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A B S T R A C T

Cell replacement therapy is a promising approach for treatment of retinal degenerative diseases. Several pro-
tocols for the generation of photoreceptor precursors (PRP) from human embryonic stem cells (hESC) have been
reported with variable efficiency. Herein, we show the advantages of use of size-controlled embryoid bodies in
the ESC differentiation process using two differentiation protocols. We further explored cell-labeling methods for
following the survival of PRP transplanted subretinally in rat eyes. Size-controlled embryoid bodies (EBs)
generated using microwell dishes and non-size-controlled EBs generated using V-shaped 96-well plates were
differentiated into PRP using two differentiation protocols. The differentiation protocols utilized two different
combinations of growth factors. The first, Dkk1, Noggin, and IGF1, and the second protocol used IWR1e, SAG,
and CHIR99021. Differentiation efficiency to PRP was analyzed by qPCR, immunocytochemistry, and fluores-
cence-assisted cell sorting (FACS). Size-controlled IWR1e yielded a significantly higher percent (86.4%) of PRP
cells expressing CRX, compared with non-size-controlled IWR1e (51.4%, P= 0.026) or the size-controlled DKK1
protocol (70.5%, p=0.007). In addition, the IWR1e differentiated cells exhibited a significantly higher fluor-
escence intensity of CRX immunostaining, compared with the DKK1 protocol, consistent with higher protein
expression levels. The IWR1e cells exhibited higher maturation levels, as manifested by lower early neuronal
marker PAX6 and pluripotency marker OCT4 levels compared with the DKK1 protocol. The expression of other
late photoreceptor markers (NRL, recoverin) were similar among the differentiation groups.

PRP cells were labeled by using hESC constitutively expressing EGFP or by AAV-GFP transduction. Finally, we
transplanted the cells in the subretinal space of wild-type rats and monitored their survival over several weeks.
The AAV2 serotype efficiently transduced the PRP cells, whereas other serotypes yielded low or no transduction.
Following subretinal transplantation of GFP-labeled PRP, 63% of the cells were detected at 4 weeks post-
transplantation. In conclusion, we show here that the IWR1e protocol using size-controlled EBs efficiently
generated of PRP that could be labeled and followed in-vivo for weeks. The data from this study is an advance
toward the goal of PRP transplantation therapy for retinal degenerative diseases.

1. Introduction

Some retinal degenerative diseases including age-related macular
degeneration (AMD) and retinitis pigmentosa (RP) are characterized by
progressive loss of outer retinal layers (retinal pigment epithelium
(RPE) and the photoreceptors (PR) cells), and are the leading causes of
blindness in the developed world (Bressler, 2004; Lim et al., 2012;
Daiger et al., 2014). Extensive research is being performed to devise

treatment strategies aimed at slowing down or halting loss of PR in
disease progression. However, vision restoration after PR loss is even
more challenging. Notwithstanding, PR cell-replacement therapy is a
rapidly emerging technology that carries great hope for treating outer
retinal degeneration diseases (Barber et al., 2013; Luo et al., 2014;
Warre-Cornish et al., 2014; Reynolds and Lamba, 2014; Pearson et al.,
2012; Zarbin et al., 2016; Reh, 2016; Shirai et al., 2016; MacLaren
et al., 2006; Mead et al., 2015; Venugopalan et al., 2016; Bartsch et al.,
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2008).
Human embryonic stem cells (hESC) and induced pluripotent stem

cells (iPSC) offer a potentially unlimited source of pluripotent cells that
can be differentiated into retinal cells (Zarbin et al., 2016; Jones et al.,
2017). Animal studies have demonstrated transplantation, survival and
to some extent functional effects of transplanted primary and stem cell
differentiated PR cells (Barber et al., 2013; Pearson et al., 2012;
Hambright et al., 2012; Lamba et al., 2009, 2010; Yanai et al., 2015;
Shirai et al., 2016; Bartsch et al., 2008; Warre-Cornish et al., 2014;
Santos-Ferreira et al., 2015, 2016a; Gonzalez-Cordero et al., 2013;
Singh et al., 2013). Nevertheless, there are still major challenges that
need to be addressed in order to enable vision restoration in patients
(PEARSON et al., 2014; Gamm and Wong, 2015), such as improving the
integration and survival of the transplanted cells in the host retina. Of
major interest are recent findings suggesting fusion and protein
transfer, rather than actual synaptic integration, as a major mechanism
for improvement of vision following experimental PR transplantation
(Ortin-Martinez et al., 2017; Pearson et al., 2016; Santos-Ferreira et al.,
2016b).

Numerous studies (e.g. (Lamba et al., 2010; Decembrini et al., 2014;
Cooke et al., 2009; Meyer et al., 2011; Meyer et al., 2009; Reichman
et al., 2014; Tucker et al., 2013; Zhong et al., 2014; Yanai et al., 2013;
Nakano et al., 2012; Eiraku et al., 2011; Phillips et al., 2012; Osakada
et al., 2008; Inoue et al., 2010; Lamba et al., 2006; Yanai et al., 2016;
Hirami et al., 2009; Ikeda et al., 2005; Mellough et al., 2012; Zhao
et al., 2006; Zhou et al., 2015)) have generated retinal cells from human
or rodent pluripotent stem cells using a variety of protocols. The dif-
ferent growth and differentiation factors, culture conditions, and the
duration of the protocols result in various combination of cell pheno-
types and developmental stages being derived. Herein, we compare the
effect of creating highly homogeneous and size-uniform EBs on effi-
ciency of two recently described protocols for differentiation of PRPs
from hESC (Yanai et al., 2013; Nakano et al., 2012) (Supplementary
Fig. S1).

Following optimization of the differentiation process, we evaluated
various strategies for labeling the differentiated cells in order to enable
in-vivo imaging following subretinal transplantation. As part of this
evaluation we compared the ability of several AAV serotypes for genetic
modification of the PRPs. Using the methods for differentiation and
labeling, we were able to demonstrate long-term survival of the cells
following subretinal transplantation in rats.

2. Materials and supply

2.1. EBs generation

For generating size-controlled EBs, agarose microwells were pre-
pared using 35 and 256 MicroTissues 3D Petri Dish micro-mold (Sigma-
Aldrich, Z764051, Z764000), agarose (AMRESCO, AGAROSE RA,
GN605-500G), and NaCl (Frutarom, 2355534700067). For generating
non-size controlled EBs, V-shaped 96-well plates (277143, NUNC DK)
were used.

2.2. Cell culture Reagents

Reagents used for feeder cells and hESC maintenance were as fol-
lows: DMEM (Biological Industries, 01-055-1A), Fetal bovine serum
(FBS) (Biological Industries, 04-127-1A), glutamine (Biological
Industries, 03-020-1B) penicillin, streptomycin, amphotericin
(Biological Industries, Israel, 03-033-1B), Nutristem (Biological
Industries, 05-100-1A), and 0.05% trypsin (Biological Industries 03-
053-1B).

Reagents used for the IWR1e differentiation protocol were as fol-
lows: GMEM (Gibco, 11710035), knockout serum replacement (KSR)
(Gibco, 10828028), non-essential amino acids (Biological Industries,
01-340-1B), pyruvate (Biological Industries, 03-042-1B), 2-

mercaptoethanol (Sigma-Aldrich, M7522), penicillin, streptomycin,
amphotericin, Y-27632 (TOCRIS, England,1254), IWR1e (TOCRIS,
3532), Matrigel (GFR, BD Biosciences, FAL354230), FBS, CHIR99021
(TOCRIS, 4423/10) and SAG (TOCRIS, 4366).

Reagents used for the DKK1 differentiation protocol were as follows:
DMEM/F12 (Biological Industries, Israel, 010951), KSR, B-27 (GIBCO,
17504044) and N-2 (GIBCO, 17502001), mouse noggin (Sinobiological,
50688-M02H-500), recombinant human DKK1 (Sinobiological, 10170-
H-08H-5), recombinant human insulin-like growth factor
(Sinobiological, 10598-HNAY-100), basic fibroblast growth factor
(Alomone labs, Israel), Poly-L-lysine solution (Sigma-Aldrich, P4707),
laminin (Sigma-Aldrich, L2020), taurine (Sigma-Aldrich T0625-10MG)
and triiodothyronine (T3; Sigma-Aldrich, 6893-02-3).

2.3. Cell analysis

2.3.1. Cell harvesting for analysis
For cell analysis after differentiation, the cells were harvested using

0.25% trypsin (Biological Industries, 03-050-1A) and strained through a
40 μm cell strainer (Corning, Cx-431750).

2.3.2. Immunocytochemistry
Following differentiation, cells were immuno-stained for various

retinal lineage markers. Cell cultures were rinsed in PBS (Biological
Industries, 02-020-1A) and fixed with 4% paraformaldehyde (Bar Naor,
BN15711) for 15min at room temperature. The cells were then rinsed
in PBS with 0.5% Triton-X100 (Amersham, 22686) and 1% Tween
(Amersham, 20605) (PBST). Blocking was performed for 30min in
blocker solution containing 1% bovine serum albumin (MP
Biomedicals, 160069). Cells were incubated overnight at 4 °C with
primary antibodies, anti-human CRX antibody (mouse, ABNOVA,
1:100), OTX2 (Sigma-Aldrich, HPA000633, 1:1000) or RCVRN
(Chemicon International, AB5585, 1:1000). The next day the cells were
rinsed with PBST and secondary antibodies coupled to Alexa 594 anti-
mouse (Jackson ImmunoResearch, 715-545-150) or Alexa Fluor 594
anti-rabbit (Jackson ImmunoResearch, 715-585-152) were applied for
60min at room temperature. Nuclear staining was performed with
Hoechst (Sigma- Aldrich, 100MG-14533). Stained samples were rinsed
and mounted on slides in 90% glycerol (Sigma-Aldrich, G9012)/10%
PBS/1% n-propyl-gallate (Sigma-Aldrich, P3130) and sealed with nail
polish.

2.3.3. Retinal wholemount staining
Eyes were enucleated immediately after euthanasia, punctured with

a needle and fixed with 4% paraformaldehyde ON at 4 °C. The cornea,
lens and vitreous were removed and the eye cup was treated with a
blocker solution for 2 h before incubation with human nuclear antigen
antibody (235-1, Novus, NBP2-34342) for three days in the cold. The
tissue was then rinsed with PBST, and Alexa 594 anti-mouse (Jackson
ImmunoResearch, 715-545-150) was applied for 24 h at 4 °C. Nuclear
staining was performed with Hoechst 33342 for 15min (10 μg/ml).
Stained samples were then rinsed, cut by radial incisions, and mounted
flat on glass slides with 90% glycerol (Sigma-Aldrich, G9012)/10%
PBS/1% n-propyl-gallate (Sigma-Aldrich, P3130) and sealed with nail
polish.

2.3.4. Fluorescence-activated cell sorting (FACS)
Cells were dissociated with trypsin 0.25%, centrifuged at 300 g for

4min, and rinsed with PBSTE (PBS/Triton-X100 1%/2mM EDTA)
twice. Blocking was performed with 1% BSA, 5% fetal calf serum for
1min before the primary antibody was added for 30min. Two addi-
tional washes were performed with PBSTE and a secondary antibody
was added for 30min. Following centrifugation, the cells were re-
suspended in PBSTE and filtered through a 40 μm strainer. The per-
centage of cells stained with CRX, OTX2 or RCVRN was evaluated by
BD FACS Aria II (BD Biosciences) and the data was analyzed using
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FlowJo software (V.10.0.8).

2.3.5. qPCR analysis
RNA was extracted from cultures at the end of each differentiation

protocol and from undifferentiated hESC using Gene Elute Mammalian
Total RNA Miniprep Kit (Sigma-Aldrich, RTN70) according to the
manufacturer's instructions. RT-PCR was performed using M-MLV re-
verse transcriptase (Promega, M1701). qPCR analysis was performed
using PerfeCTa SYBR® Green FastMix (Quanta, 95074-250) for the
following transcription factors: GAPDH, OCT4, CRX, NRL, PAX6, VSX2,
RCVRN. The primers used are listed in Table 1.

2.4. PRP transformation by various GFP-AAV serotypes

Viral transformation of the differentiated cells was performed using
several GFP-labeled AAV serotypes: AAV1, AAV2, AAV5, AAV6, AAV7
AAV8, and AAV9 (ViGene Biosciences, Inc, # CT0001).

2.5. Microscopy

Both live and immunocytochemically stained cultures were visua-
lized with an Olympus IX81 microscope and images were acquired
using a RETIGA EXi camera (QIMAGING). Images were enhanced using
ImageJ and Paint Shop Pro software with all changes in the images (i.e.,
contrast, brightness, gamma, and sharpening) made evenly across the
entire field. No features were removed or added digitally.

2.6. Animal studies

All animal experiments were approved by the Bar-Ilan University
Ethics Committee for Animal Research and were conducted in ac-
cordance with the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Ophthalmic and
Vision Research. Animals used for this study were Long Evans pig-
mented rats, 4–8 weeks old, were anesthetized with a combination of
systemic Xylazine (Sedaxylan, 20mg/ml, 0.05ml/100gr body weight,
Eurovet Animal Health, Netherlands), ketamine (Ketamidor, 100mg/
ml, 0.1ml/100gr body weight, Richter Pharma, Austria), Atropine
(Atropine Sulphate, 1 mg/ml, 0.1 mg/kg body weight) and Lidocain 2%
(Rafa laboratories, 12009-T). Cells were transplanted into the sub-
retinal space using 33 gauge syringe (WPI, NF33BV-2).

3. Detailed methods

3.1. Embryonic stem cell (ESC) culture

A line of HUES9 (a generous gift from Dr. Doug Melton, Howard
Hughes Institute, Harvard University, Boston, MA) were cultured on
STO cell feeders (cells were derived from a murine cell line) (Park et al.,
2003). STO cells were cultured in DMEM supplemented with 10% FBS,
glutamine 100 U/ml penicillin, 100 μg/ml streptomycin, and 0.25 μg/
ml amphotericin. Confluent culture dishes were treated with 10 μg/ml
mitomycin-C for 3 h to inhibit proliferation. The inhibited cells were
slowly frozen and kept in liquid nitrogen for several months. For

maintaining the hESC in an undifferentiated state, cell passage was
done once a week; the cells were lifted using 0.05% trypsin and seeded
on freshly defrosted STO cells in Nutristem medium.

3.2. Agarose micro-well production

One gram of agarose was autoclaved in a dry bottle and was added
to 50ml of sterile saline (0.9% NaCl). The mixture was boiled in a
microwave oven until the agarose was dissolved and the solution was
completely clear. The dissolved solution may be stored at 4 °C and re-
boiled. Avoid re-boiling the agarose more than 4 times, since the
viscosity of the agarose will increase. Silicon micro-molds for casting of
the micro-wells were sterilized with 70% ethanol and air dried in a
hood before use (Supplementary Fig. S2A). Six hundred μl of boiled
agarose solution was pipetted on the molds, which remained at room
temperature for 15min until completely solidified (Supplementary Fig.
S2B). The silicon mold was gently twisted at the sides to release the
agarose microwells into a 12 well or 24 well tissue culture dish
(Supplementary Fig. S2C). Agarose microwells may be used im-
mediately or immersed in PBS and stored at 4 °C up to one week before
use (Supplementary Fig. S2D).

3.3. EBs formation and cell seeding

The differentiation of ES toward different lineages can be sig-
nificantly influenced by the size, shape and cell density of the EBs
formed at the initiation of the differentiation process, as was shown in
cardiac cells (Bauwens et al., 2008, 2011; Bratt-Leal et al., 2009; Hsiao
et al., 2014) and suggested for PRP (Yanai et al., 2016). The effect of
EBs size on the differentiation process is presumably caused by varia-
bility in diffusion efficiency and concentration of various soluble mo-
lecules and the differentiating cells interaction with the microenviron-
ment (Bratt-Leal et al., 2009). In addition to creation of uniform size
EBs, the use of microwells has the advantage of single pipetting step
(rather than multiple pipetting steps for each well) thus reducing the
inter-well factors concentrations and other variability.

We therefore compared the PRP differentiation efficiency when
controlling the EBs size by using agarose microwells (Birenboim et al.,
2013) to the efficiency achieved with widely used method for gen-
erating non-size-controlled EBs in 96 V-shaped wells plate.

3.4. Creating size-controlled EBs

For seeding the cells in micro-molds, the medium was removed from
the molds and ES cells were seeded in a minimal volume (190μl for 256
wells and 100 μl for 35 wells), and allowed to settle for 10min. The
differentiation medium (1ml for 24-well plates or 2ml for 12-well
plates) was then added gently until it covered the microwell dishes. If
the agarose molds float, immerse them gently back in the medium.

3.5. Creating non-size-controlled EBs

An appropriate number of cells were seeded in each well of V-
shaped 96-well plates in 100 μl of differentiation medium.

Table 1
Primers used in qPCR analysis of PRP differentiation from hESC.

Reverse primer Forward primer Gene

TGAGGGTCTCTCTCTTCCTCTTGT CACATGGCCTCCAAGGAGTAA GAPDH
CTGAATACCTTCCCAAATAGAACCC ACATCAAAGCTCTGCAGAAAGAACT OCT4
GCCAGTGTGTGGGGAAGAGG AGAGGGCAGGGAGCCAAATC CRX
ACCATGCCTGGTTCACTGAAG GT AGTTTGAGGTAAAGCGGGAAC CCT NRL
TGCAGAATTCGGGAAATGTCG CAC AGTGAATCAGCTCGGTGGTGT CTT PAX6
ATCCTTGGCTGACTTGAGGAT GGA ATTCAACGAAGCCCACTACCC AGA VSX2 (chx10)
CACGTCGTAGAGGGAGAA CCAGAGCATCTACGCCA RCVRN

A. Markus et al. Experimental Eye Research 180 (2019) 29–38

31



3.6. hESC differentiation toward photoreceptor precursors

The EBs that were generated in the two procedures differed in size
and shape (Fig. 1). Three days after seeding, the cells in the agarose
microwell encompassed the volume of the well homogenously (Fig. 1A)
whereas the cells aggregate in the V-shaped wells were spread on the
bottom of the well appearing more flattened (Fig. 1D). The cells ag-
gregates that were suspended on day 7 or day 12 (according to the
specificc protocol) were significantly more uniform in size and more
spherical-shaped (Fig. 1B) as compared with the cell aggregates formed
in V-shaped well plate, which varied significantly in size and shape
(Fig. 1E). Similar EBs morphology were obtained for both the IWR1e
protocol (Fig. 1C, F) and for the DKK1 protocol (Supplementary Fig.
S3).

We applied these two EBs formation methods on two previously
published differentiation protocols (Yanai et al., 2016; Nakano et al.,
2012) (Supplementary Fig. S1). Both protocols initiate differentiation
by WNT pathway inhibition but differ in the specific inhibitors used:
DKK1 (Glinka et al., 1998; Mukhopadhyay et al., 2001) or the small
molecule IWR1e (Karakikes et al., 2014; Chen et al., 2009) and have
different factors in the last stage of the differentiation process.

3.7. IWR1e differentiation protocol (Supplementary Fig. S1A)

This protocol was slightly modified from a published differentiation
protocol (Nakano et al., 2012).

3.7.1. Size-controlled
315,000 ES cells were trypsinized to single cells and seeded in dif-

ferentiation medium on 35 microwell molds to achieve a final con-
centration of 9000 cells per micro-well.

3.7.2. Non-size-controlled
864,000 ES cells were seeded to achieve a final concentration of

9000 cells per well in V-shaped 96 well plate. In both conditions, dif-
ferentiation medium contained GMEM supplemented with 20% KSR,
0.1 mM non-essential amino acids, 1 mM pyruvate, 0.1 mM 2-mercap-
toethanol, 100 U/ml penicillin, 100 μg/ml streptomycin, 0.25 μg/ml
amphotericin. 20mM Y-27632 and 3mM IWR1e were added to
medium up to day 12 and 2% Matrigel was added from day 2. On day
12 10% FCS was added. From day 15 to day 24 the medium was

supplemented with 3 μM CHIR99021 and 100 nM SAG. On day 18 the
EBs were seeded on poly-lysine/laminin coated plates. The cells were
trypsinized on day 24 and filtered through a 40 μm strainer.

3.8. DKK1 differentiation protocol (Supplementary Fig. S1B)

This protocol was also modified from a previous one (Yanai et al.,
2013).

3.8.1. Size-controlled
256,000 ES cells were trypsinized to single cells and seeded in dif-

ferentiation medium on 256 microwell molds to achieve a final con-
centration of 1000 cells per micro-well.

3.8.2. Non-size-controlled
96,000 ES cells were seeded to achieve a final concentration of

1000 cells per well in V-shaped 96 well plate. For both conditions,
differentiation medium contained DMEM/F12, 10% KSR, B-27 and N-2
supplements, 1 ng/mL mouse noggin, 1 ng/mL recombinant human
DKK1, and 5 ng/mL recombinant human insulin-like growth factor. On
day 4 the EBs were removed from the agarose wells and suspended in
differentiation medium. On day 7 the cells were plated on poly lysine/
laminin coated plates and the medium was supplemented with 10 ng/
mL mouse noggin, 10 ng/mL recombinant human DKK1, 10 ng/mL re-
combinant human IGF-1, and 5 ng/mL recombinant human basic fi-
broblast growth factor. On day 14 the medium was supplemented with
20mM taurine and 40 ng/mL triiodothyronine. The cells were trypsi-
nized on day 24 and filtered through a 40 μm strainer.

3.9. Cell harvesting for analysis

In the IWR1e protocol reported by Nakano et al. (2012), EBs were
differentiated for several months in suspension while forming 3D
structures containing both retinal and RPE cells that were subsequently
characterized as reaching full photoreceptor maturation. In the current
research we aimed at generating PRP, which have been shown better
integration post transplantation as compared with fully mature photo-
receptors (MacLaren et al., 2006; Warre-Cornish et al., 2014). In our
modified and shortened IWR1e protocol the cells were cultured in
suspension up to day 18, similarly to the original protocol. On day 19,
the EBs were seeded on matrigel coated plates. Over the following 6

Fig. 1. Differentiation of hESC with the IWR1e protocol. (A) EBs three days after seeding hESC in a microwell dish. (B) Controlled size EBs after 12 days of the
differentiation protocol (C) cells after 24 days. (D) EBs three days after seeding cells in a V-shaped 96 well plate. (E) V-shaped 96 well EBs after 12 days of the
differentiation protocol. (F) cells after 24 days. Scale bar= 100 μm.
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days, cells migrated from the aggregates and formed a monolayer cul-
ture surrounding the EBs (Fig. 1C, F), from which the cells were sepa-
rated from the central mass of the EBs by the 24 day of the differ-
entiation. The cells were then trypsinized and passed through a 40 μm
strainer, thus obtaining a single cell suspension ready for character-
ization and transplantation. (Supplementary Fig. S1).

3.10. PRP transformation by various GFP-AAV serotypes

Numerous studies have reported the tropism of various AAV ser-
otypes for different cell types, including retinal cells (Kay et al., 2013;
Pang et al., 2008; Lebherz et al., 2008; Ryals et al., 2011; Boye et al.,
2016; Gonzalez-Cordero et al., 2018) for both fluorescent marking of
cells or for therapeutic transgene delivery in vivo and in vitro (Boye
et al., 2016; Boyd et al., 2016; Ku and Pennesi, 2015; Chira et al., 2015;
Carvalho and Vandenberghe, 2015). However, there is lack of in-
formation regarding the AAV serotype best suited for photoreceptor
precursor (Gonzalez-Cordero et al., 2018). We therefore compared the
ability of several AAV serotypes to infect PRP. PRP differentiated by the
IWR1e cells were infected with 7 serotypes of AVV expressing GFP. Five
days post-infection, IWR1e differentiated cells were trypsinized,
strained with 40 μm cell strainer and seeded on fresh dishes. Twenty-
four hours later, the cell culture media was removed and different AAV-
GFP serotypes (AAV1, AAV2, AAV5, AAV6, AAV7, AAV8, and AAV9)
containing media (MOI=106) were added to the cell culture plate
(250μl/24-well plates). The cells were incubated with the virus for 9 h,
after which the media was replaced. The infection efficiency was
measured 4–5 days following the infection by trypsinizing the cells
without fixation. GFP expression was measured by BD FACS Aria II (BD
Biosciences) and the data were analyzed using FlowJo software
(V.10.0.8).

FACS analysis showed that AAV1, AAV8 and AAV9-infected cultures
exhibited only a negligible percent of cells expressing GFP. In contrast,
AAV2 yielded a transduction efficiency of 92% ± 7, while AAV5 and
AAV1 yielded a moderate transduction efficiency of 58% ± 4 and
45% ± 5, respectively (Supplementary Fig. S4).

4. Results

4.1. Characterization of PRP differentiation

In order to assay for PRP differentiation, the cultures were im-
munostained for the early retinal marker OTX2 (Koike et al., 2007),
PRP marker CRX (Freund et al., 1997; Furukawa et al., 1997; Chen
et al., 1997) and recoverin (Hendrickson et al., 2008). Most cells dif-
ferentiated using both protocols stained for OTX2 and CRX whereas
only some of the cells were stained for recoverin. Similar staining
patterns were found for the size-controlled IWR1e and non-size-con-
trolled IWR1e and DKK1 protocols (Fig. 2).

Quantitative analysis by FACS (Fig. 3, Table 2) showed that the size-
controlled EBs protocols (both in the IWR1e and DKK), were more ef-
ficient in generating PRPs (CRX positive cells) as compared with the
non-size-controlled protocols (86.4 Vs. 51.4 and 75.1 vs 57.7 for the
IWR1e and the DKK1 protocols, respectively). The difference between
the size-controlled and non-size-controlled protocols was statistically
significant for the IWR1e (P=0.007) but not for the DKK1 protocol
(P= 0.134). Quantitative analysis of cells stained for OTX2 did not
reveal any significant differences between the size-controlled to the
non-size-controlled protocols or between the DKK1 and the IWR1e
protocols (Fig. 3, Table 2). Higher, but statistically not significant
(p=0.14) percent of cells stained for recoverin in the IWR1e, as
compared with the DKK1 protocol (19.2 % Vs. 12.8%), for both the
controlled and non-size controlled EBs.

In the size-controlled EBs protocol, IWR1e differentiation yielded
higher percent of cells stained for CRX (86.4 vs 70.5, Table 1, Fig. 3,
p= 0.026). Interestingly, the fluorescence intensity of cells

differentiated with the IWR1e protocol was 6-fold higher as compared
with the DKK1 protocol, suggesting higher expression of CRX protein in
these cells (Fig. 4).

The different PRP generation efficiency observed in the two proto-
cols (DKK1 and the IWR1e) may have been due to the different numbers
of cells seeded to initiate the differentiation in each protocol. We
therefore further studied the effect of controlling EB size on the dif-
ferentiation efficiency in the DKK1 protocol, when seeding a similar
number of cells/well (9000) to that in the IWR1e protocol. FACS ana-
lysis showed that also under these conditions, CRX expression was
higher for controlled size compared to non-controlled size EBs
(P= 0.02, Supplementary Fig. S5).

As a complimentary test, we performed qPCR to evaluate the ex-
pression level of the following genes: the retinal progenitor markers
OTX2, PAX6 and VSX2 (Lamba et al., 2006), expressed in early eye
developmental stages, CRX, NRL and RCVRN, expressed later in the
photoreceptor precursor stage (Jayakody et al., 2015), and for the
pluripotency marker OCT4. The results (Supplementary data Fig. S6,
and text) suggest that cells differentiated from controlled-size EBs with
the IWR1e yielded the higher level of PRP generation and maturation
and the lowest levels of early differentiation and pluripotency genes.

4.2. Fluorescently-labeled hESC-derived PRPs survive for at least one month
when transplanted subretinally

We differentiated hESC stably expressing GFP under the EF-1-alpha
promoter (HUES9-GFP (See Supplementary data Fig. S7 and text) using
our optimized size-controlled EBs IWR1e protocol. PRPs were dis-
sociated by 0.25% trypsin, centrifuged, and re-suspended in saline
(100,000 cells/5 μl) and injected into the subretinal space using a 33-
gauge needle inserted 1mm behind the limbus. For cell imaging, rats
were anesthetized, and their pupils were dilated using 1% tropicamide
and 10% phenylephrine hydrochloride. Fundus images and optical co-
herence tomography (OCT) were performed by a rodent fundus imaging
system (Micron IV system, Phoenix Research Laboratories) on 7, 14,
and 28 days post-transplantation. Fluorescence fundus imaging re-
vealed a diffuse patch of fluorescence from the transplanted cells
(Fig. 5A). The cells were located in clumps the subretinal space, as
demonstrated by optical coherence tomography (OCT) imaging
(Fig. 5B). Two- and four-weeks post transplantation, the fluorescence
level of the fundus image decreased to 74.6% ± 17.6 and 63.7 ± 25.9
percent of the baseline, respectively, suggesting either some loss of cells
or reduction in GFP expression by the transplanted cells over time
(Fig. 5C).

Recent publications have shown material transfer between trans-
planted and host cells (Ortin-Martinez et al., 2017; Pearson et al., 2016;
Santos-Ferreira et al., 2016b) that complicates the interpretation of
observed retinal histology. In order to evaluate the possibility of cell
fusion between graft and host cells, we stained eyes transplanted with
PRPs for the human nuclear antigen, which is present in all human, but
not in rat host cells. Our results show that almost all cells exhibited co-
localization of the human nuclear antigen with GFP (Supplementary
Fig. S8), further strengthening our hypothesis that the fluorescence
detected by our imaging device derives mainly from surviving trans-
planted PRPs.

5. Potential pitfalls and trouble shooting

1) The generation of size-controlled EBs is dependent on the structural
integrity of the agarose micro-wells. For creating stable agarose
wells, several guidelines should be followed:

a) Autoclaving the agarose separately from the saline is important;
autoclaving the mixture will result in cracked agarose.

b) Although re-boiling of the agarose mixture after solidification will
not affect the micro wells' stability, re-boiling more than 4 times will
result in brittle and unstable agarose wells due to the changes in the
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agarose viscosity and the mechanical properties.
c) Pipetting of the boiled agarose mixture on silicon molds must be

gentle without creating air bubbles, since they will be trapped in the
agarose and will create holes in the well walls, resulting in leakage

of cells from the wells.
4) Seeding an accurate number of cells in each well is important for

ensuring a reproducible differentiation process. Seeding too many
cells per well will result in cells overflowing and will cause

Fig. 2. (A,B,E,F,I,J) Controlled-sized EBs differentiated using IWR1e protocol stained with retinal antibodies. (A, B) CRX antibody (E, F) OTX2 antibody (I, J)
RECOVERIN antibody. (C,D,G,H,K,L) Non-size-controlled EBs differentiated using IWR1e protocol stained with retinal cell marker antibodies. (C, D) CRX antibody
(G, H) OTX2 antibody (K, L) RECOVERIN antibody. (M,N,Q,R,U,V) Size-controlled EBs differentiated using DKK1 protocol stained with retinal cell marker antibodies.
(M, N) CRX antibody (Q, R) OTX2 antibody (U, V) RECOVERIN antibody. (O,P,S,T,W,X) Non-size-controlled EBs differentiated using DKK1 protocol stained with
retinal marker antibodies. (O, P) CRX antibody (S, T) OTX2 antibody (W, X) RECOVERIN antibody (scale bar 50 μm).
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unwanted variability in the differentiation process.
5) During cell preparation for FACS analysis, cells might form clumps

when inserted into the FACS buffer, preventing the performance of
reliable FACS. It is therefore important to add 2mM EDTA to the
FACS buffer solution (see section 2.3.3).

6. Discussion

hESC and iPSC are potentially unlimited sources for the generation
of human photoreceptors for cell replacement cell therapy. As a first
step towards achieving this goal, several differentiation protocols

Fig. 3. FACS analysis of differentiated cells stained positively for three retinal markers (CRX, OTX2 and RECOVERIN). (A) IWR1e differentiated cells reprehensive
FACS histograms. (B) DKK1 differentiated cells reprehensive FACS histogram. (C) Bar-plot summarizing the FACS results for all experiments. *P = 0.026,
**P = 0.007.

Table 2
Percentage of cells stained for retinal antibodies in FACS analysis in different differentiation conditions.

IWR1e protocol DKK1 protocol

controlled size non-controlled controlled-size non-controlled

% CRX (SD) 86.4 (6.7) 51.4 (14.5) 70.5 (13.28) 57.7 (6.6)
% OTX2 (SD) 92.3 (1.9) 83.3 (10.9) 95.53 (1.94) 94.7 (1.1)
% RCVRN (SD) 19.2 (10.1) 19.2 (2.7) 12.8 (12.8) 12.8 (9.3)
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mimicking retinal development during the embryonic period have been
reported, with a wide variability in duration (17–150 days) and effi-
ciency (from 10% to 78% CRX positive cells) (Lamba et al., 2006, 2010;
Osakada et al., 2008; Yanai et al., 2016; Hirami et al., 2009; Ikeda et al.,
2005; Mellough et al., 2012; Zhou et al., 2015; Phillips et al., 2012;
Inoue et al., 2010). In this work we focused on the optimization of two
recently reported protocols: that of Yanai et al. (2016) (DKK1 protocol,
duration 17 days with 78% CRX positive cells) and that of Nakano et al.
(2012) (IWR1e protocol, 72% positive for the early retinal marker Rx
after 18 days and only a few cells expressing CRX on day 28).

One of the main factors predicted to affect the differentiation pro-
cess is EB size. It was reported (Bauwens et al., 2008; Bratt-Leal et al.,
2009) that producing homogenous EBs can potentially better mimic
natural developmental processes where all cells are well synchronized
and thus increase differentiation efficiency. The size of EBs can be
controlled not only by the quantity of cells, but also by applying specific
centrifuge protocols (Ng et al., 2005; Ungrin et al., 2008) or by filtra-
tion (Yanai et al., 2013). For example, forced aggregation was found to
improve for EBs formation and hematopoietic differentiation of hESC
seeded in 96 round bottomed wells (Ng et al., 2005). In another paper,
the centrifugation of hESC seeded in 384-well plate was used in order to
generate uniform EBs for making cardiomyocytes, neural and blood
lineage cells (Ungrin et al., 2008).

An alternative approach for controlling EBs size is the use of mi-
crowells. For example, lithographic fabrication of non-adhesive mi-
crowells from PEG1000 enabled the production of highly uniform EBs
(Moeller et al., 2008). In the current study we compared the widely
used EBs generation in 96 V-shaped well plates and compared it to a EB
formation by using agarose microwells made from reusable silicone
rubber micromolds (Birenboim et al., 2013). This method allowed the
formation of dozens of EBs by a single pipetting and resulted in highly
homogenous EBs size. The uniform size of the EBs may play an im-
portant role by establishing a uniform environment where diffusion of
nutrients and growth factors is consistent, thereby allowing optimal
differentiation.

FACS analysis showed that use of size-controlled EBs led to a sig-
nificantly higher percentage of cells expressing the PRP marker CRX for
both the DKK1 and the IWR1e differentiation protocols (Fig. 3,
Table 2). Additional results consistent with higher differentiation levels

in the size-controlled EBs are the higher gene expression levels of NRL
(although not statistically significant) and lower expression levels of
OCT4 (marker of pluripotency) and the early neural marker PAX6 genes
(Supplementary Figs. S6A and B). Further analysis of the size-controlled
EBs revealed higher levels of CRX, lower of PAX6 and higher levels of
OCT4 protein expression for the IWR1e, compared with the DKK1
protocol, suggesting higher maturation in the IWR1e protocol. Further,
when the number of seeded cells was modified in the DKK1 protocol to
be similar to the IWR1e protocol, the differentiation efficiency was still
lower compared with the IWR1e and, more importantly, the efficiency
was higher in the controlled-compared with the non-size-controlled EBs
condition (Fig. S5).

The percent of differentiated cells expressing CRX in our modified
DKK1 protocol was only slightly higher than that reported in (Yanai
et al., 2013). In contrast, we obtained substantially higher levels of cells
expressing CRX protein than reported with IWR1e original protocol of
Nakano et al. (2012). They observed few cells expressing CRX protein
on day 26, significantly lower than 80% achieved by our modified
protocol on day 24 (Fig. 3). It should be mentioned that in our protocol
EBs were plated on poly/lysine coated plates, which enabled cells mi-
gration away from the center of the EBs. Thus, at six days after culture
(24th day of differentiation) only the migrating cells were lifted, fil-
tered and analyzed for the various differentiation markers, in contrast
to the original protocol of Nakano et al., where the entire cellular po-
pulation including the EBs cells were analyzed. We hypothesize that the
neural retinal layer, which is located in the outer most surface of the
EBs (according to Nakano et al.) is the most likely to migrate out of the
EBs therefore enriching the differentiated CRX positive cell population.

In addition to optimizing PRP differentiation, we evaluated the PRP
permissiveness for infection of various AAV serotypes. The few studies
that compared the infection efficiency of murine retinal and photo-
receptors cells by various AAV serotypes reported conflicting results.
Pang et al. (2008) reported that mouse PR were efficiently infected by
AAV5 and AAV2 serotypes but not by AAV1, while Lebherz et al. (2008)
reported that mouse PR cells are transduced efficiently by AAV5, AAV7
and AAV8, AAV2 transduced PR cells poorly and AAV1 did not trans-
duced the cells. Another study (Ryals et al., 2011) demonstrated that
AAV1, AAV2 are the most efficient serotypes in transducing a mouse
cone photoreceptors cell line (661W), AAV5 and AAV8 moderately and

Fig. 4. A characteristic FACS analysis of cells
differentiated by IWR1e protocol. B. A char-
acteristic FACS analysis of cells differentiated by
DKK1 protocol. C. The mean fluorescence in-
tensity (normalized to control background) was
6-fold higher in IWR1e compared with DKK1
differentiated cells but was not statistically sig-
nificant (P= 0.12).

Fig. 5. In-vivo imaging of transplanted GFP-la-
beled PRP in the rat subretinal space over time.
A. Fluorescent fundus image of GFP-labeled PRP
1-week post transplantation. B. Optical co-
herence tomography (OCT) image 1 week fol-
lowing transplantation of GFP-labeled PRP to
another rat. The transplanted cells (white arrow)
are located within clumps in the subretinal
space. C. The fluorescence of the cells in the
retina was monitored over 4 weeks following
transplantation. At 4 weeks, 60–80% of the
fluorescence signal present at 1 week was re-
tained (n= 6, bars ± STD).
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AAV9 not at all.
Due to these inconsistent results for murine PR and the lack of in-

formation regarding human PRP, we compared the efficiency of 7 dif-
ferent AAV serotypes for PRP cells generated by the IWR1e protocol.
Our results, showing that infection by the AAV2 serotype is highly ef-
ficient, are in agreement with a recent paper demonstrating that AAV2
expressing GFP are able to transduce up to 90% of human stem cell-
derived photoreceptor progenitors (Barnea-Cramer et al., 2016). The
advantages of AAV2 for transducing photoreceptor cells compared to
other AAV serotypes is accordance with another recent study
(Gonzalez-Cordero et al., 2018). However, in this study the transduc-
tion efficiency of AAV2 was significantly lower (19%) compared with
the current study (95%), probably because of different differentiation
protocols, the use of organoids as compared to monolayered cells and
different in the cell population tested for transduction. Using AAV for
transducing cells has the ability to introduce therapeutic transgenes.

We demonstrated that the GFP-labeled engineered hESC cells dif-
ferentiated to PRP and transplanted into the sub-retinal space of rats
can be tracked over at least one month. Quantitative fluorescence
evaluation by funduscopic imaging showed a mild loss (1/3) of fluor-
escence from one week to 4 weeks after transplantation. We were not
able to count the transplanted cells because of limitations of resolution,
and therefore do not know whether the reduction in fluorescence is due
to death of some of the cells, or reduced expression of GFP by some or
all of the cells. It should be noted that cells were transplanted into the
subretinal space of wild type rats, below healthy and normal photo-
receptors outer segments, which could affect cell integration and sur-
vival. Importantly, many of the transplanted cells survived even
without immunosuppression in wild-type rats. Studying the functional
integration of the cells within the host retina, an issue of central im-
portance (Yanai et al., 2015; Zhong et al., 2014; Barnea-Cramer et al.,
2016; Mandai et al., 2017) for cell replacement therapy, was beyond
the focus of the current research.
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