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ABSTRACT
Numerous protocols have been described for producing neural retina
from human pluripotent stem cells (hPSCs), many of which are based
on the culture of 3D organoids. Although nearly all such methods
yield at least partial segments of retinal structure with a mature
appearance, variabilities exist within and between organoids that
can change over a protracted time course of differentiation. Adding
to this complexity are potential differences in the composition and
configuration of retinal organoids when viewed across multiple
differentiations and hPSC lines. In an effort to understand better
the current capabilities and limitations of these cultures, we
generated retinal organoids from 16 hPSC lines and monitored their
appearance and structural organization over time by light microscopy,
immunocytochemistry, metabolic imaging and electron microscopy.
We also employed optical coherence tomography and 3D imaging
techniques to assess and compare whole or broad regions of
organoids to avoid selection bias. Results from this study led to the
development of a practical staging system to reduce inconsistencies
in retinal organoid cultures and increase rigor when utilizing them in
developmental studies, disease modeling and transplantation.
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INTRODUCTION
The capacity to generate bona fide fetal-stage neural retinal cell types
and tissues from human embryonic and induced pluripotent stem
cells (hESCs and hiPSCs; collectively, hPSCs) has spurred their use
in disease modeling (Tucker et al., 2011, 2013; Jin et al., 2012;
Phillips et al., 2014; Yoshida et al., 2015; Arno et al., 2016; Parfitt

et al., 2016; Megaw et al., 2017; Schwarz et al., 2017; Sharma et al.,
2017; Shimada et al., 2017; Deng et al., 2018) and photoreceptor
(PR) replacement efforts (Lamba et al., 2009, 2010; Hambright
et al., 2012; Barnea-Cramer et al., 2016; Shirai et al., 2016; Chao
et al., 2017; Gonzalez-Cordero et al., 2017; Mandai et al., 2017;
Zhu et al., 2017, 2018; Iraha et al., 2018; Lakowski et al., 2018;
McLelland et al., 2018; Gagliardi et al., 2018). Most of these studies
employ hPSC differentiation methods that propagate retinal progeny
as isolated 3D optic vesicle-like structures (OVs), also known as
retinal organoids, in suspension culture (Meyer et al., 2009, 2011;
Nakano et al., 2012; Phillips et al., 2012, 2018b; Sridhar et al., 2016;
Reichman et al., 2014; Zhong et al., 2014; Kuwahara et al., 2015;
Mellough et al., 2015; Singh et al., 2015; Lowe et al., 2016; Wiley
et al., 2016; Gonzalez-Cordero et al., 2017; Wahlin et al., 2017;
Ovando-Roche et al., 2018; Hallam et al., 2018; Luo et al., 2018).
Benefits of these 3D culture techniques include attainment of high
percentages of retinal cell types with low or absent non-retinal
contamination and a predilection to self-organize into highly mature
tissue structures. The latter finding has garnered particular attention,
with numerous reports showing segments of isolated retinal
organoids with native-appearing laminar organization and cellular
ultrastructure (Phillips et al., 2012; 2018b; Zhong et al., 2014;
Kuwahara et al., 2015; Lowe et al., 2016; Parfitt et al., 2016;
Gonzalez-Cordero et al., 2017; Wahlin et al., 2017; Deng et al.,
2018; Lakowski et al., 2018; Hallam et al., 2018; Luo et al., 2018).
However, shortcomings have also been evident, such as the presence
of ectopic retinal cells and abnormal structures, loss of inner retinal
cell types over time, and a relative lack of uniformity within and
among organoids (Zhong et al., 2014; Browne et al., 2017; Lowe
et al., 2016; Gonzalez-Cordero et al., 2017; Deng et al., 2018;
Phillips et al., 2018b; Hallam et al., 2018). In addition, genetic and
epigenetic differences exist between non-isogenic hPSC lines,
whichmay introduce further variability into retinal organoid cultures
(Nazor et al., 2012; Choi et al., 2015). Although such findings are
not surprising in a complex and dynamic culture system, they can
impact results and confound data interpretation, and thus necessitate
consideration and – if possible – mitigation when embarking on
organoid-based studies.

As retinal differentiation in hPSC cultures approximates a human
developmental timeline, one common approach to addressing
variances in organoid cultures is by simply aligning experimental
samples by elapsed differentiation time. Although this method
offers some solace to investigators, experience with hPSC-derived
retinal pigment epithelium (RPE) has shown that morphological
and/or functional indicators are essential to assure comparability
between individual cultures (Bharti et al., 2011; Singh et al., 2013;
Miyagishima et al., 2016). Unfortunately, for numerous reasons, 3D
retinal organoids do not lend themselves to the high level of liveReceived 7 September 2018; Accepted 10 December 2018
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scrutiny afforded by purified monolayer cultures of hPSC-RPE. As
such, efforts to determine comparability across organoid cultures are
usually limited to qualitative post-fixation analyses of selected areas
within sections, which reveal only a minute fraction of the features
present in a single organoid, much less an entire culture population.
To gain a better understanding of the consistency and behavior of

3D retinal organoid cultures, we differentiated 16 hPSC lines (hESC
and hiPSC, including isogenic and non-isogenic lines) using an
established protocol (Meyer et al., 2011) with adaptations from
other frequently referenced reports that reliably improved organoid
yield and organization (Zhong et al., 2014; Kuwahara et al., 2015).
The resulting hybrid method yielded starting organoid cultures
that were broadly indistinguishable across hPSC lines and
differentiations. Observation of each of these cultures for at least
175 days revealed three stages of retinal organoid development that
could be easily discerned morphologically by light microscopy
(LM) and optical coherence tomography (OCT) in live cultures.
Subsequent immunocytochemical (ICC) analyses showed that stage
1 organoids contained neural retina progenitors (NRPCs) within a
developing outer neuroblastic layer, along with numerous retinal
ganglion cells (RGCs) and rare starburst amacrine cells (SACs) that
formed an inner RGC layer as well as a rudimentary, discontinuous
inner plexiform-like layer (IPL). Stage 2 represented a transition
period during which the discrete RGC layer gradually deteriorated
and NRPCs underwent progressive differentiation into PRs,
horizontal cells (HCs) and amacrine cells (ACs). Stage 3 was
marked by formation of PR outer segments and other features of
advanced outer retinal organization, along with continued loss and/
or disorganization of inner retinal cell types and layers. 3D
fluorescence reconstruction imaging allowed further evaluation of
stage 3 organoid structure and PR subtype distribution in a broader
context. Also prominent by stage 3 were Müller glia (MG), the
surface-directed processes of which contributed to the outer
structural framework of organoids, including formation of an
external limiting membrane at the base of PR inner segments. In
contrast, inward-projecting MG processes appeared disorganized,
occupying much of the core of stage 3 organoids.
Together, these findings set forth a practical means to sort and

compare like-staged retinal organoids in live cultures that takes into
account parameters beyond time spent in culture. Although further
refinements in 3D retinal culture methods will undoubtedly occur
that may affect organoid structure and behavior, the added use
of non-temporal evaluation criteria should enhance rigor and

reproducibility of future retinal organoid studies regardless of
differentiation protocol.

RESULTS
LM identification of three distinct morphological stages
of hPSC-derived retinal organoid development
To search for common, distinguishing features of differentiating
retinal organoids, we used LM to examine live cultures derived from
a diverse cohort of 16 hPSC lines differentiated for at least 175 days
in vitro (Table 1). The hPSC lines, which were independently
cultured and differentiated by up to 12 different laboratory
personnel over the course of 3 years, included four hESC lines
(three of which had undergone gene editing) and 12 hiPSC lines
(four normal controls, five from patients with retinal degenerative
diseases, and three that underwent gene editing). Although 3D
retinal differentiation protocols vary, most incorporate an early step
that generates OVs containing an enriched starting population of
NRPCs, which provides a common starting point regardless of
method. For this study, we combined elements of three frequently
referenced protocols that together generate consistently high yields
of hPSC-OVs with excellent long-term survival (up to 470 days, the
longest time point tested). In addition, we strove to minimize media
cost and complexity wherever possible. This hybrid 3D protocol
(Fig. 1A) evolved from a technique initially described by Meyer
et al. (2011) and modified by Zhong et al. (2014) to promote
prolonged maintenance of retinal laminar structure. More recently,
Kuwahara et al. (2015) reported improvement in OV production
with brief, early exposure of hESC cultures to BMP4. To test the
reproducibility of this finding across multiple lines, we treated seven
hiPSC lines with or without a single dose of BMP4 at day 6 of
differentiation, followed by one-half media changes every 3 days
until day 16, and noted a 6.0±1.6-fold increase in OV production per
6-well starter plate (Fig. S1A). In addition, we observed a more-
defined OV colony appearance in BMP4-treated cultures after
plating, which facilitated their identification, dissection, and transfer
into suspension cultures at day 30 (Fig. S1B). These findings
prompted us to incorporate a single, early BMP4 pulse in our base
differentiation protocol.

We then monitored all hPSC-OV suspension cultures (herein
referred to as organoids) for at least 175 days (range=175-470 days)
and took note of their LM appearance over time. All organoids
initially possessed a continuous, or nearly continuous, phase-bright
outer neuroepithelial rim (Fig. 1C). This well-defined morphology,

Table 1. Cell line description

Line Type Gender Derivation Cell source Description

1096 hiPSC M CDI MyCell Blood Retinitis pigmentosa
1013 hiPSC M CDI MyCell Blood Normal
1579 hiPSC F CDI MyCell Blood Leber’s congenital amaurosis
1580 hiPSC F CDI MyCell Blood Leber’s congenital amaurosis
1581 hiPSC M CDI MyCell Blood Normal
1582 hiPSC M CDI MyCell Blood Normal
591 hiPSC M CDI MyCell Blood Usher syndrome
595 hiPSC M CDI MyCell Blood Usher syndrome
597 hiPSC F CDI MyCell Blood Normal
Clone 7 hiPSC M Howden et al., 2015 Fibroblast Gene edited
Clone 31 hiPSC M Howden et al., 2015 Fibroblast Gene edited
Clone J hiPSC M Howden et al., 2015 Fibroblast Gene edited
WA09 hESC F WiCell WA09 Normal
CRX+/tdTomato hESC F Phillips et al., 2018a WA09 PR reporter line
BRN3B reporter hESC F Sluch et al., 2017 WA07 RGC reporter line
NRL+/eGFP hESC F Phillips et al., 2018b WA09 Rod reporter line
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which we designated stage 1, was maintained for up to 6 weeks in
organoid culture (Fig. 1B). Organoids increased in size during this
period and eventually developed a phase-dark core with a reduced or
absent phase-bright outer rim, at which point they were labeled
morphological stage 2 (Fig. 1D). Stage 2 organoids grown in bulk
cultures oftenmerged together and adopted a lobular appearancewith
one or more localized regions of RPE (Fig. S1C), but invagination of
organoids with direct apposition of pigmented and non-pigmented
layers (as occurs during true optic cup formation) was never
observed. Stage 2 organoids arose as early as 3-4 weeks after
isolation, and some persisted in this morphological stage. However,
the majority transitioned between 17-24 weeks post-isolation to a
third stage marked by the distinct appearance of hair-like surface
appendages (Fig. 1E,F). This final stage extended indefinitely and
was further defined by re-emergence of a thin outer rim structure.
Importantly, substantial temporal overlap of stage 1 and 2 organoids,
as well as stage 2 and 3 organoids, was commonly observed in
individual cultures (Fig. 1B, Fig. S1D), although progression through
all three stages occurred invariably in every line (Fig. S2). Together,
these findings suggest that LM morphological criteria could be a
useful and perhaps necessary adjunct for sorting and comparing live
retinal organoids within and across cultures and hPSC lines.

3D morphological analysis of staged retinal organoids
using OCT
To correlate LM appearance with 3D structure, we sorted organoids
by stage and subjected them to OCT, which provides unbiased
insight into internal anatomy as well as overall form and surface
topography. Of note, Browne et al. (2017) previously established
OCT as a method for assessing 3D cultured retinal organoids.

OCT revealed an open bowl-like contour for stage 1 organoids
(Fig. 2A-C, Movie 1) and an enclosed spheroidal shape with a
hollow core for stage 2 organoids (Fig. 2D-F,Movie 2). Both stage 1
and stage 2 organoids had a uniform tissue reflectance with little
or no detectable internal structure except for the optically clear
center at stage 2. OCT of stage 3 organoids revealed more
complex structural elements, including the aforementioned hair-like
surface appendages, as well as alternating high and low reflectance
layers near the outer rim (Fig. 2G-I, Movie 3). Interestingly, stage 3
organoids did not possess a hollow core like their stage 2
predecessors. Thin sections of stage 1, 2 and 3 organoids
confirmed the differences in cellular stratification and interior
structure inferred by OCT (Fig. 2J-L). More specifically, stage 1 and
2 organoids possessed little discernable laminar structure in contrast
to stage 3, and stage 2 organoids were unique in possessing a
sequestered central region devoid of both cells and matrix. Overall,
OCT not only reinforced the distinct morphologies noted by LM,
but also uncovered additional anatomical features that further
distinguished organoids from each of the three stages.

Stage 1 encompasses a period of NRPC proliferation and
production of a robust RGC layer harboring SACs
To determine the identity and distribution of retinal cell types in
stage 1 retinal organoids, we performed ICC using markers of early
retinogenesis, including VSX2 and Ki67 (MKI67; NRPCs and
proliferating cells, respectively), SNCG (RGCs), CaR (calretinin,
also known as calbindin 2; RGCs and ACs) and CHAT (SACs).
Prior reports have shown consistently that early 3D retinal organoids
contain NRPCs that give rise initially to RGCs (Meyer et al., 2011;
Phillips et al., 2012, 2014, 2018b; Nakano et al., 2012; Reichman

Fig. 1. Light microscopic identification of
distinct morphological stages in live
cultures of differentiating hPSC-derived 3D
retinal organoids. (A) Schematic of the hybrid
hPSC retinal differentiation protocol used for
this study. (B) Timing and overlap of
morphological stages observed across all 16
lines tested. (C-F) Representative live LM phase
images of stage 1 (C), stage 2 (D) and stage 3
(E,F) organoids. E′ is a magnification of the
boxed area in E showing hair-like surface
projections, and F shows a multi-lobulated
stage 3 organoid created through the
spontaneous fusion of multiple co-cultured
organoids. Scale bars: 100 µm (C-E,F);
50 µm (E′).

3

HUMAN DEVELOPMENT Development (2019) 146, dev171686. doi:10.1242/dev.171686

D
E
V
E
LO

P
M

E
N
T

http://dev.biologists.org/lookup/doi/10.1242/dev.171686.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.171686.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.171686.supplemental
http://movie.biologists.com/video/10.1242/dev.171686/video-1
http://movie.biologists.com/video/10.1242/dev.171686/video-2
http://movie.biologists.com/video/10.1242/dev.171686/video-3


et al., 2014; Zhong et al., 2014; Singh et al., 2015; Lowe et al., 2016;
Wiley et al., 2016; Hallam et al., 2018). Isolated stage 1 organoids
confirmed this finding across all hPSC lines and cultures, with an
abundance of RGCs lining the inner aspect of organoids beneath

an overlying population of VSX2+ NRPCs (Fig. 3A-E, Fig. S3A-J).
Ki67 immunostaining was concentrated within NRPC nuclei along
the outer organoid rim, corresponding to the apical location where
NRPC division occurs during interkinetic nuclear migration
(Fig. 3B) (Baye and Link, 2007). Interestingly, we also noted
discontinuous gaps in nuclear immunostaining between the RGC
and NRPC layers, reminiscent of an early IPL. As such, we also
looked for the presence of SACs, an early-born subtype of AC
that helps define inner retinal structure, including formation of
the IPL (Famigletti, 1983; Rodieck and Marshak, 1992). CHAT
immunostaining, which is specific for SACs in the retina, revealed
their rare presence within both the RGC layer and the discontinuous
IPL-like regions (Fig. 3F-J, Fig. S3K-O). Therefore, stage 1 is
marked by (1) expansion of NRPCs within an outer neuroblastic
layer and (2) early but incomplete definition of the innermost
retinal layers.

Stage 2 represents an intermediate developmental phase
highlighted by differentiation of PR and retinal interneuron
populations
ICC of early stage 2 organoids revealed OC1 (ONECUT1)+ and
CaR+ cells interspersed among RGCs within the inner aspect of
organoids, which likely represent HCs and ACs, respectively, based
on their location and timing of expression (Fig. 4A-D, Fig. S4A-H).
Also at early stage 2, some RGC processes ectopically extended to
the organoid surface, passing through a developing outer mantle of
OTX2+ PR precursors (Fig. 4E-H, Fig. S4I-P). Additional ICC
analysis using primary antibodies directed against CRX and
RCVRN confirmed the PR identity of many outer retinal cells
(Fig. 4I-L, Fig. S5A-H). Furthermore, PRs at or near the organoid
surface assumed a radial orientation and often expressed markers of
early cone (ARR3) or rod (NRL) commitment, although cone and
rod marker expression was also seen deeper within organoids
(Fig. 4I-P, Fig. S5I-L). However, despite the emerging cellular
complexity and broad tissue-like organization of stage 2 organoids,
clear separation of nuclear and plexiform layers was infrequently
observed at this stage (Fig. 4A,E,I,M).

Stage 3 specifies the presence of mature outer nuclear and
plexiform layers with metabolically active PRs that form
specialized ribbon synapses
A one-cell-thick layer of cones expressing ARR3 and either M/L- or
S-opsinwas located along the outermost surface of stage 3 organoids,
with an underlying multiple-cell-thick layer of NRL+ and NR2E3+

rod nuclei (Fig. 5A-C″). The overall ratio of rods to cones in stage 3
organoids was 4:1 (Fig. 5D,E), and within the cone subpopulation,

Fig. 2. OCT analysis of morphologically staged retinal organoids.
(A-C) Stage 1 organoids (d35): LM image (A), 3D OCT rendering (B) and
magnified OCT slice (C) of an organoid (marked with an asterisk in B) showing
the cup-like shape characteristic of stage 1 organoids. (D-F) Stage 2 organoids
(d54): LM image (D), 3D OCT rendering (E) and magnified OCT slice (F) of an
organoid (marked with an asterisk in E) showing the thick outer rim and hollow
center characteristic of stage 2 organoids. (G-I) Stage 3 organoid (d250): LM
image (G), 3D OCT rendering (H) and magnified OCT slice (I) of the organoid
showing hair-like surface projections, thin outer rim, and alternating high and
low reflectance lamina. (J-L) Brightfield images of thin sections of staged
organoids showing the homogenous outer rim of a stage 1 organoid (J), the
relatively homogenous outer rim and hollow center of a stage 2 organoid (K),
and three distinct cellular or acellular lamina (labeled 1, 2, 3) and matrix-filled
core of a stage 3 organoid (L). Scale bars: 1 mm (A,D,G); 500 µm (B,C,E,H);
100 µm (F,I); 50 µm (J-L).

Fig. 3. Stage 1 organoids comprise
proliferative NRPCs, RGCs and rare
SACs. (A-E) ICC analysis of a
representative stage 1 organoid (d35)
revealing the presence of Ki67+/VSX2+

proliferative NRPCs (A-C; merge in E)
overlying an internal layer of SNCG+ RGCs
(D; merge in E). (F-J) Magnified ICC
images of a stage 1 organoid (d35) showing
the presence of CaR+ cells (indicative of
ACs andRGCs), SNCG+RGCs andCHAT+

SACs (F-I; merge in J) with processes
forming a rudimentary IPL. Scale bars:
100 µm.
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M/L-cones outnumbered S-cones 8:1 (Fig. 5F,G). Interestingly,
unlike M/L-cone opsin immunostaining, rod opsin immunostaining
was often non-uniform across the surface of organoids (Fig. 5H-L,
Fig. S6, Movies 4 and 5), likely indicative of the later and more
extended window of rod versus cone development. Overall, the
structural and numerical distribution of PR subtypes in the stage 3
organoid outer nuclear layer (ONL) most closely resembles that of
the human perifoveal retina, as more-peripheral ONL regions display
higher rod:cone ratios whereas the central fovea is M/L-cone
exclusive (Osterberg, 1935; Yanoff and Duker, 2013).
The hair-like surface appendages that herald stage 3 morphology

have been shown previously to represent developing PR outer
segments (OSs) (Zhong et al., 2014; Lowe et al., 2016; Gonzalez-
Cordero et al., 2017; Wahlin et al., 2017; Phillips et al., 2018b). We
confirmed this finding with immunostaining for M/L-opsin,
ARL13b and pericentrin (PCN; PCNT), as well as with
transmission electron microscopy (TEM) (Fig. 6A-F, Fig. S7A-E′).
Rod and cone OSs were maintained for up to 470 days, the latest
time point assayed (Fig. 6G-J). TEM specifically revealed the
presence of fetal-stage OS structures containing unstacked disks
attached via connecting cilia to mitochondria-rich inner segments
(ISs) (Fig. 6B,K,L, Fig. S7D-E′). To gain further insight into the IS
and OS structures of stage 3 PRs, we performed dynamic optical
metabolic imaging (OMI) to measure the autofluorescence (AF)
signatures of NAD(P)H and retinol/retinoic acid. We found that
NAD(P)H AF was localized to the thin region containing PR ISs,
whereas retinol/retinoic acid AF was present in elongated OSs

within the outer retina as well as more diffusely in the inner retina
corresponding to the location of ectopic PRs (see below) (Fig. 6M;
LM image of stage 3 organoid and OMI on an additional line in
Fig. S7F-H). These results extend findings obtained using younger
organoids that did not contain clear ISs or OSs (Browne et al.,
2017). Altogether, OMI suggests that PRs within stage 3 retinal
organoids are metabolically active cells equipped for light detection,
which is consistent with their functional demands and purpose
in vivo.

Deep relative to the ONLwas a thin nuclei-free layer (Fig. 7A,I,M),
the position of which corresponded to the outer plexiform layer
(OPL) of the retina, a structure that contains the specialized ribbon
synapses that couple PRs of the ONL with bipolar and horizontal
cells of the inner nuclear layer (INL). Indeed, expression of PR pre-
synaptic markers, such as VGLUT1 (SLC17A7) and CTBP2, was
concentrated in this layer within stage 3 organoids (Fig. 7A-E,
Movie 6). Importantly, cones demonstrated broad axon terminals
(pedicles; Fig. 7F) as opposed to the compact terminals
characteristic of rods (spherules; Fig. 7G; also see Movie 7).
Further evidence of synaptic connectivity between PR axon
terminals and cells of the INL was found by TEM, which showed
the presence of vesicle-laden ribbon synapses surrounding
invaginated dendritic terminals (Fig. 7H, Fig. S8A-B′). A
discontinuous INL containing bipolar cells (BPCs) was also
present at stage 3, as determined by expression of VSX2 (which
marks nuclei of BPCs at this stage of retinogenesis), PKCα (rod
BPCs) and/or G0α (GNAO1; rod and cone ON BPCs). (Of note, the

Fig. 4. Stage 2 organoids contain
abundant PR precursors and maturing
cones and rods, as well as RGCs, HCs
and ACs. (A-D) ICC images of a
representative stage 2 organoid (d80)
showing CaR+ cells (ACs and RGCs) (B)
and OC1+ HC progenitors (C; merge in
D). (E-H) ICC images of a representative
stage 2 organoid (d80) comparing
expression of SNCG+ RGCs (F) and early
OTX2+ PR progenitors (G; merge in H)
along the inner and outer aspects of the
organoid mantle, respectively. (I-L) ICC
images of a representative stage 2
organoid (d80) revealing an abundance of
maturing CRX+/RCVRN+ PRs (J,K;
merge in L) predominantly within the cell-
dense, outer aspect of the organoid,
along with some PRs located deep to this
region (arrow in I and L). (M-P) ICC
images of an older stage 2 organoid
(d140) revealing differentiating ARR3+

cones and NRL+ rods. Scale bars: 50 µm.

5

HUMAN DEVELOPMENT Development (2019) 146, dev171686. doi:10.1242/dev.171686

D
E
V
E
LO

P
M

E
N
T

http://dev.biologists.org/lookup/doi/10.1242/dev.171686.supplemental
http://movie.biologists.com/video/10.1242/dev.171686/video-4
http://movie.biologists.com/video/10.1242/dev.171686/video-5
http://dev.biologists.org/lookup/doi/10.1242/dev.171686.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.171686.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.171686.supplemental
http://movie.biologists.com/video/10.1242/dev.171686/video-6
http://movie.biologists.com/video/10.1242/dev.171686/video-7
http://dev.biologists.org/lookup/doi/10.1242/dev.171686.supplemental


presence of G0α+/PKCα− cells provides the first definitive
identification of ON cone BPCs in hPSC-derived retinal cultures.)
(Fig. 7I-P, Fig. S8C-G′, Movie 7).
In summary, across all hPSC lines and differentiations tested, the

distinct appearance of stage 3 organoids by LM was unequivocally
indicative of a highly developed ONL and OPL, as well as the
presence of a less uniform INL containing BPCs and other retinal
interneurons (Table 2).

Inner regions of stage 3 retinal organoids display structural
disorganization, loss and displacement of RGCs and SACs,
and ectopic differentiation of PRs
Compared with the remarkably native-appearing outer layers of
stage 3 organoids, deeper regions (i.e. cells and processes located
internal to the OPL) demonstrated a cellular composition that less
reliably approximated normal retina. Disorganization and cell loss
generally worsened as a function of depth beyond the OPL,
culminating in the substantial deterioration and mislocalization of
the formerly abundant RGCs that lined the interior of stage 1
organoids (Figs 3 and 4). To follow RGC fate across all three stages
in more detail, we employed a BRN3b-P2A-tdTomato-P2A-Thy1.2
RGC reporter hESC line developed by Don Zack’s lab (Sluch et al.,
2017) that fully labels RGC cytoplasm including their processes
(Fig. 8). In stage 1 and early stage 2 organoids, numerous RGCs
were present in a discrete interior ganglion cell layer (GCL), with
processes that extended inward toward the organoid core as well as
outward through the neuroblastic layer where they often covered the

organoid surface as noted above (Fig. 4H, Fig. 8A-D). At later
times, BRN3b-tdTomato+ RGC processes ceased to be present on
the organoid surface, owing either to retraction or to cell death
(Fig. 8E-P). By stage 3, remaining RGCs were sparse and
disorganized with haphazard, blunted processes (Fig. 8M-P).
Concomitant with the decline in the GCL was an increase in the
number of ectopic PR lineage cells found within the interior of
aging organoids (Fig. 8C,G,K,O), which, despite their
misplacement, underwent progressive maturation similar to PRs
located in the organoid ONL (Fig. 7J, Movie 7). This progressive
loss of RGCs and sub-OPL disorganization was observed in all
hPSC lines (Table 2, Fig. S9A-H) along with a similar loss of SACs
(Fig. S9I-P). Thus, in contrast to their outer strata, stage 3 organoids
often lacked internal organization and underwent a shift in
cellular constituency with progressive loss of RGCs and gain of
ectopic PRs.

MG are abundant in stage 3 retinal organoids where they
contribute to formation of an outer (but not inner)
limiting membrane
Lastly, we examined whether MG, one of the last neural retina cell
types generated fromNRPCs, were present within the INL of stage 3
retinal organoids. Immunostaining for CRALBP (RLBP1) localized
MG cell bodies to the INL and also demonstrated extension of MG
processes through the OPL and ONL, terminating at the junction
between the PR inner and outer segments (Fig. 9A-F). At the IS/OS
junction, the MG end feet formed a thin, continuous structure

Fig. 5. Stage 3 organoids possess a
well-defined ONL-like layer with maturing
rods and cones. (A) ICC image of a
representative stage 3 organoid (d200)
demonstrates an ONL region containing an
outermost layer of M/L-opsin+/CRX+ cones
with M/L-opsin+ surface projections (arrow),
and an underlying three- to five-nuclei-thick
layer of NRL+/CRX+ rods. Mislocalized CRX+

PRs, some co-expressing M/L-opsin or NRL,
are also present below the ONL (asterisk).
(B-C″) Higher magnification ICC images of
representative stage 3 organoids (d160)
showing the location and morphology of
M/L-opsin+ (B) and S-opsin+ (C) cones and
NR2E3+ rods in the ONL (B′,C′, merge in
B″,C″). (D,E) Percentage of NRL+ rod (D)
and ARR3+ cones (E) within the ONL of
stage 3 organoids derived from three
different WT hiPSC lines (minimum of six
organoids/line; mean±s.e.m. is plotted).
(F,G) Percentages of M/L-opsin+ (F) and S-
opsin+ (G) cones within the total ARR3+ cone
population. (H) 3Dmultiphoton rendering of a
d250 stage 3 organoid showing the surface
distribution of RHO+ rods and M/L-opsin+

cones (see also Movie 4). (I-K) Confocal
images of a single z-plane through the
organoid shown in H immunostained for M/L-
opsin (I) and RHO (J; merge in K). (L) LM
image of the organoid taken prior to fixation
showing a lobulated region of pigmented
RPE (asterisk in I-L) and hair-like projections
(arrow) covering the remainder of the
organoid surface. Scale bars: 100 µm (A,H);
25 µm (B-C″); 500 µm (I-L).
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strongly reminiscent of the outer limiting membrane (OLM)
(Fig. 9G-I). The OLM acts in vivo as a key barrier to migration of
foreign material into the neural retina from the subretinal space and
also contributes to the maintenance of outer retinal structure. MG
processes also extended inward in a profuse and disorganized
fashion, occupying much of the sparsely nucleated core of stage 3
organoids (Fig. 9A-C). The sustained presence of MG in stage 3
retinal organoids is of significant note given their importance in the
formation and maintenance of normal neural retina anatomy and in
PR (particularly cone) function and homeostasis. Perhaps equally
important to note is the absence of a discrete inner limiting
membrane (ILM), which is also formed by MG in vivo in concert
with retinal astrocytes, the latter of which are not generated by

NRPCs and thus are not inherently present in organoids. The
contrast in outer versus inner organization of stage 3 MG processes
conspicuously parallels the general dichotomy of outer versus inner
cellular stratification observed in these organoids, suggesting an
important but incompletely tapped role for MG and the ILM in
hPSC retinal organoid development.

DISCUSSION
Methods to generate 3D retinal cultures from hPSCs have increased
in number substantially since their first descriptions (Meyer et al.,
2011; Nakano et al., 2012; Phillips et al., 2012, 2018b; Sridhar et al.,
2016; Reichman et al., 2014; Zhong et al., 2014; Kuwahara et al.,
2015; Mellough et al., 2015; Singh et al., 2015; Lowe et al., 2016;
Wiley et al., 2016; Gonzalez-Cordero et al., 2017; Wahlin et al.,
2017; Ovando-Roche et al., 2018; Hallam et al., 2018; Luo et al.,
2018). Even so, most protocols follow a common developmental
sequence and time frame that closely mimic normal human
retinogenesis, including production of a starting population of
OVs that display a phase-bright, palisading neuroepithelial rim. This
obedience to highly conserved developmental principles offers
reassurance of the ultimate authenticity of the cells produced
from the resulting retinal organoids. Indeed, the striking similarities
among culture protocols suggest an overall robustness of the
intrinsic hPSC neural retina differentiation process. However, many
features of differentiating and mature 3D hPSC retina cultures –
particularly those grown in isolation without forebrain or other non-
retinal tissue components – are not reflective of normal
development and/or can vary considerably within and between
organoids. Such inconsistencies have been sporadically reported
(Browne et al., 2017; Deng et al., 2018; Phillips et al., 2018b), but
are not always evident in sections that focus on an isolated region of
a single organoid. These acknowledged but largely unexplored
limitations of 3D hPSC culture systems were the impetus for the
recent ‘3D Retinal Organoid Challenge 2020’ sponsored by the
National Eye Institute.

Building on our long-term experience with purified 3D retinal
organoids, we sought to (1) search for a facile means to
developmentally stage live organoids and improve quality control
of these systems, and (2) describe the recurring strengths and
limitations of organoid cultures at each stage. Given that the initial
hPSC-OV population can be readily excised and/or sorted from
non-OVs by LM features, we suspected that LM also would be
useful later in the differentiation process to pool organoids of like
composition and structure. Presently, time in culture is the sole
criterion used to group organoids for comparative analyses, a
practice that is inadequate for most other dynamic culture systems,
including hPSC-RPE.

To assure reproducibility, we required that live-staging features
be invariant across 16 hPSC lines and independent of changes in
passage number, reagent lots, or user experience. We also settled
upon a single differentiation protocol that incorporated advances
described by multiple laboratories that consistently improved OV
production and survival. Although variations in methods can
influence culture behavior, confidence in the general applicability
of our staging system is bolstered by the remarkably common
attributes of isolated retinal organoids generated under diverse
conditions by numerous labs.

Over the prolonged course of our study, we observed three
consistent LM stages in all organoid cultures (Fig. 10). Physical
findings used to distinguish stages by LM were confirmed by OCT
in live cultures and further analyzed using ICC, TEM and OMI
(Table 2). Although broad and overlapping, these LM stages hold

Fig. 6. PRs in stage 3 organoids demonstrate maturing outer segments
and metabolically active inner segments. (A) Representative high
magnification ICC image of a stage 3 organoid (d160) showing the location and
morphology of M/L-opsin+ cone outer segments relative to CRX+ PR nuclei.
(B) Electron micrograph of an outer segment from a d225 stage 3 organoid
showing partially stacked discs. (C) ICC of a d240 stage 3 organoid showing
ARL13b+ outer segments. (D) Immunostaining for outer segment cilia
(ARL13b) and basal bodies (PCN) in a d200 stage 3 organoid. (E,F) Stage 3
(d160) organoid co-immunostained for PCN and cone ARR3. CC, connecting
cilium. (G-J) ICC of a d470 stage 3 organoid showing persistent and
elongated M/L-opsin+ cone (H) and RHO+ rod (I; merged in J) outer segments.
(K,L) Electron micrographs of mitochondria-rich inner segments of stage 3
organoids. (M) Autofluorescence intensity image of a d250 stage 3 organoid
showing metabolically active, NADP(H)-rich inner segments (blue) and retinol-
containing regions (green) corresponding to outer segments (asterisk) and
mislocalized PRs within the inner retinal layer (arrow). Scale bars: 25 µm (A,C);
400 nm (B); 2 µm (D,F,K); 5 µm (E); 50 µm (G-J); 600 nm (L); 100 µm (M).
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practical importance when designing, conducting and interpreting
experiments involving hPSC-derived retinal organoids. For
example, studies targeting RGCs are best performed at stage 1 or
early stage 2 when they are relatively abundant and their processes
project to the surface, which facilitates axonal outgrowth after
attachment of the RGCs to substrate (Yang et al., 2017; Kobayashi
et al., 2018; Langer et al., 2018). The cause of the deterioration and
disorganization of RGCs at later stages is not completely clear, but,

among other factors, it could be due to an absence of post-synaptic
forebrain targets, lack of inner retinal structure, and/or insufficient
metabolic support. The persistence of scattered RGCs within stage 3
organoids suggests that mechanism(s) do exist to support long-term
RGC health, perhaps mediated by the MG processes that surround
them at this stage. Insight into such mechanisms could lead to
improved RGC survival and overall inner retinal development.

Stage 2 represents a highly dynamic period of organoid
development with regard to cell composition, maturation and
organization. In particular, PR precursors and subtypes arise and
begin to form a discrete ONL, accompanied by generation of BPCs
and other retinal interneurons of the INL. Although the changing
cellular landscape of stage 2 organoids challenges their utility for
modeling development and disease in a controlled fashion, this
stage is well-suited for studies of early human retinogenesis.
However, developmentally abnormal events that occur at this stage
should also be taken into account, including ectopic deposition of
PRs within the INL and the aforementioned demise of RGCs.

At the onset of stage 3, retinal organoids have attained an
advanced state of PR development and organization, including
formation of IS, OS and an ONL and OPL, making this stage
optimal for modeling PR-based diseases. The presence of an OLM
is also useful for investigating apical penetration of drug and gene
delivery systems to PR cell bodies, given the correspondence of the
surrounding culture medium to the anatomical subretinal space
(Gonzalez-Cordero et al., 2018). However, PRs are also aberrantly
located within the inner regions of stage 3 organoids where they
lack ONL-like organization and are less accessible to culture

Fig. 7. Stage 3 organoids possess an
OPL-like layer, ribbon synapses, and an INL
containing rod and cone BPCs. (A-D) ICC
images of a stage 3 organoid (d220) showing
two distinct nuclear layers (asterisks)
separated by a thin nuclei-free zone (arrow)
(A). Expression of ARR3 in cone pedicles (B)
overlaps with expression of the PR synapse
marker VGLUT (C; merge in D) in the OPL.
(E,E′) Immunostaining in a d225 stage 3
organoid for the ribbon synapse marker
CTBP2 (also known as RIBEYE), which
colocalizes with ARR3+ cone pedicles in the
OPL. E′ is a magnified image of the boxed
region in E. (F,G) ICC of ARR3+ cones and
RHO+ rods demonstrating pedicle and
spherule morphology, respectively (asterisks).
(H) Electron micrograph demonstrating ribbon
synapses in a d212 stage 3 organoid. (I-L) ICC
images of a d225 stage 3 organoid showing
ARR3+ cones (J) and RHO+ rods (K) in the
ONL and VSX2+ BPCs in the INL (K; merge in
L). (M-P) ICC images demonstrating the
presence of PKCα+ rod BPCs (N) and G0α+

ON BPCs (O; merge in P) in a d160 stage 3
organoid. A G0α+/PKCα− cone ON BPC is
indicated with an arrow in N-P and asterisks
mark rod BPCs. Scale bars: 50 µm
(A-E′,I-P); 10 µm (F,G); 500 nm (H).

Table 2. Summary of physical findings for staged organoids

Line GC d90 GC >d160 INL
Ribbon
synapse ONL/OS

1096 +++ +/− + + +
1013 +++ +/− + + +
1579 +++ +/− + + +
1580 +++ +/− + + +
1581 +++ +/− + + +
1582 +++ +/− + + +
591 +++ +/− + + +
595 +++ +/− + + +
597 +++ +/− + + +
Clone 7 +++ +/− + + +
Clone 31 +++ +/− + + +
Clone J N +/− + + +
WA09 +++ +/− + + +
CRX+/tdTomato +++ +/− + + +
BRN3B reporter +++ +/− + + +
NRL+/eGFP +++ +/− + + +

GC, ganglion cell; N, not tested.
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manipulations. Although these misplaced PRs mature and express
opsins, it is unclear whether they develop equivalently to PRs
within the well-defined organoid ONL. Even PR subtypes within
the ONL do not differentiate in complete synchrony, as
demonstrated by the asymmetric surface distribution of rod opsin
on individual organoids (Fig. 5H, Fig. S6B,C). Therefore, despite
the generally high level of PR differentiation at stage 3, some
variability still exists and should be taken into account when
controlling for and interpreting organoid studies.
In addition to characterizing organoids within a particular stage, it

is important to consider that organoids from consecutive stages can
co-exist in the same culture, and that not all organoids achieve stage
3 (Fig. S1D). Therefore, comparative studies of bulk hiPSC retinal
organoid populations aligned only by days of differentiation are at
increased risk of artifact owing to unaccounted differences in
structure, composition and/or maturation. Even the use of isogenic
controls does not eliminate this concern, as variabilities were found
among cultures differentiated from the same hPSC line.
The aforementioned inconsistencies and shortcomings of retinal

organoid cultures are understandable given the stark differences
between the in vitro and in vivo environments. In truth, it is
extraordinary that so much of human retinogenesis can be
recapitulated in a dish in the absence of multiple events and
influences that occur in the developing embryo. For example,
isolated hPSC-derived retinal organoids do not form a true optic cup
or possess a properly localized RPE layer, nor do they remain
attached to forebrain or other developmentally relevant non-retinal
lineages. In addition, there is no inner retinal vasculature or

migration of astrocytes into the inner retina. Despite the added
complexity it would introduce, improvements in retinal organoid
technology may come from the inclusion of one or more of these
elements into culture systems. For example, co-culture of organoids
with RPE could lead to enhanced OS disk morphogenesis and
PR function, whereas incorporation of exogenously produced
astrocytes might stabilize inner retinal architecture through
formation of an ILM. Similarly, maintenance of retina-forebrain
connections might facilitate RGC survival and formation of an optic
nerve-like structure. It is also important to consider that the human
retina has a dual blood supply. Whereas the avascular outer retina is
supported by diffusion, the inner retina requires a separate inner
retinal microvasculature for long-term survival that is not present
in organoids. Therefore, limited diffusion and inadequate internal
metabolic support could partially explain the preferential
maintenance of outer versus inner retina structure in stage 2 and 3
organoids.

In summary, 3D hPSC retinal organoid technology is a powerful
tool that can yield unique insights into human retinal development
and disease, and facilitate development of therapies for blinding
disorders.However, like all tools, organoids should be employedwith
careful consideration of both their strengths and limitations. Current
strengths of pure retinal organoid cultures relate predominantly to the
maturation of PRs and the outer retina, whereas shortcomings stem
mostly from progressive disorganization and decay of inner retinal
cells and structures. Because neither of these processes obeys a strict
timeline, even among organoids from the same culture, we advocate
use of a practical, LM-based staging and sorting system to minimize

Fig. 8. Time course of RGC loss in
stage 2 and stage 3 organoids.
(A-D) ICC images of a stage 2 (d55)
BRN3b-tdTomato RGC reporter hiPSC
line showing an internal layer of RGCs
(B) that send projections through the
developing outer CRX+ PR layer (C) to
the organoid surface (arrows in B and
D). (E-P) An identical confocal image
analysis was also performed on d90
stage 2 organoids (E-H), d120 stage 2
organoids (I-L) and d160 stage 3
organoids (M-P). Note the loss of
tdTomato+ RGC surface projections
and overall reduction in RGCs over
time, concomitant with an increase in
CRX+ PRs in both the ONL and the
inner portion of organoids where RGCs
persist (asterisk in P). Scale bars:
50 µm.
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intra- and inter-culture variability. Even if the particular stages we
describe are not universally applicable to all 3D culture protocols, it is
prudent for investigators to establish their own morphological criteria
as an added control when utilizing retinal organoids.

MATERIALS AND METHODS
hPSC culture and retinal differentiation
Human PSCs were maintained in 6-well plates on Matrigel (Thermo Fisher).
E8, mTeSR1 or StemFlex (WiCell or Thermo Fisher) media were all
successfully used to maintain the health and pluripotency of the hPSCs and
either Versene (Thermo Fisher) or ReLeSR (STEMCELL Technologies)
were used for passaging. Embryoid bodies (EBs) were lifted with 2 mg/ml
dispase (Thermo Fisher) or 0.7 ml/well ReLeSR and weaned into Neural
Induction Medium [NIM; DMEM:F12 1:1, 1% N2 supplement, 1× MEM
nonessential amino acids (MEM NEAA), 1× GlutaMAX (Thermo Fisher)
and 2 mg/ml heparin (Sigma)] over the course of 4 days. On day (d) 6, 1.5 nM
BMP4 (R&DSystems) was added to freshNIM and on d7EBswere plated on
Matrigel at a density of 200 EBs per well of a 6-well plate. Half the mediawas
replaced with fresh NIM on d9, d12 and d15 to gradually dilute the BMP4,
and on d16 themediawas changed to Retinal DifferentiationMedium [RDM;
DMEM:F12 3:1, 2% B27 supplement, MEM NEAA, 1× antibiotic, anti-
mycotic (Thermo Fisher) and 1× GlutaMAX]. On d25-30, 3D OVs became
apparent and were dissected with a MSP ophthalmic surgical knife (Surgical
Specialties Corporation). Organoids were maintained in poly-HEMA-coated
flasks (polyHEMA from Sigma) with twice-weekly feeding of 3D-RDM
[DMEM:F12 3:1, 2% B27 supplement, 1× MEM NEAA, 1× antibiotic,

anti-mycotic, and 1× GlutaMAX with 5% FBS, 100 µM taurine, 1:1000
chemically defined lipid supplement (11905031, Thermo Fisher)] to which
1 µM all-trans retinoic acid (Sigma) was added until d100, at which point it
was removed to enhance outer segment formation. Live cultures were imaged
on a Nikon Ts2-FL equipped with a DS-Fi3 camera or on a Nikon Ts100
equipped with a QImaging CE CCD camera. All plasticware and reagents
were from Thermo Fisher unless otherwise stated.

Validation of BMP4 treatment
To verify the effects of BMP4 treatment, seven different hiPSC lines were
maintained in hPSC medium (DMEM:F12 1:1, 20% KOSR, 1× MEM
NEAA, 1× GlutaMAX, 0.8% β-mercaptoethanol and 100 ng/ml bFGF) on
irradiated MEF feeder layers (WiCell). EBs were lifted with 2 mg/ml
dispase (Thermo Fisher) in EB media (hPSC media without FGF), switched
to NIM on d4, and divided into two groups on d6, one treated with 1.5 nM
BMP4 and the other treated with vehicle alone. EBs were plated on laminin
on d7, and on d16 organoids were harvested in RDM. On d25, retinal
organoids and anterior forebrain organoids were counted and the fold
increase in retinal organoids was calculated for BMP4 relative to untreated
cultures. TheP-valuewas calculated based on the average fold difference for
all seven lines using Graph-Pad Prism 6 and a one-sample Student’s t-test
against a hypothetical mean of 1.

Cell lines
Table 1 lists the source and derivation method for the 12 hiPSC and four
hESC lines used. Nine hiPSC lines were obtained as custom MyCell
products from Cellular Dynamics International (now Fujifilm Cellular
Dynamics). Tissue samples were obtained with written informed consent in
adherence with the Declaration of Helsinki, and with approval from the
institutional review board at the University of Wisconsin-Madison. Three
hiPSC lines were simultaneously reprogrammed and gene edited from
normal fibroblasts acquired from the American Type Culture Collection
(Howden et al., 2015); two hESC reporter lines were gene edited by the
Waisman Center gene editing core (University of Wisconsin-Madison); one
reporter line was gene edited in the lab of Dr Donald Zack (Sluch et al.,
2017) and WA09 was obtained from WiCell. All lines were karyotyped,

Fig. 9. Outwardly directed MG processes form a discrete OLM-like
structure in stage 3 organoids. (A-C) ICC images of a d240 stage 3 organoid
showing CRALBP+ MG deep to the ONL that extend processes externally that
form a discrete layer (arrow in B and C), whereas inwardly directed MG
processes fill the core of the organoid in a disorganized fashion (asterisk in B
and C). (D-F) ICC analysis of a d236 stage 3 organoid revealing the presence
of CRALBP+ MG cell bodies within the INL (dashed box in D). The CRALBP+

OLM (arrow in F) is situated between the inner and outer segments of M/L-
opsin+ cones (E; merge in F). (G,H) ICC image of d200 (G) and d160 (H) stage
3 organoids showing F-actin immunostaining within the OLM (arrow in H) that
surrounds M/L-opsin+ cone inner segments (G) and colocalizes with CRALBP
(H). (I) Electron micrograph of a d210 stage 3 organoid demonstrating an
electron dense OLM-like structure (arrow) relative to PR inner segments.
Scale bars: 50 µm (A-F); 25 µm (G,H); 1 µm (I).

Fig. 10. Summary illustration of the three observedmorphological stages
of hPSC-derived retinal organoid differentiation.Diagram showing the light
microscopic appearance and corresponding cellular composition and
lamination of stage 1, 2 and 3 organoids relative to the timeline of
differentiation.
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tested for pluripotency marker expression by ICC and genotyped to confirm
identity before initiation of experiments. Off-target analysis was completed
for the top ten off-target sites for each gRNA used for all lines that were
CRISPR/Cas9 gene-edited and no indels were detected.

Immunocytochemistry
Organoids were fixed in 4% paraformaldehyde (Electron Microscopy
Sciences) at room temperature (RT) with gentle agitation for 35-60 min and
washed with PBS before cryopreservation by sinking in 15% sucrose in PBS
followed by equilibration in 30% sucrose. They were cryosectioned (15- or
30-μm sections), blocked in 10% normal donkey serum (NDS), 5% bovine
serum albumin, 1% fish gelatin and 0.5% Triton X-100 for 1 hour at RT, and
incubated with primary antibody at 4°C overnight. See Table S1 for a list of
primary antibodies, sources and concentrations. Sections were incubated
with species-specific, fluorophore-conjugated secondary antibodies at 1:500
for 30 min in the dark at RT (Alexa Fluor 488, AF546 and AF647; Thermo
Fisher). Samples were imaged on a Nikon A1R-Si laser scanning confocal
microscope. Manual cone and rod counts were performed on six random
images from three to six different organoids from three different lines using
Nikon Elements D annotations and measurements module. P-values were
calculated with an unpaired two-tailed Student’s t-test (Mann–Whitney test)
using Graph-Pad Prism 6.

Multi-photon imaging
For immunolabeledmulti-photon imaging, organoidswere fixed for 1 h at RT
in 4% paraformaldehyde and blocked overnight at 4°C in 10% NDS, 1%
Triton X-100 in PBS. Primary antibodies (1:500 rabbit anti-M/L-opsin and
1:100mouse anti-rod opsin clone 4D2;Millipore)were diluted inNDS/Triton
X-100 and organoids were incubated with gentle rocking for 2 days at 4°C.
Primary antibody solution was removed and organoids were washed at RT
with 1% Triton X-100 in PBS, 3×1 h followed by 3×10 min. Secondary
antibodies (donkey anti-mouse AF488 and donkey anti-rabbit AF546) were
diluted 1:1000 in 10% NDS/1% Triton X-100 in PBS and organoids were
incubated in the dark at 4°C for 2 days. Organoids were washed as above and
incubated overnight at 4°Cwith DAPI or Nuclear ID (ENZOLifesciences) to
counterstain nuclei, followed by washing at RT in the dark as above.
Organoids were imaged on a Nikon A1R MP at 850 nm excitation using an
Apochromat 25×WMP1300 objective with a numerical aperture of 1.10 and
a working distance of 2.0 mm, or a Leica SP8 DIVE at 800 nm excitation
using an HC PL IRAPO 25× water objective with a numerical aperture of
1.00. For Fig. S6B, individual tiles were acquired and stitched using Leica
LAS X and the Navigator acquisition/tile-scan extension. Projection images
for Fig. 5H and movies were assembled using Imaris software v9.1.2
(Bitplane). Live organoid autofluorescence intensity imaging was conducted
on a multi-photon fluorescence microscope (Bruker Nano) built around a
Nikon Ti:E inverted microscope using a 20× water-immersion objective
(Zeiss) with a numerical aperture of 1. A titanium:sapphire (Chameleon Ultra
II, Coherent) laser was used for excitation (750 nm) of endogenous
fluorophores [e.g. NAD(P)H, retinol, retinoic acid]. A 400-480 nm
bandpass filter isolated NAD(P)H fluorescence emission. A 500 nm high
pass dichroicmirror and a 500-600 nm bandpass filter isolated retinol/retinoic
acid fluorescence emission. Both NAD(P)H and retinol/retinoic acid
fluorescence emission were detected simultaneously with two GaAsP
photo-multiplier tubes.

TEM
Organoids were fixed in 3% glutaraldehyde and 1% paraformaldehyde in
0.08 M sodium cacodylate buffer (all from Electron Microscopy Sciences)
overnight with gentle rocking at 4°C, washed with 0.1 M cacodylate buffer,
and post-fixed in 1% osmium tetroxide for 2 h at RT. The organoids were
then dehydrated in a graded ethanol series, further dehydrated in propylene
oxide and embedded in Epon epoxy resin. Semi-thin (1 µm) and ultra-thin
sections were cut with a Leica EM UC6 ultramicrotome and the latter were
collected on pioloform-coated (Ted Pella, 19244) one-hole slot grids.
Sections were contrasted with Reynolds lead citrate and 8% uranyl acetate in
50% ethanol and imaged on a Philips CM120 electron microscope equipped
with an AMT BioSprint side-mounted digital camera and AMT Capture
Engine software.

OCT
OCT was performed on live organoids using a commercial Telesto-II
spectral domain OCT imaging system (Thorlabs) with 1310 nm light source
(superluminescent diode) and objectives (LSM02, f # 4.5, NA 0.11 and
LSM03, f # 9, NA 0.055), and a 2048-element linear InGaAs array-based
spectrometer. Images and movies were compiled using the open source
3D-rendering software, Clear Volume (Royer et al., 2015).
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Figure S1. Improvement in retinal organoid production across multiple hPSC lines using an early pulse of 

BMP4.  (A) Bar graph depicting the fold increase in mean retinal organoid production across seven hPSC lines 

relative to untreated lines. The p-value was calculated using a one sample Student’s t-test against an untreated 

control mean of 1. (B) Plated EBs at d30 of retinal differentiation (immediately prior to dissection and transfer 

into suspension cultures) showing the difference in organoid-like structure between BMP4-treated and untreated 

cultures (scale bar = 100 µm). (C) Live LM phase images of stage 2 d90 organoids showing clumps of RPE 

(denoted with asterisks) (scale bar = 50 µm). (D) Live LM phase images of two representative d200 organoids 

from the same culture differentiation showing the coexistence of stage 2 organoids with no surface projections 

(left panel) and stage 3 organoids with surface projections (right panel) (scale bar = 50 µm). 
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Figure S2. Live LM phase images of the three distinct stages of retinal organoid morphology 

across 10 hPSC lines. (A-J’’) Representative images of stage  1, 2, and 3 organoids are shown for two 

gene-edited hiPSC lines (A-B’’), one gene-edited hESC line (C-C’’), four hiPSC lines for patients 

affected with inherited retinal degenerations (D-G’’), and three wildtype hiPSC lines (H-J’’) 

(scale bars = 250 µm). 
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Figure S3. Stage 1 organoid cell composition in additional hPSC lines. (A-J) ICC images of d35 

organoids from two additional hPSC lines showing Ki67+/VSX2+ proliferating NRPCs along the 

outer rim and SNCG+ RGCs on the inside of stage 1 organoids (scale bar = 100 µm). (K-O) 

ICC images of a d35 stage 1 organoid from an additional hPSC line showing CHAT+ SACs among the 

SNCG+ RGCs and CaR+ ACs found at this stage (scale bar = 100 µm). 

Development: doi:10.1242/dev.171686: Supplementary information
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Figure S4. Early stage 2 organoid cell composition in additional hPSC lines.  (A-H) ICC images of 

d80 stage 2 organoids from two additional hPSC lines showing the presence of CaR+ ACs and RGCs 

and OC1+ HCs. (I-P) ICC images of d74-d80 stage 2 organoids from two additional lines showing the 

presence of OTX2+ PR progenitors along the outer rim with SNCG+ RGCs located more internally 

(scale bars = 50 µm). 

Development: doi:10.1242/dev.171686: Supplementary information
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Figure S5. Stage 2 organoid PR composition in additional hPSC lines.  (A-H) ICC images of d80 

stage 2 organoids from two additional lines showing maturing RCVN+/CRX+ PRs predominantly near 

the surface. (I-L) ICC image of a d145 stage 2 organoid from an additional line showing the presence 

of maturing ARR3+ cones and NRL+ rods (scale bars = 50 µm). 

Development: doi:10.1242/dev.171686: Supplementary information
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Figure S6. Multiphoton 3D reconstruction of a stage 3 organoid from an additional line showing the 

surface distribution of rods and cones. (A) Phase LM image of a d345 stage 3 organoid fixed for whole 

organoid immunostaining and multiphoton imaging. The asterisks mark attached RPE clumps. (B, C) 

Reconstructed multiphoton 3D image of the stage 3 organoid in panel A showing the surface distribution 

of RHO+ rods and M/L-OPSIN+ cones.  The asterisks mark attached RPE clumps and the area within the 

dashed square is magnified in panel C (scale bars = 100 µm). 
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Figure S7. Examination of outer segment morphology and inner segment metabolic activity across 

multiple stage 3 organoids. (A-E’) Electron micrographs of stage 3 organoid outer segments from five 

additional hPSC lines (scale bars = 800 nm). (F) LM image of the d250 stage 3 organoid shown in 

Figure 6M (scale bar = 150 µm). (G, H) LM and optical metabolic imaging of a stage 3 organoid from 

an additional line showing metabolically active, NADP(H)-rich inner segments (blue) and retinol-

containing regions (green) (scale bars: G = 200 µm, H = 100 µm). 

Development: doi:10.1242/dev.171686: Supplementary information
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Figure S8. Further demonstration of ribbon synapses and BPCs in stage 3 organoids. (A-B’) 

Electron micrographs of stage 3 organoid ribbon synapses from two additional hPSC lines. Dashed 

boxes in panels A and B outline magnified regions shown in panels A’ and B’, respectively (scale bars = 

500 nm). (C-G’) ICC images from a d240 stage 3 organoid showing expression of the presynaptic 

marker VGLUT1 with ARR3 in cone pedicles (asterisk in G’) and with the post-synaptic rod BPC 

marker PKCα (arrow in G’). Panel G’ shows a magnification of the boxed region in panel G (scale bar = 

25 µm). 

Development: doi:10.1242/dev.171686: Supplementary information
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Figure S9. Further demonstration of RGC and SAC loss within inner organoid layers in hPSC 

lines. (A-H) RGC loss in stage 3 organoids from two additional hPSC lines (scale bar = 25 µm). (I-P) 

CHAT immunostaining showing the presence and morphology of rare SACs in stage 3 organoids from 

two additional hPSC lines (scale bar = 25 µm) 

Development: doi:10.1242/dev.171686: Supplementary information
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Development: doi:10.1242/dev.171686: Supplementary information
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Movie 1. OCT analysis of stage 1 organoids. 3D OCT rendering of a group of stage 1 retinal organoids.

Movie 2. OCT analysis of stage 2 organoids. 3D OCT rendering of a group of stage 2 retinal organoids.

http://movie.biologists.com/video/10.1242/dev.171686/video-1
http://movie.biologists.com/video/10.1242/dev.171686/video-2
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Movie 3. OCT analysis of a stage 3 organoid. 3D OCT rendering of a stage 3 retinal organoid.

http://movie.biologists.com/video/10.1242/dev.171686/video-3
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Movie 4. Immunocytochemical analysis reveals non-uniform distribution of opsins in a stage 3 
organoid. 3D reconstruction of a multiphoton z stack showing the surface of a stage 3 (d241) retinal 
organoid, with expression of M/L OPSIN (red) and ROD OPSIN (green) relative to nuclei (blue).

http://movie.biologists.com/video/10.1242/dev.171686/video-4
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Movie 5. Immunocytochemical analysis highlighting elongated photoreceptor outer segments in an 
advanced stage 3 organoid. 3D reconstruction of a multiphoton z stack showing the surface of an older 
stage 3 (d345) retinal organoid, with expression of M/L OPSIN (red) and ROD OPSIN (green) relative 
to nuclei (blue).

http://movie.biologists.com/video/10.1242/dev.171686/video-5


Development: doi:10.1242/dev.171686: Supplementary information

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n

Movie 6. Immunocytochemical analysis of stage 3 organoids demonstrating the presence of an 
outer plexiform-like layer. 3D image of a confocal z stack of a thick section from a stage 3 retinal 
organoid showing expression of cone ARR3 (red) and the pre-synaptic marker VGLUT1 (green) relative 
to nuclei (blue). 

http://movie.biologists.com/video/10.1242/dev.171686/video-6
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Movie 7. Stage 3 organoids contain inner and outer nuclear layers with appropriate cell 
types. 3D reconstruction of a confocal z stack of a thick section from a stage 3 retinal organoid 
showing expression of cone ARR3 (red), ROD OPSIN (yellow) and VSX2 (bipolar cells; green) 
relative to nuclei (blue). Note the presence of pedicles associated with the ARR3+ cone axons vs. 
spherules associated with the ROD OPSIN+ rod axons present within the ONL of this organoid.

http://movie.biologists.com/video/10.1242/dev.171686/video-7


Table S1: Primary antibodies 

Antibody source catalog number dilution 
ARL13b Protein Tech 11711 1:500 
Cone arrestin (ARR3) Novus NBP1-37003 1:200 
Cone arrestin (ARR3) LS Bio LS-C368677 1:300 
Calretinin (CaR) Millipore AB5054BD 1:500 
CHAT Millipore AB144P 1:100 
CRALBP Abcam AB15051 1:250 
CRX Abnova H0001406-M02 1:1000 
C-terminal binding protein 2 (CTBP2) BD Biosciences BD 612044 1:300 
G0α Millipore MAB3073 1:700 
Ki67 Abcam ab15580 1:100 
NR2E3 Abcam ab172542 1:300 
NRL R&D Systems AF2945 1:300 
Onecut1 (OC1) R&D Systems AF6277 1:300 
Opsin ML Millipore AB5405 1:500 
Opsin S Millipore AB5407 1:500 
OTX2 R&D Systems AF1979 1:200 
Pericentrin (PCN) Abcam ab28144 1:500 
PKCα Sigma P4334 1:50 
Recoverin (RCVN) Millipore AB5585 1:2000 
Rhodopsin (RHO) Millipore MABN15 1:100 
RFP (tdTomato) Rockland 600-401-378 1:300 
tdTomato Sicgen AB8181-200 1:300 
Synuclein γ (SNCG) Abnova H00006623-M01A 1:500 
Vesicular glutamate transporter (VGLUT) Millipore AB5905 1:2000 
VSX2 Exalpha X1179P 1:200 
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