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Abstract

Inherited retinal dystrophies, such as Leber congenital amaurosis, Stargardt disease, and retinitis pigmen-
tosa, are characterized by photoreceptor dysfunction and death and currently have few treatment options.
Recent technological advances in induced pluripotent stem cell (iPSC) technology and differentiation
methods mean that human photoreceptors can now be studied in vitro. For example, retinal organoids
provide a platform to study the development of the human retina and mechanisms of diseases in the dish, as
well as being a potential source for cell transplantation. Here, we describe differentiation protocols for 3D
cultures that produce retinal organoids containing photoreceptors with rudimentary outer segments. These
protocols can be used as a model to understand retinal disease mechanisms and test potential therapies,
including antisense oligonucleotides (AONs) to alter gene expression or RNA processing. This “retina in a
dish” model is well suited for use with AONs, as the organoids recapitulate patient mutations in the correct
genomic and cellular context, to test potential efficacy and examine off-target effects on the translational
path to the clinic.
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1 Introduction

The dysfunction and death of photoreceptor cells are associated
with inherited retinal diseases (IRDs), which are a major cause of
blindness. The lack of effective treatment to prevent loss of photo-
receptors means these diseases are currently irreversible. Recent
progress in the differentiation of stem cells to retinal cells has
enabled the generation of functional retinal organoids in vitro or
a “retina in a dish” [1–4]. By recapitulating the retina from patient-
derived induced pluripotent stem cells (iPSC), retinal organoids
offer a platform for developing therapeutic treatments and model-
ing patient disease [5, 6].

A dynamic and complex microenvironment is involved in eye
development, including direct and indirect cell–cell interaction and
specific signaling regulation in different stages of development
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[7]. Because of this complex microenvironment, retinal organoids
have the potential to develop a more mature retina than photore-
ceptors differentiated in 2D conditions only. Several studies have
shown that with defined culture conditions, embryonic stem cells
(ESC), and iPSC can be differentiated into retinal organoids in a
3D environment, producing a laminated retina that mimics the
in vivo human retina [2, 3, 8]. In addition to recapitulating the
structure of native eye development, rudimentary disorganized
outer segments can be observed in photoreceptors from retinal
organoids.

In this chapter, we describe three different methods to differ-
entiate iPSC to retinal organoids in 3D. Retinal organoids gener-
ated from these protocols are well laminated with photoreceptors in
their outer layer and develop rudimentary outer segments. Impor-
tantly, they also recapitulate photoreceptor mRNA processing and
the exquisite pattern of alternative splicing they present [9–
11]. This makes retinal organoids ideal for studying aberrant splic-
ing events associated with patient variants in several forms of IRDs
[9, 12]. Furthermore, they can then be applied to the development
of antisense oligonucleotides (AONs) as potential treatments
[9, 13].

2 Materials

2.1 General

Materials

1. U-bottom ultra-low 96-well plate.

2. 25-well plate low attachment.

3. 6-well plate.

4. Ultra-low adhesion 6-well plate.

5. Crescent knife.

6. Retinoic acid (RA).

2.2 iPSC Culture 1. Essential 8 Flex medium.

2. Geltrex.

3. Cell dissociation buffer (ThermoFisher).

2.3 EB Suspension

Protocol

1. EB2 base medium: GMEM, 20% Knock-Out Serum, 1%
Sodium pyruvate, 1% NEAA, and 110 μM
2-Mercaptoethanol (see Note 1).

2. NR media (NRM): DMEM/F12, 1% N2 Supplement, 10%
FBS, and 1% NEAA (see Note 1).

3. V-bottom 96-well plate.

4. IWR-1e (Wnt inhibitor).

5. Rock inhibitor (Y-27632).
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6. Matrigel (growth factor reduced).

7. Hedgehog smoothened agonist (SAG).

8. TrypLE.

2.4 EB Adherent

Protocol

1. Neural induction medium (NIM): DMEM/F-12 (1:1), 1% N2

supplement, 1% NEAA, and Heparin 2 μg/ml (see Note 1).

2. Retinal Differentiation Medium (RDM): DMEM/F12 (3:1),
2% B27 (without Vitamin A), 1% NEAA, and 1% Pen/Step (see
Note 1).

3. Neural Retina Maturation Medium 1 (RMM1): DMEM/F12
(3:1), 2% B27 (without vitamin A), 1% NEAA, 1% Pen/Strep,
10% FBS, 100 μM Taurine, and 1% Glutamax (see Note 1).

4. Neural Retina Maturation Medium 2 (RMM2): DMEM/F12
(3:1), 1% N2, 1% NEAA, 1% Pen/Strep, 10% FBS, 100 μM
Taurine, and 1% Glutamax (see Note 1).

5. Blebbistatin.

2.5 Non-EB Adherent

Protocol

1. Essential 6 medium (ThermoFisher).

2. Neural inductionMedium (NIM): AdvancedDMEM/F12, 1%
N2 supplement, 1% NEAA, 1% Glutamax, and 1% Pen/Strep
(see Note 1).

3. Retinal Differentiation Media (RDM): DMEM/F12 (3:1), 1%
Pen/Strep, 1% NEAA, and 2% B27 (see Note 1).

4. Neural Retina Maturation Medium 1 (RMM1): DMEM/F12
(3:1), 1% Pen/Strep, 2% B27, 10% FBS, 100 μM Taurine, 1%
NEAA, and 1% Glutamax (see Note 1).

5. Neural Retina Maturation Medium 2 (RMM2): DMEM/F12
(3:1), 1% Pen/Strep, 2% B27 (without vitamin A), 1% N2, 10%
FBS, 100 μM Taurine, 1% NEAA, and 1% Glutamax (see
Note 1).

2.6 RNA Extraction 1. RNA mini kit.

2. PBS.

3. Micropestle.

3 Methods

iPSC are maintained with Essential 8 Flex (E8F) in Geltrex coated
6-well plates (see Note 2). Once they reach 70% confluence, iPSC
are treated with 500 μl cell dissociation buffer for 2 min at 37 �C in
the incubator. After the incubation, remove the cell dissociation
buffer and add 1 ml of E8F into a well. Use 1 ml tip scraping the
well to collect iPSC in small clumps. Cell clumps are collected and
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transferred into a new Geltrex-coated plate with 1 ml tip. Medium
is changed every other day, and iPSC can be double-fed with 4 ml
E8F to cover the weekend (see Note 3).

3.1 EB Suspension

Protocol

This protocol is adapted from the method initially described by
Sasai and colleagues [3].

1. Maintain iPSC in a 6-well plate as described earlier. Use 1 ml
TrypLE to disperse cells into single cells. Collect the cell pellet
after centrifugation at 300 � g for 5 min and resuspend in 2 ml
E8F with 10 μM Rock inhibitor (ROCKi).

2. Place 10,000 cells per well with 100 μl E8F with ROCKi in a
V-bottom low attachment 96-well plate.

3. The next day, add 100 μl E8F with ROCKi (Day 1).

4. Change half medium, 100 μl, with EB2 with 10 μM ROCKi,
3 μM IWRe-1, and 2% Matrigel twice a week until Day 12.

5. Change half medium, 100 μl, with EB2 with 3 μM IWRe-1, 2%
Matrigel, 10% FBS, and 100 nM SAG twice a week until Day
18.

6. Transfer cells into U-bottom ultra-low attachment 96-well
plates, and the medium is switched to NRM supplemented
with 0.5 μM RA from Day 20 until Day 100. Change medium
three times a week (Fig. 1) (see Note 4).

7. From Day 100, select and maintain laminated organoids in
25-well plates in NRM with no RA till collection day (Fig. 1)
(see Note 5).

3.2 EB Adherent

Protocol

This protocol is adapted from the method initially described by
Canto-Soler and colleagues [2].

1. Collect the iPSC clusters, as described earlier, from three con-
fluent wells (or one T25 flask) with E8F + 10 μM Blebbistatin
(see Note 6) and transfer the cell clumps into three wells (2 ml
per well) of ultra-low adhesion 6-well plate to form the embry-
oid bodies (EB).

2. After 24 h (Day 1), use a 10-ml pipette to collect the EB into
15-ml falcon and centrifuge at 110 � g for 2 min. Remove the
supernatant and collect the EB with 6 ml medium of 75%
E8F + 10 μM Blebbistatin and 25% neural induction medium
(NIM). Transfer the EB back to the wells, 2 ml in each well (see
Note 7).

3. With the same technique described in step 2, change the
medium to 50% E8F + 10 μM Blebbistatin and 50% NIM on
Day 2 and 100% NIM on Day 3 and Day 5 (see Note 8).

4. On Day 7, transfer EB from three wells to six wells of Geltrex-
coated 6-well plate in NIM, 4 ml in each well. Gently mix the
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Fig. 1 EB suspension protocol. Top row: Schematic diagram of EB suspension protocol steps and media.
Lower row: Representative organoids at different stages of differentiation are shown. Visible lamination can be
observed at approximately Day 35 and good organoids can maintain the lamination and mature during
differentiation to form an outer nuclear layer of photoreceptors with inner segment and outer segment (which
can be seen by the “brush border,” arrowhead). Scale bar is 250 μm. The cartoon images are made with
BioRender

Fig. 2 EB adherent protocol. Top row: Schematic diagram of EB adherent protocol steps and media.
Lower row: Representative images at different stages of differentiation are shown. EB formation in suspension
is followed by attachment to Geltrex-coated wells and formation of NR. Picked NR successfully mature through
the differentiation form an outer nuclear layer of photoreceptors with inner segment and outer segment (which
can be seen by the “brush border,” arrowhead). Scale bar is 250 μm. The cartoon images are made with
BioRender
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medium in the wells to let the EB equally distributed in the
wells (Fig. 2) (see Note 2).

5. Change 4 ml NIM medium twice a week until Day 15.

6. Feed the cells daily with retinal differentiation medium (RDM)
from Day 16 until neural retina (NR) domains [9] are formed
(Fig. 2).

7. Pick individual NR mechanically with a crescent knife using an
inverted brightfield microscope (EvosXL Core) in the safety
cabinet in between Day 28 and Day 35 and culture in suspen-
sion in U-bottom ultra-low 96-well plates with RDM, one
NR per well. Change medium three times a week (see Notes
4 and 11).

8. Switch medium to RMM1 from Day 42. Of note, 1 μM RA is
introduced from Day 63.

9. Switch medium to RMM2 with 0.5 μM RA from Day 90 and
RMM2 only from Day 100.

10. On Day 100, laminated retinal organoids can be observed with
a microscope and are selected and transferred to 25-well plates
with 1 ml medium (see Note 5).

11. Maintain retinal organoids in RMM2 until collection day.

3.3 Non-EB Adherent

Protocol

This protocol is adapted from the method initially described by Ali
and colleagues [8].

1. iPSC are maintained in 6-well plates as described earlier. E8F is
switched to Essential 6 medium for 2 days when the cells reach
90–100% confluence (see Note 9).

2. Introduce 4 ml NIM fromDay 3 and change the medium three
times a week until the NR are formed (Fig. 3) (see Note 10).

3. Pick NR, as described in EB Adherent Protocol (see Subhead-
ing 3.2, step 7), and maintain in U-bottom ultra-low attach-
ment 96-well plates with RDM up to 1 week (see Notes 4
and 11).

4. Switch medium from RDM to RMM1 for 4 weeks.

5. After 4 weeks with RMM1 only, introduce 1 μMRA in RMM1
for 2 weeks.

6. Switch medium to RMM2 with 0.5 μM RA until Day 100.

7. Visually confirmed laminated organoids are transferred to
25-well plates and maintained in RMM2 without B27 until
collection day (Fig. 3) (see Note 12).

3.4 AON Treatment

of Organoids

1. Mature organoids are generated from protocols described in
the above sections.

2. Dilute AONs into working concentration (e.g., 0.1–10 μM)
with culture medium, depending on the methods (see
Note 13).
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3. Remove the medium and treat organoids with media contain-
ing AONs (see Note 14).

4. Treat organoids with AONs two times a week with a full change
of the medium containing the AON (see Note 15).

5. On the collection day, transfer the organoids into 1.5-ml
microcentrifuge tubes with 1 ml PBS individually.

6. Remove PBS and keep the microcentrifuge tube on dry ice for
10 min.

7. RNA can be extracted immediately or the samples can be stored
at �80 �C (see Note 16).

3.5 RNA Extraction

from Organoids

1. Samples are prepared as described in the previous step.

2. Homogenize organoids individually with micropestle in the
microcentrifuge tube.

3. Add lysis buffer from RNA mini kit, in this case from Qiagen,
and homogenize organoids again (see Note 17).

4. Follow the instruction of RNA extraction kit to finish RNA
extraction and cDNA can then be synthesized.

3.6 Read-out These methods can be used to produce laminated retinal organoids
for the study of RNA processing and morphological changes asso-
ciated with genomic variants and their potential correction with

Fig. 3 Non-EB adherent protocol. Top row: Schematic diagram of non-EB adherent protocol steps and media.
Lower row: Representative images at different stages of differentiation are shown. NR are formed in NIM
medium, and picked NR cultured in suspension going through differentiation mature to form organoids with an
outer nuclear layer of photoreceptors with inner segment and outer segment projecting outwards (which can
be seen by the “brush border,” arrowhead). Scale bar is 250 μm. The cartoon images are made with
BioRender
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AONs. The assays used for downstream analyses are dependent on
the specific questions being asked. Routine analyses would usually
involve RT-PCR and qPCR, but the organoids are also amenable to
RNAseq, single-cell sorting, next-generation sequencing, or long-
range sequencing. This can provide a unique insight into human
photoreceptor splicing and its manipulation for discovery science or
therapeutic benefit.

4 Notes

1. General. Once supplemented, the complete medium is stable
for up to 2 weeks when stored in the fridge at 4 �C. Freshly
made medium can be aliquoted and stored in the freezer at
�20 �C for longer storage.

2. Geltrex from stock solution is diluted 50 times in DMEM/F12
medium and 1 ml diluted Geltrex is used to coat a well in a
6-well plate. Plate is coated at 37 �C in the incubator for an
hour. EB will attach in the wells from this step.

3. General. Different iPSC clones might have different efficiency
of differentiation using these methods. It is recommended to
start with at least two of the protocols to test which method is
more efficient for that specific clone. The retinal identity and
correct lamination of organoids produced by any of the three
described methods can be predicted by careful visual inspection
under a microscope, but it must be verified by expression of
mature retinal markers (e.g., recoverin, cone arrestin, rhodop-
sin, LM opsin) by immunofluorescence staining and/or gene
expression assays.

4. Medium is changed three times a week for 96-well plates and
two times a week for 25-well plates.

5. Cut the end of a 1-ml pipette tip off to transfer organoids from
96-well plates to 25-well plates. One retinal organoid per well
of 25-well plates. More than one organoid in a well might cause
them to merge together.

6. Three wells from a 6-well plate or one T25 flask are optimized
conditions we use, but this vary depending on the size of the
clumps and confluence of the iPSC. So this step may need to be
optimized in each lab.

7. Be gentle while collecting and transferring EB from and into
wells. Avoid breaking the EB into single cells.

8. Gamm and colleagues reported that a single dose of BMP4 at
day 6 of differentiation, followed by one-half media changes
every 3 days until day 16, improved NR production [14].
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9. iPSCs need to reach almost 100% confluence, this is crucial for
non-EB adherent protocol. Lower density might cause cell
death and failure of the protocol. Essential 6 medium is
changed daily.

10. For weekend feeding, 6 ml of NIM is used on Friday instead of
4 ml. NR are usually formed between week 4 and week 6.

11. At the NR picking step, it is recommended to pick as many as
possible (or needed) to increase the number of mature orga-
noids. Between 50% and 90% of the NR picked will not make it
to mature laminated retinal organoids (dependent on cell line).
Some fail to form organized neuroepithelium in suspension
and some collapse in a later stage forming a ball of neuro-
retinal rosettes that will not develop the full outer and inner
retinal layers. It is necessary to account for this when designing
experiments.

12. We find media without B27 from this stage may improve the
organization of the inner retinal cell layers in organoids.

13. 0.1–10 μM is the concentration range that we have tested for
AONs (with phosphorothioate backbone and either 20-O-
methyl or 20-O-methoxyethyl modifications). The working
concentration might vary with different AONs, as this is
empirical.

14. Gymnotic treatment with phosphorothioate backbone AONs
is effective for retinal organoids. Addition of 6 μMEndoPorter
will assist morpholino uptake. To treat the organoids, 200 μl of
total volume is used in 96-well plates and 1 ml in 25-well
plates.

15. Treatment time is empirical and will depend on the specific
target or assay being used. We have used treatment times
between 72 h and 4 weeks.

16. Nonsense mediated decay can be inhibited with emetine prior
to sample collection, if it is suspected this is affecting the
detection of aberrant transcripts.

17. A 30-gauge needle can be used to help homogenize organoids.
200–500 ng of RNA can be extracted per organoid.
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