *p < 0.05, and ***p < 0.001 vs. Control.
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cells, without any difference in cell death between the
two groups.

Abnormal accumulation of extracellular amyloid beta (Af)
and intracellular Tau hyperphosphorylation are two major
pathological features in the AD brain and the AD-like DS
brain. A3 are by-products of the normal cellular metabolism of
amyloid precursor protein (APP; Sinha and Lieberburg, 1999).
APP is an integral membrane protein encoded by the APP gene
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located on chromosome 21. APP has two primary endogenous
processing pathways including the non-amyloidogenic pathway
and the amyloidogenic pathway. Under physiological conditions,
the majority of APP is processed through the non-amyloidogenic
pathway; a small portion of APP is processed through the
amyloidogenic pathway and yields A 37, AB38, AP40, and
AP42. AB40 is the most abundant form of AB, but AB42 is
more prone to form insoluble aggregate. Under pathological
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conditions such as in Alzheimer’s disease and Down syndrome,
altered amyloidogenic pathway and increased APP dose promote
AP accumulation, Af aggregation, as well as the formation of
insoluble fibrils into amyloid plaques. In DS patients, abnormal
Af} accumulation starts as early as 8 years of age (Leverenz and
Raskind, 1998). Here in the organoids, we were actually able to
see increased Afl immunostaining and increased accumulation
of amyloid plaque in DS cortical organoids at a very early age
in 8 and 12 weeks old organoids in culture. In this regard, it
is noteworthy to mention that the difference between both Af}
82E1 immunoreactivity and Af342/A340 was not significant at
8 weeks but started at 12 weeks. Skovronsky previously described
that the intracellular pool of insoluble Af} accumulates in a
time-dependent manner in NT2N neuronal culture (Skovronsky
et al, 1998). A time-dependent increasing difference of Af}
between DS and control organoids confirmed that abnormal
Af} accumulation is a progressive process and a disease-specific
property in DS organoids as compared to controls. These data
suggest that disease-specific iPSC-derived organoid culture shed
important light on the pathophysiology of DS in that abnormal
brain formation starts very early in life, probably in fetal life.

Elevated phosphorylation of Tau and abnormal aggregation
are widely considered pathological hallmarks in AD. Here we
show that both protein expression and immunoreactivity of pTau
$396 are significantly increased in DS organoids, demonstrating
hyperphosphorylation of Tau in DS organoids, which in general
leads to Tau protein aggregation. Pathological aggregation of
Tau protein forms insoluble twisted fibers, named neurofibrillary
tangles, inside the cells and acts as a biomarker in AD-like
pathology. Consistently, we found an increased composition of
insoluble Tau in DS organoids that may therefore contribute
to Tau pathology in DS patients. It is worth mentioning that,
we have noticed that differences between individual clones
(Supplementary Figures) did exist. For example, the differences
between two DS lines occurred so that the p-value of cleaved
caspase 37 cell death did not reach significance (Supplementary
Figure 2D, p = 0.21). However, differences between DS and
their isogenic control in insoluble tau/tau reached significance
in spite of differences in DS clones (Supplementary Figure 4D,
p < 0.02). We speculate that the differences between individual
lines might be a consequence of differentiation efficiency among
batches, but that the difference observed between DS and
control is due to disease phenotype. In the current study, we
used isogenic lines to avoid genetic variations and confounding
factors.

Recent Tau studies, however, lead us to reconsider the role
of Tau phosphorylation in Alzheimer’s disease (Wegmann et al.,
2021). Due to the fact that the phosphorylation patterns
of physiological and pathological Tau are surprisingly
similar and heterogenous, and the phosphorylation levels
of Tau seem insufficient to differentiate between healthy and
diseased Tau, high phosphorylation does not necessarily lead
to Tau aggregation (Wegmann et al, 2021). In addition,
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the modification of Tau other than

phosphorylation such as ubiquitination, acetylation, and

posttranslational

methylation may also regulate the formation of Tau aggregates
(Wegmann et al,, 2021). Indeed, abnormal posttranslational
modifications have been reported in DS patients (Kerkel et al.,
2010; Jones et al., 2013; Sailani et al., 2015; Tramutola et al.,
2017) and may need additional examination in future studies.

In contrast to a previously published article on DS
organoids (Gonzalez et al, 2018), we reported a difference
between the DS iPSC lines and their isogenic controls
at the iPSC stage. Furthermore, we systemically quantify
the abnormalities of AD-like neuropathological phenotype
at two time points and demonstrated that the AD-like
neuropathology progressively manifests itself in organoids
during early development. In summary, we have demonstrated
that DS disease-specific iPS cells have a slower growth rate due to
decreased proliferation. DS iPSC-derived brain organoids mimic
AD-like pathophysiological phenotype including abnormal Af3
accumulation and insoluble Tau accumulation. Our data strongly
suggest that DS iPSC-derived cortical organoids illustrate well
the notion that the molecular pathobiology in DS starts early in
brain development and can be used as a model system to study
the AD-like pathology and its progress before the clinical onset
of the disease.
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Corresponding to Figure 1B: expression profile of chromosome 21 genes
from individual DS iPSC and isogenic control iPSC lines.

SUPPLEMENTARY FIGURE 2

(A) Corresponding to Figure 2A: total cell numbers were counted after
3, 5, and 7 days in culture from individual DS iPSC and isogenic control
iPSC lines. (B) Corresponding to Figure 2D: the number of BrdU* and
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60 (green) in DS and control iPSCs at day 5 (top panel); a representative
double labeling of Nestin (red) and Nanog (green) in DS and control iPSCs
at day 5 (bottom panel left) and in 4-week old control organoids (bottom
panel right). Immunostaining of organoids was used as a positive control
for Nestin (red) antibody under the same conditions of immunostaining
and imaging processes. (D) Corresponding to Figure 2F: the number of
cleaved caspase 3% cells was summarized from individual DS iPSC and
isogenic control iPSC lines.

SUPPLEMENTARY FIGURE 3

(A) Corresponding to Figure 3B: immunoreactivity of AR antibody
D54D2 and 82E1 was summarized from individual DS and isogenic
control iPSC line derived organoids respectively. (B) A representative
double labeling of AR antibody 82E1 (red) and MAP2 (green) in DS and
control organoids (top panel). A representative double labeling of S100
(red) and MAP2 (green) in DS and control organoids (bottom panel).
(C) Corresponding to Figure 3D: immunoreactivity of Amylo-Glo was
summarized from individual DS and isogenic control iPSC line derived
organoids. (D) Corresponding to Figure 3E: ratio of AR42/AR40 was
summarized from individual DS and isogenic control iPSC line derived
organoids.

SUPPLEMENTARY FIGURE 4

(A) Corresponding to Figure 4B: immunoreactivity of pTau S396 was
summarized from individual DS and isogenic control iPSC line derived
organoids. (B) A representative double labeling of pTau S396 (red)
and MAP2 (green) in DS and control organoids. (C) Corresponding to
Figure 4E: immunoblotting analysis of pTau S396/Tau was summarized
from individual DS and isogenic control iPSC line derived organoids. (D)
Corresponding to Figure 4D: the ratio of insoluble Tau/total Tau (soluble
Tau + insoluble Tau) was summarized from individual DS and isogenic
control iPSC line derived organoids.
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A simplified protocol for the
generation of cortical brain
organoids
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Femke M. S. de Vrij? and Debbie L. C. van den Berg'*

!Department of Cell Biology, Erasmus MC, Rotterdam, Netherlands, 2Department of Psychiatry, Erasmus
MC, Rotterdam, Netherlands, *Department of Psychiatry, Columbia University Irving Medical Center,
New York, NY, United States

Human brain organoid technology has the potential to generate unprecedented
insight into normal and aberrant brain development. It opens up a developmental
time window in which the effects of gene or environmental perturbations can be
experimentally tested. However, detection sensitivity and correct interpretation
of phenotypes are hampered by notable batch-to-batch variability and low
reproducibility of cell and regional identities. Here, we describe a detailed,
simplified protocol for the robust and reproducible generation of brain organoids
with cortical identity from feeder-independent induced pluripotent stem cells
(iPSCs). This self-patterning approach minimizes media supplements and handling
steps, resulting in cortical brain organoids that can be maintained over prolonged
periods and that contain radial glial and intermediate progenitors, deep and upper
layer neurons, and astrocytes.

KEYWORDS

cortical brain organoids, human brain development, self-patterning, dorsal identity,
feeder-independent, induced pluripotent stem cells

1. Introduction

The human developing brain is unique compared to any other organism due to its
increased size, complexity, and expansion of neuronal output (Benito-Kwiecinski et al,
2021). Most of the current understanding of mammalian brain development is derived
from studies in rodent models. However, these do not fully recapitulate the dynamic
and complex architecture of the human brain nor model the genetic basis of prominent
human neurodevelopmental disorders (Velasco et al., 2020). Therefore, in recent years,
major advances have been made to generate protocols for in vitro differentiation of human
pluripotent stem cells (PSCs) into 3D tissue cultures such as cortical organoids, that closely
mimic key features of in vivo corticogenesis (Lancaster et al., 2013; Camp et al., 2015).

Cortical organoids grow from PSCs that self-aggregate into embryoid bodies and
spontaneously acquire neuronal fate, resulting in the formation of polarized neuroepithelial
structures (Kadoshima et al, 2013). As described in the initial hallmark protocols
(Kadoshima et al, 2013; Lancaster et al, 2013; Lancaster and Knoblich, 2014),
supplementing the growth medium of forming organoids with a 3D scaffold (Matrigel) in
combination with agitation results in various brain region identities being formed within
the organoids in several weeks to months. Defined progenitor zones, containing apical radial
glial cells (aRGCs), intermediate progenitor cells (IPCs), and outer radial glial cells (0RGCs),
surround ventricle-like lumens and generate deep and upper layer neurons that organize into
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the cortical plate, the embryonic precursor of the cerebral cortex.
In addition to the similar cytoarchitecture, cellular composition,
and maturation, cortical organoids have been shown to resemble
gene expression profiles of the developing human cortex beyond
the second trimester, up to early postnatal stages (Camp et al., 2015;
Velasco et al., 2019; Gordon et al., 2021).

Despite their great potential, generating cortical organoids is a
delicate and lengthy process, challenged by low reproducibility and
sensitivity to perturbations. Therefore, the field is constantly and
rapidly developing improved protocols to overcome organoid-to-
organoid variability and batch-to-batch variation and to ensure the
reproducibility of cell types within single organoids being generated
(Velasco et al,, 2019). While “self-patterned” generation of cortical
organoids as described in initial protocols will spontaneously
generate forebrain, midbrain, and hindbrain identities, more recent
protocols have focused on guiding or directing toward region-
specific identities in organoids, using exogenous patterning factors.
Several groups have shown that during embryoid body formation,
the addition of WNT (Kadoshima et al., 2013; Mariani et al., 2015;
Pasca et al., 2015; Qian et al., 2016; Pollen et al., 2019; Velasco et al.,
2019), BMP (Mariani et al., 2015; Pasca et al., 2015; Qian et al., 2016;
Xiang et al., 2017), and TGF-B (Kadoshima et al., 2013; Mariani
etal, 2015; Xiang et al., 2017; Pollen et al., 2019; Velasco et al., 2019)
inhibitors can act as rostralizing signal and promote the generation
of (dorsal) forebrain organoids. During neural induction, WNT
activators (Lancaster et al., 2017) and Matrigel (Kadoshima et al.,
2013; Lancaster et al, 2013) stimulate lateral expansion and
budding of the neuroepithelium, respectively. Single-cell RNA-
seq on different batches of dorsally patterned forebrain organoids
by WNT and TGF-f inhibition has shown that sample-to-sample
reproducibility of cell types generated was similar to that between
individual endogenous brains (Velasco et al., 2019). However, the
addition of small molecules to media compositions can also be a
source of variation due to low concentrations added, batch-to-batch
variability, and storage conditions.

Here, we combine a robust embryoid body-based method
for the generation of cortical NPC-derived neural networks
(Gunhanlar et al., 2018) with 3D organoid culture to reproducibly
generate and mature cortical brain organoids from induced
pluripotent stem cells (iPSCs), without the addition of patterning
factors (Velasco et al., 2019). In short, 9,000 single-iPSCs derived
from feeder-independent cultures are seeded per V-bottom well of a
96-well plate to aggregate into embryoid bodies. Seeding consistent
numbers of iPSCs in individual wells in their original culture
medium will stimulate the rapid formation of uniform embryoid
bodies within 2 days. Subsequently, robust neural induction for 6
days in a simple medium formulation will stimulate the generation
of neuroectoderm and neuroepithelial tissues. These tissues acquire
a spontaneous preference to develop into brain regions with
dorsal forebrain identity. After 18 days of differentiation, formed
organoids are transferred into non-adherent dishes and placed
on an orbital shaker. Under agitating conditions, the cortical
organoids will further grow until they reach a diameter of 2-
3mm after 35 days. At this time point, the organoids can be
harvested for immunohistochemical and expression analysis. If
preferred, organoids can be further matured by adding Matrigel to
the medium to serve as a 3D scaffold (Figure 1). This protocol is

Frontiersin Cellular Neuroscience

10.3389/fncel.2023.1114420

optimized to maximize efficiency and minimize the complexity of
handling steps, resulting in a practical and reproducible method to
generate dorsal forebrain organoids.

2. Materials and equipment

2.1. Reagents

e WTC-11 human iPSC line (Coriell Repository, GM25256);

e StemFlex™ Medium (ThermoFisher Scientific, #A3349401);

e RevitaCell™ Supplement 100X (ThermoFisher
Scientific, #A2644501);

o Geltrex, LDEV-Free, hESC-Qualified, Reduced Growth
Factor Basement Membrane Matrix (ThermoFisher
Scientific, #A1413301);

e Dulbecco's  Phosphate  Buffered  Saline  (Sigma-

Aldrich, #D8537);
e UltraPure™ 0.5M EDTA, pH 8.0 (InvitrogenTM, #15575-038);

e StemPro™  Accutase™  Cell Dissociation  Reagent
(ThermoFisher Scientific, #11599686);
e Advanced DMEM/F-12 (ThermoFisher

Scientific, #12634028);

Penicillin-Streptomycin (Sigma-Aldrich, #P0781);

N-2 Supplement 100X (ThermoFisher Scientific, 17502048);

Heparin (Sigma, #H3149);

Glasgow-MEM,

Scientific, #11710035);

e MEM Non-Essential Amin Acids Solution (ThermoFisher
Scientific, #11140050);

e DMEM/F-12, HEPES (ThermoFisher Scientific, #11330032);

GMEM (ThermoFisher

e GlutaMAX Supplement (ThermoFisher
Scientific, #35050061);
e Chemically Defined Lipid Concentrate (ThermoFisher

Scientific, #11905031);
e Amphotericin B (ThermoFisher Scientific, #15290018);

e Fetal Bovine Serum, qualified, Brazil (ThermoFisher
Scientific, #10270106);

e Matrigel (Corning, #356234);

e Trypan Blue Solution, 0.4% (ThermoFisher

Scientific, #15250061);

Paraformaldehyde (Sigma-Aldrich, #P-6148);

Sodium hydroxide solution (Sigma, #72068);
Hydrochloric acid fuming 37% (Sigma, #30721-M);
TWEEN® 20 (Sigma-Aldrich, #P1379);

Sucrose (Merck Millipore, #84100);

Gelatin from porcine skin (Merck Millipore, #04055);
Trisodium citrate dihydrate (Merck Millipore, #106448);
Triton™ X-100 (Sigma, #T8787);

Aqua-Poly/Mount (Polysciences, #18606-20).

2.2. Equipment

o PrimeSurface® 3D culture: Ultra-low Attachment Plates: 96-
well, V bottom, Clear plates (Sbio Japan, #MS9096VZ);
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e Nunc 6-Well Plates,
# 140675);

Round (ThermoFisher Scientific,

e 5mL Serological Pipette (VWR, #89130896);

e 10 mL Serological Pipette (VWR, #89130898);

e 15mL Conical Tubes, Polystyrene (VWR, #352097);

e 50 mL Conical Tubes, Polystyrene (VWR, #352070);

e Hemocytometer (EMS, #68052-14, 68052-15);

o Eppendorf Tubes® 3810X 1.5 ml (Eppendorf, #0030125150);

e Heraeus Megafuge 40R  Benchtop Centrifuge
(ThermoScientific, #75004519);

e Inverted Phase Contrast Microscope (Olympus CKX31);

e Reagent reservoir, 50 ml (Greiner, #960305);

e 60 mm TC-Treated Cell Culture Dish (Corning, #353002);

e Digital CO;-resistant orbital shaker
(ThermoScientific, #88881101);

e CO, incubator;

e Multichannel pipet (20-200 L) (VWR, # 613-2901);

e pH meter (Mettler Toledo, SevenExcellence pH meter S400);

e Glass beaker;

e Stir plate;

e Bijou sample containers (700EA, Sigma-Aldrich, #Z645338);

e Sterile Syringe filters, Pore size 0.2pm  (Cytiva
Whatman, #10462200);

e Aluminum PCR heating block;

e Cryomold Bpsy 10 x 10 x 5mm (Sakura Finetek, #1S-VW-
4565-PK);

e SuperFrost  Plus™
(Epredia, #]1800AMNZ);

e ImmunoPen™ (Millipore, #402176);

e Heat-resistant plastic Coplin staining jar (VWR, #470174-
652);

e Microscope cover glasses 24 x 60 mm (VWR, #4833 220).

Adhesion  Microscopic  Slides

2.3. Reagents set-up
2.3.1. Heparin solution

The potency (units/mg) of heparin varies per batch and is
reported by the manufacturer on the certificate of analysis. The
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exact amount of mg present is calculated by dividing the number
of units of the batch by the potency in units per mg. The batch is
reconstituted in the volume of D-PBS needed to make a 1-mg/ml
stock solution (500x). If sterile and filtered through a 0.22-pm
filter, this stock solution can be stored at 2-8°C for up to 2 years.

2.3.2. FBS heat inactivation
Heat inactivate serum by placing the bottle in a 56°C water bath
for 30 min. Store aliquots at —20°C.

2.3.3. Media preparation
The composition, preparation, and storage conditions of the
different media are outlined in Table 1.

2.3.4. 20% Paraformaldehyde (PFA) stock solution

To prepare 100ml of 20% PFA stock solution, heat 80 ml of
D-PBS in a glass beaker on a stir plate to 55-60°C, in a ventilated
hood, Add 20 g of PFA to the heated solution. A cloudy suspension
will be the result. Slowly raise the pH by dropwise adding 1M
NaOH, until the solution clears. Let the solution cool, filter, and
finally, add D-PBS to a volume of 100 ml. Recheck the pH, and
adjust with 1 M HCl to pH 6.9. Prepare aliquots and store at —20°C.
Dilute 20% PFA in D-PBS to a 4% working solution. Only use 4%
PFA on the day of preparation and do not re-freeze or store.

2.3.5.0.1% PBS-T
To prepare 1L of 0.1% PBS-T, add 1 ml of Tween® 20 to 1L of
D-PBS and mix thoroughly.

2.3.6. 30% sucrose solution

To prepare 1L of 30% sucrose solution, weigh 300 g of sucrose
and add D-PBS to a final volume of 1 L. Mix using a magnetic stirrer
at room temperature until all sucrose has dissolved. Aliquot and
store at —20°C.

frontiersin.org


https://doi.org/10.3389/fncel.2023.1114420
https://www.BioRender.com/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org

Eigenhuis et al.

TABLE 1 Media preparation.

Seeding medium (SM) For 10 ml

StemFlex™ medium ‘ 10 ml

1% RevitaCell™ supplement [1X] 100 pl

For 100 ml

Neural induction medium (NIM)

Prepare a small aliquot of seeding medium freshly on the day

of seeding. Do not store or re-use.

Advanced DMEM/F12 (#12634028) 98 ml

1% Penicillin/streptomycin solution 1ml

1% N-2 supplement [1X] 1ml
Heparin [1 mg/ml stock, 2 jug/ml final concentration] 200 pl
Cortical differentiation medium For 100 ml

(CDM)?
This medium can be stored and used for 1 week after

preparation, at 4°C.

DMEM/F-12 (#11330-032) 96 ml
1% GlutaMAX supplement 1 ml
1% Chemically defined lipid concentrate 1 ml
1% N-2 supplement [1X] 1ml
Amphotericin B [250 pg/ml stock, 0.25pg/ml final] 100 1
1% Penicillin/streptomycin solution 1ml

Cortical maturation medium (CMM)? For 200 ml

This medium can be stored and used for 2 weeks after

preparation at 4°C.

DMEM/F-12 (#11330-032) 169 ml
1% GlutaMAX supplement 2ml
1% chemically defined lipid concentrate 2ml
1% N-2 supplement [1X] 2ml
Ampbhotericin B [250 pg/ml stock, 0.25pg/ml final] 200 pl
1% penicillin/streptomycin solution 2ml
10% fetal bovine serum 20 ml
Heparin [1 mg/ml stock, 5 jug/ml final concentration] 1ml
1% matrigel* 2ml

*Add Matrigel only to cold medium, and only after filtering the medium. If added when the
medium is warm, Matrigel will solidify and not properly mix into the solution.

This medium should be filtered before use and can be stored and used for 2 weeks after
preparation at 4°C.

2CDM and CMM formulations were originally described as cortical differentiation medium-
1T (CDM-1I) and cortical differentiation medium-III (CDM-III) respectively by: Velasco S. et
al., Individual brain organoids reproducibly form cell diversity of the human cerebral cortex,
Nature, 2019. Jun; 570(7762): 523-527.

2.3.7. Gelatin Solution (10% gelatin—7.5%
sucrose—PBS)

To prepare 100 ml of gelatin solution, add 10 g of sucrose to
100 ml of D-PBS. To this solution, add 7.5 g of gelatin and mix using
amagnetic stirrer at room temperature until both components have
completely dissolved. Aliquot and store at —20°C.
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2.3.8. Antigen retrieval buffer (10 mM Sodium
Citrate, pH 6.0)

To prepare 1L of Sodium Citrate buffer (10 mM), add 2.94 g of
Trisodium citrate dihydrate to 950 ml of dH,0O. Adjust pH to 6.0
with HCI/NaOH and autoclave. Store at room temperature.

2.3.9. Washing buffer (0.01% Triton X-100-PBS)
To prepare the washing buffer, add Triton X-100 to D-PBS to a
final concentration of 0.01%. Store at room temperature.

2.3.10. Blocking buffer/antibody diluent (0.1%
Triton X-100-10% FBS-PBS)

To prepare the blocking buffer, add Triton X-100 and FBS to
D-PBS to a final concentration of 0.1% and 10%, respectively. Filter
using a 0.2-pm syringe filter and store at 4°C for a maximum of 2
days. Prepare freshly on the day of use.

3. Methods

3.1. Step-by-step procedure: Generation of
cortical organoids

3.1.1.iPSC culture

- This protocol describes how to generate cortical organoids from
feeder-independent cultured pluripotent stem cells (PSCs). PSCs
are cultured in wells of a six-well plate in StemFlex'™ Medium,
on Geltrex coating ([0.08 mg/ml] final concentration).

- PSCs are cultured in colonies and passaged in clumps every 3-4
days in a 1:4-1:6 ratio by 5 -8  incubation of 0.5 mM EDTA.

- It is recommended to use PSCs of a passage below 50 and to
perform a chromosome count for every 10 passages to confirm
a stable karyotype.

3.1.2. Generation of cortical organoids
Day 0: seeding single iPSCs to generate embryoid bodies—
TIMING 1-2h

It is recommended to seed a maximum of 32 embryoid bodies per
batch, to allow for optimal handling conditions.

9,000 iPSCs per well are seeded in a 96-well plate to form an
embryoid body, in a 200 pL seeding medium.

To start a batch of 32 EBs, one 80-90% confluent six-well iPSC
colony is sufficient. iPSC colonies should not show any sign of

differentiation (Figure 2a).
To seed 32 EBs:

1. Prepare 10ml seeding medium by supplementing 10ml of
StemFlex™ Medium with RevitaCell™ Supplement (1:100).
Place in a water bath to warm at 37°C.

2. Wash cells 1x with 1 ml of PBS. To dissociate cells, first, add
1 ml of cold 0.5 mM EDTA per well and incubate for 5 .

3. Aspirate EDTA and add 1 ml of pre-warmed StemPro Accutase
per well. Gently disturb the well after 4 min to promote cell
dissociation, and incubate for another 4-6 min. All cells should
have detached and be floating as single or very small groups of
cells (Figure 2b).
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FIGURE 2

Generating a single-cell iPS suspension. (a) Healthy iPS colonies at 70-80% confluency, without signs of differentiation. (b) After 0.5 mM EDTA
incubation and subsequent incubation with accutase, all cells have dissociated into single cells or small groups of cells, and all cells are floating. (c)
After gentle trituration of the dissociated cell suspension, a pure single-cell suspension is created.

4. Collect the cells by pipetting up and down in the Accutase for a
maximum of five times with a P1000 pipet. Transfer 1 ml of the
cell suspension to a 15-ml falcon tube. Rinse the well with 1 ml
seeding medium and add to the collection tube.

5. Quickly count the number of cells/ml by mixing 50 L of cell
suspension with 50 L of trypan blue. Use a hemocytometer to
count cells manually in multiple squares of a counting chamber,
and the average will determine the correct cell concentration.

At this stage, it can be observed under the microscope whether
a pure single-cell suspension is generated (as shown in Figure 2c).
If not, the cell suspension should be gently triturated some more.

6. For 32 EBs, 288.000 (32 x 9,000) cells in 6,400 L (32 x 200)
seeding medium are needed. Taking into account an extra 10%,
316.800 cells in a 7,040-pL seeding medium are needed. Aliquot
the required amount of cell suspension into a separate 15-ml
falcon tube and centrifuge for 4 at 200xg.

7. Remove the supernatant and resuspend the cell pellet first in
1 ml pre-warmed seeding medium using a P1000, pipetting up
and down as little as possible. Add another 6,040 L of seeding
medium to create a cell suspension of the desired concentration.

8. Seed 200 pL cell suspension per well of a 96 v-bottom well
plate, using a P1000 pipet. Gently swirl the tube to mix your cell
suspension after every eight wells are filled.

9. Place in the incubator at 37°C and 5% CO,, on a flat surface, and
do not touch or disturb the plate for 48 h.

Day 2: Refresh embryoid bodies to start germ layer
differentiation and neural induction—TIMING 30 min

Observe whether EBs have formed 48 h after seeding. Ensure
to minimize the time of the plate being out of the incubator
and minimize disturbance and movement of the plate to retain
embryoid bodies in an optimal condition. Round EBs with a
clear border and a diameter of 400-500 um should have formed
(Figure 3b). A small number of dead cells likely will surround
the EB.

10. Refresh EBs by taking out 180 wL medium/well and adding
a fresh pre-warmed 180 pL neural induction medium
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(NIM)/well. Use a multichannel pipet to remove and add
medium, and be cautious not to aspirate EBs into the
pipette tips.

11. Return the plate to the incubator and leave it to incubate for
another 72 h.

Day 5: Refresh embryoid bodies with neural induction
medium—TIMING 30 min

When observing at day 5, EBs should have grown to a diameter
of 450-550 um. A clear and defined border should still be visible,
and an optically clear and radially organized neurectoderm should
have appeared on the outer edge (Figure 3c). Buds of neurectoderm
without obvious radial organization can also grow within the
EBs, which is acceptable as they will possibly still grow into
neuroepithelial structures.

12. Refresh EBs by taking out 180 pL medium/well and adding a
fresh pre-warmed 180 pL NIM/well. Use a multichannel pipet
to remove and add medium and be cautious not to aspirate EBs
into the pipette tips.

13. Return the plate to the incubator and leave it to incubate for 72 h.

Day 8: Refresh early organoids with cortical differentiation
medium—TIMING 30 min

At day 8, the early organoids should have grown to a diameter
of 500-600 um. The organoids have a denser appearance, and
small folds of neuroepithelial structures might be visible on
the outer edge. At this stage, the organoid may lose its round
shape and adopt a more asymmetrical form. From this day,
the medium is switched from NIM to cortical differentiation
medium (CDM).

14. Refresh organoids by taking out 180 L NIM/well and adding
a fresh pre-warmed 180 WL CDM per well. Use a multichannel
pipet to remove and add medium and be cautious not to aspirate
organoids into the pipette tips.

15. Return the plate to the incubator and leave it to incubate for 48 h.

with

Day 11-day 18: Refresh organoids cortical

differentiation medium—TIMING 30 min
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FIGURE 3

Overview of different steps in embryoid body and cortical organoid development from PSCs. Healthy PSCs (a). The scalebar in panels (b—e)
represents 500 um; the scalebar in panels (f—i) represents 1 mm; the scalebar in panels (f —i') represents 500 um.

16. Refresh organoids three times in 7 days with CDM as
described in step 17, leaving a maximum of 48h in between
refreshing steps.

As shown in Figures 3d, e, the neuroepithelium should further
grow and form buds that are visible in a translucent and thick edge
on the outside of the organoid.

Day 18: Transfer organoids to 6-cm dishes in cortical
differentiation medium and transfer to shaker—TIMING 60 min

On day 18, the organoids are transferred to non-adherent 6-
cm dishes using cut P200 tips. The dishes are placed on an orbital
shaker to continue culturing under agitating conditions.

17. First prepare cut P200 tips by cutting off the bottom part of
the pipette tip using sterile scissors, creating a tip diameter of
~2mm. Prewarm the amount of CDM needed. A maximum
of 10 organoids is transferred to one ¢6 cm dish, normally
resulting in three ¢6 cm dishes per batch of organoids seeded.
Per dish, 5 ml of CDM is needed.

18. Fill out 5ml of pre-warmed CDM per ¢6 cm dish and place it
next to the 96-well plate with organoids to be transferred.

19. To pipette up an organoid from its 96-well, place the pipette
with the cut P200 tip straight into the well and gently pipette
up. It is important not to enter the V-bottom of the well, where
the organoid is located. The organoid in the pipette tip will be
visible. Let the organoid sink to the bottom of the pipette tip
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by holding the pipette up straight and finally let it be released
in the CDM in the dish, taking along as little adherent medium
as possible.

20. Repeat step 19 until 10 organoids are transferred into a dish.
Place the dish on an orbital shaker that is placed in an
incubator and set it at the right speed. For the CO,-resistant
orbital shaker used in this protocol (Thermo Scientific™, Cat.
88881102, orbit 1.9 cm), this is 65 rpm. Refer to Box 1 to
calculate the correct shaker speed for other shaker types.

21. Leave organoids to incubate under continuous agitating
conditions for 48 h.

Day 20-35: Refresh organoids with cortical differentiation
medium—TIMING 30 min

Between days 20-35, the CDM medium needs to be refreshed
three times per week, leaving a maximum of 48h in between
refreshing steps.

22. To refresh, pause the shaker and transfer dishes to the cell
culture hood. Slightly tilt the dishes and pipet oft 4.5ml of
medium using a P1000. Avoid disturbance of the organoids in
the dish and always leave in 0.5 ml to prevent the organoids from
drying out.

23. Slowly add 4.5 ml of fresh and pre-warmed CDM medium.

24. Place dishes back on the shaker and continue incubation under
continuous agitation.
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BOX 1 Calculating shaker speed.

Shaker speed (in revolutions per minute, RPM) is dependent on the orbit
size of the orbital shaker used. For a shaker with an orbit of 1.9 cm, 65 RPM is
the desired shaker speed. The correct shaker speed for shakers with a different
orbit can be converted using the equation below:
r2=,/(r1)? x %
r1 = shaker speed of first shaker (rpm)
r2 = shaker speed of second shaker (rpm)
d1 = diameter(throw) of first shaker (cm)
d2 = diameter (throw) of second shaker (cm)

For the Thermo Scientific!™ (#88881102) orbital shaker used in this

protocol:
rl =65 rpm
di=19cm

As displayed in Figures 3f-i, the organoids should steadily
increase in size and density during this phase to a diameter of
>800 pm.

Day 35 and on: Refresh organoids with cortical
maturation medium

From day 35 onward, the medium is changed to cortical
maturation medium (CMM). The addition of Matrigel will provide
a degree of stiffness to the medium that supports healthy further
growth of the organoids.

Be aware to prepare CMM first without Matrigel and filter it
using a bottle top filter. After filtering, add Matrigel only if the

medium is cold.

25. Refresh organoids three times per week with CMM as
described in step 22, leaving a maximum of 48 h in between
refreshing steps.

3.2. Fixation, embedding, and
cryosectioning of cortical organoids

From day 25 onward, the generated organoids can be
harvested and processed to observe the developed structures
and to verify the presence of dorsal forebrain cell types via
immunofluorescent staining.

3.2.1. Fixation and equilibration

1. Use a cut-P1000 pipette tip to transfer organoids to a bijou
container. Cut a P1000 tip such that the diameter is 3 mm, and
ensure that the cutting edge is smooth to prevent organoids from
being damaged.

2. Slowly pipette up organoids and collect a maximum of five
organoids per container.

3. Aspirate excess medium from the collected organoids and wash
by adding 5 ml of D-PBS. Incubate for 5 min and remove D-PBS.
Repeat this washing step once more.

4. Add 5ml of fresh 4% PFA per container and incubate for 4-6 h
at 4°C, standing still.
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5. Remove PFA from the container and dispose. Wash organoids 2
x 5min in PBS-T, by adding 5 ml of PBS-T per container.

At this point, organoids can be stored in PBS-T at
2-8°C for up to 1 week. Alternatively, directly continue with
sucrose equilibration.

6. To equilibrate organoids, remove PBS-T and discard. Add 5
ml/container of 30% sucrose solution and allow to equilibrate
overnight at 2-8°C.

Organoids will float right after the sucrose solution is
added. Once the organoids no longer float, equilibration has
been successful.

3.2.2. Embedding

Organoids are embedded in gelatin solution in small square
embedding molds, and subsequently snap-frozen.

7. Thaw the gelatin solution in a 37°C water bath. Keep
the gelatin solution at 37°C continuously to prevent it
from polymerizing.

8. Prepare a dry ice/ethanol slurry by spraying 100% ethanol
onto dry ice in a styrofoam box multiple times. Once the
mixture has stopped boiling, place an aluminum PCR heating
block on top of the dry ice and press it down firmly. Wait
for 15min to ensure that the block is ice cold. At this time,
let the container with organoids in sucrose solution warm to
room temperature.

9. Pipette sucrose solution out of the container containing the
organoids and discard. Add 1-2 ml of warm gelatin solution to
the organoids and place the container in a small layer of warm
water to prevent polymerization.

10. Fill an embedding mold with gelatin solution such that the
block is nearly filled. Right after, pipette up organoids with
a cut P1000 tip and release them into the embedding mold.
Work fast to prevent polymerization of the gelatin. Up to five
organoids can be embedded per small embedding mold.

11. The organoids should be positioned at the bottom of the mold,
and not be floating. Optionally, use a P200 pipette tip to gently
move/reposition the organoids in the mold by hand.

12. If positioned correctly, place the mold on the aluminum block
in one movement to snap-freeze. Let it freeze for a minimum
of 10 min and do not move the mold during this process.

13. Store snap-frozen samples at —80°C until cryosectioning.

3.2.3. Cryosectioning

14. Remove embedded blocks from the —80°C freezer and allow
them to warm up for 30 min in the cryostat chamber that is set
at —20°C. Set up the specimen holder temperature at —26°C
for gelatin solution-embedded samples.

15. Cut 14-16 wm thick sections and apply them to SuperFrost®
Plus adhesion slides. Divide sections over slides in a

consecutive sequence to allow for optimal comparison.

16. Let slides air-dry for 15 min before storage at —80°C.
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TABLE 2 Primary antibodies for cortical organoid characterization.

Cell type/tissue Antigen Supplier Cat. No. Dilution Antigen retrieval

Radial glia/NSCs PAX6 Rabbit BioLegend 901301 1:300 10 mM sodium-citrate, 90°C, 20 min
Forebrain FOXG1 Rabbit Abcam ab18259 1:400 10 mM sodium-citrate, 90°C, 20 min
Intermediate progenitors TBR2 Rabbit Abcam ab23345 1:500 10 mM sodium-citrate, 90°C, 20 min
Neurons TUJ1 Mouse BioLegend 801201 1:800 10 mM sodium-citrate, 90°C, 20 min
Deep-layer neurons CTIP2 Rat Abcam ab18465 1:500 10 mM sodium-citrate, 90°C, 20 min
Proliferating cells Ki-67 Mouse BD Pharmigen 550609 1:50 10 mM sodium-citrate, 90°C, 20 min
Upper layer neurons SATB2 Mouse | Abcam ab51502 1:200 10 mM sodium-citrate, 90°C, 20 min
Astrocytes GFAP Rat Invitrogen 13-0300 1:500 10 mM sodium-citrate, 90°C, 20 min
Cortical neural progenitors and neurons | EMX-1 Rabbit Atlas antibodies HPA006421 1:50 10 mM sodium-citrate, 90°C, 20 min
Choroid plexus TTR Sheep BioRad AHP1837 1:100 10 mM sodium-citrate, 90°C, 20 min
Ventral forebrain progenitors GSX2 Rabbit Merck Millipore ABN162 1:500 10 mM sodium-citrate, 90°C, 20 min
Neuroepithelium and radial glia cells NESTIN Mouse | R&D Systems MABI1259 1:50 10 mM sodium-citrate, 90°C, 20 min

3.3. Immunofluorescent characterization of  TABLES3 Secondary antibodies.

cortical organ0|d sections Antibody Vendor Cat. No. Dilution
. . . Alexa Fluor® D a Rt-594 Invi A-212 11,
A panel of 12 markers (Table 2) is used to confirm the identity exa Fluor™ D o Rt-59 nvitrogen 0 000
of developed brain regions, as well as cell types that have been Alexa Fluor® Do Rb-568 | Invitrogen A-11011 1:1,000
generated in cortical organoid sections. Alexa Fluor® Gto Rb-488 | Invitrogen | A-11034 1:1,000
1. Remove slides from the freezer and allow them to dry at room Alexa Fluor® Gt o Ms-488 | Invitrogen A-11029 1:1,000
temperature for 15 min. Alexa Fluor® Do Rb-647 | Invitrogen |  A-31573 1:1,000
2. To perform antigen retrieval, place the slides in a plastic coplin
e . . . . Alexa Fluor® D o Sh-488 Invitrogen A-11015 1:500
staining jar in antigen retrieval buffer (10 mM sodium citrate)
and place the jar in a 90°C water bath for 20 min. DAPI for nuclei stain Sigma D9542 [0.5pg/ml] final
Antigen retrieval is applied to the specific primary antibodies
listed in Table 2, but the suitability for antigen retrieval might vary
for other antibodies. 10. Pipette sufficient secondary antibody mix onto slides to cover

3. Let the jar cool to room temperature by opening the lid all slices and incubate for 1.5h in a humidified and dark space

for 15 min. at room temperature.

4. Pour out the antigen retrieval buffer and replace it with ~ !l- Pour the secondary antibody mix and wash slides 3 x 5 min in

washing buffer, and let it stand for 5 min. Repeat this washing D-PBS in a coplin jar. Keep dark.

step once more. 12. Quickly dip slides in dH,O, add an aqua-poly mount,

5. Place slides on a flat surface (e.g, in a microscope and cover with a coverslip. Allow to dry overnight in a

slide box) and pipette 300 wl blocking buffer/slide. dark environment at room temperature, and store at 2-8°C
Incubate at room temperature for 30min. Keep before imaging.

the  incubation  space  humidified by  placing

wet towels.
6. Prepare primary antibody mixes in antibody diluent. Refer to
Table 2 for antibody concentrations. 4. Antici pated results
7. Pour off the blocking buffer and optionally mark
section areas with an ImmunoPen™. Pipette sufficient This protocol outlines a simplified method to generate cortical

primary antibody mix onto slides to cover all slices organoids from human pluripotent stem cells in which embryoid

and incubate overnight in a humidified chamber bodies are formed in the absence of exogenous patterning

at 4°C. factors. The resulting organoids will develop brain regions
8. Prepare secondary antibody mixes in antibody  with predominantly dorsal forebrain identity, in a spontaneous

diluent and protect from light. Refer to Table3 for  matter. This protocol also describes how to examine and

antibody concentrations. characterize generated organoids at various time points and
9. Wash slides 3 x 5min in a plastic coplin jar in washing buffer. ~ developmental stages.
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TABLE 4 Troubleshooting.

10.3389/fncel.2023.1114420

IDEY Problem Possible explanation Suggested solution
0-2 No EB formation Too low cell viability/unhealthy PSCs Check PSC pluripotency by microscopic assessment
and by staining for OCT3/4 and NANOG markers.
Perform a karyotype analysis/chromosome count to
assess chromosome stability.
Too small/too big EBs Inaccurate cell counting Count cells manually using a hemocytometer
Much cell death Too harsh pipetting causing dead cells Work as fast as possible in generating a single cell
suspension, and limit pipetting of cells with a P1000.
2-8 No formation of neuroectoderm Cells are not pluripotent or EBs are too Check PSC pluripotency by microscopic assessment
immature for neural induction and by staining for OCT3/4 and NANOG markers.
Healthy and mature EBs should have a uniform
round morphology and exhibit defined edges. Too
many dead cells surrounding EBs indicate an
unhealthy state.
8-18 No formation of neuroepithelial buds Failed neuroepithelium development Do not continue culturing these organoids
18-35 Growth arrest of organoids Change of medium and transfer to agitating Wait for organoids to recover and grow again after
conditions 2-3 days
Organoids aggregate and collapse Shaker speed is too low or too many organoids Calculate the correct shaker speed using Box 1 and
per 6 cm dish try different speeds.
Lower the number of organoids per 6-cm dish
Organoids break apart/shatter Shaker speed is too high Calculate the correct shaker speed using Box | and
try different speeds.

Per batch of 32 seeded embryoid bodies, typically at least 25
(~80%) correctly developed cortical organoids will have formed
after 20 days, which can be further matured for over 100 days.
As depicted in Figure 3, at day 5, EBs should exhibit an optically
clear and radially organized neurectoderm on the outer edge. In
60-80% of these EBs, the neuroectoderm will further develop and
expand after 8 days of culture in a neural induction medium.
Subsequent cortical differentiation (days 9-18) should start the
generation of neuroepithelial structures inside the EBs, which
results in observable growth and increased density of the inner
parts. Transferring the EBs to small dishes and the associated
change in the medium after 18 days, to further stimulate cortical
differentiation, will cause a temporary stagnation of growth for
about 2 days. During these 2 days, it is normal to observe slight
shrinkage of the now-called organoids. After this critical phase,
~50-80% of the organoids will grow multiple neuroepithelial buds
and structures. Neuroepithelial buds can grow in long continuous
sheets or round and compact structures, this may vary per organoid
and per batch. Budding of neural structures will cause the organoids
to steeply increase in size and density, and therefore, it will be
difficult to examine the structures by microscope from this phase
on. Common pitfalls that might occur during the differentiation of
PSCs to organoids, possible explanations, and suggested solutions
are described in the troubleshooting table below (Table 4).

After 35 days of differentiation, cortical organoids should
have developed multiple PAX6™" progenitor zones in the shape
of rosettes or larger continuous folds (Iigure 4A). Progenitor
zones form around ventricle-like cavities and are characterized
by the absence of neurons (TUJ1 negativity) and the presence
of NESTIN-positive aRGCs (Figure 4B). Neuronal differentiation
can be recognized by the early neuronal marker TUJI and by the
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presence of early-born deep-layer neurons (CTIP2") that reside
outside of the progenitor zones (Figure 4A).

Since different types of brain regions may have formed, a
combination of TBR2, FOXGI1, and PAX6 staining is used to
confirm dorsal forebrain identity (Figure 4C). Correctly formed
organoids exhibit organized progenitor zones (TUJ1 negative) that
contain FOXG1- and PAX6-expressing radial glial progenitor cells,
surrounded by intermediate progenitor cells (TBR2). Deep-layer
neurons will locate outside previously formed, radially organised
progenitor zones. The efficiency of correctly formed organoids is
~80% (Figure 4D). Incorrectly formed organoids lack the proper
structure of progenitor zones, visible by increased TU]J1 signal and
loss of radial organization (Figure 4C). These organoids typically
do not express dorsal progenitor markers FOXGI1, TBR2, or
PAX6. CTIP2-positive neurons are often present in incorrectly
formed organoids, but lack organized localization (Figure 4C).
The efficiency of cortical- and neuronal marker expression within
organoids over different batches is displayed in Figure 4E. An
in-depth overview of the batch success rate and expression of
these different markers across individual batches is provided in
Supplementary Table 1.

Dorsal forebrain progenitor cells are marked by nuclear FOXG1
expression (Figure 5A). Forebrain progenitor zones are highly
proliferative, as shown by positivity for proliferation marker
Ki-67 (Figure 5A). Consistent with Ki-67 expression reaching a
maximum in mitosis, its levels are highest near the apical surface
where mitosis takes place following interkinetic nuclear migration
(Bruno and Darzynkiewicz, 1992; Kulikova et al., 2011).

In addition to FOXG1 and PAX6 expression in aRGCs,
the presence of TBR2-expressing IPCs confirms dorsal forebrain
identity (Figure 5A). IPCs align at the outer edge of progenitor
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Immunofluorescent staining for brain regions and neuronal cell types in 35-day old cortical organoids. (A) Multiple PAX6" progenitor zones are
distributed throughout the organoid in the shape of large folds or small rosettes, and surrounding ventricle-like cavities. Whereas progenitor zones
are negative for TUJ1 (class-I1Il tubulin), early neuronal differentiation outside of progenitor zones is marked by abundant TUJ1 expression.
Early-born deep-layer neurons (CTIP2) reside outside of progenitor zones. Scalebar: 1 mm for all panels. (B) Apical radial glial cells (NESTIN*) occupy
progenitor zones and extend from the apical to the basal surface (panel a’). Scalebar a, a": 250 um, a”: 50 um. (C) Correctly formed organoids show
structured progenitor zones (panel a), presence of deep-layer neurons (CTIP2, panel a'), and expression of dorsal forebrain markers FOXG1, TBR2,
and PAX6 (panels a’, b, and c). Incorrect organoids lack organized progenitor zones (panel d), contain dispersed deep-layer neurons (panel d'), and

show absence of dorsal forebrain progenitor markers (panels d”, e, and f). Scalebar: 250 um for all panels. (D) Batch efficiency of brain organoid
differentiation. (E) Efficiency of cortical identity acquisition

FIGURE 4
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FIGURE 5

Characterization of dorsal forebrain identity in cortical organoid brain regions. (A) A 35-day-old organoid showing multiple radial glial progenitor
regions (indicated by dashed lines) marked by FOXG1-positive neural progenitor cells, and early neuronal differentiation (TUJ1) (panel a), proliferative
progenitors (Ki-67, panel b), and IPCs (TBR2, panel b). Intermediate progenitor cells (TBR2) are generated in the proliferative zone and migrate to
align at the basal side (indicated by arrows), where they generate neurons (TUJ1) (panel c). Magnification of a typically organized proliferative zone
(TUJ1 negative) located next to a ventricle-like cavity with intermediate progenitors (TBR2) that give rise to deep-layer neurons (CTIP2) that form a
layer right above (panel d). Scalebar a, b: 300 um, c: 100 wm, d: 50 um. (B) Non-dorsal forebrain identity regions can be recognized by aberrant TUJ1
morphology, lacking progenitor zones (panels a, c), or FOXG1 expression (panels a’ and c'). The presence of ventral forebrain progenitors (GSX2) and
choroid plexus epithelia (TRR) surrounding ventricle-like cavities can be identified (panels b, b’, d, and d'). CBO, cortical brain organoid. Scalebar a, a’,
b, c, ¢, and d: 250pum, b" and d: 50 um
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FIGURE 6

Mature cortical organoids. Staining for upper-layer neurons (SATB2) and deep-layer neurons (CTIP2) in 70- and 120-day-old mature cortical
organoids. After 70 days, progenitor zones are still present (indicated by dashed lines) and both types of neurons reside outside of these zones in a
disorganized manner (A). In 120-day-old organoids, progenitor zones are absent and deep-layer neurons have compacted into a more organized
layer, positioned below a layer of abundantly present upper-layer neurons (B). Staining for astrocytes (GFAP), neurons (FOXG1), and proliferating cells
(Ki-67) in a 120-day-old cortical organoid cortex-like region (C). Scalebar: 150 pm in all images.

zones and are the main source of the early deep-layer neurons
(CTIP2) that will settle outside of the progenitor zones ( ).
However, infrequent brain regions with non-dorsal identity might
develop in organoids. These regions are morphologically different
from dorsal forebrain regions, lack clear progenitor zones, and
do not express dorsal forebrain marker FOXGI ( ).
Immunofluorescent characterization shows that such regions
contain ventricle-like cavities surrounded by choroid plexus
epithelia (TRR™), as well as GSX2-expressing ventral forebrain
progenitor cells ( ), which are both cell types that derive
from the rostral neural tube during early embryonic development
( ; )

Whereas, newborn neurons at early stages can still be dispersed,
and more compact and organized bands of neurons will be visible
). After 70 days of differentiation,
mature organoids have expanded their neuronal population with

in mature organoids (

later-born superficial-layer identity neurons (SATB2") having been
generated in addition to deep-layer neurons (CTIP2™) ( ).
At this stage, both types of neurons settle outside the still-
present ventricular zone structures in an intermingled manner.
If allowed to further mature up to 120 days in vitro, a more
structured organization of neurons can be observed, with early-
born neurons forming a compact deep layer and later-born neurons
being localized outside of this layer ( ). Progenitor zones
gradually thin and eventually disappear, as indicated by the near-
absence of Ki-67% cells ( ). The maturity of 120-day-old
organoids is confirmed by the presence of glial cell populations
, GFAPT astrocytes are
widely distributed throughout the cortex-like organoid tissue, while

such as astrocytes. As shown in

post-mitotic neurons still express FOXG1 to promote cell survival.

Frontiersin

We have described a simple protocol for the generation
of cortical organoids from human pluripotent stem cells. The
particular focus of this protocol has been to minimize the
complexity of handling steps and media formulations while
describing a robust and reproducible method. Organoids generated
with this protocol were shown to contain brain regions with
a cortical identity by the presence of intermediate progenitor
cells and NPCs expressing forebrain marker FOXG1. During
a differentiation period of 35 days, three different medium
formulations are used, and only one switch in culture ware is
required. Furthermore, no exogenous patterning factors are added
to the culture medium, contributing to the straightforwardness of
this protocol.

Various existing protocols have described the differentiation
of pluripotent stem cells into embryoid bodies, and subsequent
neural induction steps to generate neural stem cells, neural rosettes,
or cortical organoids ( ;

). In vitro modeling of neurogenesis heavily relies
on the intrinsic bias of embryonic stem cells toward the neural
lineage and their spontaneous preference to differentiate into
neuroectoderm and forebrain identity ( ).
Where initial brain organoid protocols described self-patterning
methods, more recent protocols have focused on directing toward
region-specific identities in organoids, using exogenous patterning
factors. Mainly the addition of certain inhibitors (TFGP, BMP,
and WNT) is suggested to increase neural induction efficiency
and block non-neural differentiation (
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2020). However, we show that robust neural induction of embryoid
bodies is sufficient to stimulate the formation of neuroectoderm
that will grow into neuroepithelial structures. We describe the
formation and neural induction of embryoid bodies via a procedure
that is very similar to that established by Gunhanlar et al.
(2018), where neural induction of embryoid bodies in a simple
medium without patterning factors results in NPCs with dorsal
forebrain identity. These NPCs could be further differentiated
into electrophysiologically mature cortical neuronal networks. A
substantial improvement compared to this and other protocols
is that we aggregate pluripotent stem cells in a PSC culture
medium. This ensures the robust formation of embryoid bodies
and minimizes extrinsic disturbance during the fragile process
of neural induction. This protocol is in concept comparable to
early hallmark protocols that have described the self-patterned
generation of cortical organoids (Lancaster et al., 2013; Lancaster
and Knoblich, 2014), but is simplified in several ways. In the initial
protocols, embryoid body formation, neural induction, and cortical
differentiation require four changes of culture ware and four
different medium formulations within 15 days of differentiation.
Furthermore, neuroepithelial bud expansion requires transferring
of early organoids into Matrigel droplets, a vulnerable and time-
consuming step. The protocol that we describe uses three different
medium formulations and involves only one change in culture
ware. In line with published brain organoid differentiation methods
(Kadoshima et al.,, 2013; Velasco et al., 2019), the protocol that
we describe incorporates a low concentration of Matrigel in the
medium to provide a degree of stiffness that will support the
3D expansion of neuroepithelial structures, without having to
incorporate an embedding step.

Since this protocol is focused on the practicality of
differentiation conditions and handling, it creates certain
limitations for specific downstream applications. To our opinion,
generating relatively small amounts of organoids per batch
contributes to accurate execution and thereby reproducibility
of the protocol. By limiting the time that developing organoids
are taken out of their incubator (e.g., to refresh media or take
microscopic images), the efficiency at which well-developed
organoids are being formed is increased. However, the small
number of organoids being generated per batch can be limiting if
certain effects need to be studied in larger groups of samples at
the same time. Formation of non-dorsal forebrain identity brain
regions may occur throughout organoid batches more variably
compared to directed protocols, which could be a disadvantage for
gene expression analysis such as (single-cell) RNA sequencing.
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SUPPLEMENTARY FIGURE 1

Cortical brain identity is marked by EMX-1 expression in organoids.
Immunofluorescent staining of a 35-day organoid for dorsal forebrain
progenitor marker EMX-1. Top: entire organoid, bottom: magnification view
of panel b.

SUPPLEMENTARY TABLE 1
Efficiency of correctly formed organoids and expression of cortical and
neuronal markers within and between batches.
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