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Three-Dimensional Retinal
Organoids Facilitate the
Investigation of Retinal Ganglion
Cell Development, Organization
and Neurite Outgrowth from
Human Pluripotent Stem Cells
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Retinal organoids are three-dimensional structures derived from human pluripotent stem cells (hPSCs)
which recapitulate the spatial and temporal differentiation of the retina, serving as effective in vitro
models of retinal development. However, a lack of emphasis has been placed upon the development
and organization of retinal ganglion cells (RGCs) within retinal organoids. Thus, initial efforts were
made to characterize RGC differentiation throughout early stages of organoid development, with a
clearly defined RGC layer developing in a temporally-appropriate manner expressing a complement

of RGC-associated markers. Beyond studies of RGC development, retinal organoids may also prove
useful for cellular replacement in which extensive axonal outgrowth is necessary to reach post-synaptic
targets. Organoid-derived RGCs could help to elucidate factors promoting axonal outgrowth, thereby
identifying approaches to circumvent a formidable obstacle to RGC replacement. As such, additional
efforts demonstrated significant enhancement of neurite outgrowth through modulation of both
substrate composition and growth factor signaling. Additionally, organoid-derived RGCs exhibited
diverse phenotypes, extending elaborate growth cones and expressing numerous guidance receptors.
Collectively, these results establish retinal organoids as a valuable tool for studies of RGC development,
and demonstrate the utility of organoid-derived RGCs as an effective platform to study factors
influencing neurite outgrowth from organoid-derived RGCs.

Retinal ganglion cells (RGCs) play a critical role in the transmission of visual information between the eye and
the brain, with many retinal degenerative diseases leading to the damage and loss of RGC axons!~. As RGCs have
alimited capacity for regeneration following damage*®, previous efforts to restore RGC connections have been
limited by numerous obstacles, including an inability to regrow long-distance connections. Additionally, at later
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stages of RGC degeneration following cell death, a need exists to replace the large number of cells that have been
lost. Human pluripotent stem cells (hPSCs), including both embryonic and induced pluripotent stem cells, are
attractive candidates for translational approaches, due to their ability to divide indefinitely as well as differentiate
into any cell type in the body®-®, including those of the retina®-°.

Recent studies have demonstrated the ability to differentiate hPSCs into RGCs'’~%!, resulting in cells possess-
ing appropriate morphological and functional properties. However, these RGCs were often derived in a stochastic
manner, with cells lacking the organization typical of the retina, including the cell-to-cell interactions associated
with retinogenesis. As such, their ability to serve as a model of retinal development is limited, as well as their util-
ity for cell replacement therapies. More recently, studies have demonstrated the differentiation of hPSCs into optic
cup-like retinal organoids, which allow for the generation of all cell types of the retina in a three-dimensional
organized structure and provide access to some of the earliest events of retinogenesis that would otherwise be
inaccessible to investigationzz’%. However, these studies have focused on outer retinal cells such as photore-
ceptors, with a lack of emphasis upon the development of RGCs within retinal organoids. The differentiation of
retinal organoids in a manner that closely mimics the spatial and temporal development of RGCs would provide
a superior and more representative model of RGC development, facilitating applications of hPSC-derived RGCs
for disease modeling, drug screening, as well as cell replacement.

Before the implementation of hPSC-derived RGCs for many of these applications, significant obstacles
remain, including the ability to extend axons across long distances as well as the capacity to appropriately respond
to extrinsic guidance cues to regulate this outgrowth. While animal models have provided a wealth of informa-
tion about the mechanisms underlying RGC outgrowth? !, little is known about how human RGCs respond to
both intrinsic and extrinsic cues to regulate their neurite outgrowth. The differentiation of retinal organoids from
hPSCs provides a population of RGCs that more faithfully recapitulates their spatial and temporal development
within the retina and thus, may serve as a more effective in vitro model of RGC axonal outgrowth.

To this end, efforts were undertaken to examine the ability of hPSC-derived retinal organoids to serve
as a reliable model of RGCs development, including their ability to extend lengthy neurites characteristic of
these cells. RGCs were found to be the earliest cell type differentiated within retinal organoids, indicating their
temporally-appropriate development, and expressed numerous characteristic markers. Additionally, the long dis-
tance outgrowth of neurites from hPSC-derived RGCs was analyzed, with this outgrowth regulated by extrinsic
factors including both substrate composition as well as signaling via growth factors. Upon further analysis of
extending neurites, F-actin-enriched growth cones were evident at their leading edge. Single cell transcriptomics
confirmed that these hPSC-derived RGCs exhibited profound diversity, with varying patterns of expression of
axon guidance receptors. Taken together, these results demonstrate the use of hPSC-derived retinal organoids as
a powerful in vitro model of RGC development, with subsequent applications for studies of RGC outgrowth and
guidance.

Results

Self-organization of RGCs within retinal organoids. Retinal ganglion cells develop within a defined
set of spatial and temporal parameters within the retina, with RGCs appearing as the first cell type to be speci-
fied within the innermost layers and identified by the expression of a variety of unique markers*>*. In parallel
to the native events, initial efforts were focused upon the differentiation of retinal organoids in a manner that
recapitulates both the spatial and temporal events of RGC development. Within 30 days of differentiation, retinal
organoids displayed unique morphological and phenotypic characteristics, with a bright stratified layer toward
the periphery indicative of their organized nature (Fig. 1a). At this stage of differentiation, retinal organoids
uniformly expressed the retinal progenitor marker CHX10, analogous to the optic vesicle-stage of development
(Fig. 1b). Upon further differentiation, RGCs self-organized within the basal layers of retinal organoids as iden-
tified by the expression of BRN3, with photoreceptors differentiating toward more peripheral regions, corre-
sponding to the native location and stratification of layers within the retina (Fig. 1c,d). As a number of markers
have been used to identify RGCs within the retina, a detailed characterization of RGCs within retinal organoids
demonstrated the corresponding expression of BRN3 co-localized with other RGC markers within the inner
layers of the three-dimensional structures (Fig. le-j). Thus, the differentiation of hPSC-derived retinal organoids
allowed for the self-organization of RGCs into a defined layer in a manner mimicking the spatial organization of
RGC:s within the retina.

Within the native retina, RGCs are also known to be the first cell type to be specified®**. Thus, efforts focused
upon the temporal development of RGCs within hPSC-derived organoids. Within 30 days of differentiation, ret-
inal organoids exhibited widespread expression of retinal progenitor markers including CHX10 and Ki67, with
the prevalence of these markers becoming more restricted to outer layers over time (Fig. 2a-d). Conversely, BRN3
expression identified few RGCs at 30 days of differentiation, with the appearance of RGCs within inner layers of
retinal organoids becoming more abundant over time (Fig. 2e-h). Quantification of these results demonstrated
that the onset of BRN3 expression occurred earlier than other retinal cell types such as photoreceptors, and cor-
responded with a decrease in the expression of progenitor markers (Fig. 2i,j). In parallel to the increased differ-
entiation of RGCs within retinal organoids, the area of each organoid occupied by RGCs also increased over time
(Fig. 2k). Thus, the differentiation of hPSC-derived retinal organoids also allowed for modeling of the temporal
development of RGCs, in a manner similar to that observed within the bona fide retina.

Identification of factors modulating RGC neurite outgrowth. As the projection neurons of the ret-
ina, RGCs must extend axons over long distances to reach postsynaptic targets'—. Retinal organoids allow for the
differentiation of RGCs in a spatial and temporal manner reflecting the development of the retina, providing a
more physiologically-relevant model for studies of retinogenesis, as well as applications including disease mode-
ling, drug screening, and cell replacement. Among the RGC-associated features that may be most important for
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Figure 1. Organization of a distinct ganglion cell layer within retinal organoids. (a) Brightfield microscopy
displayed the stratified morphology of early retinal organoids. (b) Within 30 days of differentiation, nearly

all cells within retinal organoids expressed the retinal progenitor marker CHX10. (c—d) Within 70 days of
differentiation, a presumptive ganglion cell layer expressing BRN3 occupied basal layers of retinal organoids,
while Recoverin-positive photoreceptors resided in more apical layers. (e-g) RGCs that were found within the
presumptive ganglion cell layer expressed characteristic RGC-associated proteins including BRN3, ISLET],
HuC/D, and NEUN. (h-j) BRN3-positive RGCs also co-expressed numerous characteristic cytoskeletal markers
such as SMI32, TUJ1, MAP2. Scale bars equal 500pm for (a) and 100pm for (b-j). Scale bar in b applies to (¢,d),
scale bar in e applies to (f-j).

many of these types of studies, the long-distance projection of neurites is a characteristic with important implica-
tions for developmental studies, disease modeling, as well as cell replacement. As such, the analysis of neurite out-
growth from retinal organoid-derived RGCs would facilitate and enhance a variety of translational applications.

As the derivation of RGCs within retinal organoids occurs along with the differentiation of other retinal cell
types®?-%, the definitive identification of RGC neurites apart from those of other retinal neurons is imperative.
As such, a CRISPR engineered knock-in reporter cell line was utilized for these studies in which a red fluorescent
reporter was expressed under the control of the retinal ganglion cell-associated gene BRN3B, with presump-
tive RGCs identified by the expression of either the BRN3B:mCherry or BRN3B:td Tomato reporter’*** (Fig. 3,
Supplementary Fig. S1). Upon differentiation of hPSCs into retinal organoids, expression of the BRN3B:mCherry
reporter was specifically observed in the inner layers, defining a presumptive RGC layer (Fig. 3a), with
mCherry-expression co-localized with BRN3 expression (Fig. 3b). The inner RGC layer appeared distinctly sep-
arate from the developing photoreceptor layer on the periphery (Fig. 3c). In order to better observe the morpho-
logical development of RGCs and ensure the specificity of the reporter, organoids were enzymatically dissociated
and cells subsequently plated to allow for neurite outgrowth, with mCherry expression remaining strongly colo-
calized with multiple RGC markers (Fig. 3d-h). Additionally, the expression of markers indicative of other retinal
lineages was absent from BRN3B:mCherry-positive RGCs (Fig. 3h-j). Thus, this reporter cell line provided an
effective means of identifying RGCs apart from other cell types, including the neurites extending from these
mCherry-expressing RGCs.

For the success of many translational applications of retinal organoid-derived RGCs, axons must extend over
long distances to faithfully recapitulate their morphological features found in vivo. To accomplish this, RGCs
must appropriately respond to extrinsic guidance cues that encourage and modulate long distance outgrowth. As
such, determining how extrinsic factors regulate retinal organoid-derived RGC outgrowth would enhance efforts
to develop models for disease modeling and cell replacement. As the extracellular matrix is known to be highly
influential in the initial outgrowth of RGC neurites®>~*', a variety of substrates commonly associated with the ret-
ina were tested for their effects upon retinal organoid-derived RGC neurite outgrowth (Fig. 4), with RGC neurites
identified by the expression of mCherry. While RGCs were capable of some degree of growth in the presence of
each substrate, results indicated that laminin and Matrigel were the most conducive for increased neurite length,
while laminin allowed for significantly more neurites to extend compared to other substrates. Thus, laminin
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Figure 2. Spatial and temporal development of RGCs within retinal organoids. (a—d) The expression of retinal
progenitor markers including CHX10 and Ki67 were widely expressed at early stages of organoid development,
but became more restricted to outer layers by 60 days of differentiation. (e-h) The restriction of progenitor cells
to the outer layers over time was associated with an increase in the expression of the RGC-associated marker
BRN3 in the inner layers. (i) Quantification of immunostaining demonstrated a significant increase in BRN3
over time, followed by the delayed onset of expression of photoreceptor markers such as Recoverin.

(j) Conversely, the number of CHX10- and Ki67-positive retinal progenitors significantly decreased over time.
(k) Correlated with the advancement of RGC differentiation, the presumptive RGC layer area displayed a
significant increase in its size over time relative to the size of the organoid. Error bars (n = 3) represent s.e.m.
(**p <0.01, ¥**p < 0.005, ¥***p < 0.001). Scale bars equal 100 pm.

was utilized as the substrate for all subsequent experiments to optimize RGC neurite outgrowth. In addition to
the extracellular matrix, the environment in which developing RGCs are found is also highly influential to their
growth?41-4_ As an in vitro system with which to analyze neurite outgrowth, multiple culture media formulations
were tested for their ability to influence neurite length as well as the number of neurites (Supplementary Fig. S2).
Results indicated that RDM, NB-Sato, BrainPhys, and NIM were all comparable for average neurite length as
well as the number of neurites extended, although the use of 10% FBS in DMEM significantly decreased both
parameters.

The ability to guide and direct RGC axons to establish long distance connections is also known to depend on
their responsiveness to a variety of growth factors and guidance cues?*1#454748  Additionally, animal models
have identified a number of growth factors which promote the survival and growth of RGCs****149%0_ As such, a
panel of candidate growth factors was established and were individually tested for their ability to modulate neur-
ite outgrowth from retinal organoid-derived RGCs (Fig. 5a-g). While neurite outgrowth was observed in control
conditions as well as in the presence of all growth factors, Netrin-1 was found to significantly increase the average
length of neurites extended (Fig. 5h), with some neurites reaching maximal lengths approaching 1.5 mm within
the first 24 hours of growth (Fig. 5i). Additionally, retinal organoid-derived RGCs were able to extend significantly
more neurites in the presence of both Netrin-1 as well as BDNF (Fig. 5j). Thus, these collective results establish
an in vitro model with which to analyze neurite outgrowth from retinal organoid-derived RGCs, with enhanced
neurite outgrowth facilitating the eventual use of retinal organoid-derived RGCs for studies of development,
disease modeling and cell replacement.

Neurite outgrowth and guidance receptor expression of RGCs. Axons of RGCs navigate their
way through the brain via growth cones at their leading edge, which respond to long and short range chemoat-
tractants and chemorepellents*43552, Similarly, the outgrowth of neurites from retinal organoid-derived RGCs
would be regulated by growth cones detecting changes in the environment. To examine these properties, retinal
organoid-derived RGCs were analyzed for their ability to develop growth cone structures at the leading edge
of neurites. Within 24 hours following plating, aggregates of retinal organoid-derived RGCs extended numer-
ous neurites in all directions (Fig. 6a). Neurites could be seen bundling together to mimic the fasciculation of
the optic nerve during development (Fig. 6b). Growth cones with F-actin-enriched lamellipodia and filopodia
were identified at the leading edge of each neurite (Fig. 6b,c). Live cell imaging demonstrated that growth cones
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Figure 3. Identification of RGCs using a fluorescent reporter. (a-c) RGCs could be readily identified by
mCherry expression observed in the inner layers of each organoid, defining the presumptive retinal ganglion
cell layer. (d-h) Multiple RGC-associated markers such as BRN3, ISLET1, and HuC/D co-expressed with
mCherry. (h-j) Conversely, mCherry did not co-localize with markers of other retinal cells such as Recoverin
and OTX2. Error bars represent s.e.m. Scale bars: 100 um (a-c), 200 um (d), 20 pm (e-g, i-j).

were highly motile and dynamic as seen by the continuous movement of filopodia and lamellipodia (Fig. 6d,
Supplementary Movie 1). Interestingly, short term exposure of the same growth cones to Netrin-1 significantly
increased the forward extension of RGC growth cones (Fig. 6e, Supplementary Movie 2).

In order to better identify growth-cone associated guidance receptors for chemoattractant and chemorepellent
molecules expressed specifically within retinal organoid-derived RGCs, the transcriptional profiles of individual
RGCs were analyzed. Cells were FACS-sorted for their BRN3B:tdTomato expression to yield an enriched popu-
lation of RGCs and single cell qRT-PCR analyses were performed to determine which receptors were expressed
in these cells. Individual cells were screened for expression of multiple guidance receptor genes, and individual
cells were clustered into five distinct groups based on similar gene expression profiles (Fig. 7a). BRN3B was found
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Figure 4. Substrate Modulation of RGC Neurite Outgrowth. (a—f) mCherry-positive RGCs were analyzed

for neurite outgrowth on various substrates including laminin (n = 50), Matrigel (n=51), collagen IV

(n=28), fibronectin (n=39), vitronectin (n=32) and gelatin (n = 16) where n is the number of aggregates
analyzed. (g,h) Mean neurite length and mean number of neurites were calculated for each of the experimental
conditions. Significant differences from laminin were determined by one-way ANOVA, *p < 0.05, ***p < 0.005,
*#*%p < 0.001. Error bars represent s.e.m. Scale bar: 100 pm.

to be expressed similarly by all groups (Fig. 7b), however, varying expression levels of guidance receptor genes
were observed between groups (Fig. 7c-g). Thus, while the presence of growth cones was universal among all
RGC neurites, the composition of guidance receptors among these cells was heterogeneous, suggesting significant
diversity within the broader retinal organoid-derived RGC population. The expression of these guidance recep-
tor genes was then further analyzed to develop a unique signature profile for each of the RGC groups, with the
expression of only 6 genes allowing for their definitive identification (Fig. 7h).

Discussion

The results presented here demonstrate the ability to derive a primitive retinal ganglion cell layer within
hPSC-derived retinal organoids in a manner that closely recapitulates the spatial and temporal patterning of RGC
development. The development of retinal organoids with a defined presumptive RGC layer provides a more phys-
iologically relevant model of retinogenesis, facilitating their use as in vitro models of RGC generation and organ-
ization, as well as providing a reliable platform to study hallmark characteristics of RGCs such as long distance
axonal outgrowth and guidance. These latter characteristics were analyzed using retinal organoid-derived RGCs,
with results demonstrating the modulation of RGC neurite outgrowth in response to a variety of signaling cues.
The enhanced differentiation and three-dimensional organization of retinal organoid-derived RGCs provides a
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Figure 5. Modulation of Neurite Outgrowth by Soluble Factors. (a-g) mCherry positive RGCs were analyzed
for neurite outgrowth with the addition of various growth factors including NT 4/5 (n = 36), BMP2 (n=39),
BDNF (n=44), GDF8 (n=55), BMP13 (n=44) and Netrin-1 (n = 63) at a concentration of 50 ng/mL,

where n is the number of aggregates analyzed. (h) Among the soluble factors tested, Netrin-1 was observed

to significantly increase the average length of neurites. (i) All traced neurites were graphed as cumulative
frequency above indicated length for each growth factor, with Netrin-1 producing neurites reaching lengths
approaching 1.5mm in 24 hours. (j) The number of neurites was also significantly increased in response to
Netrin-1 and BDNF compared to RDM controls. Significance was determined by one-way ANOVA, *p < 0.05,
*¥%%p < 0.001. Error bars represent s.e.m. Scale bar: 100 pm.

platform for studies of RGC development as well as disease modeling, and may facilitate the eventual application
of hPSC-derived RGCs for cell replacement.

Compared to traditional stochastic methods of differentiation, retinal organoids are more similar to primary
tissue in their cellular arrangement and stratification, with populations of progenitors giving rise to multiple
differentiated cell types at frequencies similar to native tissue?>-2%3, In the current study, RGCs were the first cell
type to be specified, with the organization of these cells in the inner layers of retinal organoids reminiscent of the
ganglion cell layer in the human retina. The onset of ganglion cell development, characterized by the expression
of multiple RGC-associated markers, correlated with a decrease in retinal progenitor cells within the innermost
layer of retinal organoids. In contrast, as time progressed retinal progenitor populations were maintained in outer
retinal layers where later-born cell types, such as photoreceptors had yet to be specified. Further differentiation of
these retinal organoids led to a progressive reduction in retinal progenitor populations, associated with a signifi-
cant increase in the area of the presumptive ganglion cell layer as well as the onset of photoreceptor cells in outer
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Figure 6. Identification and Dynamic Rearrangement of RGC Growth Cones (a) Cellular aggregates enriched
for mCherry-positive RGCs extended numerous lengthy neurites in all directions after 24 hours in culture. (b)
Neurites bundled together and displayed prominent growth cones at the leading edge of neurites. (c) Growth
cones exhibited lamellipodia and numerous filopodia enriched for F-actin. (d) DIC time-lapse imaging revealed
that these growth cones were also highly dynamic and motile over time, with apparent rearrangement and
forward advancement of growth cones. (e) Growth cones exposed to Netrin-1 displayed a significant increase in
forward growth compared to untreated controls. Significance was determined with multiple t-tests followed by
the Holm-Sidak test. *p < 0.05, **p < 0.01. Error bars represent s.e.m. Scale bars: 150 pm (a), 25 pm (b-d).

layers. As such, differentiation of RGCs within retinal organoids mimicked the developmental timing and organ-
ization of the retina by allowing cells to self-organize into laminated structures, offering an advantage over tradi-
tional stochastic methods of RGC differentiation by providing a more physiologically-relevant, three-dimensional
organization of retinal cells. At the same time, retinal organoids retained many of the advantages of in vitro sys-
tems in that they were grown within an environment that could be readily manipulated, eliminating confounding
influence from the external environment®.

As projection neurons of the retina, RGCs extend long axons to reach postsynaptic targets®>*. The effec-
tive application of retinal organoid-derived RGCs would similarly require these cells to extend long neurites for
proper disease modeling and drug screening, as well as their eventual use for cellular replacement. Previous stud-
ies have demonstrated the importance of the extracellular matrix as well as guidance cues in the local microen-
vironment in influencing the outgrowth and directionality of RGC axons, both during development as well as
regeneration following optic nerve damage?”-304348:5256:57 A5 the external environment around RGCs is highly
influential to their development and axonal outgrowth, factors influencing these processes were tested, with
laminin found to significantly enhance RGC neurite outgrowth. Interestingly, as laminin is known to be a pri-
mary component of the extracellular matrix in the nerve fiber layer*>*74>%, retinal organoid-derived RGCs exhib-
ited a physiologically-relevant preference for this substrate. Additionally, while few differences were observed
between varying culture media formulations, basal media still supported outgrowth of neurites within 24 hours.
Interestingly, a number of factors that have been previously demonstrated to modulate RGC neurite outgrowth
did not elicit significant changes in our experiments. While the precise reason(s) for these differences are unclear,
it is important to note the species differences between these studies, with many of these previous results obtained
in rodent cells. Additionally, the developmental age of the RGCs could affect their responsiveness to certain
factors, as RGCs are known to change their responsiveness during the course of their maturation. However, out-
growth was in fact found to be further enhanced by the addition of Netrin-1, resulting in a significant increase in
the number of neurites extended as well as the average length of neurites. Importantly, Netrin-1 is known to be
expressed by astrocytes in the optic nerve head, functioning to help guide RGC axons out of the eye and into the
optic nerve®***_Thus, the ability of retinal organoid-derived RGCs to respond to soluble and substrate-bound
signals, particularly Netrin-1 and laminin, not only enables their use as an in vitro model of retinogenesis, but
also reflects the developmental stage of these cells reminiscent of early RGC axonal outgrowth. The composition
of influential growth factors and extracellular matrix components are known to vary, however, once RGC axons
enter the optic nerve®4>%. In the future, it will be important to determine how these extracellular matrices as
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Figure 7. Diversity of Guidance Receptor Gene Expression in retinal organoid-derived RGCs. (a) Based on
the expression of guidance receptor genes, individual RGCs were analyzed and grouped into five profiles based
on gene expression (n=33). (b) Each of the five groups displayed similar levels of the RGC marker BRN3b.
(c-g) Relative gene expression of guidance receptor genes is shown for each of the five groups of RGCs. Gene
expression levels are indicated on the Y-axes. Error bars represent s.e.m. (h) Of the 34 guidance receptor genes
analyzed, unique expression profiles were generated for each group based on the expression of just 6 genes.
Green boxes indicate genes whose expression is required for definitive identification of an RGC group, while
red boxes indicate genes whose expression must be absent for definitive identification of that group. Unfilled
boxes indicate that the presence or absence of the indicated gene is not a requirement for identification of that
particular RGC group.

well as soluble growth factors may differentially regulate the outgrowth of neurites from hPSC-derived RGCs at
varying developmental stages.

During the development of RGCs, axons navigate across significant distances via growth cones that respond
to multiple guidance cues, reducing the risk of error and leading to the intricate and accurate wiring of the visual
pathway*”#85152 The data presented within the current study represents the most systematic analysis of retinal
organoid-derived RGC growth cones to date, with RGC growth cones exhibiting distinctive F-actin organization
in the peripheral domain. Interestingly, hPSC-derived RGC growth cones exhibited dynamic rearrangement of
their actin cytoskeleton as they advanced forward. Moreover, when the same growth cones were exposed to
Netrin-1, forward growth rate increased significantly. As Netrin-1 response is mediated by receptors such as
DCC and UNCG, the presence of growth cones was associated with the expression of a number of axon guidance
receptor genes that are known to allow for growth cone navigation*®>%,

Furthermore, a systematic analysis of RGCs by single cell qRT-PCR directly identified receptors specifically
expressed by individual RGCs. Although expression of guidance receptors has been shown in animal models,
expression in human retinal organoid-derived RGCs had yet to be determined. Analysis of single cell gRT-PCR
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data via t-SNE revealed a spatial clustering of these cells into five defined groups based upon their gene expression
profiles. Interestingly, the expression of only 6 out of the 34 guidance receptor genes could be utilized to identify
these specific groups of RGCs, with the expression of some guidance receptors unique to individual groups. While
the exact significance of these groups remains unclear, each group may represent an important developmental or
functional category of RGC. Based on the differential expression of guidance receptors, these five groups of RGCs
may reflect differences in their post-synaptic targets, as various regions would require different combinations
of guidance cues to appropriately direct RGC axons®!. For example, all groups express receptors influential in
guiding RGCs out of the eye, yet vary in levels of other retino-tectal patterning genes influential in determining
post-synaptic targets of RGCs. Alternatively, these groups may correlate with different subtypes of RGCs, each of
which are known to possess different morphological, molecular, and physiological properties®*-%. Furthermore,
these cells may simply be at various stages of development, with some cells slightly more advanced in this process
compared to others. Finally, the most likely explanation is the five groups represent a combination of all factors,
leading to a degree of heterogeneity within the RGC population, as previously demonstrated in animal models®.
Nevertheless, results demonstrate which guidance receptors were expressed in retinal organoid-derived RGCs,
supporting the concept that these cells represent a heterogeneous population capable of responding to various
intrinsic and extrinsic signals that may guide them to their respective targets within the brain.

As the primary connection between the eye and the brain, RGCs serve a critical function in visual transduc-
tion pathways. Numerous degenerative disorders adversely affect the ganglion cells of the retina, leading to their
degeneration and eventual loss'~>. While early intervention strategies are often focused upon the neuroprotection
of these cells, a critical need exists for cellular replacement strategies at later stages of degenerative diseases once
a large number of RGCs has been lost®”-70. However, in order for successful replacement of RGCs to occur, axons
will have to extend across significant distances to reach appropriate post-synaptic targets®>>7!. Additionally, once
this axonal pathfinding is accomplished, RGC axons must form functional synaptic connections®. Thus, signifi-
cant obstacles remain before hPSC-derived RGCs can be implemented for cell replacement. The demonstration
of extensive neurite outgrowth from retinal organoid-derived RGCs provides a powerful approach for gaining
a greater understanding of factors influencing the ability of hPSC-derived RGCs to be used for cell replacement
applications. As such, data presented within this study represents an important step toward the eventual applica-
tion of hPSC-derived RGCs for cell replacement purposes.

While the current results outline the use of retinal organoid-derived RGCs for studies of retinal development
and neurite outgrowth, opportunities also exist to study factors that limit this growth. Optic neuropathies con-
stitute a group of degenerative diseases which target RGCs, leading to loss of vision and blindness’>7%. As such,
the study of optic neuropathies with hPSCs would be greatly facilitated by the development of retinal organoids
that effectively mimic the development and degeneration of the retinal ganglion cell layer. Moreover, the use of an
in vitro model of RGC neurite outgrowth, particularly when utilizing hPSC-derived RGCs from a glaucomatous
source, facilitates future studies in which the precise mechanisms underlying impaired outgrowth of glaucoma-
tous RGCs can be analyzed. Furthermore, these future approaches can also enable the screening of compounds
that encourage enhanced outgrowth from these cells, with important translational implications for the regener-
ation of diseased RGCs.

Materials and Methods

Maintenance and expansion of hPSCs.  Four different lines of hPSCs were utilized in this study, including
those with (A81-H7'" and E4-H7°*) and without (H9® and miPS2'*) an RGC-specific fluorescent reporter. hPSCs
were initially maintained in an undifferentiated state as previously described””. Briefly, cells were maintained in
mTeSR1 medium on a Matrigel substrate. Upon reaching approximately 70% confluency, cells were mechanically
passaged with dispase (2 mg/ml) and split at a ratio of 1:6, with passaging of cells occurring every 4-5 days.

Differentiation of retinal organoids from hPSCs. hPSCs were differentiated in a stepwise manner to a
retinal lineage following established protocols”. Briefly, hPSCs were lifted from the Matrigel-coated wells using
dispase (2 mg/ml) and were kept in suspension as embryoid bodies (EBs). The EBs were gradually transitioned
to a chemically defined neural induction medium (NIM), which consisted of DMEM/F12 (1:1), N2 supplement,
MEM non-essential amino acids, heparin (2 pg/ml) and PSA. After seven days, the EBs were plated with 10%
FBS in NIM to allow for adhesion. The following day, FBS was removed and cells were maintained in NIM, with
media changed every other day. After 16 days of differentiation, cell aggregates were mechanically lifted and kept
in suspension in Retinal Differentiation Medium (RDM), which consisted of DMEM/F12 (3:1), B27 supplement,
MEM non-essential amino acids, and PSA. Retinal organoids containing presumptive RGCs were maintained in
this medium until experimental time points indicated.

Modulation of RGC neurite outgrowth. Retinal organoids were identified morphologically at a total
of 40 days of differentiation as previously described’”” and chopped to a uniform size of approximately 200 pm
using a Mcllwain tissue chopper (Stoelting). Cell aggregates were individually plated onto coverslips coated with
poly-ornithine and an additional substrate as indicated experimentally. After 24 hours to allow for adhesion and
neurite outgrowth, cells were fixed and analyzed by immunocytochemistry. For substrate experiments, cov-
erslips were coated with the one of the following substrates for 4 hours following manufacturer’s instructions:
laminin (20 pg/mL; Life Technologies), Matrigel (Corning), collagen IV (10 ug/mL, Stem Cell Technologies),
fibronectin (1 ug/mL; Stem Cell Technologies), vitronectin (10 pg/mL; Stem Cell Technologies), or 0.1% gelatin
(Sigma-Aldrich) solution. Substrates were diluted in DMEM, except for Collagen which was diluted in acetic
acid and gelatin which was diluted in water. Samples were analyzed from seven individual experiments for a
total N =216 cellular aggregates. For testing the effects of culture media formulations on neurite outgrowth,
laminin-coated coverslips were placed in one of the following medias; RDM’”7, NIM”’, BrainPhys (StemCell
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Technologies)”®, NB-Sato*®, or 10% FBS in DMEM:F12. Seven experimental groups of cells were analyzed for
a total N'=252. Finally, to test the effects of candidate growth factors upon neurite outgrowth, growth factors
including NT4/5, BMP2, BMP13, GDF8, BDNE, or Netrin-1 were reconstituted in DMEM and added individu-
ally to laminin-coated coverslips in RDM at a final concentration of 50 ng/mL. Samples for growth factor analysis
were obtained from four individual experimental groups of cells for a total N =328.

To better visualize individual RGCs, retinal organoids were dissociated to single cells after 40 days of differ-
entiation using Accutase for 20 minutes at 37 °C. The cell suspension was then plated onto poly-D-ornithine and
laminin-coated coverslips at a concentration of 50,000 cells and maintained for up to an additional 40 days, for a
total of 80 days of differentiation to allow for the differentiation of multiple retinal cell types.

Immunocytochemistry and Imaging. For cryostat sectioning, retinal organoids were fixed with 4% par-
aformaldehyde, washed 3x in PBS, and then equilibrated in a 20% and then 30% sucrose solution overnight at
4°C. Once reaching equilibrium, organoids were embedded in OCT and frozen on dry ice and sections were cut
at 11 um thickness. Similarly, RGCs grown on coverslips were fixed in 4% paraformaldehyde and washed 3x in
PBS before staining.

Immunocytochemical staining of samples was performed as previously described'>!®. Briefly, permeabilization was
performed in 0.2% Triton X-100 for 10 minutes and samples were then blocked in 10% donkey serum for one hour at
room temperature. Primary antibodies were diluted as indicated (Table S1) in 0.1% Triton X-100 and 5% donkey serum
and applied overnight at 4°C. The following day, samples were washed in PBS and blocked with 10% donkey serum for
10 minutes. Secondary antibodies were diluted 1:1000 in 0.1% Triton X-100 and 5% donkey serum and applied for one
hour at room temperature. Finally, cells were washed with PBS and mounted onto slides for imaging.

For growth cone analyses, samples were fixed in 3.7% formaldehyde for 25 minutes at room temperature and
permeabilized with 0.1% Triton X-100 for 10 minutes. For a blocking agent, 5% BSA was applied for 20 minutes.
Primary antibodies (Table S1) and/or Phalloidin (Life Technologies, Cat. # A12379, 1:100) were prepared in 5%
BSA and added to samples for 30 minutes at room temperature. Following 3 washes in PBS, secondary antibod-
ies were also prepared in 5% BSA and added to samples for 30 minutes at room temperature. All samples were
imaged with a Leica DM5500 fluorescence microscope.

Time-lapse imaging of growth cone dynamics was acquired on a Nikon TE2000 Eclipse inverted microscope
using differential interference contrast (DIC) optics and a 60x objective with additional 1.5x magnification.
Images were acquired with an Andor iXon Ultra 888 EM CCD camera at 10 second intervals. For control condi-
tions, cells were plated in their respective growth medium on glass bottom petri dishes for time-lapse imaging.
Following 20 minutes of imaging, 50 ng/mL of Netrin-1 was bath applied and the same growth cones were imaged
for an additional 20 minutes.

Quantification and statistical analysis. The number of cells expressing unique retinal markers was
quantified in cryostat sections of retinal organoids at indicated timepoints. Multiple biological replicates were
obtained at each time point (n = 3) and Image-] was used to quantify the expression of each marker as indicated
in results. One-Way ANOVA statistical analyses at 95% confidence (post hoc Tukey) was performed, excluding
outliers, to determine significant differences in cell counts over time. Statistical significances were determined
based on a p value less than 0.05.

To analyze retinal organoid-derived RGCs, mCherry- or tdTomato-positive RGCs were quantified, and the
co-expression of these reporters with RGC or other retinal cell type markers was quantified using the Image-J
cell counter. Four distinct regions of at least three coverslips were imaged and quantified, with these experiments
repeated with at least three different groups of cells. The percentage of mCherry-positive cells colocalizing with
retinal cell type markers and the standard error of the mean was quantified with GraphPad Prism software.

In order to analyze and quantify the effects of experimental conditions upon neurite outgrowth, RGC neurites
were identified by mCherry-expression and neurites were traced with a semi-automatic Image]J plug-in, Neuron].
The mean length of RGC neurites, as well as the mean number of neurites, were calculated along with the stand-
ard error of the mean. Grubb’s test was used to remove outliers with an alpha of 0.05. One-way ANOVA followed
by Tukey’s post hoc or student’s two-tailed t-test using the Holm-Sidak method determined significance between
samples, with p values less than 0.05 considered significant. Statistical analyses were performed using Graphpad
Prism software.

Single cell qRT-PCR analyses. For single cell qRT-PCR analyses, BRN3:td Tomato-expressing retinal orga-
noids were dissociated to a single cell suspension using Accutase for 20 minutes at 37 °C. Cells were resuspended
in 0.1% FBS in PBS and run through a cell strainer to yield a single-cell suspension. Single cells were sorted (BD
SORP Aria) for TdTomato-positive cells, with viability of cells assessed by Propidium Iodide to ensure the collec-
tion of live, tdTomato-expressing cells. Resultant cells were loaded into the integrated fluidic circuit (Fluidigm)
to isolate single cells into individual chambers. Cells were then lysed and cDNA was generated for gPCR analysis
using the Biomark HD system (Fluidigm).
For qRT-PCR results, data from individual cells was analyzed and gene expression was defined with scores
40 — CT value, if CT < 40
0, if CT > 40
suggested higher gene expression levels. Of all cells analyzed, those without BRN3B expression were excluded
from gene expression analysis. S values of all the analyzed genes were used to build a cell trajectory to reflect the
distance of cells with respect to their gene expression profiles. Cell trajectory analysis was conducted by using the
“Monocle” package in R under negative binomial assumption of S. Specially, t-SNE was first applied to reduce the
data dimension. The top three components were significant and selected for trajectory construction.

to reflect the gene’s expression levels in our qRT-PCR data. Higher values of S

SCIENTIFICREPORTS| (2018) 8:14520 | DOI:10.1038/s41598-018-32871-8 11



www.nature.com/scientificreports/

References

1.

2

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Benowitz, L. I. & Yin, Y. Optic nerve regeneration. Archives of ophthalmology (Chicago, IIL.: 1960) 128, 1059-1064, https://doi.
org/10.1001/archophthalmol.2010.152 (2010).

. Crair, M. C. & Mason, C. A. Reconnecting Eye to Brain. The Journal of neuroscience: the official journal of the Society for Neuroscience

36, 10707-10722, https://doi.org/10.1523/jneurosci.1711-16.2016 (2016).
Laha, B., Stafford, B. K. & Huberman, A. D. Regenerating optic pathways from the eye to the brain. Science (New York, N.Y.) 356,
1031-1034, https://doi.org/10.1126/science.aal5060 (2017).

. Muramatsu, R., Ueno, M. & Yamashita, T. Intrinsic regenerative mechanisms of central nervous system neurons. Bioscience trends

3,179-183 (2009).

. Shen, S., Wiemelt, A. P,, McMorris, E A. & Barres, B. A. Retinal ganglion cells lose trophic responsiveness after axotomy. Neuron 23,

285-295 (1999).

. Takahashi, K., Okita, K., Nakagawa, M. & Yamanaka, S. Induction of pluripotent stem cells from fibroblast cultures. Nature protocols

2,3081-3089, https://doi.org/10.1038/nprot.2007.418 (2007).

. Yu, J. et al. Induced pluripotent stem cell lines derived from human somatic cells. Science (New York, N.Y.) 318, 1917-1920, https://

doi.org/10.1126/science.1151526 (2007).

. Thomson, J. A. et al. Embryonic stem cell lines derived from human blastocysts. Science (New York, N.Y.) 282, 1145-1147 (1998).
. Ferrer, M. et al. A multiplex high-throughput gene expression assay to simultaneously detect disease and functional markers in

induced pluripotent stem cell-derived retinal pigment epithelium. Stem cells translational medicine 3, 911-922, https://doi.
org/10.5966/sctm.2013-0192 (2014).

Lamba, D. A, Karl, M. O., Ware, C. B. & Reh, T. A. Efficient generation of retinal progenitor cells from human embryonic stem cells.
Proceedings of the National Academy of Sciences of the United States of America 103, 12769-12774, https://doi.org/10.1073/
pnas.0601990103 (2006).

Meyer, J. S. et al. Modeling early retinal development with human embryonic and induced pluripotent stem cells. Proceedings of the
National Academy of Sciences of the United States of America 106, 16698-16703, https://doi.org/10.1073/pnas.0905245106 (2009).
Osakada, . et al. Toward the generation of rod and cone photoreceptors from mouse, monkey and human embryonic stem cells.
Nature biotechnology 26, 215-224, https://doi.org/10.1038/nbt1384 (2008).

Tucker, B. A. et al. Exome sequencing and analysis of induced pluripotent stem cells identify the cilia-related gene male germ cell-
associated kinase (MAK) as a cause of retinitis pigmentosa. Proceedings of the National Academy of Sciences of the United States of
America 108, E569-576, https://doi.org/10.1073/pnas.1108918108 (2011).

Sridhar, A., Ohlemacher, S. K., Langer, K. B. & Meyer, J. S. Robust Differentiation of mRNA-Reprogrammed Human Induced
Pluripotent Stem Cells Toward a Retinal Lineage. Stem cells translational medicine 5, 417-426, https://doi.org/10.5966/sctm.2015-
0093 (2016).

Sridhar, A., Steward, M. M. & Meyer, J. S. Nonxenogeneic growth and retinal differentiation of human induced pluripotent stem
cells. Stem cells translational medicine 2, 255-264, https://doi.org/10.5966/sctm.2012-0101 (2013).

Meyer, J. S. et al. Optic vesicle-like structures derived from human pluripotent stem cells facilitate a customized approach to retinal
disease treatment. Stem cells (Dayton, Ohio) 29, 1206-1218, https://doi.org/10.1002/stem.674 (2011).

Gill, K. P. et al. Enriched retinal ganglion cells derived from human embryonic stem cells. Scientific reports 6, 30552, https://doi.
org/10.1038/srep30552 (2016).

Riazifar, H., Jia, Y., Chen, ], Lynch, G. & Huang, T. Chemically induced specification of retinal ganglion cells from human embryonic
and induced pluripotent stem cells. Stem cells translational medicine 3, 424-432, https://doi.org/10.5966/sctm.2013-0147 (2014).
Sluch, V. M. et al. Differentiation of human ESCs to retinal ganglion cells using a CRISPR engineered reporter cell line. Scientific
reports 5, 16595, https://doi.org/10.1038/srep16595 (2015).

Ohlemacher, S. K. et al. Stepwise Differentiation of Retinal Ganglion Cells from Human Pluripotent Stem Cells Enables Analysis of
Glaucomatous Neurodegeneration. Stem cells (Dayton, Ohio) 34, 1553-1562, https://doi.org/10.1002/stem.2356 (2016).

Teotia, P. et al. Modeling Glaucoma: Retinal Ganglion Cells Generated from Induced Pluripotent Stem Cells of Patients with SIX6
Risk Allele Show Developmental Abnormalities. Stem cells (Dayton, Ohio) 35, 2239-2252, https://doi.org/10.1002/stem.2675 (2017).
Gonzalez-Cordero, A. et al. Recapitulation of Human Retinal Development from Human Pluripotent Stem Cells Generates
Transplantable Populations of Cone Photoreceptors. Stem cell reports 9, 820-837, https://doi.org/10.1016/j.stemcr.2017.07.022
(2017).

Nakano, T. et al. Self-formation of optic cups and storable stratified neural retina from human ESCs. Cell stem cell 10, 771-785,
https://doi.org/10.1016/j.stem.2012.05.009 (2012).

Phillips, M. J. et al. Generation of a rod-specific NRL reporter line in human pluripotent stem cells. Scientific reports 8, 2370, https://
doi.org/10.1038/s41598-018-20813-3 (2018).

Wahlin, K. J. et al. Photoreceptor Outer Segment-like Structures in Long-Term 3D Retinas from Human Pluripotent Stem Cells.
Scientific reports 7, 766, https://doi.org/10.1038/s41598-017-00774-9 (2017).

Zhong, X. et al. Generation of three-dimensional retinal tissue with functional photoreceptors from human iPSCs. Nature
communications 5, 4047, https://doi.org/10.1038/ncomms5047 (2014).

Avwenagha, O., Campbell, G. & Bird, M. M. The outgrowth response of the axons of developing and regenerating rat retinal ganglion
cells in vitro to neurotrophin treatment. Journal of neurocytology 32, 1055-1075, https://doi.org/10.1023/B:NEUR.0000021902.65233.8d
(2003).

Brocco, M. A. & Panzetta, P. Survival and process regrowth of purified chick retinal ganglion cells cultured in a growth factor lacking
medium at low density. Modulation by extracellular matrix proteins. Brain research. Developmental brain research 118, 23-32 (1999).
Kerrison, J. B., Lewis, R. N., Otteson, D. C. & Zack, D. J. Bone morphogenetic proteins promote neurite outgrowth in retinal
ganglion cells. Molecular vision 11, 208-215 (2005).

Shirkey, N. J., Manitt, C., Zuniga, L. & Cohen-Cory, S. Dynamic responses of Xenopus retinal ganglion cell axon growth cones to
netrin-1 as they innervate their in vivo target. Developmental neurobiology 72, 628-648, https://doi.org/10.1002/dneu.20967 (2012).
Goldberg, J. L. et al. Retinal ganglion cells do not extend axons by default: promotion by neurotrophic signaling and electrical
activity. Neuron 33, 689-702 (2002).

Finlay, B. L. The developing and evolving retina: using time to organize form. Brain research 1192, 5-16, https://doi.org/10.1016/j.
brainres.2007.07.005 (2008).

Livesey, F. . & Cepko, C. L. Vertebrate neural cell-fate determination: lessons from the retina. Nature reviews. Neuroscience 2,
109-118, https://doi.org/10.1038/35053522 (2001).

Sluch, V. M. et al. Enhanced Stem Cell Differentiation and Immunopurification of Genome Engineered Human Retinal Ganglion
Cells. Stem cells translational medicine 6, 1972-1986, https://doi.org/10.1002/sctm.17-0059 (2017).

Adler, R., Jerdan, J. & Hewitt, A. T. Responses of cultured neural retinal cells to substratum-bound laminin and other extracellular
matrix molecules. Developmental biology 112, 100-114 (1985).

Carri, N. G, Perris, R., Johansson, S. & Ebendal, T. Differential outgrowth of retinal neurites on purified extracellular matrix
molecules. Journal of neuroscience research 19, 428-439, https://doi.org/10.1002/jnr.490190407 (1988).

Cohen, J., Burne, J. E, McKinlay, C. & Winter, J. The role of laminin and the laminin/fibronectin receptor complex in the outgrowth
of retinal ganglion cell axons. Developmental biology 122, 407-418 (1987).

SCIENTIFICREPORTS| (2018) 8:14520 | DOI:10.1038/s41598-018-32871-8 12


http://dx.doi.org/10.1001/archophthalmol.2010.152
http://dx.doi.org/10.1001/archophthalmol.2010.152
http://dx.doi.org/10.1523/jneurosci.1711-16.2016
http://dx.doi.org/10.1126/science.aal5060
http://dx.doi.org/10.1038/nprot.2007.418
http://dx.doi.org/10.1126/science.1151526
http://dx.doi.org/10.1126/science.1151526
http://dx.doi.org/10.5966/sctm.2013-0192
http://dx.doi.org/10.5966/sctm.2013-0192
http://dx.doi.org/10.1073/pnas.0601990103
http://dx.doi.org/10.1073/pnas.0601990103
http://dx.doi.org/10.1073/pnas.0905245106
http://dx.doi.org/10.1038/nbt1384
http://dx.doi.org/10.1073/pnas.1108918108
http://dx.doi.org/10.5966/sctm.2015-0093
http://dx.doi.org/10.5966/sctm.2015-0093
http://dx.doi.org/10.5966/sctm.2012-0101
http://dx.doi.org/10.1002/stem.674
http://dx.doi.org/10.1038/srep30552
http://dx.doi.org/10.1038/srep30552
http://dx.doi.org/10.5966/sctm.2013-0147
http://dx.doi.org/10.1038/srep16595
http://dx.doi.org/10.1002/stem.2356
http://dx.doi.org/10.1002/stem.2675
http://dx.doi.org/10.1016/j.stemcr.2017.07.022
http://dx.doi.org/10.1016/j.stem.2012.05.009
http://dx.doi.org/10.1038/s41598-018-20813-3
http://dx.doi.org/10.1038/s41598-018-20813-3
http://dx.doi.org/10.1038/s41598-017-00774-9
http://dx.doi.org/10.1038/ncomms5047
http://dx.doi.org/10.1023/B:NEUR.0000021902.65233.8d
http://dx.doi.org/10.1002/dneu.20967
http://dx.doi.org/10.1016/j.brainres.2007.07.005
http://dx.doi.org/10.1016/j.brainres.2007.07.005
http://dx.doi.org/10.1038/35053522
http://dx.doi.org/10.1002/sctm.17-0059
http://dx.doi.org/10.1002/jnr.490190407

www.nature.com/scientificreports/

38.

39.

40.

41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

Hall, D. E., Neugebauer, K. M. & Reichardt, L. E. Embryonic neural retinal cell response to extracellular matrix proteins:
developmental changes and effects of the cell substratum attachment antibody (CSAT). The Journal of cell biology 104, 623-634
(1987).

Maekawa, Y. et al. Optimized Culture System to Induce Neurite Outgrowth From Retinal Ganglion Cells in Three-Dimensional
Retinal Aggregates Differentiated From Mouse and Human Embryonic Stem Cells. Current eye research 41, 558-568, https://doi.or
¢/10.3109/02713683.2015.1038359 (2016).

Vecino, E., Heller, ]. P, Veiga-Crespo, P., Martin, K. R. & Fawcett, ]. W. Influence of Extracellular Matrix Components on the
Expression of Integrins and Regeneration of Adult Retinal Ganglion Cells. PLoS ONE 10, https://doi.org/10.1371/journal.
pone.0125250 (2015).

Steketee, M. B. et al. Regulation of intrinsic axon growth ability at retinal ganglion cell growth cones. Investigative ophthalmology &
visual science 55, 4369-4377, https://doi.org/10.1167/iovs.14-13882 (2014).

Stuermer, C. A. & Bastmeyer, M. The retinal axon’s pathfinding to the optic disk. Progress in neurobiology 62, 197-214 (2000).
Bosco, A. & Linden, R. BDNF and NT-4 differentially modulate neurite outgrowth in developing retinal ganglion cells. Journal of
neuroscience research 57, 759-769 (1999).

Corredor, R. G. et al. Soluble adenylyl cyclase activity is necessary for retinal ganglion cell survival and axon growth. The Journal of
neuroscience: the official journal of the Society for Neuroscience 32, 77347744, https://doi.org/10.1523/jneurosci.5288-11.2012
(2012).

Isenmann, S., Kretz, A. & Cellerino, A. Molecular determinants of retinal ganglion cell development, survival, and regeneration.
Progress in retinal and eye research 22, 483-543 (2003).

Chen, Y. et al. NS21: re-defined and modified supplement B27 for neuronal cultures. Journal of neuroscience methods 171, 239-247,
https://doi.org/10.1016/j.jneumeth.2008.03.013 (2008).

Campbell, D. S. & Holt, C. E. Chemotropic responses of retinal growth cones mediated by rapid local protein synthesis and
degradation. Neuron 32, 1013-1026 (2001).

Erskine, L. et al. Retinal ganglion cell axon guidance in the mouse optic chiasm: expression and function of robos and slits. The
Journal of neuroscience: the official journal of the Society for Neuroscience 20, 4975-4982 (2000).

Chen, Q. et al. Nerve growth factor protects retinal ganglion cells against injury induced by retinal ischemia-reperfusion in rats.
Growth factors (Chur, Switzerland) 33, 149-159, https://doi.org/10.3109/08977194.2015.1010642 (2015).

Harvey, A. R., Ooi, J. W. & Rodger, ]. Neurotrophic factors and the regeneration of adult retinal ganglion cell axons. International
review of neurobiology 106, 1-33, https://doi.org/10.1016/b978-0-12-407178-0.00002-8 (2012).

Erskine, L. & Herrera, E. Connecting the retina to the brain. ASN neuro 6, https://doi.org/10.1177/1759091414562107 (2014).
Kador, K. E. et al. Retinal ganglion cell polarization using immobilized guidance cues on a tissue-engineered scaffold. Acta
biomaterialia 10, 4939-4946, https://doi.org/10.1016/j.actbio.2014.08.032 (2014).

Fatehullah, A., Tan, S. H. & Barker, N. Organoids as an in vitro model of human development and disease. Nat Cell Biol 18, 246-254,
https://doi.org/10.1038/ncb3312 (2016).

Ellis, E. M., Gauvain, G., Sivyer, B. & Murphy, G. J. Shared and distinct retinal input to the mouse superior colliculus and dorsal
lateral geniculate nucleus. Journal of neurophysiology 116, 602-610, https://doi.org/10.1152/jn.00227.2016 (2016).

Lim, J. H. ef al. Neural activity promotes long-distance, target-specific regeneration of adult retinal axons. Nature neuroscience 19,
1073-1084, https://doi.org/10.1038/nn.4340 (2016).

Hellstrom, M. & Harvey, A. R. Cyclic AMP and the regeneration of retinal ganglion cell axons. The international journal of
biochemistry & cell biology 56, 66-73, https://doi.org/10.1016/j.biocel.2014.04.018 (2014).

Huang, Y. et al. JAK/STAT pathway mediates retinal ganglion cell survival after acute ocular hypertension but not under normal
conditions. Experimental eye research 85, 684-695, https://doi.org/10.1016/j.exer.2007.08.003 (2007).

Paulus, J. D. & Halloran, M. C. Zebrafish bashful/laminin-alpha 1 mutants exhibit multiple axon guidance defects. Developmental
dynamics: an official publication of the American Association of Anatomists 235, 213-224, https://doi.org/10.1002/dvdy.20604 (2006).
Deiner, M. S. et al. Netrin-1 and DCC mediate axon guidance locally at the optic disc: loss of function leads to optic nerve
hypoplasia. Neuron 19, 575-589 (1997).

Cohen, J., Burne, J. E, Winter, J. & Bartlett, P. Retinal ganglion cells lose response to laminin with maturation. Nature 322, 465-467,
https://doi.org/10.1038/322465a0 (1986).

Martersteck, E. M. et al. Diverse Central Projection Patterns of Retinal GanglionCells. Cell reports 18, 2058-2072, https://doi.
0rg/10.1016/j.celrep.2017.01.075 (2017).

Barres, B. A, Silverstein, B. E., Corey, D. P. & Chun, L. L. Immunological, morphological, and electrophysiological variation among
retinal ganglion cells purified by panning. Neuron 1,791-803 (1988).

Sanes, J. R. & Masland, R. H. The types of retinal ganglion cells: current status and implications for neuronal classification. Annual
review of neuroscience 38, 221-246, https://doi.org/10.1146/annurev-neuro-071714-034120 (2015).

Robles, E., Laurell, E. & Baier, H. The retinal projectome reveals brain-area-specific visual representations generated by ganglion cell
diversity. Current biology: CB 24, 2085-2096, https://doi.org/10.1016/j.cub.2014.07.080 (2014).

Langer, K. B. et al. Retinal Ganglion Cell Diversity and Subtype Specification from Human Pluripotent Stem Cells. Stem cell reports,
https://doi.org/10.1016/j.stemcr.2018.02.010.

Huberman, A. D., Murray, K. D., Warland, D. K., Feldheim, D. A. & Chapman, B. Ephrin-As mediate targeting of eye-specific
projections to the lateral geniculate nucleus. Nature neuroscience 8, 1013-1021, https://doi.org/10.1038/nn1505 (2005).
Al-Shamekh, S. & Goldberg, J. L. Retinal repair with induced pluripotent stem cells. Translational research: the journal of laboratory
and clinical medicine 163, 377-386, https://doi.org/10.1016/j.trs.2013.11.002 (2014).

Meyer, J. S., Katz, M. L. & Kirk, M. D. Stem cells for retinal degenerative disorders. Annals of the New York Academy of Sciences 1049,
135-145, https://doi.org/10.1196/annals.1334.013 (2005).

Parameswaran, S. et al. Continuous non-cell autonomous reprogramming to generate retinal ganglion cells for glaucomatous
neuropathy. Stem cells (Dayton, Ohio) 33, 17431758, https://doi.org/10.1002/stem.1987 (2015).

Khan, S., Hung, S. S. & Wong, R. C. The use of induced pluripotent stem cells for studying and treating optic neuropathies. Current
opinion in organ transplantation 21, 484-489, https://doi.org/10.1097/mot.0000000000000348 (2016).

Dingwell, K. S., Holt, C. E. & Harris, W. A. The multiple decisions made by growth cones of RGCs as they navigate from the retina
to the tectum in Xenopus embryos. Journal of neurobiology 44, 246-259 (2000).

Quigley, H. A. & Broman, A. T. The number of people with glaucoma worldwide in 2010 and 2020. The British Journal of
Ophthalmology 90, 262-267, https://doi.org/10.1136/bjo.2005.081224 (2006).

Allingham, R. R,, Liu, Y. & Rhee, D. J. The genetics of primary open-angle glaucoma: a review. Experimental eye research 88,
837-844, https://doi.org/10.1016/j.exer.2008.11.003 (2009).

Liu, Y. & Allingham, R. R. Molecular genetics in glaucoma. Experimental eye research 93, 331-339, https://doi.org/10.1016/j.
exer.2011.08.007 (2011).

Fingert, J. H. Primary open-angle glaucoma genes. Eye (London, England) 25, 587-595, https://doi.org/10.1038/eye.2011.97 (2011).
Cooke, J. A. & Meyer, J. S. Human Pluripotent Stem Cell-Derived Retinal Ganglion Cells: Applications for the Study and Treatment
of Optic Neuropathies. Current ophthalmology reports 3, 200-206, https://doi.org/10.1007/s40135-015-0081-9 (2015).

SCIENTIFICREPORTS| (2018) 8:14520 | DOI:10.1038/s41598-018-32871-8 13


http://dx.doi.org/10.3109/02713683.2015.1038359
http://dx.doi.org/10.3109/02713683.2015.1038359
http://dx.doi.org/10.1371/journal.pone.0125250
http://dx.doi.org/10.1371/journal.pone.0125250
http://dx.doi.org/10.1167/iovs.14-13882
http://dx.doi.org/10.1523/jneurosci.5288-11.2012
http://dx.doi.org/10.1016/j.jneumeth.2008.03.013
http://dx.doi.org/10.3109/08977194.2015.1010642
http://dx.doi.org/10.1016/b978-0-12-407178-0.00002-8
http://dx.doi.org/10.1177/1759091414562107
http://dx.doi.org/10.1016/j.actbio.2014.08.032
http://dx.doi.org/10.1038/ncb3312
http://dx.doi.org/10.1152/jn.00227.2016
http://dx.doi.org/10.1038/nn.4340
http://dx.doi.org/10.1016/j.biocel.2014.04.018
http://dx.doi.org/10.1016/j.exer.2007.08.003
http://dx.doi.org/10.1002/dvdy.20604
http://dx.doi.org/10.1038/322465a0
http://dx.doi.org/10.1016/j.celrep.2017.01.075
http://dx.doi.org/10.1016/j.celrep.2017.01.075
http://dx.doi.org/10.1146/annurev-neuro-071714-034120
http://dx.doi.org/10.1016/j.cub.2014.07.080
http://dx.doi.org/10.1016/j.stemcr.2018.02.010
http://dx.doi.org/10.1038/nn1505
http://dx.doi.org/10.1016/j.trsl.2013.11.002
http://dx.doi.org/10.1196/annals.1334.013
http://dx.doi.org/10.1002/stem.1987
http://dx.doi.org/10.1097/mot.0000000000000348
http://dx.doi.org/10.1136/bjo.2005.081224
http://dx.doi.org/10.1016/j.exer.2008.11.003
http://dx.doi.org/10.1016/j.exer.2011.08.007
http://dx.doi.org/10.1016/j.exer.2011.08.007
http://dx.doi.org/10.1038/eye.2011.97
http://dx.doi.org/10.1007/s40135-015-0081-9

www.nature.com/scientificreports/

77. Ohlemacher, S. K., Iglesias, C. L., Sridhar, A., Gamm, D. M. & Meyer, J. S. Generation of highly enriched populations of optic vesicle-
like retinal cells from human pluripotent stem cells. Current protocols in stem cell biology 32, 1h.8.1-20, https://doi.
0rg/10.1002/9780470151808.sc01h08s32 (2015).

78. Bardy, C. et al. Neuronal medium that supports basic synaptic functions and activity of human neurons in vitro. Proceedings of the
National Academy of Sciences of the United States of America 112, E2725-2734, https://doi.org/10.1073/pnas.1504393112 (2015).

Acknowledgements

We would like to thank Kristi McElmurry for assistance with the growth cone imaging experiments. Funding for
this study was provided by the National Eye Institute (R01 EY024984 to J.5.M), the National Science Foundation
(1146944-10S to D.M.S.) the Indiana Department of Health Brain and Spinal Cord Injury Fund (J.S.M), an IU
Collaborative Research Grant from the Office of the Vice President for Research (J.5.M), an award from the IU
Signature Center for Brain and Spinal Cord Injury (J.S.M), a Purdue Research Foundation award (J.S.M.) as well
as a Stark Neurosciences Research Institute/Eli Lilly and Company predoctoral fellowship and an Indiana Clinical
and Translational Sciences predoctoral fellowship (both to S.K.O), funded in part by a grant from the National
Center for Advancing Translational Sciences (ULITR001108). This work is also supported by the Ralph W. and
Grace M. Showalter Research Trust Fund (C.Z.).

Author Contributions

C.M.E, C.Z.,D.M.S., and ].S.M. designed the project, CM.E, K.B.L., A.S., Y.R., PK.S.,, M.C.E., S.K.O. performed
experiments, C.M.E, K.B.L., Y.R., C.Z.,, D.M.S,, and J.S.M. analyzed data, V.S. and D.].Z. provided reagents,
C.M.E,KB.L, C.Z.,, D.M.S. and ].S.M. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32871-8.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:14520 | DOI:10.1038/s41598-018-32871-8 14


http://dx.doi.org/10.1002/9780470151808.sc01h08s32
http://dx.doi.org/10.1002/9780470151808.sc01h08s32
http://dx.doi.org/10.1073/pnas.1504393112
http://dx.doi.org/10.1038/s41598-018-32871-8
http://creativecommons.org/licenses/by/4.0/

	Three-Dimensional Retinal Organoids Facilitate the Investigation of Retinal Ganglion Cell Development, Organization and Neu ...
	Results

	Self-organization of RGCs within retinal organoids. 
	Identification of factors modulating RGC neurite outgrowth. 
	Neurite outgrowth and guidance receptor expression of RGCs. 

	Discussion

	Materials and Methods

	Maintenance and expansion of hPSCs. 
	Differentiation of retinal organoids from hPSCs. 
	Modulation of RGC neurite outgrowth. 
	Immunocytochemistry and Imaging. 
	Quantification and statistical analysis. 
	Single cell qRT-PCR analyses. 

	Acknowledgements

	Figure 1 Organization of a distinct ganglion cell layer within retinal organoids.
	Figure 2 Spatial and temporal development of RGCs within retinal organoids.
	Figure 3 Identification of RGCs using a fluorescent reporter.
	Figure 4 Substrate Modulation of RGC Neurite Outgrowth.
	Figure 5 Modulation of Neurite Outgrowth by Soluble Factors.
	Figure 6 Identification and Dynamic Rearrangement of RGC Growth Cones (a) Cellular aggregates enriched for mCherry-positive RGCs extended numerous lengthy neurites in all directions after 24 hours in culture.
	Figure 7 Diversity of Guidance Receptor Gene Expression in retinal organoid-derived RGCs.




