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Abstract
Retinal degeneration is a leading cause of irreversible blindness in the developed world.
Differentiation of retinal cells, including photoreceptors, from both mouse and human ES and iPS
cells, potentially provide a renewable source of cells for retinal transplantation. Previously, we
have shown both the functional integration of transplanted rod photoreceptor precursors, isolated
from the postnatal retina, in the adult murine retina, and photoreceptor cell generation by stepwise
treatment of ES cells with defined factors. In this study we assessed the extent to which this
protocol recapitulates retinal development and also evaluated differentiation and integration of ES
cell-derived retinal cells following transplantation using our established procedures. Optimized
retinal differentiation via isolation of Rax.GFP retinal progenitors recreated a retinal niche and
increased the yield of Crx+ and Rhodopsin+ photoreceptors. Rod birth peaked at day 20 of culture
and expression of the early photoreceptor markers Crx and Nrl increased until day 28. Nrl levels
were low in ES cell-derived populations compared with developing retinae. Transplantation of
early stage retinal cultures produced large tumors, which were avoided by prolonged retinal
differentiation (up to day 28) prior to transplantation. Integrated mature photoreceptors were not
observed in the adult retina, even when more than 60% of transplanted ES cell-derived cells
expressed Crx. We conclude that exclusion of proliferative cells from ES cell-derived cultures is
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essential for effective transplantation. Despite showing expression profiles characteristic of
immature photoreceptors, the ES cell-derived precursors generated using this protocol did not
display transplantation competence equivalent to precursors from the postnatal retina.
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Embryonic stem cells; Retina; Cell transplantation; Photoreceptor cells; Fluorescent protein
reporter genes; Stem cell transplantation

Introduction
Photoreceptor degeneration, as a result of inherited or age related eye disease, is the leading
cause of blindness. Once lost, photoreceptors are unable to regenerate and currently there are
no effective treatments to restore sight. While strategies such as gene therapy may offer
ways to slow the progression of disease, they are ineffective once photoreceptors have
completely degenerated. Therefore, novel approaches to replace the light-sensitive cells of
the eye represent an exciting therapeutic strategy that, if successful, would be applicable to a
wide range of degenerative retinal diseases.

We have previously demonstrated the transplantation and integration of freshly isolated post
mitotic photoreceptor precursors into the adult mouse retina. Cells isolated at the correct
ontogenetic stage from the developing retina were able to integrate into the host retina, form
functional synaptic connections and mediate light-stimulated behavior in mice with retinal
degeneration (1, 2). However, the equivalent stage of development from which post mitotic
photoreceptor precursors could be derived in humans are second trimester fetuses, an
ethically and logistically challenging source. An alternative renewable cell source is
embryonic stem (ES) cells, which have the potential to be differentiated into nearly all cell
types (3). With the recent discovery of iPS cells, ES-like cells generated from reprogrammed
adult somatic cells, it is hoped that they will eventually provide an ethical source of
pluripotent cells for regenerative medicine (4, 5).

Several groups have reported the differentiation of different retinal cell types from both
human and mouse ES cells, and more recently from iPS cells (6-12). We previously
demonstrated for the first time, the generation of different retinal cell types by the stepwise
treatment of mouse, primate and human ES cells with defined factors (9). This protocol used
a serum-free embryoid body-like suspension culture, followed by an adherent culture in
which differentiated cells migrate out from aggregated cell pellets. Retinal cell types had
been differentiated previously from human ES cells only by the use of cocultures,
conditioned media and Matrigel (6, 11). Since this first study, other defined conditions have
been used to differentiate human ES cells towards retinal cell types (10). Lamba et al.
recently reported the integration of human ES cell-derived photoreceptors following the
transplantation of mixed ES cell-derived retinal cell populations to the subretinal space of
immunosuppressed mice (13). These cells were differentiated using Matrigel, a solubilised
basement membrane preparation derived from mouse sarcomas, which contains a variety of
undefined growth factors and were labeled using a replication incompetent lentivirus
expressing eGFP under a ubiquitous promoter (hEF1a) or an adenovirus driving eGFP under
a CMV promoter (11, 13). The transplanted cells within the host outer nuclear layer (ONL)
were identified by GFP fluorescence and expression of rod photoreceptor markers (13). The
study found no evidence for the formation of teratomas, arising from the transplantation of
undifferentiated human ES cells.
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As yet, no studies have investigated the transplantation and integration of mouse ES cell-
derived photoreceptors or ES cell-derived retinal cells differentiated in a defined manner, a
more appropriate method for clinical application. There is limited evidence that ES cell-
derived cells can mature into functional photoreceptors forming outer segments and
synapses. Given that freshly dissociated early postnatal mouse photoreceptor precursors are
able to integrate into the adult murine retina, we investigated whether mouse ES cell-derived
photoreceptors could be cultured to an equivalent developmental stage using a defined
protocol, and tested whether such cells could also integrate into the adult murine retina.
Using a stepwise retinal differentiation protocol, we demonstrated the optimized generation
of early retinal progenitors and differentiation of immature photoreceptors, and compared
the timing and profile of ES-cell derived retinal differentiation with normal retinal
development. We evaluated the transplantation competence of ES cell-derived retinal
populations at different stages of development in the healthy and degenerating mouse retina,
and demonstrated the critical importance of avoiding the transplantation of highly
proliferative ES cell-derived cell populations that generate tumors.

Materials and Methods
ES cell lines and differentiation culture

An EB5 mouse ES cell line, Rax.GFP (kind gift of Y. Sasai) (14), was maintained and
differentiated as previously described (8, 9). Details of the adapted protocol and the
generation of the Rax.GFP/Nrl.RFP reporter line are described in the supplementary
methods.

FACS analysis
Described in supplementary methods.

Real-time and RT-PCR analysis
Total RNA was extracted with RNeasy Micro or Mini Kit (QIAGEN), and Reverse
transcription was performed using 1 μg of total RNA and QuantiTect Reverse Transcription
Kit (Qiagen). The synthesized cDNA was amplified with gene-specific primers, shown in
Supplementary Table 1. Real-time quantitative RT-PCR (qRT-PCR) is described in the
supplementary methods.

Immunocytochemistry
Primary antibodies and working dilutions used are included in supplementary Table 2.
Protocol details are described in supplementary methods.

Production of recombinant AAV2/9 CMV.GFP
Described in supplementary methods.

Transplantation of ES cell-derived cells
C57Bl/6J, Rho−/−, Gucy2e−/− and Gnat−/− mice were maintained in the animal facility at
University College London. All experiments were conducted in accordance with the Policies
on the Use of Animals and Humans in Neuroscience Research. Adult mice were 6-15 weeks
old and kept on a standard 12hr light-dark cycle. Differentiated cells were dissociated and
transplanted as previously described (1, 15-17), further details are provided in the
supplementary methods.
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Histology and Immunohistochemistry
Described in supplementary methods.

Microscopy, image acquisition and processing
Described in supplementary methods.

BrdU cell birth analysis and cell counts
For birth date experiments, day 10 Rax.GFP+ cells were plated in chamber slides and BrdU
(Becton Dickinson) was added to the differentiation medium at various timepoints (see text),
for 24 hrs at a final concentration of 10 μM. Double staining for BrdU and cell type specific
markers was performed as described above and in supplementary methods.

Statistical Analysis
All means are presented ± SEM (standard error of the mean), unless otherwise stated; N,
number of animals or independent experiments performed; n, number of eyes, sections or
fields of view examined, where appropriate. The statistical program used for the analysis of
all data was Prism 5 (GraphPad Software, Inc, La Jolla, USA); *P < 0.05, **P < 0.01, ***P
< 0.001.

Results
Optimization of the generation of retinal progenitor cells from ES cells

We previously showed the differentiation of retinal cells from mouse ES cells using a
defined serum-free floating culture of embryoid body-like aggregates method (SFEB/DLFA
culture, (8, 9)). We sought to further investigate this method of retinal differentiation, with
the specific purpose of generating photoreceptor precursors for transplantation. Using the
same EB5 mouse ES cell line, which contains the eGFP reporter inserted into the first exon
of the Rax gene (kind gift of Y. Sasai) (14), we examined the stage-specific differentiation
of early retinal progenitors. In chimeric embryos, the expression of Rax.GFP is restricted to
the diencephalon, in particular to the eye field and subsequent optic vesicle (Figure 1ai,ii;
white arrow heads; green) and the ventral floor plate cells of the hypothalamus (Figure
1ai,iii; white arrow; green) at E9.5. To distinguish retinal Rax.GFP progenitors from
hypothalamic Rax.GFP progenitors the co-expression of the transcription factor Pax6 was
utilized. Pax6 is widely expressed in the embryonic forebrain (Figure 1bi; red), including the
optic vesicle (Figure 1bi,ii; white arrow heads; red), while the ventral floor plate cells of the
hypothalamus do not express Pax6 (Figure 1bi,iii; white arrow). Using the SFEB/DLFA
culture method, immunocytochemistry for Rax.GFP and Pax6, (Figure 1ci, ii) confirmed the
in vitro generation of early retinal progenitors from the EB5 ES cell line. Quantitative
transcriptional analysis of the cultures demonstrated a reduction in the pluripotency marker
Oct3/4 (Pou5f1) over the first 10 days of differentiation, and a loss of expression after FAC-
sorting (at day 10a) and further differentiation of the Rax.GFP+ cell population (Figure 1d).
In contrast, the early retinal progenitor markers Rax, Pax6 and Vsx2 (Chx10) showed
increased expression (Figure 1e). This expression profile is consistent with previous
observations of neural differentiation using this protocol and the derivation of early retinal
progenitors after 7-10 days of culture (8, 9, 14).

Since large numbers of differentiated retinal cells are required for transplantation studies we
further optimized the percentage of Rax.GFP+ retinal progenitors achieved by day 10. We
determined the optimal cell density for the generation of retinal progenitors by forming
individual embryoid-like bodies (EBs) in 96 well plates and FAC-sorting the cells at day 10
to determine the percentage of Rax.GFP+ retinal progenitors present. The optimal EB size
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was 9,000-15,000 cells (Figure 2a; green Rax.GFP+ retinal progenitors; Figure 2b; 90-150
cells/μl of media), which was significantly more efficient than 3,000 or 6,000 cells/EB
(Figure 2b; ANOVA, P<0.01). The loss of efficiency at the higher cell density of 27,000
cells/EB (270 cells/μl) is most likely due to cell starvation. Pax6 immunocytochemistry
confirmed that the Rax.GFP+ cells were retinal progenitors and not hypothalamic
progenitors at the various cell densities tested (Figure 2a). The larger EBs displayed neural
epithelial-like organization of the Rax/Pax6+ cells (>9,000 cells/EB or >90 cells/μl) on days
7 and 10 of differentiation, reminiscent of the optic vesicle (Figure 2c). However, these
regions did not progress to form optic cup-like structures when differentiated for longer
(Figure 2c; days 12 and 14), as has been shown by others with the addition of extracellular
matrix proteins (18). Therefore, the rest of the studies performed here used the lowest
optimal cell density of 9,000 cells/EB to generate maximal yields of Rax.GFP retinal
progenitors.

We next examined the temporal transcriptional profiles of Rax.GFP+ retinal progenitors by
FAC-sorting this population at progressive stages of differentiation. Rax.GFP+ cells were
present from day 7 onwards, with significantly greater numbers of Rax.GFP cells present at
days 9 and 10 of differentiation (Figure 3a; P<0.05, ANOVA). The decline in the number of
Rax.GFP-expressing cells on days 12 and 14 is most likely due to the down-regulation of
Rax expression in presumptive RPE progenitors (Figure 3a). Figure 3b shows a
representative cumulative FACS plot and histogram for ES cell-derived cells following 10
days of differentiation culture. Sorted Rax.GFP+ retinal progenitors expressed the early eye
field transcription factors Rax, Pax6, Six3, Six6, Lhx2, and Otx2 at all timepoints as
examined by RT-PCR (Figure 3c). As the number of cells expressing Rax.GFP increases,
but not the level of expression, the intensity of the RT-PCR bands remains constant in the
sorted RAX.GFP-positive population at the various time points examined. The retinal
progenitor markers Vsx2 (Chx10) and Sox9 were also present throughout the culture period,
however Ikzf1 (Ikaros), an early retinal progenitor marker, demonstrated a decreasing
expression profile with time suggesting that the cells were differentiating in a stage-
dependent manner. The pluripotent marker Nanog, expressed highly in day 0 (D0)
undifferentiated ES cells was not expressed in the Rax.GFP+ retinal progenitors from day 9
onwards (Figure 3c). As early retinal progenitor numbers were highest and no Nanog
expression was observed at day 10, retinal progenitors were isolated from this stage of
culture for all further retinal cell differentiation experiments.

Temporal analysis of ES cell-derived retinal cell differentiation
Isolated retinal progenitors (Rax.GFP+ cells) were differentiated as adherent cultures on
poly-lysine, laminin and fibronectin coated plates for more than 20 days. The time and peak
of birth in vitro for early and late born retinal cell types was investigated by BrdU pulse
labeling at days 14, 17, 20 or 24 and immunocytochemical analysis of the cells at day 32 of
culture (Figure 4a). Early born ganglion and horizontal cells were labeled with Brn3 and
calbindin, respectively, and had higher percentages of cell birth at day 17 (Figure 4ai, ii and
4bi, ii). In contrast, the late born rod photoreceptor and bipolar cells labeled with rhodopsin
and PKC, respectively, had the greatest percentage of cell birth at day 20 (Figure 4aiii, iv
and 4biii, iv). A schematic demonstrating the presence of these cell types is shown in figure
3c. We also observed RPE cells labeled with Mitf and ZO-1 (Figure 4d), Müller cells
labeled with GFAP and glutamine synthetase (Figure 4e), photoreceptor precursors labeled
with Crx (Figure 4f), cone photoreceptors labeled with S-opsin (Figure 4g) and maturing rod
and cone photoreceptors labeled with recoverin (Figure 4h). We confirmed the onset of
expression of later photoreceptor markers rhodopsin, recoverin, S-opsin and M-opsin at day
32 of differentiation, by RT-PCR (Figure 4i), but the late RPE marker, RPE65, was not
observed. PKC alpha expression was observed in ES cells. However, following FAC-sorting
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for Rax.GFP+ retinal progenitors, little PKC alpha expression was observed at day 14, but
was readily detectable by days 20 and 32 (Figure 4i). Overall these data are consistent with
the peak of rod and bipolar cell birth at day 20 of culture and the expression of mature
photoreceptor cell markers at day 32, as previously described (9). Therefore, to ascertain the
optimal stage of culture to derive post-mitotic photoreceptor precursors for transplantation,
we focused on the day 20-28 culture period.

As large numbers of photoreceptor precursor cells are required for transplantation (200,000
cells per 1 μl injection) and FAC-sorting Rax.GFP differentiated cultures at day 10 limits
the quantity of cells that can be differentiated at any one time, we investigated whether the
presence of Rax.GFP− cells had any adverse effects on rod photoreceptor differentiation.
Equal numbers of sorted Rax.GFP+ cells were re-aggregated (20,000 cells/ aggregate) and
plated per well. One population was left as pure sorted RaxGFP+ and to the other additional
Rax.GFP− cells were added so that the ratio of Rax.GFP+:RaxGFP− was 35:65% (this mixed
population reflected the proportion of Rax.GFP+ cells per unsorted EB). The cells were
further differentiated until day 32, when Crx+ and rhodopsin+ cells were quantified by
immunocytochemistry. A significantly greater percentage of cells were Crx+ in the sorted
compared with the mixed cell cultures (Figure 5a; 65.4 ± 9.6% and 25.9 ± 9.0%,
respectively; P<0.001, 2way ANOVA, n = 9). The sorted population also contained
significantly more rhodopsin+ cells (Figure 5a; 37.7 ± 15.7% versus 1.0 ± 0.7%; P<0.001,
2way ANOVA, n = 9) with very little rhodopsin staining present in the mixed cell
population, as shown in figure 5b (i-iv; green Crx+ nuclei; red rhodopsin+ cells). We
concluded that mixed neural cultures were not as useful for the efficient generation of rod
photoreceptors. This suggests that, as in vivo, a retinal progenitor cell niche is required for
efficient differentiation of photoreceptors, and that sorted Rax.GFP populations better
simulate this requirement.

Comparative analysis of photoreceptor differentiation in vivo and in ES cell-derived cell
cultures

To determine optimal culture stages containing photoreceptor precursors for transplantation
we examined a range of photoreceptor markers by immunocytochemistry over the retinal
cell differentiation culture period and compared the profiles with that of the developing
retina. (figure 5a). We observed early photoreceptor precursor markers Crx and S-opsin
from around day 18-20 in culture and the later photoreceptor markers from days 24-26.

To establish the equivalent retinal developmental stage we performed qPCR to compare the
number of molecules for relevant photoreceptor markers obtained from differentiated
cultures at days 20, 24 and 28 of culture (Figure 5b) with the number of molecules obtained
from P0, 4, and 8 postnatal retinae (Figure 5c). For the cultured cells, the number of Crx and
Nrl molecules increased with time, whereas Rho and Opn1sw (rhodopsin and S-opsin,
respectively) did not increase between days 24 and 28 of culture (Figure 5b). We observed
very little Gnat1 (rod transducin) at any of the timepoints (Figure 5b). By contrast in the
postnatal samples, Crx and Nrl increased until P4, with a reduction in Crx by P8 (Figure 5c).
Rho increased greatly over the timecourse examined, while Gnat1 expression was readily
detectable by P8 (Figure 5c). The highest levels of Crx and Nrl observed in the postnatal
samples were 10 and 187 fold higher than the highest levels observed in the ES cell-derived
cultures, respectively. In the cultures, the ratio of Nrl to Crx transcripts was much lower than
that observed in the early postnatal retina (Figure 5d; 0.02 at day 28 vs. 0.1 at P0 and 0.32 at
P4). The relatively high Crx expression was not matched by raised Opn1sw expression, as
would be expected if the Crx+ cells were differentiating into cones instead of rods. By
contrast, the ratio of Rho molecules to Nrl molecules at day 28 of culture was in the same
range as the P4-8 retinas (Figure 5e; 23.7 at day 28 vs. 6.2 at P4 to 47.6 at P8) suggesting
that the Nrl expressing cells were at a similar developmental stage. Hence, several notable
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differences in the expression profile of photoreceptor markers were found between in vivo
and ES cell-derived populations. Most marked was the relatively low expression of the key
rod differentiation factor, Nrl, in the ES cell-derived cultures compared with the high Crx
expression.

To more directly investigate the production of Nrl+ cells in the ES cell cultures, we
electroporated an Nrl promoter driving an RFP reporter into the EB5 Rax.GFP mouse ES
cell line to generate double fluorescent Rax.GFP/Nrl.RFP reporter lines (n = 11). This
promoter fragment has been previously shown to drive faithful expression of GFP in rod
photoreceptors in transgenic mice (19). Using the new lines and following day 10 retinal
progenitor differentiation and Rax.GFP FAC-sorting, we differentiated the cells to day 28 of
culture before performing a second FACS analysis to determine the percentage of Nrl.RFP+

cells (Figure 5fi,ii). Only 0.2 ± 0.06% (N = 6) of the cells were positive for Nrl.RFP at day
28 in one line. RT-PCR analysis of these FAC-sorted cells confirmed Crx, Nrl, Nr2e3 and
Rho expression (Figure 5g) consistent with expression of the Nrl.RFP transgene in rod
photoreceptors. Although integration effects may influence transgene expression, these
findings are consistent with the low level of Nrl expression detected by qPCR (Figure 5b).
The low proportion of Nrl.RFP+ cells in culture (~0.2 %) made it impractical to FAC-sort
these cells for transplantation.

Together these data support the conclusion that photoreceptor precursors are being generated
in the ES cell cultures, but that rod differentiation may be delayed and that the usual close
correspondence in the expression profiles of Crx and Nrl (20, 21) is not being recapitulated
in vitro.

ES cell-derived retinal cells transplanted to the adult retina
Finally, we tested the behavior of the ES cell-derived retinal cells after transplantation into
the adult retina, to determine whether they were able to complete photoreceptor
differentiation in vivo and integrate into the host retina.

First we investigated the survival of ES cell-derived cultures and any potential harmful
effects of transplantation, by transplanting sorted Rax.GFP+ retinal progenitors and unsorted
mixed neural progenitors from day 10 of culture into the subretinal space of the adult retina.
Both progenitor cell populations survived in the subretinal space and maintained Rax.GFP
expression. No Rax.GFP+ cells integrated within the host retinal layers. 50% of the mixed
neural progenitor transplants and 17% of the sorted retinal progenitor transplants resulted in
either subretinal and/or scleral hyperplastic cell masses (referred to here as tumors) 4 weeks
post transplantation (Figure 7a; single asterisk and double asterisk, respectively). The tumors
displayed varied morphology but were negative for pluripotent markers Oct3/4 and Nanog
and proliferative markers Ki67 and phospohistone 3 (pH3) (data not shown).

Next, we assessed whether further differentiation of the progenitor cells in vitro prior to
transplantation, reduced the prevalence of tumors in vivo. To ensure ready identification of
the transplanted cells, we labeled the retinal progenitors in vitro with an adeno-associated
viral vector (pseudotype 2/9) carrying a GFP reporter driven by a CMV promoter
(AAV2/9.CMV.GFP). Cells were transfected on days 14-18 and 20-24 for day 20 and 28
transplants, respectively. AAV2/9 transduces many fetal and neonatal neuronal cell types
(22) as well as the majority of retinal cell types including photoreceptors (23). We
confirmed this in vitro and found at day 20 and day 28, an average 45% of the cells,
including many neuronal cells, were labeled with GFP (Supplementary figure 1).

We analysed two differentiation timepoints, day 20 and day 28 in transplantation
experiments, as the peak of rod cell birth was around day 20, equivalent to P0 stage in vivo,
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whereas Crx transcript numbers at day 28 were similar to the early postnatal retina (P0-4).
Transplantation of day 20 retinal cells differentiated from day 10 mixed neural progenitor
cell populations resulted in tumors in 55% of transplants, whereas cells differentiated from
day 10 Rax.GFP sorted retinal progenitor cell populations resulted in tumors in 17% of
transplants (Figure 7b,c). Oct3/4, Nanog, Ki67 and phospohistone 3 (pH3) were not
observed in the tumors and the GFP labeling was not observed in the majority of cells
(Figure 7b). Varied cell morphologies were present in the tumors resulting from unsorted
day 20 cells, whereas neural morphology and rosettes were observed in the tumors derived
from sorted day 20 cell populations (Supplementary figure 2). These results suggest that
application of the retinal cell differentiation protocol up to day 20, did not eliminate the
tumorogenic risk presented by proliferative (ES-like or progenitor) cells within the culture.

In contrast to cells transplanted from days 10 and 20 of culture, cell populations from day 28
of the differentiation protocol did not give rise to any tumors in either the day 10 Rax.GFP
sorted retinal cell populations or the mixed neural cell populations (Figure 7c). Examination
of proliferative markers in vitro demonstrated increased numbers of proliferative cells in day
20 and day 24 cell cultures compared with day 28 of culture (Supplementary figure 3),
consistent with our observations following transplantation. These data indicate that greater
differentiation, even of unsorted ES cell-derived populations, reduces the risk of
tumorogenesis following transplantation.

Finally, we examined the morphology, location and immunohistochemical character of ES
cell-derived (AAV2/9 CMV.GFP transduced) transplanted cells that migrated into the host
retinae and those in the sub retinal space. Small GFP+ cell masses survived in the subretinal
space at 2-3 weeks post transplantation. No immunostaining was detected for Crx, rhodopsin
and recoverin in these cells (data not shown). A few GFP+ integrated photoreceptors (~0-5
per eye) were observed in the ONL of the host retina for some (33%, n = 54 eyes) of the day
20 and day 28 transplants. However, on no occasion were GFP+ cells detected that co-
expressed the relevant photoreceptor markers absent in knock out models (Supplementary
figure 4; RetGC−/−, Rho−/−, Gnat−/− respectively). We therefore suppose that these are
virally transduced host cells rather than integrated transplanted cells (Supplementary Figure
4). Transduced host cells were not observed in the culture medium injected controls (n = 6
eyes), and the virally transfected cells were washed extensively and FAC-sorted prior to
transplantation, but we cannot rule out the possibility that a few viral particles have been
shuttled with the cells, as has been shown previously for lentiviral vectors (24).

To assess whether increased cell death in the transplanted cell population contributed to the
low integration of cells we examined the transplanted cell mass for active caspase 3+ cells or
a lack of GFP+ cells in the subretinal space. Very few active caspase 3+ cells were observed
in the subretinal space or the host retina (Figure 7d) and around 60% of the subretinal cell
masses contained GFP+ cells suggesting that these cells were viable. We examined the
recipient retinas for the presence of increased gliosis by GFAP immunohistochemistry as we
have previously shown that the induction of GFAP labeled glial processes along the outer
edge of the host retina can inhibit photoreceptor precursor cell integration into the ONL (15,
25). Although we found increased GFAP staining in Müller glial processes spanning the
retina, as expected following a subretinal transplantation, there was no indication of gliosis
(Figure 7e). We also performed immunohistochemistry for the macrophage marker F4/80, as
we have previously shown reduced integration with increased infiltration of activated
macrophages to the host retina and subretinal space (17). Few activated macrophages were
present within the recipient retinas and the level of inflammatory response was similar to
that observed in the majority of freshly dissociated retinal cell transplants suggesting that the
ES cell-derived transplants did not promote an increased immune response (Figure 7f).

West et al. Page 8

Stem Cells. Author manuscript; available in PMC 2013 February 25.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



In summary, no robust integration and maturation of photoreceptors was observed in any of
the wildtype (n = 34) or degenerate (n = 19) recipient retinas following ES cell-derived
retinal cell transplantation. Our data suggests that the transplanted population of ES cell-
derived photoreceptor precursors lack some essential properties of photoreceptor precursors
isolated from the developing retina that are required for integration into the adult retina.

Discussion
We have previously used a defined SFEB/DLFA method of ES cell differentiation to
successfully differentiate all retinal cell types (9). Our present study used this protocol to
determine whether mouse ES cell-derived photoreceptor precursors have the ability to
migrate and integrate into the adult retina as efficiently as freshly dissociated retinal cells
derived from an equivalent developmental stage in vivo. We showed the efficient generation
of early retinal progenitors and the correct birth order of retinal cell types in accordance with
in vivo retinal neurogenesis, using an optimized version of this ES cell differentiation
protocol. We generated populations in which all the cell aggregates contained Crx positive
cells (≤ 65 % of cells Crx+) by day 24 as shown by immunocytochemistry and increased
numbers of Crx transcripts by day 28, as demonstrated by qPCR, with similar numbers of
transcripts compared with the early postnatal retina (P0). However, following the
transplantation of this retinal cell population no integrated ES cell-derived photoreceptors
were observed.

Following the scale up of the ES cell differentiation protocol to isolate populations for
transplantation we found very few Nrl expressing cells. This may be due to several reasons
including increased concentrations of inhibitory factors derived from other retinal cell types,
such as ciliary neurotrophic factor (CNTF) produced by astrocytes and glial cells (26-29),
and previously shown to inhibit rod differentiation (30, 31) and to block Nrl and Crx
expression (32). In vivo retinal development involves gradients of secreted signaling
molecules, such as FGF2 and Shh (33) that may not be present in the adherent ES cell-
derived cultures. The lack of correct cell-cell contact, neural epithelial organization and
polarity that are present in the in vivo retina are not simulated in the 2D adherent culture
environment, and may account for the reduced differentiation observed (34, 35). It was not
possible to determine whether further time in culture increases the number of Nrl+

precursors as the survival of the cultured cells was compromised from day 32 onwards, with
morphological deterioration by day 34. However, the majority of rod photoreceptors were
born at day 20 of culture and mature photoreceptor markers were starting to be expressed at
day 28 with maintained expression until day 32 and there was little indication of increased
Nrl expression at this later stage.

The presence of tumors following ES cell and ES cell-derived transplantation to the eye has
been shown previously in several other studies (36-39). In transplantations to the brain,
selection of Sox1.GFP+ cells and culture prior to transplantation attenuated tumor formation
(40). Here we found that despite selecting Rax.GFP+ retinal progenitors prior to
transplantation there was still a risk of tumor formation from ES cell-derived cultures.
However, following selection and extended retinal differentiation time, the percentage of
transplants that presented tumors was greatly reduced. Further differentiation partially
negated the need for FAC-sorting as any remaining progenitor/stem cells differentiated in
vitro prior to transplantation. This is important if mixed populations are to be transplanted.
However, the most efficient method for the transplantation of freshly dissociated
photoreceptors is by FAC-sorting the relevant Nrl+ cell population prior to transplantation.
This is also likely to be the case for ES cell-derived retinal cells and the future selection of
photoreceptor precursors by reporter expression or surface marker combinations may enable
the improved quantification and isolation of this population within the culture (41).
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When assessing whether transplantation of ES cell-derived retinal cells resulted in the
integration of new photoreceptors, we observed a small number of false positive results that
we conclude were due to AAV2/9 CMV.GFP transduction of host photoreceptors. Like the
host cells in the recipient knockout models, these cells did not express photoreceptor
markers. It is important to note that even following several changes of media in the days
preceding transplantation, extensive washing prior to dissociation and FAC-sorting of the
cell population it still may be possible that some residual infective virus particles may be
shuttled with the cells. Using ES and iPS cell lines that contain endogenous reporters would
avoid the problem of false positives due to viral vector. Increased cell death in the
transplanted cell population, increased gliosis of the host retinas or increased innate immune
responses in the recipients were all excluded as possible explanations for the lack of
integration of the ES cell-derived retinal cell populations. We propose that the most likely
explanation for the lack of integrated cells was the presence of low numbers of optimally
staged ES cell-derived precursors in the cultures. We have previously shown that Crx.GFP
expressing embryonic stage cells from the developing retina show at least a ten-fold lower
integration efficiency than those from the postnatal retina (42), so the Crx+/ Nrl− ES cell-
derived populations may show similarly low transplantation competence.

Our results differ from those of Lamba et al. who have reported the integration of human ES
cell-derived photoreceptors into the neo-natal and adult mouse retina (13). This disparity
may be due to inherent differences between the efficiency of retinal differentiation of human
and mouse ES cells in vitro. In the study by Lamba et al., 15 % of human ES cell-derived
cells were reported to be Nrl+ following 3 weeks of retinal differentiation culture, and
therefore the transplanted cell population may have contained greater numbers of
integration-competent photoreceptor precursors (13). However, one similarity with our study
is the use of viral vectors to label the transplanted cell population, which we demonstrated
could lead to false-positive results. In these circumstances, as shown in our study, it is
essential to use additional, unambiguous markers to identify transplanted cells.

Our study indicates that further investigations are required to demonstrate convincingly that
ES cell-derived cell cultures can give rise to new mature functional photoreceptors. We
conclude that the defined SFEB/DLFA method of ES cell differentiation which relies on a
2D culture method for retinal cell differentiation could not be scaled up sufficiently to
produce large numbers of transplantation competent photoreceptor precursors. These data
suggest that although this culture method generated Crx-expressing photoreceptor
precursors, the majority of Crx+ cells were impaired/delayed in their differentiation pathway
and failed to activate the Nrl driven rod differentiation pathway. After transplantation into
the adult retinal environment we found no evidence that the ES cell-derived cells were able
to further differentiate and exhibit outer segments. New methods such as the 3D
differentiation method recently published by Eiraku et al. may enable transplantation
competent photoreceptor precursor cells to be generated in vitro to better facilitate
transplantation studies (18). This recent work has shown the generation of optic cup-like
structures that give rise to layered retinal structures containing high numbers of
photoreceptors. This new method of in vitro differentiation may greatly improve the
transplantation potential of ES cell-derived cells as they differentiate in a tissue niche, which
may help to promote full differentiation to the photoreceptor precursor stage equivalent to
early postnatal development.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Differentiation of ES cell-derived retinal progenitor cells
a,b, E9.5 mouse embryo showing Rax.GFP and Pax6. Rax expression was restricted to the
optic vesicles (ai,ii; white arrow heads, green) and the ventral floor plate of the
hypothalamus (ai,iii; white arrow, green). Pax6 is expressed the optic vesicles (bi,ii; white
arrow heads; red), while the ventral floor plate cells of the hypothalamus do not express
Pax6 (bi,iii; white arrow). ci,ii, Immunocytochemical analyses of a day 10 EB showing
Pax6+/Rax.GFP+ retinal progenitors (red and green, respectively). d,e, Real time qPCR
analysis showing the decreased expression of the pluripotency marker Pou5f1 (Oct3/4) (d)
and the increased expression of the retinal progenitor markers Rax, Pax6, and Vsx2 (Chx10)
(e) with days in culture (N = 3 independent experiments; b and a denote before and after
FAC-sorting). Nuclei are stained with DAPI (blue). Scale bars, 100 μm (ai,bi) and 25 μm
(ci,cii).
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Figure 2. Optimization of the generation of Rax.GFP retinal progenitor cells
a, Immunocytochemical analysis of day 10 EBs showing Pax6+/Rax.GFP+ cells (red and
green, respectively) from different size ES cell starting populations (3k – 27k cells). b, A
histogram showing the percentage of Rax.GFP+ retinal progenitors present by FACS
analysis at day 10 of differentiation in different size EBs (mean ± SEM, ANOVA, P<0.01 ;
n ≥ 3). c, Immunocytochemical analysis of EBs formed from 9k ES cells, showing Pax6+/
Rax.GFP+ retinal epithelial structures at days 7-14 of differentiation. Nuclei are stained with
DAPI (blue). Scale bars, 100 μm (a) and 50 μm (c).
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Figure 3. Characterization of optimized Rax.GFP retinal progenitor differentiation
a, Temporal FACS analysis of Rax.GFP+ retinal progenitors showing significantly greater
numbers of Rax.GFP+ cells present at days 9 and 10 of differentiation (mean ± SEM,
P<0.05, ANOVA; N ≥ 3). b, Representative FACS plot and histogram showing 34.40% of
Rax.GFP+ cells (green) selected by flow cytometry c, RT-PCR analysis of FAC-sorted
Rax.GFP+ cells after days 0 - 14 in culture (D0 - D14) showing the expression of early eye
field transcription factors (EFTs), retinal progenitor cell (RPC) markers, and the absence of
pluripotency marker, Nanog.
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Figure 4. Temporal analysis of ES cell-derived retinal cell differentiation
a,b, Birthdate analysis of neural retinal cell types by BrdU pulse labeling and
immunocytochemistry. Cultures were pulse-labelled with BrdU for 24 hrs at days 14, 17, 20
and 24 of differentiation (ai-iv; x axis). Cultures were stopped at day 32 and the percentage
of double positive cells for BrdU and the cell type markers Brn3 (ai,bi; ganglion cells; red),
calbindin (aii,bii; horizontal cells; green), Pkc alpha (aiii,biii; bipolar cells; red) and
rhodopsin (aiv,biv; rod photoreceptors; green) were quantified (ai-iv; y axis; mean ± SEM,
N = 3 experiments, n > 9 fields of view). c, Schematic representation of retinal cell type
markers present at various stages of ES cell differentiation culture. d-h, Other retinal cell
types present following 32 days of ES cell differentiation culture, RPE cells (d; ZO-1 and
Mitf; red and green respectively), Müller glia (e; GFAP and GS; red and green respectively)
and photoreceptors (f,g,h; Crx, Recoverin and S-opsin; red). i, RT-PCR analysis of retinal
gene expression with ES cell differentiation culture. Nuclei stained with DAPI (blue).
GFAP, glial fibrillary acidic protein; GS, Glutamate Synthetase. Scale bars, 50 μm (f) and
25 μm.
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Figure 5. Efficiency of ES cell-derived photoreceptor differentiation
a, A histogram demonstrating the percentage of crx+ and rhodopsin+ cells in mixed
populations of neural cells versus sorted populations of pure retinal cells at day 32 of
differentiation culture (mean ± SEM, ANOVA, P<0.001, N = 3 experiments, n = 9 fields of
view). b, Immunocytochemistry for crx and rhodopsin positive photoreceptor cells (green
and red, respectively) in mixed neural cell populations (bi,iii,iii’) and sorted retinal cell
populations (bii,iv,iv’). Scale bars, 25 μm and 5 μm (inserts).
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Figure 6. Comparative analysis of in vitro and in vivo photoreceptor differentiation
a, Schematic representation of rod and cone photoreceptor markers present at various stages
of ES cell differentiation culture. b,c, Absolute qPCR analysis of photoreceptor gene
expression at day 20, 24, and 28 of ES cell differentiation culture (b; mean ± SD, N = 3) and
postnatal days 0, 4 and 8 of the developing retina (c; mean ± SD, N = 3). d,e, Histograms
demonstrating the ratio of Nrl to Crx molecules (d; mean ± SD) and rhodopsin to Nrl
molecules (e; mean ± SD) in the day 28 ES cell differentiation cultures compared with the
postnatal retina. f, Representative FACS plot and histogram showing 0.18% of Nrl.RFP+

cells (red) selected by flow cytometry g, RT-PCR analysis of FAC-sorted Nrl.RFP+ cells
showing the expression of photoreceptor specific genes. h, Light and fluorescent images of
ES cell differentiation showing Nrl.RFP+ cells (red) at day 28 of culture. Scale bars, 100
μm.
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Figure 7. ES cell-derived retinal cell transplantation
a,b, Retinal cryosections demonstrating tumor formation following day 10 (a; Rax.GFP+

cells; green) and day 20 (b; CMV.GFP+ cells; green) ES cell-derived cell transplantation to
the subretinal space. c, Table showing the incidence of tumors following ES cell-derived cell
transplantation from different stages of culture in both day 10 sorted retinal cell populations
and unselected mixed neural cell populations. d,e,f, Immunohistochemistry for the presence
of apoptotic cells (d; activated caspase 3; red), increased gliosis (e; GFAP; red) and
macrophages (f; F4/80; red) following day 28 ES cell-derived cell transplantation (d,e,f;
CMV.GFP+ cells; green). GFAP, glial fibrillary acidic protein. Scale bars, 100 μm (a,b) and
25 μm.
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