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We proposed to optimize the retinal differentiation protocols for human embryonic stem cells (hESCs) by im-
proving cell handling. To improve efficiency, we first focused on the production of just one retinal precursor cell
type (photoreceptor precursor cells [PPCs]) rather than the production of a range of retinal cells. Combining
information from a number of previous studies, in particular the use of a feeder-free culture medium and taurine
plus triiodothyronine supplements, we then assessed the values of using size-controlled embryoid bodies (EBs) and
negative cell selection (to remove residual embryonic antigen-4-positive hESCs). Using size-controlled 1000 cell EBs,
significant improvements were made, in that 78% CRX + ve PPCs could be produced in just 17 days. This could be
increased to 93% PPCs through the added step of negative cell selection. Improved efficiency of PPC production will
help in efforts to undertake shorter and larger preclinical studies as a prelude to future clinical trials.

Introduction

Age-related macular degeneration (AMD) and other
retinal diseases such as retinitis pigmentosa are major

causes of blindness in the developed world, with over 14
million people blind or severely visually impaired because of
AMD alone.1 Currently, there are no available treatments to
reverse tissue damage in these disorders. Cell transplanta-
tion, to replace lost tissue, offers the most promising ap-
proach in reversing blindness due to these conditions. With
this in mind, significant advances have been reported in
using cells derived from fetal tissue,2 human embryonic stem
cells (hESCs),3 human adult stem cells,4,5 and reprogrammed
induced pluripotent stem cells.6

In this previous work, it has been proposed that cells at
least partially committed to a retinal cell fate are the best cells
for retinal transplantation,2 although the optimal stage of cell
fate commitment has yet to be determined. Hence, one area
of particular concern in work on retinal regeneration has
been to devise efficient methods to produce large quantities
of partially differentiated retinal progenitor cells.7 Most work
has focused on differentiating hESCs. Seminal work expos-
ing hESCs to growth factors and modulators of signaling
pathways that mimic normal retinal development has been
extremely successful in directing hESCs toward either retinal
pigment epithelium8,9 or the neural retinal cell fate.10,11

Using these techniques, it has been shown that most types of
cells found in the neural retina, including ganglion cells,

amacrine cells, horizontal cells, bipolar cells, and photore-
ceptor cells, can be generated using these techniques.8–11

Of the numerous challenges that remain in extrapolating
early preclinical studies into clinical trials, one is the pressing
need to efficiently mass produce large numbers of retinal pre-
cursor cells. For example, it has become evident that the differ-
entiation of hESCs into cells expressing proteins, characteristic of
immature and mature photoreceptors (such as CRX and NRL),
is extremely time consuming, often resulting in a low cell
yield.7,10,11 As a consequence, such cell production can also be
extremely expensive. These practical problems have limited the
amount of preclinical work that has been undertaken.

Consequently, there is an urgent need to devise more ef-
ficient methods for manufacturing retinal progenitor cells. To
address this need, we have investigated new methods to
improve cell handling during the differentiation period.
These included the ways to synchronize differentiation
through the use of size-controlled embryoid bodies (EBs), s
standardized chemically defined medium to minimize the
variability associated with feeder cells and conditioned me-
dia, and also cell selection so as to remove undifferentiated
cells from the final product.

Materials and Methods

hESC culture

The hESC line WA09 (WiCell Research Institute) was
maintained in an animal protein-free TeSR� 2 growth
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medium (STEMCELL Technologies) and grown feeder-
independent on six-well dishes (Nunc) coated with growth
factor-reduced Matrigel� (BD Biosciences). The medium was
changed daily, and the cells were routinely passaged with
1 mg/mL dispase (STEMCELL Technologies) every 4–6
days. Spontaneously differentiated cells were manually re-
moved, as needed. Cells from passages 34–43 were used.

EB formation and differentiation

Differentiation protocols were initially based on previ-
ously published work.10 In addition, recent studies have
suggested that the size and shape of EBs used in differenti-
ation protocols may influence the differentiation trajectory of
hESCs.12,13 In previous retinal cell differentiation protocols,
mixed-size EBs have been used.7,10,11 In this study, we pro-
posed to compare progenitor cell production derived from
random-sized EBs with those produced from EBs that had
been sorted according to the size.

hESCs were initially incubated at 37�C with 1 mL dispase
per well until the colonies began to peel off the plate (20–
30 min). Colonies were gently washed with the dispase so-
lution and collected in a 15-mL tube (colonies from up to
three wells per 15-mL tube). Residual colonies were collected
with 2 mL Dulbecco’s modified Eagle’s medium/Nutrient
Mixture F-12 (DMEM/F12) (Life Technologies) per well. The
colonies were allowed to settle to the bottom of the tube for
*5 min, and the supernatant was aspirated, and the pellet
was washed with 4–6 mL of DMEM/F12. After colonies had
settled down and the supernatant aspirated for a second
time, they were resuspended in an EB resuspension buffer
containing DMEM/F12, 10% knockout serum replacement,
custom B-27 and N-2 supplements (Life Technologies), 1 ng/
mL mouse noggin, 1 ng/mL recombinant human DKK1, and
5 ng/mL recombinant human insulin-like growth factor
(IGF-1; R&D Systems), and then placed on a nonadherent
surface (Costar) in a volume of 5 mL/well for 3 days. At day
4 of incubation, EBs either were kept as a mixed-sized pop-
ulation or were manually separated into three size-restricted
populations. From the mixed EB population, the largest EBs
were isolated visually using a 200-mL tip (designated large).
The remaining EB suspension was then passed over a 100-
mm nylon cell strainer. The flow-through was collected and
designated small, and the EBs that were trapped in the
strainer were eluted and designated medium. Sizes for these
sorted EBs were established by microscopic imaging with a
scale bar: (1) EBs with a diameter of 400 mm or more (large),
(2) EBs with a diameter of 200 mm (medium), and (3) EBs
with a diameter smaller than 100mm (small). Alternatively,
to accurately manufacture EBs of specific size, EBs were
produced using AggreWell plates (STEMCELL Technolo-
gies) according to the manufacturer’s recommendation.
Briefly, before EB formation, hESC colonies were enzymati-
cally dissociated into single cells with Accutase (STEMCELL
Technologies). The single-cell suspension was diluted in
DMEM/F12 and centrifuged at 300 g for 5 min to remove the
residual enzyme. The resulting cell pellet was resuspended in
the EB formation medium TeSR2, supplemented with 10mM
ROCK inhibitor14 (STEMCELL Technologies), after which the
viable cells were counted and added to the appropriate Ag-
greWell. The AggreWell plate was centrifuged for 3 min at 100
g and incubated at 37�C for 24 h. EBs were then harvested

from the AggreWell plate after 24 h. As with the manually
formed technique, the resultant EBs were placed on a non-
adherent surface for 3 days in an EB resuspension buffer as
described above for the random-sized EBs.

On day 4, all EBs were then evenly distributed on growth
factor-reduced Matrigel-coated dishes in a photoreceptor
precursor differentiation medium containing DMEM/F12,
custom B-27 and N-2 supplements, 10 ng/mL mouse noggin,
10 ng/mL recombinant human DKK1, 10 ng/mL recombinant
human IGF-1, and 5 ng/mL recombinant human basic fibro-
blast growth factor (Life Technologies) for 13 days. On day 10,
in selected experiments, the differentiation medium was
modified to assess the value of supplementing with 20 mM
taurine and 40 ng/mL triiodothyronine (T3; Sigma).15–17

Reverse transcription polymerase chain reaction
(RT-PCR) and reverse transcription quantitative
polymerase chain reaction (RT-qPCR)

Since most preclinical and future clinical studies will
principally require photoreceptor precursors we elected to
focus on the production of photoreceptor precursor cells
(PPCs) rather than the manufacture of retinal progenitor cells
to produce a wide range of different retinal cell types.18 Al-
though some previous work has based the definition of a
PPC on the expression of a range of genes, numerous studies
have suggested the expression of CRX as the critical fate-
determining factor for the photoreceptor (rod and cone)
lineage.19–21 We therefore proposed the expression of CRX as
our endpoint in PPC production rather than, for instance,
NRL expression, which is indicative of a more advanced,
terminal stage of differentiation into a rod lineage.2 To
identify PPCs on the 18th day of differentiation, total RNA
was isolated from the cell cultures using the Aurum� Total
RNA Fatty and Fibrous Tissue kit (Bio-Rad) according to the
manufacturer’s instructions. For each sample, 1 mg of total
RNA was reverse-transcribed with the iScript� cDNA
Synthesis kit (Bio-Rad). First-strand DNA was synthesized
with 1 mg of total RNA using an iScript cDNA Synthesis kit
(Bio-Rad), as per the manufacturer’s protocol. Oligonucleo-
tide primers used for CRX are forward: 5¢-ATGATGGCGT
ATATGAACCC, and reverse 5¢-TCTTGAACCAAACCTG
AACC.10 Gene expression for CRX, NANOG, SOX2, BLIMP1,
NRL, RCVRN, and OPSINSW was quantified using the
TaqMan primer and labeled probe system and the ViiA� 7
Real-Time PCR system (Applied Biosystems). All reactions
were performed using the TaqMan Universal Master Mix
(2 · ), FAM-labeled TaqMan Gene Expression assays for all
the genes of interest, and VIC-labeled TaqMan endogenous
control GAPDH and 4.5 ng of cDNA. Thermocycling pa-
rameters were as follows: 2 min at 50�C, 10 min at 95�C, 40
cycles of 15 s at 95�C, plus 60 s at 60�C. Real-time polymerase
chain reaction (PCR) data were analyzed by the comparative
CT method. Each reaction was undertaken on three occa-
sions, and for each of these, individual samples were sub-
divided into three aliquots for measurement.

Magnetic removal of undifferentiated cells

It has been suggested that residual undifferentiated cells
within heterogeneous precursor cell populations can lead to
retinal neoplasia.22 To reduce this risk, we assessed the value
of the EasySep� magnetic selection system (STEMCELL
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Technologies)23 to magnetically remove the cells expressing
hESC surface marker stage-specific embryonic antigen-4
(SSEA-4).24 Briefly, differentiated cells were collected, coun-
ted, and resuspended in 100 mL of the recommended me-
dium (phosphate-buffered saline [PBS], 2% fetal bovine serum

[FBS], and 1 mM ethylenediaminetetraacetic acid [EDTA]) in a
5-mL tube. The SSEA-4 selection cocktail was added, and the
cell suspension was incubated for 15 min at RT, followed by
the addition of EasySep magnetic nanoparticles and incuba-
tion for 15 min at RT. The suspension was topped up with the

FIG. 1. CRX expression in manually manufactured embryoid bodies (EBs) after 17 days in the differentiation medium. (A)
Reverse transcription polymerase chain reaction (RT-PCR) analysis showing CRX expression in EBs. MEB: mixed-size EBs,
nonsupplemented medium; MEB + : mixed-size EBs, medium supplemented with taurine and triiodothyronine (T3); EB + s:
manually selected EBs < 100mm/200 cells; EB + m: manually selected EBs *200mm/1000 cells; EB + l: manually selected EBs
> 400mm/5000 cells. WERI-Rb1 cells served as a positive control. (B) RT-qPCR comparing quantitative CRX expression. Expression
in MEB and MEB + cells compared with EBs supplemented with taurine and T3 and manually sorted by size. Values represent the
mean – standard error of the mean (SEM) from three independent samples, each repeated in triplicate. Change in the gene
expression calibrated to expression in human embryonic stem cells. (C) Representative images of size-restricted EBs, generated
manually. (C1) Small EBs (< 100mm/200 cells); (C2) medium EBs (*200mm/1000 cells); (C3) large EBs (> 400mm/ > 5000 cells).

FIG. 2. CRX expression in EBs formed with the AggreWell plates after 17 days in the differentiation medium. (A) RT-PCR
analysis showing CRX gene expression in EBs made from 200, 1000, but not 10,000 cells. + / - : with or without taurine and
T3 supplements. (B) RT-qPCR comparing CRX expression in mixed-size EBs with expression in 200 and 1000 cell EBs,
suggesting a significant increase in expression in size-controlled EBs if supplements are added. + / - : with or without taurine
and T3 supplements. Values represent the mean – SEM from three independent samples, each repeated in triplicate. Change
in gene expression calibrated to expression in human embryonic stem cells. (C) Representative images of AggreWell EBs. (C1)
100 mm/200 cells; (C2) 200 mm/1000 cells; (C3) 300mm/10,000 cells.
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recommended medium and placed into the appropriate
magnet for 10 min. The magnet was picked up and inverted,
and the supernatant with the desired cells was collected in a
new 5-mL tube. Each sample of cells underwent two rounds of
magnetic separation. To recycle the isolated cells, SSEA-4 ex-
pressing cells (attached to the magnetic beads) were re-
suspended in a differentiation medium and replated on
Matrigel-coated plates for 2 more weeks of differentiation.

Flow cytometry

For surface labeling with SSEA-4 antibody, cells were
collected and counted, and *200,000 cells per sample were
distributed into a 1.5-mL vial and collected by centrifugation
at 300 g for 5 min. Cell pellets were blocked in 100 mL PBS/
10% human serum (Sigma) for 10 min on ice, followed by the
addition of 1mL SSEA-4 antibody (gift from Dr. C. Eaves) to
each vial and incubation for 30 min on ice. Cells were wa-
shed once with 1 mL PBS/2% FBS, vortexed briefly, and
centrifuged at 300 g for 5 min followed by incubation for
15 min on ice in 100 mL goat anti-mouse Alexa-488 secondary
antibody diluted 1:400 in PBS/2% FBS. The cells were wa-
shed once as described, and each cell pellet was resuspended
in 300 mL of PBS/2% FBS supplemented with propidium
iodide (Life Technologies; 1:1000) and analyzed using an
FACSCalibur (BD Biosciences).

For intracellular labeling, cells were dissociated with Ac-
cutase, centrifuged at 300 g for 5 min, and resuspended in
PBS/2% FBS. Viable cells were counted, and 800,000 cells
were distributed into 1.5-mL tubes, representing all condi-
tions analyzed. Cells were collected by centrifugation and
fixed with 250 mL of 2% paraformaldehyde for 15 min on ice.
After one wash with 1 mL of PBS/2% FBS and centrifuga-
tion, cells were permeabilized for 15 min at RT in 0.5 mL of
saponin permeabilization buffer (SPB; 0.2% saponin and
0.1% bovine serum albumin in PBS). Cells were centrifuged;
the SPB was aspirated; and the cell pellet was resuspended in

100 mL anti-CRX polyclonal antibody developed in our lab-
oratory,25 diluted in SPB (1:200), and incubated for 30 min at
RT. Two washes, each with 1 mL of SPB followed by cen-
trifugation, were performed to remove the primary antibody,
and the cells were resuspended in 100mL goat anti-rabbit
Alexa-488 secondary antibody (diluted 1:400 in SPB) and
incubated for 20 min on ice followed by two washes with
SPB as described above. Cells were resuspended in 300 mL of
PBS/2% FBS and analyzed using FACSCalibur (BD Bios-
ciences). Data from all flow cytometry experiments were
analyzed with CellQuest Pro Software (BD Biosciences).

Sodium dodecyl sulfate/polyacrylamide gel
electrophoresis and western immunoblotting

Differentiated cells were collected by centrifugation and
lysed in 100 mL lysis buffer (10 mM Tris–HCl [pH = 7.4],
2 mM EDTA, 150 mM sodium chloride, 0.875% Brij-96,
0.125% NP-40, 1 mg/mL Aprotinin, 1mg/mL Leupeptin, and
174 mg/mL phenylmethylsulfonyl fluoride). The lysates were
subjected to three freeze–thaw cycles after which they were
centrifuged for 1 min at 10,000 g, and the supernatant was
collected in a fresh tube. Samples of equal protein concen-
tration were boiled for 5 min in 1 · sodium dodecyl sulfate
(SDS) sample buffer (50 mM Tris–HCl [pH 6.8], 2% SDS, 5%
glycerol, 0.005% bromophenol blue, and 1.6% b-mercap-
toethanol) and separated on 12% polyacrylamide Tris–gly-
cine gels for 2 h at 120 V. Proteins were electrophoretically
transferred to a polyvinylidene fluoride membrane (4 h at 80
V), blocked for 1 h in 5% (w/v) nonfat milk powder in PBS,
0.1% Tween-20 (PBST), and incubated overnight at 4�C with
our anti-CRX antibody25 (diluted 1:250 in 5% milk/PBST) or
for 1 h at RT with anti-GAPDH antibody (Abcam; diluted
1:2000). The membranes were washed three times in PBST,
incubated for 1 h at RT with anti-rabbit or anti-mouse sec-
ondary antibodies (Rockland Immunochemicals; diluted
1:10,000 in 5% milk powder/PBST), and washed three times

FIG. 3. CRX protein levels
in photoreceptor precursor
cells (PPCs). (A) Western
immunoblot analysis dem-
onstrating CRX in cell ly-
sates. MEB: mixed-size EBs
compared with 200 cell and
1000 cell AggreWell
EBs. + indicates the medium
supplemented with taurine
and T3. (B) Comparative
flow cytometry analysis
showing a highest propor-
tion of CRX + ve cells in 1000-
cell AggreWell EBs. Values
represent the mean – SEM
(n = 6). (C) Representative dot
plots and histograms from
one flow cytometry experi-
ment. Elliptical gate identi-
fies CRX + ve cells. Color
images available online at
www.liebertpub.com/tec
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in PBST before being imaged on the Odyssey� Imaging
System (LI-COR Biosciences). CRX protein was identified as
a band corresponding to 37 kDa.

Cytogenetic analysis

G-banded karyotyping (WiCell Research Institute) was un-
dertaken in the WA09 cell line, and PPCs derived from these
WA09 cells to determine whether chromosomal abnormalities
had been acquired during expansion and differentiation.

Results

Differentiation of hESCs toward PPC fate

Although CRX + ve cells (PPCs) were identified after 17
days by augmenting previously published differentiation
protocols10 (Fig. 1A), reverse transcription quantitative
polymerase chain reaction (RT-qPCR) suggested that some
improvement could be achieved by adding 20 mM taurine
and 40 ng/mL T3 at day 10 (Fig. 1B). Further assessment of

CRX levels using manually manufactured EBs subdivided
into small (< 100 mm), medium (200mm), and large (> 400 mm)
EBs (Fig. 1C) suggested that within a mixed-size population,
cells derived from EBs *200 mm in size were most effica-
cious, and EBs larger than this were less efficacious at CRX
expression (Fig. 1B).

We therefore explored the value of EB size control further
by looking at CRX expression in cells derived from the Ag-
greWell plates (Fig. 2). Most strikingly, after 17 days in the
differentiation medium, RT-PCR results showed no detect-
able CRX expression in cells derived from larger AggreWell
EBs (> 300mm in size, containing 10,000 cells) (Fig. 2A). Cells
derived from smaller AggreWell EBs showed significant
improvement in CRX expression compared with mixed EBs,
but importantly only if the medium was supplemented with
taurine and T3 (Fig. 2B). It was noted that using smaller EBs
(100mm, 200 cells) also resulted in a significant improvement
in CRX expression after 17 days of differentiation, but only if
10mM ROCK inhibitor was added to the medium for the
entire differentiation period (data not shown).

FIG. 4. Immunomagnetic
cell separation. Stage-specific
embryonic antigen-4 (SSEA-
4 + ve) cells removed in two
rounds from the PPC cohorts
using EasySep magnetic cell
separation. Flow cytometry
results: (upper panels) decline
in SSEA-4 + ve cells as identi-
fied by elliptical gate, and
(lower panels) proportional
increase in CRX + ve cells (el-
liptical gate identifies CRX-ve
cells). Color images available
online at www.liebertpub
.com/tec
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CRX protein expression in PPCs

To corroborate RT-PCR expression results, we found
that western blot analysis showed CRX protein was de-
tectable in PPCs (Fig. 3A). To determine the percentage of
cells that were CRX + ve, flow cytometry was carried out
on cells from mixed, manually sorted medium-sized EBs,
and AggreWell-derived EBs (Fig. 3B, C). With the same 17-
day differentiation protocol, we found that up to 78%
CRX + ve cells could be achieved with AggreWell size-
controlled EBs (200 mm, 1000 cell AggreWell EBs) com-
pared with just 59% CRX + ve cells with mixed EBs. This
was statistically significant by the Student t-test analysis
(n = 6; p < 0.05).

Exclusion of residual hESCs from the PPC population
and subsequent recycling

To further purify the PPC population with CRX + ve cells,
we used a negative selection protocol. Typically, negative
cell selection using the SSEA-4 antibody depleted the total
cell numbers by 50% per round. Flow cytometry established
that the SSEA-4 antibody protocol decreased hESCs from
19% to *4% (Fig. 4, upper panels). This demonstrated that
negative selection could be used to significantly reduce the
number of hESCs in the cell population derived from our
differentiation protocol. Residual cells, after negative selec-
tion, were then assessed for CRX expression (Fig. 4, lower
panels). This indicated that after two rounds of selection, the
percentage of CRX + ve cells had significantly improved from
*77% to 93%. These data therefore suggest that after a 17-
day differentiation protocol using AggreWell size-controlled
EBs and negative cell selection, a cell population can be ob-
tained containing *93% CRX + ve cells, 4% undifferentiated
hESCs, and 3% other cells (intermediate-staged cells).

We then looked at whether negatively selected cells were
viable for reintroduction to our differentiation protocol to
produce more CRX + ve cells rather than being discarded. This
SSEA-4-enriched cell population was reapplied to Matrigel-
coated dishes and subjected for a second round of differenti-
ation. Cell colonies could still be identified after 2 weeks,
suggesting that despite multiple rounds of selection and fur-
ther handling, these cells were still viable (data not shown).

Gene expression profile in the PPC population

To further establish the identity of PPCs, we looked at the
expression profile of a number of genes in cells kept in the
differentiation medium for up to 31 days (Fig. 5). In addition
to upregulation of CRX (Figs. 1 and 2), we then demon-
strated upregulation of the PPC genes BLIMP1, OPSINSW
(s-opsin), and RCVRN (recoverin), which was time depen-
dent (Fig. 5A). Maintaining cells in the differentiation me-
dium for this extended period did not, however, lead to a
significant upregulation of NRL (Fig. 5A) or rhodopsin (by
RT-PCR, data not shown). We did, however, also see a sig-
nificant downregulation of the pluripotency genes NANOG
and SOX2, indicative of cell differentiation (Fig. 5B).

G-banded karyotyping

To determine whether the differentiation and negative cell
selection protocol had led to chromosomal abnormalities, 20
cells, each of WA09 and CRX + ve PPCs (collected after the

negative selection procedure), were analyzed for cytogenetic
abnormalities. Both cell lines demonstrated a normal kar-
yotype, and no clonal abnormalities were detected at the
400–500-kb band level (Fig. 6).

Discussion

Improving hESC differentiation protocols have emerged
as a common theme in regenerative medicine. For exam-
ple, based on previous, longer protocols to manufacture
pancreatic b-cells,26–28 a 14-day procedure has recently been
proposed for the differentiation of hESCs into pancreatic
progenitor cells (expressing NGN3, NEUROD1, PTF1a, and
PDX1). In this work, a novel combination of inhibitors of
TGF-b and BMP signaling and a PKC activator was used.29

In other work, on differentiating cardiomyocytes from
hESCs, a recent study optimized numerous variables, in-
cluding number of EBs per well, well size and shape, me-
dium formulation, and days of media change to propose a
universal differentiation protocol generating a cell popula-
tion of > 90% contracting cells in just 9 days.30 This is in
comparison to *11% contracting cells in 20 days using tra-
ditional methods.31

In parallel with this, a significant progress has also been
made in improving retinal cell differentiation protocols using
hESCs. Early work on hESCs using mouse feeder cell systems
demonstrated only 10%–12% CRX + ve cell yield after a 21-day
period.10 Others reported a 11% CRX + ve cell yield, but after a

FIG. 5. RT-qPCR expression profiles of genes associated
with photoreceptor differentiation (A, upper panel) and cell
pluripotency (B, lower panel) in PPCs at 17, 24, and 31 days
in the differentiation medium. All fold changes in gene ex-
pression normalized to GAPDH and calibrated to expression
in human embryonic stem cells.
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longer 120-day protocol and also using mouse feeder cells, in
studies designed to terminally differentiate a range of retinal
progenitor cells.11 In a novel 3-dimensional (3D) tissue con-
struct, a range of retinal progenitor cells, including CRX + ve
cells, were also reported, but after a 90-day period.17 In an-
other 3D model (optic vesicle-like spheres), again using mouse
feeder cells, an yield of *56% CRX + ve cells was achieved
after 80-day incubation.32 A far-reaching study combining the
approaches from a number of previous studies, but still using
hESCs expanded on mouse feeder cells, resulted in *16%
CRX + ve cell yield after a 45-day period.7 Most recently, a
feeder-free differentiation protocol has been reported, yielding
some CRX + ve cells after a 21-day period, although the rela-
tive percentage of cells was not reported.3

Although improvements in retinal cell differentiation are
being reported, these are unlikely to be enough for larger-

scale preclinical or ultimately clinical studies. Therefore, we
tested a novel protocol combining very recent innovations
from a number of different studies, such as the use of the
feeder-free TeSR2 growth medium3 and taurine plus T3
supplements,17 and added these to a protocol of enhanced
cell handling. This resulted in an increase of yield of CRX +
ve cells from 10%–56%3,10,11,32 to 78%. This could be
achieved in cycles of just 17 days representing a substantial
improvement in efficiency. This improvement was achieved
using 200-mm (1000 cells) EBs. Although results using 100-
mm (200 cells) EBs were not statistically different from 1000
cell EBs, in practice, we concluded that 200-mm (1000 cells)
EBs were optimal for use, since they proved easier to handle
and did not require the addition of the ROCK inhibitor. It has
been proposed that such CRX + ve cells can go on to mature
into functional photoreceptors that will integrate into the

FIG. 6. Karyotype analysis.
Normal karyotype in (A)
WA09 human embryonic
stem cells and (B) PPCs after
completing the 17-day differ-
entiation protocol.
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diseased retina, and this has been established in a number of
previous studies.3,11,33 We explored this with our cells by
extending exposure in the differentiation medium up to 31
days and confirmed progressive downregulation of the
pluripotency genes NANOG and SOX2. Gene expression
suggestive of early photoreceptor differentiation (BLIMP1)
was also seen, but as expected, declined with time. Expres-
sion suggestive of more mature photoreceptors (RCVRN,
recoverin) was detectable. Interestingly, high OPSINSW (s-
opsin) expression declined with time. However, s-opsin gene
expression is not necessarily indicative of cone maturation,
but can be a stage in the development of all photorecep-
tor rods and cones.34 In addition, limited expression of the
NRL transcripts correlates with our observation that rho-
dopsin expression is not detectable up to 31 days in the
differentiation medium. This is comparable with the work of
others, suggesting that full rod photoreceptor maturation
in vitro takes a prolonged time. This may not, however, re-
flect maturation in vivo when PPCs have been implanted
subretinally.

An important consideration however is whether CRX ex-
pression in differentiating hESCs is sufficient to consider
these cells as actual photoreceptor precursors. Strategies in
the past have focused on showing expression of a range of
precursor transcription factors.17,10,11 However, no study has
yet suggested that hESCs or cells in normal development can
progress into a photoreceptor lineage without CRX expres-
sion.19–21 Although further work needs to be done on how to
best define a photoreceptor precursor, our work can be
compared with that of others, since CRX expression has been
a key feature in all such studies.

Another key concern in work to develop photoreceptor
precursors has been the heterogeneous nature of cell popu-
lations that have so far been produced and implanted in
preclinical trials. Ultimately, homogeneous cell populations
would be attractive, and as a step toward this, we found that
the CRX + ve cell yield could be improved further to 93%
through cell sorting to reduce residual hESCs. The most ef-
ficient cell selection protocols usually involve positive se-
lection35,36; however, we elected to undertake a negative
selection strategy. The advantage of negative selection is that
it avoids manufacturing PPCs that have surface antibodies
attached to them, which could potentially hinder in vivo

maturation or long-term survival.37 Such cell selection pro-
tocols can nonetheless be inefficient, since large numbers of
cells are discarded. Although, we found that such selected
cells are still viable and can therefore be reintroduced into
the differentiation medium for further use. Finally, kar-
yotyping confirmed that the differentiation and selection
protocol did not appear to induce the chromosomal abnor-
malities that have been reported by others in hESC work.38

This might be due to the shortened time span of the protocol
compared to other studies.

In summary, we have developed a method (summarized
in Fig. 7) for producing PPCs in a relatively short time and in
large numbers. This is in contrast to previous studies, al-
though these were principally aimed at proof of concept or
aimed at producing a range of retinal progenitor cells rather
than on improving efficiency.3,10,11,17 Since blindness due to
retinal disease is common in developed countries such as the
United States,1 efficient production of retinal precursor cells
or, more specifically, PPCs could have a major impact in
preclinical and future clinical trials.
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