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ABSTRACT

Retinitis pigmentosa (RP) is a group of visual impairments characterized by progressive rod photo-
receptor cell loss due to a genetic background. Pigment epithelium-derived factor (PEDF) predomi-
nantly secreted by the retinal pigmented epithelium (RPE) has been reported to protect
photoreceptors in retinal degeneration models, including rd1. In addition, clinical trials are cur-
rently underway outside Japan using human mesenchymal stromal cells and human neural stem
cells to protect photoreceptors in RP and dry age-related macular degeneration, respectively.
Thus, this study aimed to investigate the rescue effects of induced pluripotent stem (iPS)-RPE cells
in comparison with those types of cells used in clinical trials on photoreceptor degeneration in
rd1 mice. Cells were injected into the subretinal space of immune-suppressed 2-week-old rd1

mice. The results demonstrated that human iPS-RPE cells significantly attenuated photoreceptor
degeneration on postoperative days (PODs) 14 and 21 and survived longer up to at least 12
weeks after operation than the other two types of graft cells with less immune responses and
apoptosis. The mean PEDF concentration in the intraocular fluid in RPE-transplanted eyes was
more than 1 mg/ml at PODs 14 and 21, and this may have contributed to the protective effect of
RPE transplantation. Our findings suggest that iPS-RPE cells serve as a competent source to delay
photoreceptor degeneration through stable survival in degenerating ocular environment and by
releasing neuroprotective factors such as PEDF. STEM CELLS 2015;33:1543–1553

INTRODUCTION

Retinitis pigmentosa (RP), characterized by
inherited, progressive cell loss leading to atro-
phy of the retinal tissue in advanced cases, is
one of the most severe retinal degeneration
diseases. The prevalence of RP is approxi-
mately 1:5,000 worldwide. Although no defi-
nite effective intervention has been reported
till date, a number of therapeutic strategies
have been explored to treat RP patients.
Among these, cell therapy has been consid-
ered to be a promising approach.

Retinal pigmented epithelium (RPE) cells
form a monolayer sheet between the neuro-
sensory retina and the choroid and perform
several essential functions in the eye, such as
phagocytosis of photoreceptor outer segments,
maintenance of the visual cycle, secretion of
trophic factors, and immune modulation [1]. In
1988, RPE cells were successfully transplanted

into the subretinal space of Royal College of
Surgeons (RCS) rats (Mertk 2/2), a classic ani-
mal model for retinal degeneration [2], and
RPE transplantation has received considerable
attention since then. It was considered benefi-
cial to replace dysfunctional RPE cells in age-
related macular degeneration (AMD) or certain
types of RP caused by RPE dysfunctions such
as those with RPE65 or MERTK gene mutations
[3, 4]. Conversely, pigment epithelium-derived
factor (PEDF) is abundantly secreted by RPE
cells [5, 6], and numerous studies have shown
that it can protect neurons from cell death
through induction by various factors, including
glutamate [7], hydrogen peroxide [8], light [9],
ischemic injury [10], and inherited disease
(e.g., photoreceptor degeneration in rd1 mice)
[11]. These data suggest that transplanted
RPE not only replaces the dysfunctional cells
but also acts as a source of trophic factor
secretion.
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In addition to RPE cells, M€uller cells [12], ocular resident
stem cells [13], and adult tissue stem cells (including mesen-
chymal stromal cells [MSCs] [14–16] and neural stem cells
[NSCs] [17–19]) have been used for transplantation in an
attempt to protect or substitute for degenerating neurons in
retinal or other neuronal degenerative disorders. At present,
there are two clinical trials underway using MSCs and NSCs to
prevent photoreceptor degeneration in RP (ID: NCT01531348;
https://www.clinicaltrials.gov) and AMD (ID: NCT01632527),
respectively. Thus, for future clinical applications, it is worthy
to investigate the comparative advantages of these cells in
preventing the neurodegenerative process caused by photore-
ceptor loss. In this study, we compared the neuroprotective
efficacy of subretinal transplanted-induced pluripotent stem
(iPS)-RPE cells, MSCs, and NSCs in a rapid retinal degeneration
model of RP, rd1 mice. This model contains a nonsense muta-
tion in the gene encoding the beta subunit of the rod
photoreceptor-specific cGMP phosphodiesterase 6 (PDE 6).
This causes severe, early-onset photoreceptor degeneration
beginning around postnatal day (P) 10, with a maximum peak
around P14 [20, 21].

This preclinical proof-of-concept study demonstrated that
compared with MSCs and NSCs, iPS-RPE cells significantly pro-
tected photoreceptor cells from degeneration in rd1 mice up
to postoperative day (POD) 21. In addition, they displayed a
superior graft survival of no less than 12 weeks, even in the
severe degenerative environment of xenografting. Thus, iPS-
RPE cells may serve as a potential resource to protect photo-
receptors, even under severely degenerating conditions such
as those common in RP or AMD.

MATERIALS AND METHODS

Cell Preparation

Human iPS cells, generously provided by the Center for iPS
Cell Research and Application, Kyoto University (Kyoto, Japan),
were maintained and differentiated to RPE cells as described
previously [22].

Human fetal NSCs (Cat. No. HNS-COR-001) were pur-
chased from SC Proven Product sold by StemCells, Inc
(Newark, CA, http://www.stemcellsinc.com), which sponsored
the abovementioned AMD clinical trial. Cells were maintained
and passaged as per the manufacturer’s recommendations.
(Nevertheless, these cells were not derived and produced in
the same manner as the cells being tested in clinical studies)

A nonclinical experiment was implemented to derive MSCs
from donated umbilical cords. Both the experiment and the
related informed consent forms were reviewed and approved by
the Institutional Review Board of the Riken Center for
Developmental Biology (CDB) and the Foundation for Biomedical
Research and Innovation. Refer to Supporting Information
Experimental Procedures for more details regarding cell culture.

For transplantation, RPE cells and MSCs were harvested
with 0.25% Trypsin-EDTA (Life Technologies, Carlsbad, CA,
https://www.lifetechnologies.com). NSCs were harvested with
Accutase (Sigma-Aldrich, St. Louis, MO, http://www.sigma
aldrich.com) and washed twice with Glasgow Minimum
Essential Medium (Life Technologies), which was also used as
the delivery medium for all three cell types. To reduce cell
clumping, DNase I (Stem Cell Technologies, Vancouver,

Canada, http://www.stemcell.com) was added to the cell sus-
pensions (final: 0.1 mg/ml).

Flow Cytometry

The following antibodies: CD73-FITC, CD90-APC, CD105-PE,
and CD146-PE (all from BD Biosciences, San Jose, CA, https://
www.bdbiosciences.com) were used for identifying MSCs. For
details, see Supporting Information Experimental Procedures.

Immunostaining

Primary antibodies against nestin, beta-3 tubulin (Tuj1),
MAP2, vimentin, bestrophin, RPE65, MITF, ZO-1, human Ki67,
human CD147, human nuclei antigen, human beta-2 microglo-
bulin, Iba1, CD3, and rhodopsin (Supporting Information Table
S1) were used to stain samples. For details, see Supporting
Information Experimental Procedures.

Transplantation

Surgical procedures were performed on 14-day-old C3H/HeJ mice,
which are homozygous for the rd1 mutation (Pde6b

rd12/rd12). All
animal experiments were in accordance with the Association
for Research in Vision and Ophthalmology statement for the
Use of Animals in Ophthalmic and Vision Research and the
Guidelines of the Riken CDB Animal Experiment Committee.
Drinking water containing 200 mg/l cyclosporine (Wako,
Osaka, Japan, http://www.wako-chem.co.jp) and 10 mg/l indo-
methacin (Wako) was provided to all animals from 2 days
prior to transplantation until the time of sacrifice. The mice
were sedated with an intramuscular injection of a combina-
tion of ketamine (77 mg/kg, Daiichi-Sankyo, Tokyo, Japan,
http://www.daiichisankyo.com) and xylazine (10 mg/kg, Bayer,
Leverkusen, Germany, http://www.bayer.com), and pupils were
dilated with a mixture of tropicamide (5 mg/ml, Santen,
Osaka, Japan, http://www.santen.com) and phenylephrine
(5 mg/ml, Santen). After making a trans-scleral incision, we
delivered 1 3 105 cells (in 1 ml delivery medium) into the
subretinal space of one eye of each animal through a syringe
(Hamilton, Reno, NV, http://www.hamiltoncompany.com) with
a 33-gauge needle. A bleb formed following injection, and
the needle was kept in the bleb for a few seconds to pre-
vent efflux of the transplanted cells into the vitreous. Using
the same procedure, 1 ml delivery medium was injected into
the subretinal space of the contralateral eye as a vehicle con-
trol. Immediately following the operation, the fundus was
carefully examined for retinal or vascular damage or signs of
cell efflux. Mice with such problems were excluded from the
experiment. For each experiment, four different batches of
mice (five mice/batch) at p14 were transplanted with one
cell type and the mice with successful transplantation were
used randomly in each cell-type group to the downstream
time-dependent analysis. Cell viability was also checked to be
more than 90% at the end of transplantation for each cell
type.

Enzyme-Linked Immunosorbent Assay

Following 48 hours of incubation, the culture medium was col-
lected from cells just before transplantation and stored at
280�C until analysis. The cultured cells were then dissociated
and counted to present data as protein produced per 48 hours
per million cells. The final concentrations of cytokines secreted
by each cell type were obtained by subtracting the culture
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medium values of each cell type. Intraocular fluid (IF) speci-
mens from grafted and sham eyes also were collected at PODs
7, 14, and 21. Enzyme-linked immunosorbent assay (ELISA) kits
for brain-derived neurotrophic factor (BDNF), insulin-like growth
factor 1 (IGF-1), transforming growth factor beta-2 (TGF-beta-2)
(all from R&D Systems, Minneapolis, MN, https://www.rndsys-
tems.com), beta-nerve growth factor (beta-NGF), neurotrophin-
3 (NT-3) ciliary neurotrophic factor (CNTF) (all from Raybiotech,
Atlanta, GA, http://www.raybiotech.com), glial cell line-derived
neurotrophic factor (GDNF) (Promega, Fitchburg, WI, https://
www.promega.com), PEDF (Biovendor, Czech Republic, http://
www.biovendor.com), and vascular endothelial growth factor
(VEGF) (eBioscience, San Diego, CA, http://www.ebioscience.
com) were used according to manufacturers’ protocols. ELISA
plates were analyzed using a microplate photometer (Thermo,
Waltham, MA, http://www.thermofisher.com).

Terminal Deoxynucleotidyl Transferase dUTP Nick End
Labeling Assay

To detect apoptotic cells, retinal sections were processed for
transferase dUTP nick end labeling (TUNEL) using a kit (Roche,
Basel, Switzerland, http://www.roche.com) according to the
manufacturer’s instructions. Sections were double labeled by
specific primary antibodies as described elsewhere.

Quantitative Analysis

Every first slide per each sample series (sections of every 50
mm) from PODs 14 and 21 was stained, and the number of
rhodopsin-positive rods was counted. The total number was
the sum of each series. With regard to graft cell survival, we
used two parameters: the number of graft cells on the section
series that contained the largest graft number and the length
of graft area calculated by the total number of the sections
containing the graft (Fig. 3H). In addition, to express prolifera-
tion, apoptosis, and immune reaction as the percentage of
the number of Ki67-, TUNEL-, and Iba1-positive cells to the
total graft cell number of each section, respectively, we chose
the slides of the series containing the greatest number of
graft cells in each eye sample for TUNEL assay and immuno-
staining. All these cell countings were performed by a single
person in a masked manner as to transplanted cell types, and
also transplanted or control eyes.

Statistical Analysis

All data were analyzed with SPSS 19.0 (IBM, Chicago, IL,
http://www.spss.com) and expressed as the mean6 SD.
Multiple comparisons were performed by one-way ANOVA,
followed by post hoc Bonferroni tests unless otherwise stated.
Unpaired t test was conducted to compare the number of the
remaining rods in grafts transplanted eyes and in sham
injected fellow eyes. Statistical significance was denoted as *,
p< .05 and **, p< .01.

RESULTS

In Vitro and In Vivo Characterization of iPS-RPE Cells,
MSCs, and NSCs

Prior to use, MSCs, NSCs, and iPS-RPE cells were characterized
by immunocytochemistry or flow cytometry. In vitro, iPS-RPE
cells formed a pigmented monolayer with a typical hexagonal

appearance (Fig. 1A) and stained positive for a panel of RPE
markers, including MITF, ZO-1, bestrophin, and RPE65 (Fig. 1C,
1D, 1G, 1H).

For NSCs, the immature NSC markers nestin and vimentin
(Fig. 1M, 1P) were obviously detected in vitro, while a more
mature marker, Tuj1, as well as a mature neuron marker,
MAP2, were negative (Fig. 1L, 1Q). Consistent with previous
studies, the transplanted NSCs remained undifferentiated,
continually expressing nestin and vimentin for the entire dura-
tion of the study (Supporting Information Fig. S1).

We evaluated human MSCs for expression of the reported
surface markers CD105, CD73, and CD90 [23], and additionally
CD146 to distinguish them from human fibroblasts, which were
recently reported to be positive for CD73, CD90, and CD105
[24, 25]. In addition, because aging is another concern for MSC
transplantation [26], CD146 was used as an indicator of replica-
tive MSC senescence [27]. Moreover, CD73 and CD90 were
reported to decline with aging [27]. MSCs used for transplanta-
tion were positive for CD105 (100%), CD90 (100%), and CD73
(97.5%) and showed high expression of CD146 (nearly 70%)
(Fig. 1T–1W). As such, we reasonably estimated that these cells
were adequate for our experimental purpose.

Prior to transplantation, these three cell types were also
tested for their potency in secreting trophic factors. Thus,
before harvesting cells for transplantation, we collected the
medium for testing a number of trophic factors previously
reported to be produced by one or more of these cell types
[28–36]. ELISA data confirmed that iPS-RPE cells prominently
secreted PEDF (240,2276 61,878 pg/ml/106/48 hours) as
compared to 8,3046 947 and 1816 34 pg/ml/106/48 hours
by MSCs and NSCs, respectively (p< .01). Furthermore, iPS-
RPE cells released large amounts of VEGF (2,9526 358 pg/ml/
106/48 hours) and TGF-beta-2 (1986 1 pg/ml/106/48 hours)
and small amounts of beta-NGF (46 1 pg/ml/106/48 hours)
and NT-3 (86 1 pg/ml/106/48 hours). A lower concentration
of TGF-beta-2 (826 52 pg/ml/106/48 hours) was also
detected in the NSC supernatant. MSCs produced BDNF
(206 2 pg/ml/106/48 hours), which was found in neither the
iPS-RPE cell nor the NSC supernatant. Neurotrophic factors
IGF-1, CNTF, and GDNF were not detected in the conditioned
medium of any cell type (Fig. 1X; n 5 3 for each type of cells).

Assessment of the Protective Effects of the Grafts on
Degenerating Photoreceptors and Graft Viability

To compare the protective effects of the different graft cell
types, we quantified the total number of rhodopsin-positive
rod photoreceptor cells per eye at PODs 14 and 21. Compared
with MSCs and NSCs transplanted group, iPS-RPE cells showed
a substantial protective effect on the loss of rod cells (Fig. 2A;
p< .01, n 5 5–6. Fig. 2B; RPE vs. MSC, p< .05, and RPE vs.
NSC, p< .01, n 5 5–7). The outer nuclear layer over the trans-
plantation area of grafted iPS-RPE cells contains more
rhodopsin-positive photoreceptors than that of grafted NSCs,
MSCs (Fig. 2C–2E), and nongrafted eyes. In the area away from
the transplanted region in the iPS-RPE cell-transplanted eyes,
rods were minimally observed (Fig. 2F). However, in some
cases, the position-associated protective effect was not appa-
rent, but to some extent the remaining rods were dispersed.
Moreover, MSCs and NSCs transplanted eyes did not show any
statistical significance comparing with their corresponding con-
tralateral sham operated eyes at PODs 14 and 21. The number
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Figure 1. Characterization of human induced pluripotent stem (iPS)-RPE cells, NSCs, and MSCs and the concentration of trophic factors
secreted by each cell type before transplantation. (A, J, S): Bright-field images of iPS-RPE cells (A), NSCs (J), and MSCs (S). Scale bar in (A)
and (J)5 100 mm; scale bar in (S)5 500 mm. Representative immunocytochemical analysis of iPS-RPE cells (B–I) and human NSCs (K–R). iPS-
RPE cells express typical RPE markers, MITF (C), ZO-1 (D), bestrophin (G), and RPE65 (H). Immature NSC markers, nestin (M) and vimentin (P),
were both positive, while mature markers, Tuj1 (L) and MAP2 (Q), were negative. Cell nuclei were detected with DAPI (B, F, K, O), and
merged images are shown in panels (E, I, N, R). Scale bar in (I)5 50 mm (also applies to B–H); scale bar in (R)5 100 mm (also applies to K–
Q). (T, U, V, W): Flow cytometric histogram plots show high expression of putative and essential MSC markers, CD105 (T), CD90 (U), CD73
(V), and CD146 (W). (X): High amounts of several neurotrophic factors were detected in the supernatant of iPS-RPE cells in comparison with
that of NSCs and MSCs (**, p< .01). Abbreviations: MSC, mesenchymal stromal cell; NSC, neural stem cell; RPE, retinal pigmented
epithelium.
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of the remaining rod cells in the sham operated contralateral
eyes of the iPS-RPE cells transplanted mice was significantly
larger than that of the NSCs transplanted mice at POD 21 (Fig.
2B; p< .05). iPS-RPE-injected eyes did not show a remarkable
number of photoreceptor cells remaining at the 8th and 12th
weeks, suggesting that the effect was a delay in photoreceptor
loss upon iPS-RPE transplantation (data not shown).

We then evaluated the duration of the graft survival in
these three cell types. Considering the cell-based effect, we
evaluated the number of surviving cells by two parameters:
the length of graft area (Fig. 3A) and the number of cells in
the section with the largest cell number in each eye (Fig. 3B).
Following transplantation, iPS-RPE graft cells spread over

a larger area than the other cell types at any time point
(Fig. 3A; POD 1, RPE vs. MSC and NSC, p< .05; PODs 3, 7, 14,
and 21, RPE vs. MSC and NSC, p< .01; PODs 1, 3, and 7,
n 5 3–4, PODs 14 and 21, n 5 5–7). In addition, although the
length of iPS-RPE grafts decreased over time (Fig. 3C; POD 21
vs. PODs 56 and 84, p< .01; POD 21, n 5 6, POD 56, n 5 3,
POD 84, n 5 3), iPS-RPE cells were still present at the 8th and
12th week with a transplantation area length of approxi-
mately 5476 55 mm and 3506 132 mm, respectively. The lat-
ter was almost equal to that of NSCs (4216 160 mm) and
MSCs (2756 69 mm) at POD 21 (Fig. 3A). Transplanted iPS-
RPE cells tended to spread in a tangential direction rather
than forming clumps, with some grafts featuring a sheet-like

Figure 2. Significant photoreceptor preservation was achieved by PODs 14 and 21 in induced pluripotent stem (iPS)-RPE cells trans-
planted eyes. (A, B): A statistically significant number of rhodopsin-positive photoreceptors was quantified in iPS-RPE grafted eyes in
comparison with NSC and MSC grafted and unoperated eyes at PODs 14 (A) and 21 (B). Additionally, the number of remaining rod cells
in the sham operated contralateral eyes of the iPS-RPE cells transplanted mice was significantly larger than that of the NSCs trans-
planted mice at POD 21 (B) (*, p< .05; **, p< .01; unpaired t test was used to compare the number of rod photoreceptors in grafted
eyes and sham injected contralateral eyes). (C–F): Cross-sections were obtained from eyes at POD 14. Each human cell type was labeled
by human beta-2 microglobulin. A representative image of an eye with iPS-RPE injection (C) shows significant extensive rescue of photo-
receptors; however, NSC (D) and MSC (E) groups failed. Rod photoreceptor cells were hardly observed in the area far from the site of
transplantation in the same iPS-RPE cell-transplanted eye (F). Inset in panel (C) shows a higher magnification of the boxed area. Scale
bar in (E)5 100 mm (also applies to C); scale bar in (F)5 50 mm (also applies to D); scale bar in inset5 50 mm. Abbreviations: MSC,
mesenchymal stromal cell; NSC, neural stem cell; POD, postoperative day; RPE, retinal pigmented epithelium.
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structure (Fig. 3D, 3G; Supporting Information Fig. S2A, S2B).
The section series with the highest number of grafts in each
sample were selected to manually count the grafted human
cells. Although there was no statistical significance among the
three groups at PODs 1 and 3, iPS-RPE grafts showed a higher
cell number than MSC and NSC grafts at all time points there-
after (Fig. 3B; PODs 7 and 21, RPE vs. MSC and NSC, p< .01;
POD 14, RPE vs. MSC, p< .05 and RPE vs. NSC, p< .01; PODs
1, 3, and 7, n 5 3–4, PODs 14 and 21, n 5 5–7).

Graft Proliferation, Apoptosis, and Immune Reactions
in or Around the Graft Site

To better understand the possible reasons for the improved
survival of iPS-RPE cells, we next tested proliferation, apopto-
sis, and immune rejection of each cell type at PODs 1, 3, 7,
14, and 21.

To this end, we used a proliferation marker (Ki67) for
investigating the in vivo proliferation of grafts. NSCs showed a
robust proliferation compared with the other two cell types

at POD 1 (Fig. 4A; p< .01; POD 1, n 5 3). Nevertheless, the
proliferation rate dramatically decreased after POD 1, whereas
iPS-RPE cells showed an elevated proliferation at POD 3, fol-
lowing which it gradually decreased. In addition, there was no
obvious change in MSC proliferation until POD 21. Taken
together, the proliferation rates of iPS-RPE cells were signifi-
cantly higher from POD 3 to 21 than those of MSCs or NSCs
(Fig. 4A; POD 3, RPE vs. MSC, p< .05 and RPE vs. NSC,
p< .01; POD 7, RPE vs. MSC and NSC, p< .01; PODs 14 and
21, RPE vs. NSC, p< .01; PODs 3 and 7, n 5 3–4, PODs 14 and
21, n 5 5–7; Supporting Information Fig. S3).

To evaluate the cells’ immune reaction, we studied the
time-dependent change in the ratio of the number of Iba1-
positive microglias in and surrounding the grafts to the total
number of grafts (Fig. 4B). With the exception of PODs 1 and
3, eyes receiving the MSC injection showed increased accu-
mulation of microglia than those receiving the NSC and/or
iPS-RPE injection (Fig. 4B; POD 7, MSC vs. NSC, p< .05, and
MSC vs. RPE, p< .01; POD 14, MSC vs. RPE, p< .05; POD 21,

Figure 3. Evaluation of graft survival following human induced pluripotent stem (iPS)-RPE, MSC, and NSC transplantation. (A, B): iPS-
RPE cell-engrafted eyes displayed a significantly longer transplantation area at multiple time points (A) and contained more grafts from
POD 7 in comparison with the other two cell types (B). (A) and (B) share the same graph key (*, p< .05; **, p< .01). (C): The length of
the transplantation area at POD 21 showed a significant difference compared with that at PODs 56 and 84 (**, p< .01). The graft num-
ber was 1376 93 and 616 3 at PODs 56 and 84, respectively. (D, G): iPS-RPE cells spread in the subretinal space at PODs 14 (D) and
21 (G) and formed a partial sheet-like layer. Human iPS-RPE cells were costained with human CD147 and a human nuclear marker. (E0,
F0): High-power view of boxes (E) and (F) in panel (D), respectively. Note the observation of an obvious border (arrow head in F0)
between human iPS-RPE and the host RPE layer (arrow in F0). (G0): High magnification of the boxed area in panel (G). Scale bar in
(G)5 100 mm (also applies to D); scale bar in (F0) and (G0)5 20 mm (also applies to E0). (H): Cartoon schematic depicts the transplanta-
tion area of the eye. “Length” (black bold line) is the distance covering the grafts, and sections (dashed line in H) with the largest num-
ber of grafts were selected for cell count and other analyses. Abbreviations: MSC, mesenchymal stromal cell; NSC, neural stem cell;
POD, postoperative day; RPE, retinal pigmented epithelium.
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MSC vs. RPE, p< .01; PODs 1, 3, and 7, n 5 3–4, PODs 14 and
21, n 5 5–7; Supporting Information Fig. S4). This may be
attributed to the fact that iPS-RPE cells and NSCs release TGF-
beta-2, a cytokine that functions to regulate the activation
and proliferation status of microglia [37, 38]. Interestingly, we
observed no significant infiltration of CD3-positive T cells in
any type of graft cells throughout the observation period
(data not shown).

Apoptosis was considered as one reason of graft cell death
[39], which was assessed in the graft cells using the TUNEL
assay. Although the overall apoptosis rates in all cell types
were low (Fig. 4C; PODs 1, 3, and 7, n 5 3–4, PODs 14 and 21,
n 5 5–7), NSCs and MSCs demonstrated more TUNEL-positive
cells at PODs 1 and 7 (p< .05) and POD 14 (p< .05), respec-
tively, than iPS-RPE cells at each time point. Furthermore, the
apoptotic cells in iPS-RPE graft cells remained consistently very
low throughout the observation period.

Finally, we determined whether PEDF was elevated in iPS-
RPE transplanted eyes because it is a major candidate among
photoreceptor protective factors. In the collected IF, PEDF was
significantly high during the first 3 weeks after transplantation,
which corresponded to the time of significant photoreceptor
protection (8906 615; 4,7106 1,495; and 2,4536 1,741 ng/ml
at PODs 7, 14, and 21 [n 5 5 for each time point], respectively).
In contrast, PEDF levels in IF of MSCs and NSCs transplanted
eyes, and sham eyes of iPS-RPE cell injected mice were nearly
the same at any point tested (Fig. 4D; p< .01; n 5 5 for iPS-
RPE-grafted eyes, n 5 3–5 for NSC, MSC, or sham eyes). Since
the iPS-RPE cells transplanted fellow eyes had a higher number
of remaining rod cells, we also compared PEDF concentration
among all control eyes, which showed a higher average concen-
tration of PEDF in iPS-RPE eyes compared with the other groups
at POD 14, but with no statistical significance (Supporting
Information Fig. S5; RPE vs. MSC, p 5 .1, RPE vs. NSC, p 5 .8).

Figure 4. Transplanted induced pluripotent stem (iPS)-RPE cells displayed a higher proliferation rate, lower apoptosis, and mild immune
reaction and released a significantly pronounced amount of PEDF in vivo. (A–C): Proliferation, immune reaction, and apoptosis were
expressed as the percentage of the number of Ki67-, Iba1-, and TUNEL-positive cells to the total number of graft cells of each section,
respectively. Except for POD 1, iPS-RPE cells had a higher proliferation rate than NSCs and/or MSCs (A) (Kruskal-Wallis nonparametric
test was applied to PODs 14 and 21). Obvious microglial infiltration was observed in the transplantation area of MSC grafted eyes at
certain time points (B). NSCs at PODs 1 and 7 and MSCs at POD 14 presented a higher percentage of TUNEL-positive cells, while iPS-
RPE cells maintained a low apoptosis rate (C). (A), (B), and (C) share the same graph key (*, p< .05; **, p< .01). (D): Enzyme-linked
immunosorbent assay results indicate that the amount of PEDF detected in iPS-RPE-transplanted eyes was statistically significant com-
pared with that detected in NSCs and MSCs transplanted eyes, and sham injected eyes (control) of human iPS-RPE-transplanted mice
(**, p< .01). Abbreviations: MSC, mesenchymal stromal cell; NSC, neural stem cell; PEDF, pigment epithelium-derived factor; POD, post-
operative day; RPE, retinal pigmented epithelium.
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DISCUSSION

The results of our study suggest that RPE cells derived from
human iPS cells are more effective than MSCs or NSCs in
delaying photoreceptor cell loss after implantation into the
subretinal space of a rapidly progressing retinal degeneration
model, rd1 mice. There were no graft-derived postoperative
complications in any cell type group. In this model, the major-
ity of rod photoreceptors degenerate within 3 weeks after
birth. The transplantation was performed at week 2 after
birth, corresponding to the timing when photoreceptor cell
death is most drastic and dead cells are being rapidly swept
away with maximum microglial accumulation [40]. This was
concluded to be a harsh period for any type of transplanted
cells to survive. Therefore, it is noteworthy that transplanted-
iPS-RPE cells were more capable of surviving in this severe
environment than the other cell types. These results are even
more exciting considering that iPS-RPE cells were readily
detectable as late as 3 months following transplantation.
Considering the goal of cell therapy for the purpose of
replacement therapy or trophic factor supplementation, the
survival duration of graft cells is one of the most important
factors.

In terms of iPS-RPE cell survival, all our data (e.g., mild
proliferation, consistently low apoptosis rate, and minimal
microglia accumulation in RPE grafts) support the fact that
these cells are better suited to survive longer in the ocular
environment. This may imply that these cells have a tolerance
for survival in an adequate environment where they originally
belong or that some intrinsic characteristics contribute to
their survival. Although transplanted iPS-RPE cells showed a
mild proliferation, there was no evidence of tumor-like forma-
tion up to at least 12 weeks after operation, and the graft
cells nonetheless decreased gradually eventually forming a
sheet-like structure with one or two layers (Fig. 3D, 3G;
Supporting Information Fig. S2A, S2B). hiPS-RPE cells also sur-
vived for more than 5 months in an animal model of Leber
congenital amaurosis, rd12 (RPE65rd12

/RPE65
rd12) mice, sup-

porting the stable viability of transplanted iPS-RPE cells [41].
However, Carr et al. [42] demonstrated that hiPS-RPE cells
transplanted as xenografts were ultimately lost 13 weeks after
surgery despite its long-term visual function maintenance in
RCS rats where a different pathological environment may
have affected graft survival: in RCS rats, RPE cells cannot
phagocytose shed outer segments, and therefore transplanted
RPE cells were shown to phagocytose accumulated segments
that would have put these cells under stress, resulting in
poorer graft survival. Transplanted human RPE cells were also
reported to survive in the subretinal space of rabbits [43] and
monkeys [44] for 3 and 6 months, respectively, even in the
absence of immunosuppression. In contrast, transplantation of
human NSCs into the subretinal space of nonimmunosup-
pressed pigs did not persist beyond the 4th week, mainly
because of marked mononuclear cell reaction [45]. Another
group injected immortalized human NSCs into the spinal cords
of immunosuppressed rats and observed that the grafts were
rejected after 4 weeks [39]. Several publications have shown
that RPE cells display immunosuppressive properties by sup-
pressing the activation of T lymphocytes via TGF-beta [46, 47]
and by converting CD41 T cells into T regulatory (Treg) cells
through TGF-beta signaling [48]. Moreover, in addition to its

role in regulating T cells, TGF-beta functions to inhibit the acti-
vation and proliferation of microglia in a dose-dependent
manner [37, 38, 49]. In fact, our ELISA assay demonstrated
that iPS-RPE cells secreted a significant amount of TGF-beta 2.
More interestingly, the accumulation of microglia was less
drastic in iPS-RPE cells and NSCs than in MSCs, possibly
because of their substantial secretion of TGF-beta 2 in com-
parison with MSCs. These data suggest that RPE cells have a
unique immune competency in the ocular environment that
enables their own survival following transplantation. The
absence of CD31 T cells infiltration observed in all the cell-
type grafts suggested that systemic T-cell-mediated immune
rejection was basically suppressed by cyclosporine [50, 51] in
our experiments but local immune or inflammatory reaction
may have contributed to the rapid elimination of MSCs or
NSCs.

In this study, we used rd1 as a model of the most pro-
gressive retinal degeneration to test whether transplanted
cells could intervene to delay photoreceptor loss, even during
ongoing degeneration. Although the mechanisms of rapid
photoreceptor cell death in rd1 mice are extremely compli-
cated, it may be primarily attributed to PDE6-beta mutation,
followed by accompanying events such as an excess release
of glutamate, downregulation in defensive mechanisms
against oxidative stress, and unregulated immune reactions. In
particular, PDE6-beta mutation leads to cGMP accumulation in
rods that can lead to an increased influx of Na1 and Ca1

through cGMP-sensitive cation channels. This elevation in
Ca21 levels triggers apoptosis of photoreceptor cells in rd1

mice [52]. Another study showed that uncontrolled glutamate
release due to constant rod depolarization may compromise
the synaptic connectivity between rod and bipolar cells, lead-
ing to “retrograde degeneration” of rods [53]. Downregulation
of defensive mechanisms against oxidative stress in rd1 mice
may lead to an increase in intracellular reactive oxygen spe-
cies that eventually induces endoplasmic reticulum stress and
thereby triggers apoptosis of photoreceptor cells [54].
Microglia are referred to as a “double-edged sword” as they
could be either protective or neurotoxic; they infiltrate around
degenerating photoreceptor cells and may release proinflam-
matory cytokines to accelerate cell death [55].

Although it is difficult to clarify the detailed mechanisms
by which transplanted RPE cells intervene with any of these
processes, trophic factors secreted by RPE cells, particularly
PEDF, may provide an explanation for their protective effect
in this study. Neuroprotective effects of PEDF both on photo-
receptors [9, 11, 56] and other types of neurons [7, 57, 58]
have been reported, and iPS-RPE cells secreted more than 10-
and 100-times higher concentration of PEDF than MSCs and
NSCs in vitro, respectively (Fig. 1X). Transplanted iPS-RPE cells
released a significantly high concentration of PEDF in vivo
from shortly after transplantation (approximately 100-times
and 4–500-times higher than NSCs and MSCs transplanted
eyes at PODs 7 and 14, respectively) for more than 3 weeks
(Fig. 4D). A single intravitreous injection of PEDF at a higher
concentration was reported to demonstrate a transient delay
(a couple of days) in photoreceptor loss in two different reti-
nal degeneration models [11]. Considering a further dilution
by IF and the short half-life of PEDF [59], transplanted iPS-RPE
cells may act as a sustainable source of PEDF and provide a
longer duration of neuroprotection. Unexpectedly, the fellow
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eyes of iPS-RPE cells transplanted mice at POD 21 also
showed a higher number of surviving rod cells compared to
the fellow eyes of NSC transplantation, the cell type with
least PEDF secretion in our experiments. Considering the con-
tinual high elevation of PEDF in the iPS-RPE cells transplanted
eyes, it might have also affected the contralateral eye via sys-
temic circulation. The average PEDF concentration at POD 14
in the fellow eyes in iPS-RPE transplanted groups was highest
among all the groups even though the increase was not stat-
istically significant (Supporting Information Fig. S5). The pho-
toreceptors, located in most proximity to choroid circulation,
could have been exposed to higher concentrations of PEDF at
some time point in iPS-RPE transplanted group. The effect on
the fellow eyes of intraocular injections of anti-VEGF com-
pounds, ranibizumab and bevacizumab, has been reported in
clinical cases, suggesting that a high concentration in one eye
could in fact affect the other eye [60–62]. Bevacizumab was
also detected in the contralateral eyes in rabbits [63] after
intraocular injection, and considering the molecular weight of
ranibizumab (48.39 kDa) and bevacizumab (149 kDa) [64],
PEDF (50 kDa) [65] may similarly distribute to the fellow eyes.
Moreover, several studies have reported that VEGF, beta-NGF,
and NT-3 exhibited rescue effects on various neurons, includ-
ing photoreceptors [66–73]. Thus, in this study, these factors
secreted by iPS-RPE cells may also have additionally contrib-
uted to attenuating photoreceptor death in rd1 mice.

Three important aspects of using human iPS-RPE cells are
as follows: (a) iPS-derived cells do not raise ethical concerns,
(b) iPS-RPE cells survive well in the subretinal space because
of their immune suppressive potency and possibly their native
residence, and (c) because iPS-RPE cells secrete multiple neu-
rotrophic factors, including PEDF, they can help preserve pho-
toreceptor cells in various pathological situations without
additional manipulation. Previous studies used genetically
modified NSCs that expressed neurotrophic factors for the
prevention of neuron death [74–76], among which CNTF
gene-modified NSCs could rescue photoreceptor loss in rd1

mice, while nonmodified NSCs could not [76].
RPE transplantation may be reasonably considered effec-

tive in RP patients with RPE-associated gene mutations such
as RPE65, MERTK, and LRAT [3, 4, 77]. Li et al. and Maeda
et al. independently showed that graft survival and functional
rescue were observed after the transplantation of iPS-RPE
cells into the subretinal space of rd12 and Lrat2/2 mice. In
these models, the host RPE cells cannot convert all-trans reti-
nal to 11-cis retinal and cannot supply visual pigments to
photoreceptors and iPS-RPE cells restored that function [41,
77]. Additionally, in many inherited and acquired retinal
degenerative disorders, there is usually a sequential degenera-
tion of both RPE cells and photoreceptors, and this study indi-
cates that RPE as a source of PEDF and other trophic factors
would also be valuable for a larger clinical application than
specific functional restoration. The clinical course of RP is very
long and often accompanies RPE atrophy [78, 79], and, as
such, human iPS-RPE cell transplantation may be an option
for delaying photoreceptor cell loss in RP patients with any
causal genes. Because the ocular space in humans is much
larger than that in mice, it may be necessary to provide 1,000

times the number of cells used in this study to achieve the
corresponding intraocular concentrations of neurotrophic fac-
tors in human eyes. However, transplanted RPE cells should
still have a local effect on overlying photoreceptors, even
with a lower number than that described above. The protec-
tive potency in relation to the number of transplanted RPE
cells must be further validated. Furthermore, a possibility for
another application of iPS-RPE transplantation is the dry-type
and also the wet-type AMD, which accompanies choroidal
neovascularization. It has been shown that PEDF may oppose
the angiogenic potential of VEGF [80–82], a key factor leading
to wet AMD, and RPE atrophy often persists even with cur-
rent therapy such as anti-VEGF injections [83]. Thus, consider-
ing its strong survival potency, protective effect, and anti-
inflammatory nature, iPS-RPE cell transplantation may also be
promising for the protection of photoreceptors in inflamma-
tory, progressive diseases, including wet-type AMD.

CONCLUSIONS

In comparison with MSCs and NSCs, subretinal transplanted
iPS-RPE cells displayed significant rescue effects in protecting
photoreceptors from degeneration in rd1 mice, which may
have been attributed to the continuous secretion of a high
amount of PEDF. Human iPS-RPE cells survived longer than
MSCs or NSCs, possibly because of consistently low apoptosis
rate, and minimal microglia accumulation in RPE grafts. Thus,
iPS-RPE cells may provide promising therapeutic benefits for
patients suffering from retinal degenerative diseases, such as
RP or AMD.
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Supporting experimental procedures 

Culture of hiPS-RPE cells 

iPS-derived RPE cells were cultured on CELLstart-coated dishes (Life Technologies, 

Carlsbad, CA, USA) in maintenance medium [1] consisting of DMEM, F-12 Ham, 2 mM L-

glutamine (all from Sigma-Aldrich, St. Louis, MO, USA), B27, penicillin–streptomycin (both 

from Life Technologies), 10 ng/ml recombinant human basic fibroblast growth factor (bFGF) 

(Wako, Osaka, Japan), and 0.5 μM SB431542 (Sigma-Aldrich). 

Culture of NSCs 

NSCs were cultured on laminin-coated dishes in RHB-A medium (StemCells) supplemented 

with 20 ng/ml of both recombinant human epidermal growth factor (EGF) (PeproTech, Rocky 

Hill, NJ, USA) and recombinant human bFGF (Wako). 

Culture of MSCs 

Human MSCs were established from the connective tissue of the umbilical cord vein. A 

scalpel was used to cut the connective tissues into small blocks (2 × 2 × 2 mm), and 

approximately 50 tissue-blocks were placed into a 10-cm dish. Cells were cultured for 7 days 

with 10 ml of Alpha-MEM (Life Technologies) supplemented with 10% FCS (Sigma-Aldrich) 

and penicillin–streptomycin (Life Technologies). Adherent cells spread on the dish with a 

uniform morphology were harvested with 0.05% Trypsin–EDTA (Life Technologies) and 

maintained with commercially available MSC culture medium (Toyobo, Osaka, Japan).  

All three cell types were cultured under standard atmospheric conditions and 5% carbon 

dioxide at 37°C. For each cell type, the medium was changed every other day, and each cell 

type was characterized before use. 

Flow cytometry 



 

5 

 

MSCs were washed with PBS (Life Technologies), trypsinized, and resuspended in buffer [1% 

FBS in PBS] at a concentration of 2 × 10
3
 cells/μl. Cells were incubated with each antibody 

following the manufacturer’s protocols, with isotype IgGs serving as controls. Following 

incubation, the cells were rinsed with 1% FBS buffer and resuspended in 500 μl of the same 

buffer. Analysis was performed using the FACSCanto II (BD Biosciences), and data were 

compiled with FlowJo software (Treestar, Ashland, OR, USA). 

Immunostaining 

iPS-RPE cells and NSCs cultured on eight-well chamber slides (BD Biosciences) were fixed 

in 4% paraformaldehyde (PFA) for 15 min at 4°C. After two PBS washes, samples were 

exposed to 0.3% Triton X-100 in PBS (w/v) for 30 min to permeabilize cellular membranes. 

Cells were then blocked with 5% donkey serum in PBS for 1 h at room temperature (RT). 

Primary antibodies were diluted in antibody diluent (Dako, Glostrup, Denmark) and incubated 

with the blocked samples overnight to detect nestin, beta-3 tubulin (Tuj1), MAP2, vimentin, 

bestrophin, RPE65, MITF, and ZO-1 (Supporting information, Table1). Samples were then 

rinsed three times with 0.05% Tween-20 in PBS (w/v), following which sections were 

incubated with the appropriate secondary antibodies for 1 h at room temperature and 

counterstained with DAPI (Life Technologies). Images were acquired using a confocal 

microscope (Zeiss, Oberkochen, Germany).   

After mice were sacrificed by cervical dislocation, the eyes were enucleated and fixed in 4% 

PFA at room temperature for 30 min. The eyes were then washed with PBS, followed by the 

removal of the cornea, iris, and lens under a microscope (Olympus, Tokyo, Japan).  

For cryosection preparation, the eyes were infiltrated with 30% sucrose overnight at 4°C and 

embedded in optimum cutting temperature (O.C.T) compound (Sakura, Alphen aan den Rijn,  

Netherlands). Ten-µm-thick sections were cut in a coronal plane on a cryostat (Thermo, 

Waltham, MA, USA) in sequential five slide series. The eyes collected at the 8th and 12th 

weeks were fixed and embedded in paraffin (Sigma-Aldrich); at this point, sections were 
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sliced using an auto slide preparation system (Kurabo, Osaka, Japan) in the same pattern as 

that used for cryosectioning. Although the retina was confirmed to be attached at the time of 

harvest, the abovementioned procedure may have caused preparatory retinal detachment 

(artifact) in some samples. Additional primary antibodies against the following proteins were 

used: human Ki67, human CD147, human nuclei antigen, human beta-2 microglobulin, Iba1, 

CD3, and rhodopsin (Supporting information, Table1). For these experiments, we applied the 

same immunochemical techniques and photographing methods as those mentioned above. 

1 Gamm DM, Melvan JN, Shearer RL et al. A novel serum-free method for culturing human 

prenatal retinal pigment epithelial cells. Invest Ophthalmol Vis Sci 2008;49:788–799. 

 



 

 

Supporting information Table 1 

Antibody Type Source Dilution 

Nestin Mouse Covance (MMS-570P) 1:8000 

Tuj1 Rabbit Covance (MRB-435P) 1:32000 

Map2 Mouse Sigma-Aldrich (M4403) 1:8000 

Vimentin Rabbit Biovison (3634-100) 1:800 

Bestrophin Mouse Abcam (AB2182) 1:500 

RPE65 Rabbit Developed in our laboratory
1
 1:1000 

Mitf Mouse Abcam (AB2384) 1:500 

Zo-1 Rabbit Life technologies (61-7300) 1:100 

Retp1 Mouse Sigma-Aldrich (O4886) 1:10000 

Human nuclei Mouse Millipore (MAB1281) 1:2000 

CD147 Goat R&D system (AF972) 1:200 

beta-2 microglobulin Rabbit Abcam (Ab15976) 1:1000 

Ki67 Rabbit Epitomics (4203-1) 1:1000 

Iba1 Rabbit Wako (019-19741) 1: 4000 

CD3 Goat Santa Cruz Biotechnology (SC-1127) 1:1000 

 

1 Osakada F, Ikeda H, Mandai M et al. Toward the generation of rod and cone photoreceptors 

from mouse, monkey and human embryonic stem cells. Nat Biotechnol 2008;26:215–224. 



 

 

Supporting Information Figure S1: Undifferentiated state of grafted NSCs was maintained 

until POD 21. (A–L) NSCs expressed immature markers, vimentin (A–C) (note that vimentin 

also labeled host Müller cells) and nestin (D–F), but did not express mature markers, MAP2 

(G–I) and Tuj1 (J–L) (host ganglion cells were positive for MAP2 and Tuj1). All human cells 

were identified with human nuclear or human beta-2 microglobulin markers. Scale bar in L = 

50 μm (also applies to A–K). 

 

Supporting Information Figure S2: Subretinal grafted iPS-RPE cells survived up to 8 (POD 

56) and 12 (POD 84) weeks postoperatively. (A, B) A portion of iPS-RPE grafts formed a 

sheet-like structure in the subretinal space. (A’, B’) High magnification of the boxed region in 

panel B and C, respectively. Scale bar in B = 100 μm (also applies to A); scale bar in B’ = 50 

μm (also applies to A’). 

 

Supporting Information Figure S3: Proliferating cells in the grafts at PODs 1 and 3 (related to 

Figure 4A). (A–F) Representative immunostaining images display grafts stained with 

proliferation marker Ki67 (arrow) as well as a human nuclear marker. More Ki67-positive 

cells were observed in NSC grafts at POD 1 (E) and in iPS-RPE grafts at POD 3 (B). Scale 

bar in F’ = 50 μm (also applies to the rest). 

 

Supporting Information Figure S4: Immunohistochemistry images of microglial infiltration at 

different time points (related to Figure 4B). (A–O) Images with DAPI and Iba1 staining are 

shown. (A’–O’) Images corresponding to panels A to O with additional CD147 staining are 

shown. Scale bar in O’ = 50 μm (also applies to the rest). 

 



 

 

Supporting Information Figure S5: The concentrations of PEDF in the IF of the fellow eyes 

following the subretinal transplantation of iPS-RPE cells, MSCs, and NSCs at PODs 7, 14, 

and 21. The mean concentration of PEDF in the contralateral eye of iPS-RPE cells 

transplanted eyes were higher compared with other groups at POD 14, although there was no 

statistical significance (RPE vs. MSC, p = 0.1, RPE vs. NSC, p = 0.8 ). 


