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Progress in retinal-cell therapy derived from human pluripotent
stem cells currently faces technical challenges that require the
development of easy and standardized protocols. Here, we de-
veloped a simple retinal differentiation method, based on confluent
human induced pluripotent stem cells (hiPSC), bypassing embryoid
body formation and the use of exogenous molecules, coating, or
Matrigel. In 2 wk, we generated both retinal pigmented epithelial
cells and self-forming neural retina (NR)-like structures containing
retinal progenitor cells (RPCs). We report sequential differentiation
from RPCs to the seven neuroretinal cell types in maturated NR-like
structures as floating cultures, thereby revealing the multipotency
of RPCs generated from integration-free hiPSCs. Furthermore, Notch
pathway inhibition boosted the generation of photoreceptor pre-
cursor cells, crucial in establishing cell therapy strategies. This
innovative process proposed here provides a readily efficient
and scalable approach to produce retinal cells for regenerative
medicine and for drug-screening purposes, as well as an in vitro
model of human retinal development and disease.

retinal ganglion cells | rods | cones

Irreversible blindness caused by retinal diseases, such as
inherited retinopathies, age-related macular degeneration
(AMD), or glaucoma, is mainly due to the impairment or loss of
function of photoreceptor cells, supporting retinal pigmented
epithelium (RPE) or retinal ganglion cells (RGCs). Rescuing the
degenerated retina is a major challenge for which specific cell
replacement is one of the most promising approaches (1, 2).
Pluripotent stem cells, like human embryonic stem cells (hESCs)
or induced pluripotent stem cells (hiPSCs), have the ability to be
expanded indefinitely in culture and could be used as an unlimited
source of retinal cells for the treatment of retinal degenerative
diseases (3, 4). Several publications have indicated that hESCs and
hiPSCs can be differentiated into RPE cells spontaneously after
fibroblast growth factor (FGF) 2 removal (5-7) or by different
floating aggregate methods (8-11). Concerning neural retinal
cells, a growing body of convergent data has demonstrated the
ability of hESCs or hiPSCs to be committed into the neural retinal
lineage and further differentiated into cells expressing photore-
ceptor markers (12-15). Recent innovative approaches using 3D -
cultures from embryoid bodies (EBs) of hESCs or hiPSCs allowed
the self-formation of optic cup (OC) structures (16) or the gen-
eration of optic vesicle (OV)-like structures (17), depending on the
addition of exogenous molecules and different substrates used.
These protocols require multiple steps and trained handling, which
are not always compatible with the manufacturing process for
therapeutic approach or drug screening that need a large-scale
production of cells of interest. Therefore, very simple and reliable
approaches minimizing the use of exogenous molecules should be
developed to generate hESCs or hiPSC-derived retinal cells.

In the present study, we report a new retinal differentiation
process using confluent hiPSCs, without cell clumps or EB
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formation and in the absence of Matrigel or serum. We dem-
onstrate that integration-free hiPSCs derived from adult human
dermal fibroblasts (AHDFs) cultured in proneural medium can
simultaneously generate RPE cells and self-forming neural
retinal (NR)-like structures within 2 wk and that, when switched
to floating cultures, structures containing retinal progenitor cells
(RPCs) can differentiate into all retinal cell types, including
RGCs and precursors of photoreceptors, needed for therapeutic
applications.

Results

Generation and Characterization of Integration-Free hiPSCs. AHDFs
were cotransfected with three plasmids coding for the transcription
factors OCT4, NANOG, SOX2, LIN28, KLLF4, and C-MYC, corre-
sponding to plasmid OriP/EBNA vectors (18). Transfected AHDF
were primarily cultured in fibroblast medium followed by iPS me-
dium, in the presence of small molecules (Fig. S14) previously
described to improve and accelerate the reprogramming process
(19). Between day 30 and 40, almost all tightly packed dome-like
structures were picked up and replated onto mouse embryonic
fibroblasts (MEFs), noted as passage 0 (P0). Emerging hiPSC col-
onies were detectable in less than 1 wk (Fig. S1B, arrow). Full
characterization of hiPSC line 2 (hiPSC-2) is depicted in Fig. SI1.
Expanded hiPSC colonies developed alkaline phosphatase (AP)
activity along with expression of the pluripotency markers NANOG,
TRA1-81, OCT4 (also known as POU Class 5 homeobox 1), and
SSEA4 (Fig. S1 C-I). Quantitative (q) RT-PCR revealed that the
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expression of pluripotency genes markedly increased over the re-
spective fibroblast population and was comparable with that seen in
hESCs (Fig. S1J). PCR analysis on the OriP site on genomic DNA
or episomal fractions demonstrated the absence of genomic in-
tegration of the transgenes and the complete loss of episomal vec-
tors after 15 passages (Fig. S1K). hiPSC-2 could be differentiated in
vitro and in vivo into derivatives of all three germ layers, as shown
by qRT-PCR (Fig. S1L), immunohistochemistry on EBs (Fig. S1
M-0) and teratoma formation in NSG mouse (Fig. S1 P-U).
hiPSC-2 exhibited a normal karyotype (Fig. S1V).

Differentiation of Confluent hiPSCs into RPE Cells and Self-Forming
Neural Retina-Like Structures. Because a prerequisite for hiPSC
differentiation is the shutdown of the self-renewal machinery,
FGF2 was removed from the iPS medium during 2 d to en-
courage the spontaneous differentiation of confluent hiPSCs.
FGF2 withdrawal from the culture medium may also promote
neuroectoderm induction as demonstrated in hESCs (20). To
favor this differentiation of hiPSCs into a neuroectoderm line-
age, colonies were cultured in a serum-free proneural medium
containing N2 supplement (Fig. 14). This process led to the
appearance of pigmented colonies within 4 d, and, after 7 d,
bright-phase structures started to appear close to over half of
patches of pigmented cells (Fig. 1B). Within 2 wk, all these
structures formed a neuroepithelial tissue partly surrounded
with a patch of pigmented cells (Fig. 1C), corresponding to 1-2
structures per cm?® of culture dish. The formation of these
structures was rarely observed in nonpigmented areas, and the
pigmented patches that did not develop neuroepithelial-like
structures were used for RPE cell culture and expansion.

Gene-expression analysis revealed endogenous expression of
Wnt and BMP antagonists, DKKI and NOGGIN, in confluent
hiPSC cultures, and both genes were up-regulated during the
formation of the neuroepithelial-like structures (Fig. 1D). By
14 d (D14), isolated neuroepithelial-like structures had lost the
expression of the pluripotency-related gene OCT4 and acquired
expression of transcription factors associated with eye-field
specification, such as LHX2, RAX, PAX6, and SIX3 (Fig. 1E).
Immunostaining of the neuroepithelial-like structures demon-
strated that all cells coexpressed PAX6 and RAX (Fig. 1 F-H),
a characteristic of eye-field cells (21). Nearly all of the cells were
LHX2", and their progenitor status was confirmed using the cell
proliferation marker Ki67 (Fig. 1 I-K). The expression of both
MITF and VSX2 (also known as CHXI0), two transcription
factors involved in retinal specification during OV and OC for-
mation (22), was increased by 10- and 100-fold, respectively, at
D14 (Fig. 1E). Immunohistochemistry experiments revealed an
opposite gradient of VSX2 and MITF expression, with the most
intense staining for VSX2 in the neuroepithelial-like structures
whereas the strongest MITF expression was found in the distal
pigmented part (Fig. 1 L—P). Together, these findings demon-
strate that neuroepithelial-like structures have a marker ex-
pression profile typical of neural retinal progenitor cells (RPCs)
and can be renamed neural retina-like (NR-like) structures. In-
terestingly, the expression of transcription factors typical to
photoreceptor precursors such as NRL and CRX is increased by
fivefold as early as after 14 d in culture (Fig. 1E and Fig. S24).
The presence of CRX™ cells in the NR-like structures at D14
(Fig. S2B) confirms that some RPCs are already committed to
the photoreceptor lineage.

Isolation and Amplification of hiPSC-Derived RPE Cells. Given the
fast appearance of RPE cells from confluent hiPSCs cultured
in proneural medium, pigmented patches of cells were mechan-
ically isolated at D14 and spread onto gelatin-coated plates for
expansion (Fig. 24). After 1 mo, they formed a confluent cell
monolayer that displayed the classical cobblestone morphology
(Fig. 2 B and C). The cells were immunoreactive for a key RPE-
specific transcription factor, MITF, and the tight junction
marker ZO-1 (Fig. 2D). qRT-PCR analysis, normalized to adult
human RPE cells, demonstrated that hiPSC-derived RPE
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Fig. 1. Efficient generation of RPE cells and NR-like structures from con-
fluent hiPSCs. (A) Schematic diagram showing the stages of the differenti-
ation protocol. (B and C) Neuroepithelial-like structure derived from hiPSC-2
at D7 and D14. (D) qRT-PCR analysis of NOGGIN and DKK1 in hiPSC-2 at DO,
D7, and D14. Data are normalized on hiPSC-2 single colonies. (E) gRT-PCR
analysis of eye-field transcription factors NRL, CRX, NEUROD1, and pluri-
potency marker OCT4 in NR-like structures at D14. Data are normalized to
hiPSC-2 at DO. (F-P) Immunofluorescence staining of cryosectioned NR-like
structures at D14 for PAX6 and RAX (F-H), Ki67 and LHX2 (/-K), or MITF and
VSX2 (L—P). (Scale bars: B, C, F, I, and L, 100 um; G, H, J, and M—-P, 50 pm.)

(hiRPE) cells retained the expression of mature RPE-associated
markers such as MERTK, RPE65, BESTI, and PEDF, after
several passages (Fig. 2E). To determine whether hiRPE cells
were functional, we tested their ability to carry out phagocytosis
of FITC-labeled photoreceptor outer segments (POSs). We
detected a pronounced phagocytosis activity as efficient as for
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Fig. 2. Amplification and characterization of hiRPE cells. (A) Schematic il-
lustration outlining the differentiation protocol to amplify hiRPE (arrow 1)
or to maturate NR-like structures (arrow 2). (B and C) Phase-contrast images
of hiRPE cell monolayer after 45 d. (D) ZO-1 and MITF immunostaining of
hiRPE cell monolayer after 45 d. (E) gRT-PCR analysis of mature RPE markers
in hiRPE cells at passage 0 (P0), P1, and P2. Data are normalized to control
RNA isolated from human adult RPE cells. (F) Evaluation of RPE cell
phagocytic activity; ratio of FITC/DAPI fluorescence in hiRPE cell cultures at
P1 and in control RPE-J cell line after 3 h incubation with FITC-labeled POS.
Binding and uptake of POS were assayed as described in S/ Materials and
Methods. (Scale bars: B and C, 100 um; D, 50 pm.)

the control RPE-J cell line with an average of 30% internalized
POSs within 3 h (Fig. 2F).

Differentiation of RPCs from NR-Like Structures into All Retinal Cell
Types in Floating Cultures. NR-like structures with the surrounding
pigmented patch of cells (Fig. 1C) were mechanically isolated at
D14 and further cultured as floating structures in the presence of
FGF2 during 1 wk (Fig. 24), to favor neural retinal differentiation
rather than differentiation into the RPE lineage (23). The isolated
NR-like structure formed a hollow sphere, which continued to
increase in size (Fig. 3 A-C and Fig. S3). Quantitative analysis
showed an increase in thickness of the neuroepithelium from 139 +
19 pm to 251 + 41 pm between D17 and D24 (Fig. S3). We ana-
lyzed the time course and the acquisition of specific retinal phe-
notypes from growing spheres, using both immunohistochemistry
and qRT-PCR. Throughout the process from D14 to D42, tran-
scription factors involved in retinal specification and differentiation
were still expressed (Fig. 3 D and E). At D21, VSX2" cells were
located in the developing neuroepithelium, and MITF* cells were
found mainly in the RPE cells in the distal part of the NR-like
structures (Fig. 3F, arrow). VSX27 cells were predominantly lo-
cated along the outer part of the neuroepithelium and also
expressed PAX6 (Fig. 3G). The population of PAX6/VSX2™ cells
congregated at the inner part of the neuroepithelium, which cor-
respond to the retinal neurons that differentiated first and did not
carry the proliferation marker Ki67 (Fig. 31).

Indeed, as early as D21, RGCs and amacrine cells were
identified by immunohistochemistry at the same location as the
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one shown by BRN3A, also known as POU class 4 homeobox 1 (Fig.
3H) or CALRETININ (Fig. 3/) staining. Lim homeobox 1 (LIM1)*
cells corresponding to differentiating horizontal cells were also
found in the neuroepithelium (Fig. 3K). The expression of OTX2
and NEURODI, two transcription factors involved in the differen-
tiation of RPCs into photoreceptors (24), increased during the
floating culture step (Fig. 3E). The photoreceptor cell fate com-
mitment was confirmed by the large increase in NRL and CRX
expression from D14 to D42 (Fig. 3E and Fig. S24). Immunohis-
tochemical analysis showed the expression of OTX2 in hiPSC-
derived RPE cells in the distal part of the structures (Fig. 3H, ar-
row), as well as the presence of OTX2* cells in the neuroepithelium
(Fig. 3H). CRX™* cells were also clearly identifiable in the neuro-
epithelium at D21 (Fig. 3L) and coexpressed OTX2 (Fig. S2 C-H).
At D28, CRX is essentially expressed in postmitotic Ki67~ cells (Fig.
3M). As expected (25), OTX2" committed photoreceptor precursors
did not express PAX6 (Fig. 3N). These data demonstrated that our
culture conditions allowed for the rapid differentiation of hiPSCs
into RGCs, amacrine cells, or horizontal cells, and precursors of
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Fig. 3. Characterization of early differentiating cells in floating NR-like struc-
tures. (A-C) Morphology of representative isolated floating NR-like structures
at D15, D21, and D28. (D and E) qRT-PCR analysis of eye-field and photore-
ceptor-specific transcription factors in NR-like structures from D14 to D42. Data
are normalized to NR-like structures at D14. (F-N) Immunohistochemistry
analysis of cryosectioned NR-like structures at D21 or D28 for MITF (F), VSX2 (F
and @), PAX6 (G, I, and N), OTX2 (H and N), BRN3A (H), CRX (L and M), CAL-
RETININ (J), LIM1 (K), and Ki67 (/). (Scale bars: A-C and F-H, 100 pm; /-N, 50 pm.)
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photoreceptors in 3 wk. Moreover, the protocol developed here
showed a good reproducibility when two distinct nonintegrative
hiPSC lines (hiPSC-1 and hiPSC-2) were compared (Fig. S4).
Prolonged maintenance of isolated NR-like structures in
floating culture allowed further differentiation of the RPCs into
the late-born retinal cell types as demonstrated by qRT-PCR
(Fig. 4 A-E). Indeed, after the first expression of early-born
retinal markers of maturing RGCs (BRN3A4 and B), amacrine
(CALRETININ and GAD?2), and horizontal (LIM) cells (Fig. 4 A
and B), the emergence of markers of late-born retinal cell types
was observed later, corresponding to cone (R/G OPSIN, BLUE
OPSIN, and CONE ARRESTIN) and rod photoreceptors
(RHODOPSIN and RECOVERIN) (Fig. 4 C and D), bipolar
[protein kinase C alpha (PKCa)] cells, and Miiller glial cells (the
glutamate/aspartate transporter GLAST1) (Fig. 4E). Transient
expression of BRN34 and BRN3B (Fig. 44) was confirmed by
immunohistochemical data, showing a gradual decrease in the
BRN3A" cell population in NR-like structures as the culture was
extended (Fig. S5). Between D21 (Fig. 4F) and D42 (Fig. 4G),
most of the NR-like structures lost their laminar appearance and
developed internal rosettes that contained OTX2", CRX", and
RECOVERIN™ cells corresponding to the differentiating pho-
toreceptors (Fig. 4 G and J-L and Fig. S2 F-H), surrounded by
cells that expressed different markers of RGCs (BRN3A and
CALRETININ), amacrine (CALRETININ and AP2) cells, and
horizontal (LIM) cells (Fig. 4 G-J). Interestingly, at D42,
RECOVERIN™ cells expressed the cell surface marker CD73
(Fig. 4L), a marker used for cell sorting of photoreceptor pre-
cursors for transplantation (26). At D77, PAX6 was present only
outside the rosettes in postmitotic cells (KI677), consistent with
its expression in RGCs, amacrine cells, and horizontal cells (Fig.
4M). By D112, RHODOPSIN and R/G OPSIN appeared in
NR-like structures, reflecting the maturation of both rods and
cones (Fig. 4 N and 0). RECOVERIN* and RHODOPSIN™
cells were commonly localized at the most inner part of the
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residual rosettes at D112 (Fig. S6 4 and B). Interestingly,
immunohistochemistry using the connecting cilium marker acety-
lated TUBULIN revealed the existence of very thin structures in
the luminal zone of rosettes juxtaposed to RECOVERIN* cells,
suggesting the formation of potential cilia and photoreceptor
outer segments (Fig. S6 C and D). The differentiation of the two
other late-born retinal cell types, bipolar and Miiller glial cells,
also required a longer time in culture (D112) to be detected,
respectively, by PKCa staining (Fig. 4P) and by coexpression of
glutamine synthetase (GS) and SOX9 (Fig. 40Q). Thereby, our
cell-culture conditions allowed the generation of all retinal-cell
types from the RPCs present in the NR-like structures in a
sequential manner.

Acceleration of Photoreceptor Precursor Generation by Notch
Inhibition. Based on the role of Notch in retinal progenitor cell
fate (16, 27), we next investigated the effect of the Notch path-
way inhibition during floating cultures of NR-like structures on
the generation of the precursors of photoreceptors. Because,
in NR-like structures between D21 and D35, most RPCs are
committed to the photoreceptor lineage (corresponding to the
increased expression of the two photoreceptor-specific tran-
scription factors, CRX and NRL) (Fig. 4E and Fig. S24), the
Notch inhibitor DAPT was added during this time window. A
1-wk treatment with DAPT between D21 and D28 is sufficient to
increase both CRX and RECOVERIN staining (Fig. 5 B-E). This
treatment enables enhanced generation of photoreceptor precursors
because, at D28, the number of CRX* and RECOVERIN™ cells
increased 2.2- and 2.6-fold, respectively, compared with the control
(Fig. 5J). Concomitantly, the population of mitotic progenitors
evaluated at D28 by Ki67 staining largely decreased (threefold) after
treatment at D28 (Fig. 5J). We further chose to evaluate the effect
of Notch inhibition between D28 and D35 rather than prolonged
exposure to DAPT because few RPCs remained at D28 after

o, K

CALRETININ

Fig. 4. Differentiation of all retinal cell types from floating NR-like structures. (A-E) qRT-PCR analysis of selected neural retinal cell types in NR-like structures
at different times. Data are normalized to NR-like structures at D14 and at D35 for both R/G and BLUE OPSIN. (F-Q) Immunohistochemical analysis of cry-
osectioned NR-like structure at different stages of differentiation using markers for RGCs (BRN3A, PAX6, and CALRETININ), amacrine cells (PAX6, AP2, and
CALRETININ), horizontal cells (LIM1, PAX6, and CALRETININ), photoreceptors (OTX2, RECOVERIN, CRX, CD73, RHODOPSIN, and R/G OPSIN), bipolar cells
(PKCa), Muller glial cells (GS and SOX9), and for mitotic progenitors (Ki67). (Scale bars: F-N, 50 um; O-Q, 25 pm.)
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DAPT treatment. Under these conditions, Notch inhibition also
led to an increase in the number of photoreceptor precursors
within the NR-like structures, namely a 1.7- and 4.1-fold in-
crease at D35 in the number of CRX* and RECOVERIN™
cells, respectively (Fig. 5 F-I and K). Interestingly, CONE-
ARRESTIN" cells that were not normally detected at D35
could be clearly identified at that time after DAPT treatment
(Fig. 5G). Moreover, qRT-PCR analysis confirmed the in-
crease in CONE-ARRESTIN expression at D35 after DAPT
treatment whereas no significant changes in gene expression of
RHODOPSIN, BLUE OPSIN, or R/G OPSIN were observed
(Fig. 5L). GLASTI expression was decreased after DAPT
treatment (Fig. 5L). All together, these data suggest that in-
hibition of Notch signaling accelerated the generation of
photoreceptor precursors from multipotent RPCs.

Discussion

In this study, we report the finding that a simple culture of confluent
hiPSCs in a serum-free proneural medium is sufficient to generate
NR-like structures and RPE cells in 2 wk. The process we describe
avoids the steps of EB formation and selection and addition of in-
ductive molecules and/or Matrigel, as well as EB coating on ad-
herent substrates. Early generated structures present an OV
phenotype revealed by coexpression of PAX6 and RAX, and an
opposite gradient of VSX2 and MITF between the neuroepithelium
and the RPE. This efficiency is likely due in part to the increasing
endogenous production by confluent hiPSCs of DKKI and NOG-
GIN, two inducers of neural and retinal specification, generally
added for retinal differentiation of hESCS or hiPSCs (17, 28).

iPS medium
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Fig. 5. Acceleration of photoreceptor precursor generation from floating
NR-like structures by Notch inhibition. (A) Schematic illustration of the ex-
periment with DAPT treatment either from D21 to D28 or from D28 to D35.
(B-I) Immunohistochemical analysis of cryosectioned NR-like structures at
D28 or D35, with (C, E, G, and /) or without (B, D, F, and H) DAPT treatment.
(J and K) Quantification of photoreceptor precursors (CRX and RECOVERIN)
and mitotic progenitors (Ki67) at D28 (J) and D35 (K) with or without
(control) DAPT. Values represent the mean percentage of positive cells +
SEM (n = 4, *P < 0.05). (L) gRT-PCR analysis of maturing photoreceptor
markers and GLAST1 (marker for Muller glial cells) in D35 NR-like structures
treated with DAPT. Data are normalized to NR-like structures at D35 without
DAPT treatment. (Scale bars: 100 pm.)
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Nevertheless, previous studies reported that IGF-I added to the
culture medium or present in the Matrigel can direct hESCs to
a retinal progenitor identity (12, 29), suggesting that insulin, al-
ready present in the N2 supplement, could be sufficient to play
a similar role in our conditions.

Floating cultures of isolated hiPSC-derived NR-like structures
allowed the differentiation of the RPCs into all of the retinal cell
types, in a sequential manner consistent with the in vivo verte-
brate retinogenesis, demonstrating the multipotency of hiPSC-
derived RPCs. In terms of timing, differentiation of NR-like
structures is quite similar to the ones reported for the in vitro
self-formed OC and OV-like structures (16, 17), with the de-
tection of RGCs between D21 and D35 and photoreceptor
precursors around D30-D40 whereas more mature photo-
receptors, stained for the presence of OPSIN or RHODOPSIN,
were not clearly identified before D77. The use of different
molecules during the culture, such as taurine, sonic hedgehog,
retinoic acid, FGF1, and FGF2, could accelerate photoreceptor
maturation, as recently reported for hESC aggregates in the
presence of Matrigel (28). Interestingly, we report that inhibition
of the Notch pathway when RPCs are committed to the photo-
receptor lineage clearly enhances the proportion of photore-
ceptor precursors in the NR-like structures, with a twofold
increase in CRX™ cells, presumably achieved by forcing RPCs to
exit early from the cell cycle, as previously described (16). A 1-wk
treatment with the Notch inhibitor, DAPT, is indeed sufficient to
induce cell-cycle exit for a large majority of the RPCs, allowing
the generation after 35 d of about 40% of CRX™ photoreceptor
precursors, also expressing cone precursor markers. This strategy
could be considered for the efficient generation of cells with
therapeutic applications. NR-like structures did not invaginate to
form bilayered cups as elegantly reported in an EBs/Matrigel-
dependent protocol using hESCs by Nakano et al. (16). Instead,
the hiPSC-derived structures maintained a laminar organization
until D21 and subsequently developed rosettes containing pho-
toreceptor-like cells in the central region, surrounded by both
cells with a retinal inner nuclear layer-specific identity and
RGC:s. This kind of inverted retina, which has also been reported
in OV-like structures (30), could be due to the absence of RPE
cells in close contact with the differentiating neuroepithelium in
the NR-like structures. Nevertheless, generating mature and
stratified NR tissue may not be requisite for future cell-therapy
strategies based on purified photoreceptor precursors or other
retinal-derived cells. In this context, our protocol allows, in 42 d,
the generation of promising candidates for transplantation: i.e.,
CD73* photoreceptor precursors that have previously been pu-
rified and successfully transplanted in mouse retina (26). The
possibility of combining NOTCH inhibition and CD73 selection
should enable the isolation of a large number of transplantable
cells, holding great promise for the replacement of degenerated
photoreceptors in retinal dystrophies. The ability to produce
RGCs from the NR-like structures could have important impli-
cations for the treatment of glaucoma. Nevertheless, optimiza-
tion of culture conditions will be required to prolong RGC
survival in floating NR-like structures. In addition to the gen-
eration of retinal neurons, our protocol concomitantly allows the
generation of RPE cells (hiRPE) that can be easily passaged and
amplified while retaining their phenotype, close to their in vivo
state. The present protocol hereby holds great potential to rap-
idly generate banks of hiRPE cells intended for the future
treatment of AMD and other RPE-related diseases.

With the goal of maintaining a clinical grade, we generated
hiPSCs by episomal reprogramming because the use of lentiviral
vectors bears a risk of genotoxicity. Reactivation of or residual
transgene expression during hiPSC differentiation could indeed
affect lineage choice and the functionality of hiPSC derivatives,
as recently demonstrated for the RPE cell lineage (31). Although
autologous feeders may be used for the maintenance of hiPSCs
(32), developments toward a xeno-free and feeder-free system
will be required for regenerative therapy. Switching to a non-
xenogeneic system should not be a brake for the generation of
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NR-like structures and hiRPE cells as recently reported in others
differentiation approaches (6, 33, 34). From a pharmacological
perspective, hiPSCs offer valuable potential to profile new
compounds in the first process of drug discovery (35). The pro-
liferative capacity of hiPS-derived RPCs and RPE cells should
ensure the development of new cellular tools for phenotype- and
target-based high-throughput screening with the goal of identi-
fying specific active compounds for future treatments of retinal
dystrophies (36).

This new protocol, which eliminates the need for the time-con-
suming and labor-intensive manual steps usually required to dif-
ferentiate hiPSCs into a specific retinal lineage, provides a readily
scalable approach to generate large numbers of both RPE cells
and multipotent RPCs. Thus, in a relatively short period, the
methods described here produce a source of photoreceptor
precursors or RGCs holding the promise for a novel approach to
regenerative medicine and pharmaceutical testing/drug screen-
ing. Our strategy using hiPSCs also provides an opportunity to
study the molecular and cellular mechanisms underlying human
retinal development and should advance the development of in
vitro models of human retinal degenerative diseases.

Materials and Methods

Reprogramming of Human Fibroblasts. The reprogramming was done with an
episomal approach as described (18). Detailed protocols are available in the
SI Materials and Methods.

Retinal Differentiation and hiPSC-Derived Retinal Cell Cultures. hiPSCs were
expanded to confluence in 3-cm MEF-seeded dishes in iPS medium. At this point,
defined as day 0 (DO0), confluent hiPSCs were cultured in iPS medium without
FGF2. After 2 d, the medium was switched to a “proneural medium” composed
of DMEM:Nutrient Mixture F-12 (DMEM/F12, 1:1, -Glutamine), 1% MEM
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nonessential amino acids, and 1% N2 supplement (Life Technologies). The
medium was changed every 2-3 d. On D14, identified NR-like structures were
isolated using a needle with the surrounding pigmented cells and were in-
dividually cultured in 24-well-plates as floating structures in the proneural
medium supplemented with 10 ng/mL FGF2. Plates were mounted on a 3D
Nutator shaker (VWR) during the two first days to avoid the adhesion of NR-
like structures to the culture plate bottom, and the medium was changed
every 2-3 d. At D21, FGF2 was removed, and half of the proneural medium
was changed every 2-3 d for the next several weeks. For the DAPT experiment,
structures were treated with 10 uM DAPT (Selleck) during 7 d between either
D21 and D28 or D28 and D35.

For hiPSC-derived RPE (hiRPE) cell cultures, identified pigmented patches were
cut at D14 without the nonpigmented budding structures and transferred onto
0.1% gelatin-coated plates, noted as passage 0 (P0). hiRPE cells were expanded in
the proneural medium, and the medium was changed every 2-3 d. At con-
fluency, cells were dissociated and replated onto 24-well gelatin-coated plates
for amplification or onto 96-well gelatin-coated plates for phagocytosis assays.

More information is provided in S/ Materials and Methods and Tables S1
and S2.
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