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Abstract
Aim: We aimed to compare the quantity and quality of aging retinal organoids generated by applying three distinct
differentiation protocols for human-derived induced pluripotent stem cells (hiPSC).
Methods: hiPSC were differentiated to retinal organoids using a 3D technique (Method 1) and a 3D-2D-3D
technique (Method 2), the latter modified by the addition of BMP4 (Method 3). To investigate the retinal organoid
quantity, we counted the number of retinal domains, precursors to organoids during differentiation. The retinal
organoid quality was evaluated by immunostaining for markers of different retinal cell types in whole cryosections
after days 85, 120, and 200 in culture.
Results: Method 3 produced strikingly more retinal domains per differentiation (65 ± 27) than Methods 1 (12.3 ±
11.2) and 2 (6.3 ± 6.7). Furthermore, retinal organoids differentiated with Method 3 contained significantly more
CRX-positive photoreceptors and BRN3A-positive ganglion cells after 85 days in culture, compared to Methods 1
and 2. After 200 days in culture, the retinal organoids differentiated with Method 3 showed proper maturation, as
demonstrated by the expression of mature rod and cone photoreceptor markers.
Conclusion: This study demonstrates that the retinal organoid differentiation method can significantly impact the
cellular composition of retinal organoids at various time points of development.
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INTRODUCTION
Organoids are three-dimensional (3D) in vitro miniature organs, which contain multiple organ-specific cell
types and a comparable spatial organization to the native tissue[1]. To date, differentiation protocols for
multiple organoid types exist, including cerebral organoids[2-5], intestinal organoids[6,7], lung organoids[8,9],
and kidney organoids[10], among many others. Organoid research was pioneered in 2005 when the Sasai
group developed a protocol to selectively differentiate murine embryonic stem cells to neurons[2,11]. In the
following years, the same group developed methods to differentiate murine and later human embryonic
stem cells to optic cups[12,13]. These advances served as a cornerstone for other groups to develop human
induced pluripotent stem cell (hiPSC) derived retinal organoid differentiation protocols[14-16].
Retinal organoids provide many exciting new avenues of research, in part filling a void created by the
incongruencies between animal models and human diseases. hiPSC derived retinal organoids contain the
main cell types native to the retina: rod and cone photoreceptors, bipolar cells, horizontal cells, amacrine
cells, ganglion cells, and Müller cells. The development and molecular profile of the organoid cells appear to
be fairly similar to their native counterparts[17,18]. Recently, retinal organoids have also been used to model
inherited retinal dystrophies[19-23], although it seems that organoids may be best suited to model severe
phenotypes with an early disease onset.
To date, a variety of retinal organoid differentiation protocols have been established. Broadly, the
procedures can be classified into two main categories: 3D protocols and 3D-2D-3D protocols[24]. The 3D
differentiation protocols are based on the serum-free embryoid body-like quick aggregation culture
technique developed by Eiraku et al.[2,11] and Watanabe et al.[25]. In this technique, the cells are cultured in
suspension for the entire differentiation process (referred to as “3D” culture). Later, other groups added a
temporary adherent phase (the “2D” phase) after the aggregation step, which improved the retinal domain
development[26]. Retinal domains are organoid precursors, which are excised and cultured in suspension
until they are harvested (the second “3D” phase)[26]. Protocols from both main categories can be modified by
including a variety of possible extrinsic chemical signals to promote retinal differentiation or enhance cell
survival.
In this study, the efficacy of differentiation protocols from both main categories was investigated including a
protocol by Wahlin et al.[15] which operates according to the 3D technique (Method 1). This differentiation
protocol utilizes a Wnt inhibitor (Inhibitor of Wnt response compound-1-endo, IWR-1e) to induce retinal
differentiation[27], a Hedgehog agonist [Smoothened agonist (SAG)] to enhance the survival of neural
cells[28], and a Notch signaling inhibitor {N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl
ester, DAPT} to increase photoreceptor yield[29]. The differentiation protocol by Zhong et al.[14] is based on
the 3D-2D-3D technique (Method 2) and uses minimal extrinsic inductive cues to facilitate autonomous
differentiation. We also tested an adaptation of Method 2 which includes a brief early exposure to bone
morphogenic protein 4 (BMP4), as developed by Kuwahara et al.[16] and more recently demonstrated by
Capowski et al.[30] (Method 3). The overall aim of this study was to compare quantity and quality of retinal
organoids produced by the three methods and to identify any discrepancies in cellular composition upon
long-term development.
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METHODS
hiPSC reprogramming and maintenance

The isolation of adult human dermal fibroblasts and reprogramming to hiPSC (approved by the local ethics
committee reference No. 11-101-0228) were performed according to the method in[31] with modifications as
per the work in[32] with minor additional modifications. Briefly, hiPSCs were reprogrammed via
polycistronic lentiviral transduction utilizing the Human STEMCCA Cre-Excisable Constitutive
Polycistronic (OKS/L-Myc) Lentivirus Reprogramming Kit (Sigma-Aldrich, St. Louis, USA) according to
the manufacturer’s instructions. hiPSCs were cultured in mTeSR™ Plus medium (Stemcell Technologies,
Cologne, Germany) on plates coated with hESC-qualified Matrigel (Corning®, New York, USA) and
cryopreserved in CryoStor® CS10 medium (Stemcell Technologies, Cologne, Germany).
Retinal organoid differentiation

Method 1
Retinal organoids were differentiated according to Wahlin et al.[15] with minor modifications. All cells were
cultured under normoxia. On day 0, hiPSCs were treated with StemPro™ Accutase™ (Life Technologies,
California, USA) for 9 min, and 2000 cells per well were plated on a Corning® Costar® Ultra-Low
Attachment 96 Well Plate (Sigma-Aldrich, St. Louis, USA) in mTeSR™ Plus medium (Stemcell
Technologies, Cologne, Germany) with 5 µm Blebbistatin (Cayman Chemical, Michigan, USA). Cells were
weaned onto BE6.2 medium [Supplementary Tables 1 and 2]. Then, 3 µM IWR-1e (Sigma-Aldrich, St.
Louis, USA) was added to the medium until day 7, and 1% Matrigel Growth Factor Reduced Basement
Membrane Matrix (Corning®, New York, USA) was added until day 8.
On day 10, the aggregates which formed retinal domains were counted and isolated with 27G cannulas (BD,
Franklin Lakes, USA) attached to 1 mL syringes (BD, Franklin Lakes, USA). Thereafter, the retinal
organoids were cultured in separate wells of Corning™ Costar™ Ultra-Low Attachment 24 Well Plates
(Thermo Fisher Scientific, Waltham, USA) following Hallam et al.[33]. From day 10 to day 18, 100 nM SAG
(Cayman Chemical, Michigan, USA) was added to the medium. On day 12, the medium was switched to
LTR medium [Supplementary Table 3]. After day 20, 500 nM all-trans retinoic acid (Cayman Chemical,
Michigan, USA) and, from day 29 to day 42, 10 µM DAPT (Cayman Chemical, Michigan, USA) were added
to the medium.
Method 2
Retinal organoids were differentiated according to Zhong et al.[14] with minor modifications. On day 0,
hiPSCs were treated with Dispase (Stemcell Technologies, Cologne, Germany) for 15 min and transferred to
Corning® Ultra-Low attachment cell culture flasks (Sigma-Aldrich, St. Louis, USA) in mTeSR™ Plus medium
(Stemcell Technologies, Cologne, Germany) with 10 µm Blebbistatin (Cayman Chemical, Michigan, USA)
to facilitate aggregate formation. Over the course of three days, the aggregates were weaned onto NIM
medium [Supplementary Table 4]. A medium exchange was performed on day 6, and, on day 7, the
aggregates were plated on Matrigel Growth Factor Reduced Basement Membrane Matrix (Corning®, New
York, USA) coated CELLSTAR® Cell Culture 6 Well Plates (Greiner Bio-One, Kremsmuenster, Austria).
Half the medium was exchanged for fresh NIM every three days. On day 16, the medium was switched to
RDM medium [Supplementary Table 5]. On day 23, the retinal domains were counted. Then, 10 mM
HEPES (Thermo Fisher Scientific, Waltham, USA) was added to the medium, and the retinal organoids
were isolated as described in Method 1 and transferred to separate wells of a Corning® Costar® Ultra-Low
Attachment 96 Well Plate (Sigma-Aldrich, St. Louis, USA) following Hallam et al.[33]. On day 43, the
medium was switched to RC2 medium [Supplementary Table 6]. From day 63 to day 90, 1 µM all-trans
retinoic acid (Cayman Chemical, Michigan, USA) was added to the medium five times weekly. On day 91,
the medium was switched to RC1 medium [Supplementary Table 7].
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Method 3
Retinal organoids were differentiated as described in Method 2, with a single modification. On day 6, 1.5
nM BMP4 was added to the medium, as demonstrated by Capowski et al.[30].
Immunofluorescence

Immunocytochemistry
Cryosections (10 µm) of retinal organoids were washed three times in PBS for 5 min at room temperature
(RT) and blocked in 10% normal goat serum (Abcam, Cambridge, UK) and 0.3% Triton X (VWR,
Pennsylvania, USA) in PBS for 1 h at RT. Samples were incubated in primary antibodies in 2.5% normal
goat serum and 0.1% Triton X in PBS overnight (ON) at 8 °C. Samples were washed three times in PBS for 5
min at RT, and incubated in the secondary antibodies in 2.5% normal goat serum, 0.5% 4’,6-diamidino-2phenylindole (DAPI, Molecular Probes, Leiden, the Netherlands), and 0.1% Triton X in PBS ON at 8 °C.
The secondary antibody solutions were aliquoted and stored at -20 °C, to reduce batch effects. Samples were
washed three times in PBS for 5 min at room temperature and mounted in Dako fluorescence mounting
medium (Agilent, California, USA). Slides were dried ON before imaging.
Antibodies
The following primary antibody dilutions were used: AP2A 1:250 (ab108311, Abcam, Cambridge, UK),
BRN3A 1:250 (ab245230, Abcam, Cambridge, UK), CRX 1:1000 (H00001406-M02, Abnova, Taipeh,
Taiwan), OPN1SW 1:1000 (JH455, gift from Jeremy Nathans, Johns Hopkins University, Maryland, USA),
RCVRN 1:1000 (AB5585, Sigma, Missouri, USA), RHO1D4 1:1000 (gift from Robert S. Molday, University
of British Columbia, Vancouver, Canada), SNCG 1:500 (H00006623-M01, Abnova, Taipeh, Taiwan), and
VSX2 1:1000 (HPA003436, Sigma, Missouri, USA). The following secondary antibodies and dilutions were
used: Alexa Fluor® 488 goat anti-rabbit IgG 1:667 (Thermo Fisher Scientific, Waltham, USA) and Alexa
Fluor® 594 goat anti-mouse IgG 1:667 (Thermo Fisher Scientific, Waltham, USA). For samples stained with
PNA, Alexa Fluor® 594 goat anti-mouse IgG was replaced with 4% Alexa 594-conjugated peanut agglutinin
(Invitrogen, California, USA).
Analysis

Retinal organoid yield quantification
The number of retinal domains was manually counted on day 10 for Method 1 and day 23 for Methods 2
and 3. The mean from three independent differentiations was calculated. To test for significance, a one-way
ANOVA test, post hoc Tukey test, and Bonferroni correction for multiple comparisons were performed.
The number of retinal organoids was counted on day 63 for Methods 2 and 3, and the mean was calculated
from three independent differentiations. A Mann-Whitney U-test was performed to test for significance.
Microscopy and image analysis
All slides were imaged on a confocal microscope Olympus Fluoview FV3000. To confirm successful retinal
organoid differentiation and maturation, closeup images of retinal organoid sections were taken. To control
for regional variability, the quantification of the relative expression of retinal markers was performed from
whole cryosections. Three organoids were analyzed per method and each timepoint. The relative area of the
stain was calculated compared to the DAPI-positive area (for nuclear markers AP2A, BRN3A, CRX, and
SNCG) or the whole cryosection (for cytosolic markers RCVRN and RHO). The quantification was
performed in Fiji, an updated distribution of ImageJ[34]. Macros were written for the quantification, which
converted the images to 16 bits, performed thresholding according to method in[35], and measured the
remaining area.
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Statistical analysis
The Kolmogorov-Smirnov test was used to test for normality. Significance was investigated as per the
retinal organoid yield quantification. To compare organoids from two timepoints, a Student’s t-test was
performed, and a P-value < 0.05 was considered significant.

RESULTS
To investigate the efficacy of retinal organoid differentiation protocols, we differentiated the same hiPSC
line to retinal organoids using three differentiation protocols termed Method 1 (based on Wahlin et al.[15]),
Method 2 (based on Zhong et al.[14]), and Method 3 (based on Capowski et al.[30]) [Figure 1A]. First, we
investigated whether each differentiation method could successfully generate retinal organoids. In our
hands, each differentiation method successfully produced retinal organoids showing a phase bright outer
rim, which corresponds to the developing neuroepithelium[14,15,30], known as a characteristic morphological
feature of high-quality retinal organoids [Figure 1B]. To further confirm effective retinal differentiation, the
expression of a ganglion[36,37] and amacrine cell[38] marker synuclein gamma (SNCG) and two early
photoreceptor markers recoverin (RCVRN)[39] and cone-rod homeobox (CRX)[40,41] were confirmed in
retinal organoids from each differentiation method [Figure 1B]. We used these stains to evaluate the
histoarchitecture of the retinal organoids and observed an optimal lamination in the organoids from
Method 3.
The primary objective of this study was to identify the differentiation method which produced the highest
yield and best quality of retinal organoids. To determine the retinal organoid quantity, we counted the
retinal domains produced using Method 1 on day 10 and using Methods 2 and 3 on day 23 [Figure 2A and
B]. These timepoints were chosen based on recommendations given by Wahlin et al.[15] and Zhong et al.[14]
concerning the optimal timepoint for retinal domain excision. Method 3 produced strikingly more retinal
domains per differentiation (65 ± 27) than Method 1 (12.3 ± 11.2) and Method 2 (6.3 ± 6.7), despite some
variability. Furthermore, the retinal domains from Method 3 were more clearly defined, and therefore easier
to excise [Figure 2A]. The number of retinal domains which matured to retinal organoids was counted on
day 63. Again, Method 3 produced more retinal organoids than Method 2 (24.7 ± 17.2 vs. 1.7 ± 0.6)
[Supplementary Figure 1].
To investigate the quality of retinal organoids produced by the three different methods, we quantified the
expression of several retinal markers in 85-day-old retinal organoids. This timepoint was chosen, since the
cellular composition of retinal organoids at this timepoint has been well documented by previous
groups[14,30,42]. To control for regional variability, we analyzed whole cryosections. First, we investigated the
expression of CRX, a transcription factor which is one of the earliest genes expressed in photoreceptor
precursors, as well as mature photoreceptors[40,41,43]. Retinal organoid cryosections were immunostained for
CRX [Figure 2C], and the CRX-positive area was quantified relative to the DAPI-positive area (blue
staining). We found the highest CRX expression in the retinal organoids differentiated using Method 3 (25%
± 5.3%), while the CRX expressions for Methods 1 (5.7% ± 4.8%) and 2 (8.6% ± 2%) were significantly lower
than that of Method 3 but comparable to each other [Figure 2D]. Next, we investigated the expression of
BRN3A, a transcription factor and an early retinal ganglion cell marker[44-46] [Figure 2E]. Again, the retinal
organoids produced by Method 3 showed the highest BRN3A expression (Method 1: 0.3% ± 0.5%; Method
2: 0.3% ± 0.4%; Method 3: 1.8% ± 0.3%) [Figure 2F]. In contrast, the different methods did not have a
significant effect on the expression of the amacrine cell marker transcription factor AP-2-alpha, the
ganglion cell marker SNCG, and the photoreceptor marker RCVRN [Supplementary Figure 2].
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Figure 1. Overview of retinal organoid differentiation protocols. (A) A timeline of each retinal organoid differentiation protocol is shown.
The supplements used in each protocol are denoted above the timeline, the extrinsic factors are denoted below the timeline, and the
timepoint of excision is indicated with a tungsten needle. “H” indicates the timepoint when the retinal organoids were harvested for the
comparative analyses. (B) Each differentiation method successfully produced retinal organoids (shown on day 85). Retinal organoids
from each method contained amacrine and ganglion cells (SNCG-positive) and juvenile photoreceptor cells (RCVRN-positive, CRXpositive). Composite images were counterstained with DAPI. IWR-1e: Inhibitor of Wnt response compound-1-endo; SAG: smoothened
agonist; DAPT: N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester; RA: all-trans retinoic acid; H: harvest; BMP4:
bone morphogenic protein 4; SNCG: synuclein gamma; RCVRN: recoverin; CRX: cone-rod homeobox. Black scale bar: 100 µm; white
scale bar: 50 µm.

To more conclusively investigate whether the retinal organoids generated with Method 3 differentiate
properly, we performed multiple analyses of long-term cultures. Again, the timepoints were chosen based
on the availability of reference data from previous publications[14,30]. We first investigated the RCVRNpositive area relative to the whole cryosection, in 85- and 120-day-old retinal organoids [Figure 3A]. The
relative RCVRN-positive area was significantly higher in the 120-day-old retinal organoids, indicating more
progenitor cells differentiated along a photoreceptor lineage over time [Figure 3B]. Next, the relative
expression of RHO, a mature rod photoreceptor marker, was analyzed in 120- and 200-day-old organoids
[Figure 3C]. Again, we observed that the expression of this marker increased over time, indicating that the
juvenile photoreceptors in the organoids mature to rods over time [Figure 3D]. Finally, we examined the
localization of visual system homeobox 2 (VSX2) expression in 200-day-old organoids. During retinal
development, VSX2 is initially expressed by neural retinal progenitor cells and later is restricted to bipolar
cells in the developing inner nuclear layer (INL)[14,47]. We localized VSX2 in the developing inner nuclear
layer in 200-day-old retinal organoids [Figure 3E]. In addition, OPN1SW+ blue cone photoreceptors and
PNA positive cone photoreceptor inner and outer segments[48] were identified in the 200-day-old retinal
organoid [Figure 3F].
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Figure 2. Method 3 produced a larger quantity and higher quality of retinal organoids. (A) Brightfield images show proper differentiation
of retinal domains pre-excision (arrowheads indicate retinal domains). (B) More organoids per differentiation were acquired using
Method 3 compared to Method 2. (C) Whole cryosections of 85-day-old retinal organoids from each differentiation method, stained
with an early photoreceptor marker (CRX) and counterstained with DAPI are shown. (D) The relative CRX-positive area was greatest in
the retinal organoids differentiated using Method 3. (E) Whole cryosections of 85-day-old retinal organoids stained with a ganglion cell
marker (BRN3A) and counterstained with DAPI are shown. (F) The relative BRN3A positive area was greatest in the retinal organoids
differentiated using Method 3. CRX: Cone-rod homeobox; BRN3A: POU class 4 homeobox. Scale bar (A) 100 µm; (C, E) 300 µm. (B, D,
F) *P < 0.017 (Bonferroni-corrected).

DISCUSSION
In this study, we differentiated hiPSCs to retinal organoids following the original descriptions of three
protocols which implement different techniques and extrinsic differentiation stimuli. The starting point
(iPSC) and endpoint (retinal organoids) of the three methods are identical, but otherwise the methods are
very different. We chose to adhere to the published protocols instead of manipulating them to reduce their
dissimilarities, in order to compare the original protocols. While each differentiation protocol successfully
generated retinal organoids, Method 3 produced significantly more organoids per differentiation, and the
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Figure 3. Retinal organoids differentiated by following Method 3 acquire mature characteristics. (A) Retinal organoids from two
timepoints, stained with a developing photoreceptor marker (RCVRN) and counterstained with DAPI are shown. (B) The relative
RCVRN-positive area was greater in 120-day-old retinal organoids compared to 85-day-old retinal organoids. (C) Retinal organoids
from two timepoints, stained with a mature rod photoreceptor marker (RHO) and counterstained with DAPI are shown. (D) The
relative RHO-positive area was larger in the retinal organoids harvested on 200-day-old retinal organoids compared to 120-day-old
retinal organoids. (E) VSX2 expression in the outer nuclear layer of an 85-day-old retinal organoid, counterstained with DAPI. (F) VSX2
expression in the inner nuclear layer of a 200-day-old retinal organoid, counterstained with DAPI. (G) A 200-day old retinal organoid
showed surface projections. (H) The retinal organoid shown in (G) displayed PNA expression in the putative inner and outer segments
and contained OPN1SW-positive blue cone photoreceptors. Counterstaining was performed with DAPI. RCVRN: Recoverin; RHO:
rhodopsin; ONL: outer nuclear layer; INL: inner nuclear layer; VSX2: visual system homeobox 2; PNA: peanut agglutinin; OPN1SW: opsin
1, short wave sensitive. Scale bar: (A, C) 300 µm; (E, F) 50 µm; (G) 1 mm; (H) 50 µm. *P < 0.05, **P < 0.01.

organoids contained more CRX-positive photoreceptors and BRN3A-positive ganglion cells after 85 days in
culture. We further investigated 200-day-old retinal organoids differentiated based on Method 3 and
observed proper maturation indicated by the increase of RCVRN- and RHO-positive cells, VSX2 expression
in the INL, and OPN1SW and PNA expression in the putative inner and outer segments. Our comparison
demonstrates that Method 3 produced the highest quantity and quality of retinal organoids. Interestingly,
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Method 3 only increased the proportion of BRN3A- and CRX-positive cells and not the proportion of AP2-alpha-, SNCG-, or RCVRN-positive cells. Each of these markers is expressed by a different subset of
retinal cells, and some markers are not exclusive to one cell type. For example, although BRN3A[44-46] and
SNCG[36,37] are both expressed in ganglion cells, there is evidence that some amacrine cells also express
SNCG[38]. The AP-2-alpha amacrine cell marker which we investigated in this study was not significantly
altered as a consequence of the differentiation method. Taken together, these results indicate that Method 3
increases the proportion of ganglion cells but not amacrine cells in the retinal organoids. This underscores
that all three methods successfully generated retinal organoids, while the differentiation method
substantially alters their cellular composition. This is especially interesting when comparing Methods 2 and
3, since only a single extrinsic inductive stimulus (BMP4) significantly altered the cellular composition of
the ensuing retinal organoids.
BMP4 belongs to a family of signaling molecules which were initially discovered for their ability to induce
bone formation[49] but are now known to play a number of crucial roles in other organ systems[50]. Germline
deletion of BMP4 is embryologically lethal in mice between 6.5 and 9.5 days post conception[51]. Conditional
deletion of BMP4 from the optic vesicle resulted in an optic cup devoid of neural retinal markers, indicating
that BMP4 is required for retinal specification[52]. In vitro, BMP4 does not appear to be required for retinal
differentiation, since the protocols without BMP4 also produce organoids. Instead, it is possible that BMP4
exposure reinforces or amplifies retinal differentiation in vitro, while the timepoint of BMP4 exposure is
thought to be critical[53]. An effect of the differentiation method on the ensuing organoid has previously
been observed in the study of cortical organoids. Tanaka et al.[54] performed a synthetic comparative analysis
of single-cell transcriptome profiling of cortical organoids from eight different protocols and observed that
the cellular composition and differentiation routes varied across the individual differentiation protocols. In
line with these findings, Chichagova et al.[55] compared two retinal organoid differentiation methods and
found that, with one of their hiPSC lines, one method was skewed towards an interneuron fate, whereas
another method skewed the retinal organoids towards a rod photoreceptor fate.
Ours and similar studies which compare retinal organoid differentiation protocols are vital for the scientific
community, especially since there are still some open questions. Based on our study, we should not surmise
that 3D-2D-3D techniques (such as Methods 2 and 3) are inherently superior to 3D techniques (such as
Method 1). In our hands, the organoids from Method 1 showed insufficient lamination despite staining
positive for several retinal cell types. Notably, the lamination in the original publication is above reproach. It
is rather speculative to question why Method 1 did not work better in our hands, especially because the
method was described very well in the original publication. Furthermore, retinal organoids are plagued by a
certain degree of variability[33]. In our study, the quantification of the retinal domains showed some
variability, which may have been caused by small numbers and differences in the counting methodology. It
is plausible that weaker effects may have been masked by the variability.
To date, many retinal organoid differentiation protocols[18,42,56,57] have not been tested in side-to-side
comparisons by independent groups, most likely due to the considerable time commitment associated with
these protocols. To facilitate the comparability of experimental applications of retinal organoids across
studies, standardized retinal organoid differentiation protocols are needed, which should focus on the type
of differentiation technique and the extrinsic differentiation cues.
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