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SUMMARY

In this article, we show that mouse embryonic stem cell- or induced pluripotent stem cell-derived 3D retinal tissue developed a structured
outer nuclear layer (ONL) with complete inner and outer segments even in an advanced retinal degeneration model (rd1) that lacked
ONL. We also observed host-graft synaptic connections by immunohistochemistry. This study provides a “proof of concept” for retinal
sheet transplantation therapy for advanced retinal degenerative diseases.

INTRODUCTION

Retinitis pigmentosa (RP) is a group of genetic diseases that
are primarily characterized by degeneration of photore-
ceptors. More than 40 genes have been implicated in RP
and hereditary patterns, and pathogenesis differs accord-
ing to the causal gene or mutation (Ferrari et al., 2011).
There is currently no effective therapy for RP, with the
exception of Leber’s congenital amaurosis, a disease that
is caused by mutation of RPE-65 and is currently under
clinical trials for possible gene therapies (Jacobson et al.,
2012). However, gene therapies are not adequate for
advanced stages of RP with severe photoreceptor loss, and
there are still many cases of RP in which causal genes
have not been determined. Although artificial retinas could
offer another treatment option, this step can only be
considered for severely advanced RP cases with total vision
loss (Humayun et al., 2012).

Therapeutic cell transplantation has re-emerged as a
promising treatment for RP in the last decade. Transplanta-
tion of postmitotic rod precursors has shown integration
into host retinas and functional recovery (MacLaren
et al., 2006; Pearson et al., 2012). However, successful cell
integration is only observed in host retinas that retain their
structured outer nuclear layer (ONL). There is limited evi-
dence showing that cell transplantation restores vision
when transplanted into eyes that are in advanced stages
of retinal degeneration and have few remaining ONL cells
(Barber et al., 2013; Mandai et al.,, 2012; Singh et al.,
2013). In addition, unlike retinal sheet transplantation,
cell transplantation cannot reconstruct the retinal layer
(Gouras et al., 1992; Seiler and Aramant, 1998), and inte-
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grated cell survival decreases significantly in the long
term (West et al., 2010). In contrast, long-term cell survival
has been achieved via retinal sheet transplantation without
immunosuppression (Ghosh et al.,, 1999; Gouras et al.,
1994; Hambright et al., 2012). We previously observed suc-
cessful integration of transplanted photoreceptor cells with
correct polarity in an advanced retinal degeneration
model, but the cells were unable to survive for >6 months
(Mandai et al., 2012). In addition, because the develop-
mental stage of graft cells is a key issue in transplantation
(MacLaren et al., 2006), embryonic or early postnatal retina
is not a practical cellular source for clinical applications due
to ethical issues and the inherent difficulty of selecting
tissues or cells at specific developmental (ontogenetic)
stages adequate for transplantation.

Currently, two potential cellular sources for therapeutic
transplantation are embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs) (Takahashi and
Yamanaka, 2006). Although ESC-derived retinal tissues
may have low antigenicity, iPSC-derived retinal tissues
have an explicit advantage in autologous cell therapy.
Several groups, including ours, have reported the differen-
tiation of retinal cells from both mouse and human ESCs
and iPSCs (Hirami et al., 2009; Ikeda et al., 2005; Lamba
et al., 2006; Meyer et al., 2009; Osakada et al., 2008).
Successful transplantation of dissociated ESC- and iPSC-
derived retinal progenitor cells has also been reported
(Lamba et al.,, 2009, 2010). However, transplantation
of ESC- and iPSC-derived retinal sheets has not been
thoroughly studied.

Recently, Eiraku et al. (2011) reported the creation of a
self-organizing optic cup using 3D culture, which allowed
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us to achieve sufficient quality, quantity, and purity of
retinal tissues for grafting, as well as to prepare retinal tissue
at any developmental stage. Moreover, 3D differentiation
provided a choice between preparing a sheet or cell suspen-
sion for grafting (Gonzalez-Cordero et al., 2013). Thus,
although cell transplantation may be more effective during
early retinal degeneration (Barber et al., 2013; MacLaren
et al., 2006; Pearson et al., 2012), retinal sheet transplanta-
tion may be more effective during advanced stages of
retinal degeneration with few host photoreceptors or
ONL, improving the incidence of structured outer segment
(OS) formation and long-term cell survival (del Cerro et al.,
2000; Ghosh et al., 1999; Gouras et al., 1994; Hambright
et al.,, 2012; West et al., 2010).

In the present study, we evaluated the ability and
potency of grafted 3D-differentiated ESC- or iPSC-derived
retinal sheets to differentiate into various retinal cell types
and mature photoreceptors that fully form OS or synapses
in a model of advanced retinal degeneration with absence
of ONL. In addition, we analyzed the developmental
stage-dependent integration pattern of grafted retinal
sheets with the possibility of making a host-graft synaptic
connection. This study provides a “proof of concept” for
retinal sheet transplantation therapy and contributes to
the advent of more effective and lasting therapies for
patients with advanced stages of retinal degeneration.

RESULTS

Efficient Generation of Neural Retina for
Transplantation

First, we optimized the protocol to produce larger quanti-
ties of neural retinal tissue for transplantation using an
Rx-KI-GFP mESC line (Osakada et al., 2008; Wataya et al.,
2008). The Rx gene is expressed in neural retinal progenitor
cells and is important for eye-field development. We modi-
fied the SFEBq protocol (Eiraku et al., 2011) by adding
retinoic acid receptor antagonist (RRA) AGN193109 and
increasing the knockout serum replacement (KSR) percent-
age from 1.5% to 5% (Figure 1A). The effect of combining
RRA with the extracellular matrix (Matrigel; BD Biosci-
ences) resulted in a higher percent yield of Rx-GFP+ cells
compared with the control or with addition of only RRA
or only Matrigel (Figure 1B). Under this protocol, Rx-GFP
mESCs (Figure 1C) formed aggregates and expressed Rx-
GFP at differentiation days 4-5 (DD4-5), and then around
DDS5-6 evaginated to form optic-vesicle-like structures.
Almost all aggregates strongly expressed Rx-GFP on DDS,
with each aggregate forming five to eight optic-vesicle-
like structures (Figures 1D and 1E). Because the Rx gene is
also expressed in the hypothalamic region of the brain (Fur-
ukawa et al., 1997), we performed immunostaining for

PAX6 to confirm neural retina induction. PAX6 is crucial
for eye development and is not found in the hypothalamus
(Callaerts et al., 1997). All of the Rx+ spheres were also posi-
tive for PAX6 by immunostaining (n = 62 spheres, 4 exper-
iments; Figures 1F-1H). PAX6 was also expressed in the neu-
roepithelial region outside the Rx-GFP+ region (Figure S1A
available online). Quantitative analysis showed that the
percentage of Rx-GFP+ cells in each of 10 spheres ranged
from 25% to 71% (mean + SD hereafter; average 60.19% =+
10.80%, n = 5 experiments; Figure 1I), and 97% =+
3.64% of the Rx-GFP+ population were PAX6+ (n = 3
experiments; Figure 1J), indicating that the Rx-GFP+ cells
in our culture are almost exclusively retinal progenitors.

Reproducible Differentiation of Retinal Cells from
ESCs and iPSCs

We also tested the consistency of our protocol using other
two lines: Rosa26-tdTomato/Rx-GFP knockin mESCs
(Muzumdar et al., 2007), which ubiquitously express
tdTomato on cell membranes, and Nrl-GFP miPSCs
(Homma et al., 2013). The Nrl-GFP miPSC line was gener-
ated as previously described. In Nrl-GFP transgenic mice,
the expression of enhanced GFP was specific to rod
photoreceptors and was detected shortly after terminal
cell division (Akimoto et al., 2006).

First, we checked the gene-expression profile of optic ves-
icles cut out of a sphere differentiated from three cell lines
(Rx-GFP mESCs, Rosa26-TdTomato Rx-GFP mESCs, and
Nrl-GFP miPSCs) by RT-PCR. At DD10, Rx was highly ex-
pressed, whereas the pluripotency genes Oct4 and Nanog
were downregulated compared with their expression levels
in undifferentiated mESCs and miPSCs (DDO; Figure 1K).
Both mESCs and miPSCs were reproducibly differentiated
into retinal organoids with optic-vesicle-like structures,
with mean % aggregates of 93.54% + 5.33% with Rx-GFP
mESCs (range 88%-100%), 60.42% + 14.30% with Rosa26-
TdTomato Rx-GFP mESCs (range 46%-80%), and 70.21 +
6.36% with Nrl-GFP miPSCs (range 66%-81%; n = 5 experi-
ments for each cell line, 96 aggregates per experiment).

We showed that miPSCs were also induced into optic ves-
icles represented by well-organized retinal neuroepithelial-
like layers. We observed ISL1+ cells (retinal ganglion cells)
as early as DD10 (Figure 1L). On DD10, the inner limiting
membrane (ILM) labeled with LAMININ was still present
(Figure 1L), whereas on DD15 the ILM disappeared and
the retinal ganglion cell layer was disorganized. At DD24,
the outer neuroblastic layer was positive for RECOVERIN
and CRX (photoreceptor progenitor; Figure 1M), and
some cells had developed into mature photoreceptors iden-
tified as RHODOPSIN+ cells (Figures 1N-1Q). These retinal-
like structures derived from Nrl-GFP miPSCs also comprised
inner neuroblastic cells, amacrine cells (CALRETININ+;
Figure 1IN), horizontal cells (CALBINDIN+; Figure 10),
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Figure 1. Efficient and Reproducible Generation of Neural Retina from mESCs and iPSCs

(A) Schematic diagram of the modified protocol used for 3D differentiation of mESC- and miPSC-derived neural retinal sheets.

(B) Enhancing effect of retinoic acid receptor antagonist on Rx-GFP induction.

(C) Colonies of Rx-GFP mESCs.

(D and E) DD8 aggregate with Rx-GFP optic-vesicle-like structures.

(F-H) Immunostaining of DD7 Rx-GFP mESC-derived neural retina shows coexpression of the Rx-GFP and PAX6, indicating retinal pro-
genitors.

(I) Green histogram: percentage of Rx-GFP+ cells among DD9 mESC-derived spheres. Red open-peak histogram: undifferentiated Rx-GFP
mESCs (isotype control).

(J) Red histogram: percentage of PAX6+ cells among Rx-GFP+ cells of DD8 mESC-derived spheres. Black open-peak histogram: isotype
control. Almost all of the Rx+ cells were PAX6+, and PAX6 expression was observed outside the vesicles as well (Figure S1A).

(K) PCR shows downregulation of the pluripotent genes on DD10 with increased gene expression of Rx in all three lines tested.

(legend continued on next page)
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and glia cells (GS+; Figure 1P). Detection of the external
limiting membrane (ELM) was accomplished by immuno-
labeling with ZO1 (Figure 1Q). Thus, our results were
consistent with a previous report involving mESCs (Eiraku
etal., 2011). Furthermore, the ontogenic stages of differen-
tiated tissues from mESCs and miPSCs were consistent with
CRX staining detected as early as DD135, and expression of
RECOVERIN and RHODOPSIN became evident in the
outermost layer of the optic-vesicle-like sphere (future
ONL) on DD20. These expression patterns were also consis-
tent with those found in wild-type mouse retina: the
expression patterns of RECOVERIN, CRX, CALRETININ,
and RHODOPSIN on DD21 and DD24 in these tissues
were similar to those observed in the developing mouse
retina on postnatal days 1 and 6, respectively (Sharma
et al., 2003; Figure S1B). Also, Nrl-GFP miPSC-derived
spheres started to express Nrl-GFP by DD18, indicating
that cells had become rod precursors (Figures 2B’ and
2D’), and the expression levels of Nrl-GFP gradually
increased as differentiation progressed (n = 171 aggregates,
11 experiments; Figure S1C). This was consistent with the
reported expression profile of Nrl-GFP mice (Akimoto
et al., 2006), i.e., DD21 was approximately equivalent to
mouse postnatal day 1 and cells younger than DD20 were
considered to be embryonic retinal tissue.

mESC- and miPSC-Derived Retinal Sheets Survived
and Matured in the Subretinal Space of rd1 Mice

Rd1 mice were used as a model of rapid progressive RP with
end-stage retinal degeneration. In this model, most rod
photoreceptor cells are lost by 3 weeks of age (Lolley
et al., 1994). Retinal sheets were prepared from DD11-24
Rx-GFP mESC- and Nrl-GFP miPSC-derived aggregates (Fig-
ures 2A, 2A’, 2B, and 2B’) at the time of transplantation.
Rx-GFP mESC- and Nrl-GFP miPSC-derived retinal sheets
(Figures 2C, 2C’, 2D, and 2D’) were transplanted into the
subretinal space of 6- to 8-week-old rd1 mice and sacrificed
2 weeks to 6 months after transplantation (Figure 2E). Both
mESC- and iPSC-derived transplanted retinal sheets sur-
vived and matured under the severely degenerated rdl
retina, and RHODOPSIN+ cell masses were confined to
the grafted area (Figures 2F and 2G). Next, we examined
short (2-4 weeks) and midterm (1-3 months) outcomes
after transplantation. The subsequent degrees of matura-
tion and structural integrity of mESC- and iPSC-derived
retinal sheets from grafts of various ages (DD11-24) were

evaluated (Figure S2A). For this purpose, we categorized
the degree of maturation and structural integrity of the
grafts based on development after transplantation into
three groups.

(1) Group A: retinal sheets with almost complete inner
nuclear layer (INL) and ONL (Figures 2H-2K).

(2) Group B: retinal sheets with structured ONL and partial
INL (Figure 2L).

(3) Group C: disorganized structures (Figure 2M).

In groups A and B, grafts had structured ONL with well-
aligned Muller glia and an intact ELM, consistently accom-
panied by different degrees of inner and outer segment
(IS/OS)-like structures. Group C had a disorganized glial
pattern and tended to behave similarly to cell transplanta-
tion (Mandai et al., 2012).

We observed a significant difference in subsequent out-
comes between the young grafts (graft age DD11-17) and
older grafts (graft age DD18-24) (Figures 2N and S2A).
Accordingly, young grafts (graft age DD < 17) were still
in neuroblastic states at the time of transplantation. These
sheets had a better potency to develop into an almost com-
plete retinal layer with both an inner plexiform layer (IPL)/
INL and ONL (group A). We also observed structured ONL
with or without INL (groups A and B), the essential part of a
graft, with higher frequency in younger grafts. With grafts
of DD17 or younger, in both the short and midterm post-
transplantation periods, 87.5% (21/24) and 75% (22/29)
of transplants developed structured ONL in groups A and
B, respectively (Figures 2H-2K and 2L). The ONLs in group
B formed rosette-like structures, seemingly with a loss of
INL structure. Most of the DD18 or older grafts showed
disorganized structures (78.57% [11/14] and 90.47%
[19/21] in both the short and midterm postoperation
periods, respectively; Figure 2N). Additionally, we tested
whether a longer posttransplantation period (3—6 months)
affected the subsequent graft integrity of the young grafts,
but we observed no significant difference (Figure S2B), and
many young grafts (DD11-17) showed structured ONL
even after 6 months posttransplantation (Figure S2C).

mESC- and miPSC-Derived Retinal Grafts Showed
Native-like IS/OS Formation in the Subretinal Space

of rd1 Mice

In groups A and B, the mESC- and miPSC-derived retinal
grafts with structured ONL had different degrees of

(L) Immunostaining of DD10 Nrl-GFP miPSC-derived neural retina for LAMININ (basement membrane) and ISLET1 (ganglion cells).
(M-Q) Retina marker expression of DD24 Nrl-GFP miPSC-derived neural retina, rod photoreceptors (RHODOPSIN), amacrine cells
(CALRETININ), horizontal cells (CALBINDIN), photoreceptor precursors (CRX, RECOVERIN), Muller glia (GS), and external limiting
membrane (Z01). All of these markers were similarly expressed in both mESCs and miPSCs, and were also correlated with the developing
retina (Figures S1B and S1C). Scale bars, 200 um (B-E) and 50 um (F-H and L-Q).

See also Tables S1 and S2.
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Figure 2. Transplanted Retina-like Sheets Show a Well-Developed Stratified Retinal Layer

(A) DD14 excised optic-vesicle-like tissue from Rx-GFP mESCs.

(B) DD18 excised optic-vesicle-like tissue from Nrl-GFP miPSCs with developing Nrl-GFP+ photoreceptor precursors from the surface area of
a sphere.

(C) DD22 Rx-GFP mESC-derived retina sheet.

(D) DD18 Nrl-GFP miPSC-derived retina sheet.

(E) Scheme showing an image of subretinal transplantation.

(Fand G) The DD17 Nrl-GFP miPSC-derived sheet survived in the subretinal space of an rd1 mouse that had no remaining photoreceptors at
3 weeks posttransplantation. The RHODOPSIN+ cell mass (F) was only present in the graft area with colocalized Nrl-GFP expression (G).
(H-K) The DD14 Nrl-GFP miPSC-derived retinal sheet developed a stratified neural retina layer that included ONL, INL, and IPL (group A).
(L) DD16 Nrl-GFP miPSC-derived retinal graft showed well-structured ONL (group B).

(M) DD18 Rx-GFP mESC-derived retinal graft in a disorganized pattern (group C).

(N) Bar graph shows the subsequent graft patterns of short (2-4 weeks) and midterm (1-3 months) posttransplantation periods,
comparing young grafts (DD11-17) and older grafts (DD18-24). The subsequent graft integrity was categorized into three groups: group A,
retinal sheet with INL/IPL and ONL (H-K); group B, retinal sheet with ONL and the remaining INL cells (L); and group C, disorganized
structure (M). The sample numbers of each group are indicated below. H, host; G, graft; IPL, inner plexiform layer.

Scale bars, 200 um (A-C and F-H), 100 um (D), 50 um (I-K), and 20 um (L and M). See also Figure S2 and Table S1.
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IS/OS formation with and without direct contact to the
host retinal pigment epithelium (RPE; Figures 3A and
3E). IS/OS structures that were morphologically similar
to those of the wild-type were observed from as early
as 3 weeks after transplantation when in contact with
host RPEs. RHODOPSIN specifically localized at the OS
portion (Figures 3A and 3B), whereas RECOVERIN
distributed from the OS toward the IS in the light
state, and these distributions aided identification of
the IS/OS development of transplanted photoreceptors
(Figure 3C; Strissel et al., 2005). In contrast, even with
longer differentiation cultures (>DD24), photoreceptors
only showed a short, premature IS/OS-like structure or
connecting cilia extending over the ELM that were
colabeled with RECOVERIN and RHODOPSIN (Figures
3D-3D"). An ultrastructural analysis of some trans-
planted grafts after 4 months showed structured ONL
of rod photoreceptors with long IS/OS structures in
association with host RPE cells (Figures 3F-3I). The
IS portions were found to contain mitochondria (Fig-
ure 3G), whereas the OS portions contained well-aligned,
disc-like membrane stacks (Figure 3H), and these OS
portions were in close association with RPE microvilli
(Figure 3I).

Figure 3. IS/0S Formation in Trans-
planted Retina-like Sheets

(A-C) DD14 Nrl-GFP miPSC-derived retinal
graft showed IS/0S. IS was labeled
with RECOVERIN; 0S was labeled with
RHODOPSIN (C).

(D-D") Rx-GFP mESC-derived retinal culture
at DD26 showed short IS/0S colabeled with
RECOVERIN and RHODOPSIN.

(E-J) DD17 Nrl-GFP miPSC-derived retinal
graft with IS/0S contact host RPE (red
arrowhead) more than 4 months post-
transplantation.

(F) Electron microscopy showed that rod
nuclei in ONL contained a compact mass of
heterochromatin, ELM, IS/0S, and RPE.

(G and H) IS with mitochondria (white
arrowheads) (G) and a well-aligned stack of
discs in 0S on top of RPE adjacent to
microvilli of RPE (H).

(I) RPE microvilli in close connection with
0S. H, host; G, graft; ELM, external limiting
membrane; IS, inner segment; 0S, outer
segment; RPE, retinal pigment epithelium;
MV, microvilli.

Scale bars, 100 pm (A), 50 um (D-D" and E),
20 um (B and F), 10 pm (C), 2 um (I), and
1 pum (G and H). See also Table S1.

Recoverin/

Graft Integration with Possible Synaptic Connection
In order to evaluate the graft integration pattern, we exam-
ined the samples at 2 weeks to 3 months posttransplanta-
tion. Interestingly, we observed specific patterns of graft
integration into the host retina. By immunostaining, the
sites that displayed protein kinase C (PKC)-a-labeled host
bipolar dendrites associated with graft photoreceptor
axons were regarded as possible integration sites. The
integration patterns of the grafts were typically categorized
as follows:

Pattern 1: laminar interception. Nonphotoreceptor cells,
mostly graft INL, were present between host INL and graft
ONL, interfering with direct contact of graft photoreceptors
with host cells, but very rarely graft photoreceptors could
migrate and reach the host bipolar cells (Figures 4A and 4D).
Pattern 2: direct contact. Graft photoreceptors in structured
ONL were adjacent to host INL (Figure 4B). In most cases,
graft ONL formed rosette-like structures that directly inte-
grated into host INL. These rosettes often had graft INL/
IPL surrounding the ONL obstructing the direct photore-
ceptor-RPE contact (Figures 4B and 4E), but some “semi-
round” incomplete rosettes allowed graft ONL to settle in
the correct direction with OS pointing toward RPE (Figures
4B/, S3A, and S34).
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Pattern 3: cell integration. Graft ONL structure was disorga-
nized, but photoreceptors could migrate individually into
the host retina, as was observed in cell transplantation
(Figures 4C and 4F).

Even though the possible integration efficiency was
approximately 60% with both the young grafts (DD <
17) and the older grafts (DD > 18), the integration patterns
were significantly different in that the young grafts inte-
grated into the host retina mostly in a direct-contact
pattern (23/53, 43.40%), whereas the older grafts that inte-
grated into host retina rarely retained ONL structure (2/34,
4.7%), and most of the grafts became disorganized as had
been observed in dissociated cell transplantation (Fig-
ure 4G). Nonintegrated patterns were seen mostly in the
pattern 1 laminar interception without photoreceptor
migration, or nonphotoreceptor cells located closer to the
host in disorganized patterns.

Among the samples of young grafts (DD11-17), 3/10
(27.27%) in group A (complete INL+ONL) integrated with
direct contact, whereas 20/32 (62.50%) in group B (partial
INL+ONL) integrated with direct contact (Figure 4H),
suggesting that graft ONLs accompanied by fewer INL com-
ponents may have a better chance to achieve direct contact
with host INL. When we closely observed these direct-con-
tact patterns, we observed that a part of the graft ONL often
looked like it was being “stripped off” from its own graft
INL when the graft ONL was making direct contact with
host INL cells, forcing the graft bipolar cells to be “pushed

aside” (Figures S3A and S3A’). Additionally, there was no
significant difference in the subsequent integration pattern
between miPSC- and mESC-derived retinal grafts, indi-
cating an equal potency of miPSCs and mESCs as graft
sources. Among the samples of young grafts (DD11-17),
12/31 (38.71%) of miPSC-derived retina grafts and 11/22
(50%) of mESC-derived retinal grafts integrated with direct
contact (Figure S3B).

We further examined the synaptic details of the host-
graft interaction by 3D analysis using z-scan capturing of
the images. We used PKC-a staining to visualize rod bipolar
dendrites and CtBP2, a presynaptic protein that typically
stains in a horseshoe shape at the rod terminal in the
ribbon synapse (Schmitz et al., 2000). After retinal degener-
ation, a few CtBP2+ synaptic terminals were detected on
bipolar dendrites of rd1 mice by postnatal week 6 (Fig-
ure 4]). In all of 13 direct-contact samples observed with
CtBP2 immunostaining, clusters of CtBP2+ photoreceptor
terminals were consistently found in the area of the host-
graft interface (Figure 4J) as well as in the outer plexiform
layer (OPL) within the graft. In some samples, CtBP2+ ter-
minals of the Nrl-GFP+ photoreceptors were clearly seen
clustering at the extending dendrite tips of host PKC-a+
bipolar cells (Figure 4], red arrowhead). We identified
these bipolar cells as host cells by tracing their axons
back within the host retina. Some of these CtBP2+ termi-
nals formed the typical horseshoe shape on host bipolar
dendritic tips (Figures 4], 4K, 4K’, and 4L; Movie S1). Also

Figure 4. Transplanted Retina-like Sheets Show Integration and Synaptic Connection with rd1 Host Retina

Schematic diagrams show three typical patterns of integration with rd1 host retina of the transplanted grafts.

(A) Pattern 1: laminar interception. Graft INL was present between host INL and graft ONL.

(B) Pattern 2: direct contact. The graft ONL was adjacent to the host INL.

(C) Pattern 3: cell integration. The graft ONL structure was disorganized, similar to what was observed for cell transplantation.

(D) A typical image of pattern 1. RHODOPSIN+ photoreceptors from DD16 Nrl-GFP miPSC-derived retinal sheets migrate toward the host

retina (white arrowhead). H, host; G, graft.

(E) A typical image of pattern 2. DD16 Nrl-GFP miPSC-derived retinal sheets show structured ONL directly contacting host INL (same

sample as Figure 2L). H, host; G, graft.

(F) A typical image of pattern 3. DD18 Rx-GFP mESC-derived retinal grafts show disorganized patterns similar to those observed for cell

transplantation (same sample as Figure 2M). H, host; G, graft.

(G) Classification of integration patterns of surviving mESC- and iPSC-derived retinal sheets in the subretinal space of rd1 mice, comparing

young grafts (DD11-17) and older grafts (DD18-24).

(H) Classification of integration patterns of surviving mESC- and iPSC-derived retinal sheets in the subretinal space of rd1 mice, comparing

the structural integrity of groups A (INL+ONL) and B (ONL).

(I) A few CtBP2+ synaptic terminals remained in the area of bipolar dendrites in the nongrafted area in rd retina (arrows).
(J-L) DD11 Nrl-GFP miPSC-derived retinal sheets integrated into rd1 host retina. The graft shows dense synaptic (CtBP2) connection

clusters (red arrow) between the host-graft interfaces.

(J) A representative host bipolar cell (asterisk) shows CtBP2 gathering at the tip of dendritic processes.
(Kand K’) Reconstruction image of a couple of host bipolar (PKC-a) cells with CtBP2 assembled at synaptic tips (K) colocalized with Nrl-GFP

photoreceptors (K').

(L) Orthogonal view of the reconstructed images of K and K’ (see related images in Figures S3C, S3C’, and S3D).

(M and N) Electron micrographs show a ribbon synapse from the DD18 Rosa26-TdTomato Rx-GFP mESC-derived retinal graft in the graft-
host interface area (M; Figures S4A-S4D) compared with the intragraft ribbon synapse from the DD17 Nrl-GFP miPSC-derived retinal graft
(N; Figures S3E-S3J). H, horizontal cell.

Scale bars, 50 um (D-F), 20 pm (I), 10 um (J), 7 um (L), 5 um (K and K’), 500 nm (N), and 200 nm (M). See also Table S1 and Movie S1.
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with Rosa26-TdTomato Rx-GFP mESC-derived grafts, we
observed that tdTomato+ graft cells and host bipolar cells
mutually extended processes across the host-graft border
line (Figure S3C). Additionally, Rx-GFP—, PKC-a+ bipolar
cells contacted CtBP2+ terminals of graft Rx-GFP+ photore-
ceptors (Figures S2D and S2D’, yellow arrow). Based on these
results, we could reasonably estimate that the bipolar cells
that made synapses with graft photoreceptors were host
bipolar cells rather than migrating graft-derived bipolar
cells. Observation of the cell integration pattern of disorga-
nized grafts (n = 3) showed that CtBP2+ graft photoreceptor
terminals (Figure S3E, yellow arrowhead) were also labeled
in contact with host bipolar dendrites, although these
contacts were less frequently observed compared with those
seen in the direct-contact pattern (asterisk, PKC-a).

In electron micrographs, synaptic ribbons were found at
the host-graft interface in a direct-contact pattern (Figures
4M, S4B, S4B/, S4C, and S4D). We also observed typical
intragraft synaptic connections in the OPL area of the
grafts (group A; Figures 4N and S4E-S4]). In most samples
with structured or unstructured ONL, Muller gliosis as
indicated by glial fibrillary acidic protein (GFAP) staining
did not seem to specifically block the host-graft synaptic
interaction. Typical images are shown in Figures S3F and
S3G for structured ONL and disorganized graft 2 months
and 40 days after transplantation, respectively.

DISCUSSION

Using a modified protocol to produce larger quantities of
neural retinal cells for transplantation, we showed that
transplanted 3D differentiated mESC- or miPSC-derived
retinal sheets could develop to form ONL structure consist-
ing of mature photoreceptors that were indistinguishable
from those of the differentiated wild-type ONL. These
transplanted photoreceptors could form complete IS/OS,
a highly differentiated and complex structure, even in the
subretinal space of severely degenerating host retina.
Furthermore, these structured graft ONLs integrated with
a direct contact to the INL of end-stage host retina that
lacked ONL, where host bipolar cells and graft photore-
ceptor cells contacted at their terminals. It is noteworthy
that miPSC-derived 3D retinal tissues have a potency
equivalent to that of those derived from mESCs for trans-
plantation purposes. After transplantation, the grafts of
DD17 or younger were more efficient in forming such
structured ONLs and making direct contact with host INL.

With extended culture of optic vesicles, neural retinas
differentiated into retinal neurons similar to the stages of
retinal cell genesis and differentiation in vivo. However,
in our culture conditions, the inner neuroblastic retina
tended to become loose, and the intact ILM and distinct
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ganglion cell layer were rarely observed after DD15. On
the other hand, the outer neuroblastic layer was well devel-
oped and appeared normal. This may be due in part to the
culture conditions affecting the development of INL, as
seen in explant cultures (Ghosh et al., 2009). This could
be advantageous for transplantation because a thicker
INL graft might prevent photoreceptors from connecting
with host retina. Nevertheless, grafts of DD18 or older
had lower survival and a significantly higher risk of losing
ONL structures after transplantation. This may be due in
part to our culture conditions, tissue viability, and the
differentiated tissue becoming fragile during the longer
culture period. The lack of OS development in our culture
also suggested that some other factors may be required
for maturation of these tissues in culture.

The subsequent structural integrity of the grafts (groups
A-C) was also related to their integration pattern (patterns
1-3). Disorganized graft structures exhibited integration
patterns similar to those of cell suspension transplants in
rd1 mice (Mandai et al., 2012). Factors that contribute to
the difference between patterns A and B, or between
laminar interception and direct contact, have not been
revealed so far and may reflect subtle differences in graft
preparations or surgical injury at the time of transplanta-
tion. Generally, grafts with considerably thicker INL were
often “encapsulated” by ganglion or INL cells and re-
mained separated from the host retina (nonintegration).
At the same time, group A grafts with complete INL could
still integrate into the host in a direct-contact pattern,
raising a question as to how these direct-contact patterns
can possibly take place in the presence of graft INL. In these
direct-contact patterns, the CtBP2+ photoreceptor termi-
nals of transplanted photoreceptors in the “structured
ONL” in situ were clearly associated with host bipolar
dendrite tips, which differs from previous reports of suc-
cessful integration of dissociated transplanted photorecep-
tors that made synapses after “migrating into the host
ONL” (MacLaren et al., 2006). Also, the photoreceptors in
a structured ONL derived from young grafts at embryonic
stages could subsequently integrate into the host retina,
whereas dissociated embryonic retinal progenitors were
reported to have little chance to integrate and mature in
host retina. This means that graft retinal sheets could pro-
vide a suitable environment for the retinal progenitors to
survive and properly develop, thereby augmenting their
integrating potential. Close observation of the direct-con-
tact pattern showed that the inner part of the graft retina
(other than ONL) was being “stripped off,” or pushed aside,
enabling the bare graft ONL cells to make a direct contact
with host bipolar cells in the correct orientation (Figures
S3A and S3A’). This could also imply that the graft photore-
ceptors in young grafts developed in a structured ONL/INL
complex nearly to the stage of synaptogenesis (i.e., around



Stem Cell Reports
ESC- and iPSC-Derived Retinal Sheet Transplantation

postnatal days 4-7; von Kriegstein and Schmitz, 2003), but
somehow they formed host-graft synapses instead of intra-
graft synapses that we also observed in the neighboring
area of host-graft synaptogenesis (Figures S4E-S4]). In
some host-graft border area, both the host and graft bipolar
cells sent dendrite terminals over the graft photoreceptor
terminals of the same area. This also raises the possibility
that the direct-contact integration includes a synaptic plas-
ticity, or a synaptic switching of graft photoreceptors from
the graft bipolar cells to some host bipolar cells. The event
of switching, or synaptic remodeling, was also suggested in
an adult photocoagulation model in rabbits, in which the
neighboring photoreceptors subsequently filled in the
ONL lost area to newly connect to the bipolar cells over
the lesion (Gust and Reh, 2011; Sher et al., 2013). Further
studies are required to determine whether there exists
a preferable time window or situation for this synaptic
switching to occur under the sheet transplantation
conditions.

Arai et al. (2004) detected a visual response from the
superior colliculus of rosetted and disorganized grafts in
embryonic retinal transplantation, whereas well-orga-
nized, laminated grafts showed no response. This is consis-
tent with our observation that synapses were found in
either direct contact or cell integration, but very rarely in
a laminar interception pattern. Moreover, we showed that
mESC- and miPSC-derived retinal sheets could survive at
least 6 months after transplantation, which is consistent
with previous reports that retinal sheets could survive
long periods without immune modulation (del Cerro
et al., 2000; Ghosh et al., 1999; Gouras et al., 1994; Ham-
bright et al.,, 2012), and suggests a greater benefit from
sheet transplantations compared with cell suspensions.

In summary, retina-like sheets derived from mESCs and
miPSCs are competent as a graft source for retinal sheet
transplantation and are suitable for use as a clinical thera-
peutic strategy because (1) transplanted sheets survived
well in the host retina, (2) transplanted sheets at DD17 or
younger could develop to form structured ONL of mature
photoreceptors in the presence of IS/OS, and (3) photore-
ceptors of structured ONL in the transplanted retinal sheets
could form direct synaptic connections with the host
bipolar cells. However, further electrophysiological exami-
nations are warranted to confirm the presence of a light
response from these grafts and their potency for transmit-
ting the signal to the host.

EXPERIMENTAL PROCEDURES

Differentiation to 3D Retina-like Tissue from mESCs
and miPSCs

The Rx-GFP knockin was described previously (Osakada et al.,
2008; Wataya et al., 2008). Rosa26-tdTomato/Rx-GFP knockin

mESCs were generated by membrane tdTomato expression
construct containing a chicken b-actin promoter knocked into
the Rosa26 locus in the Rx-GFP cell line (Muzumdar et al., 2007).
Nrl-GFP transgenic miPSCs generated from Nrl-eGFP mice (Aki-
moto et al., 2006; Homma et al., 2013) were maintained as
previously described (Osakada et al., 2008) and differentiated
into stratified neural retinas by modified serum-free floating of
embryoid-body-like aggregates with quick reaggregation (SFEBq)
(Eiraku et al., 2011). In brief, mESCs and miPSCs were cultured
in 96-well plates at 3,000 cells/well. AGN193109 (0.1 pM, DDO-
8; Toronto Research Chemicals) and growth-factor-reduced
Matrigel (2% [v/v], DD1-8; BD Biosciences) were added to the
differentiation medium (Glasgow minimum essential medium
[G-MEM], 5% KSR [Invitrogen], 0.1 mM nonessential amino acids,
1 mM pyruvate, and 0.1 mM 2-mercaptoethanol). On DDS, optic
vesicles were cut using a No. 11 blade and transferred to suspension
culture under 40% O2/5% CO; in Dulbecco’s modified Eagle’s
medium (DMEM)/F-12 medium supplemented with N2 + 10%
fetal bovine serum + 0.5 uM all-trans retinoic acid + 1 mM
L-taurine. Live cells were imaged with a fluorescent inverted
microscope (IX71N; Olympus).

Immunohistochemistry

Detailed procedures are described in Supplemental Experimental
Procedures and the antibodies used in this study are listed in Table
S1. For synaptic 3D analysis, eyes were fixed with 4% paraformal-
dehyde (PFA) after perfusion fixation and embedded in agarose
(3% [w/v] NuSieve GTG agarose). Sections (50 pm) were made
with a microtome (Leica VT-1000S) and samples were blocked
with 3% Triton X-100/5% goat serum at 4°C overnight. The
samples were then incubated with primary and secondary anti-
bodies in 3% Triton X-100/5% goat serum at 4°C for two nights
and overnight, respectively, and mounted with 2,2’-thiodiethanol
(Sigma).

Subretinal Transplantation
All animal procedures were approved by our institutional animal
experimentation committee and were in accordance with the
Association for Research in Vision and Ophthalmology Statement
for the Use of Animals in Ophthalmic and Vision Research. C3H/
HejYokSlc (rd1) mice (6-8 weeks old) were used as graft recipients
in all experiments, except for a few experiments for the detailed
3D synaptic analysis in which rd1 mice backcrossed from C3H/
Hej with C57BL/6]JmsSlc for several generations were used (Figures
4]-4L). Retinal sheets were prepared from DD11-24 mESC and
miPSC optic-vesicle-like spheres. Spheres were manually cut into
0.5 mm x 1.5-2 mm pieces using a No. 11 blade (Figures 2A-2D)
and keptin DMEM/F-12 supplemented with N, on ice. The surgical
transplantation procedure was done under an operating micro-
scope. Graft-recipient mice were anesthetized by intraperitoneal
injections of ketamine (7.7 mg/100 g; Daiichi Sankyo) and xyla-
zine (0.92 mg/100 g; Bayer).

Aretinal sheet was aspirated gently into a glass micropipette with
a tip diameter of 500 um. Then, the micropipette was introduced
into the vitreous space through a small incision in the sclera, pro-
ceeding into the subretinal space where a retinal sheet was gently
deposited (Figure 2E). All mice were kept on a standard 12 hr
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light/dark cycle and were sacrificed between 2 weeks and 6 months
after transplantation.

Fluorescence-Activated Cell Sorting Analysis

DD8 Rx-GFP mESC aggregates were dissociated with Accutase
(0.25%; Invitrogen). After neutralization, the cells were resus-
pended in PBS with 1 pg/ml propidium iodide (PI; Sigma), and
passed through a cell strainer (BD Biosciences) as described previ-
ously (Osakada et al., 2008). Cells were counted and sorted with
a FACSAria (BD Biosciences) and the data were analyzed with
FACSDiva software (BD Biosciences). Dead cells were excluded by
PI staining.

RT-PCR

Total RNA was extracted with a QIAGEN RNeasy Plus Mini kit, and
reverse transcription was completed with Superscript I1I (Life Tech-
nologies) treated with RNase-free DNase I and a first-strand cDNA
synthesis kit (Amersham Biosciences) according to each manufac-
turer’s protocol. Synthesized cDNA was amplified with gene-
specific primers. PCR products were separated by electrophoresis
on a 2% agarose gel and detected under UV illumination.

Image Acquisition for 3D Reconstruction

Retinal section images were acquired on an LSM 780 inverted
confocal microscope (Zeiss) or Leica-TCS SP8. For 3D analysis, a
series of XY optical sections, 0.3 um apart, throughout the depth
of the 50-um-thick section, were taken and built into a stack to
obtain sectional images. 3D reconstruction of high-resolution
z-stack images was performed with Imaris software (Bitplane).

Electron Microscope Analysis

Mice were sacrificed by perfusion fixation with 4% PFA. Eyes were
fixed with 2% glutaraldehyde in 4% PFA overnight. After washing
with PBS, the eyes were postfixed with ice-cold 1% OsO4 in 0.1 M
sodium cacodylate buffer, pH 7.3, for 2 hr. The samples were then
rinsed with distilled water, stained with 0.5% aqueous uranyl
acetate for 2 hr or overnight at room temperature, dehydrated
with ethanol and propylene oxide, and embedded in Poly/Bed
812 (Polyscience). Ultrathin sections were cut, double stained
with uranyl acetate and Reynolds’ lead citrate, and viewed with a
JEM 1010 or JEM 1400 transmission electron microscope (JEOL)
at an accelerating voltage of 100 kV. For further details regarding
the experimental procedures used in this study, see Supplemental
Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, four figures, two tables, and one movie and can
be found with this article online at http://dx.doi.org/10.1016/
j.stemcr.2014.03.011.
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