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Summ a r y

We assessed the feasibility of transplanting a sheet of retinal pigment epithelial 
(RPE) cells differentiated from induced pluripotent stem cells (iPSCs) in a patient 
with neovascular age-related macular degeneration. The iPSCs were generated 
from skin fibroblasts obtained from two patients with advanced neovascular age-
related macular degeneration and were differentiated into RPE cells. The RPE cells 
and the iPSCs from which they were derived were subject to extensive testing. 
A surgery that included the removal of the neovascular membrane and transplanta-
tion of the autologous iPSC-derived RPE cell sheet under the retina was performed 
in one of the patients. At 1 year after surgery, the transplanted sheet remained intact, 
best corrected visual acuity had not improved or worsened, and cystoid macular 
edema was present. (Funded by Highway Program for Realization of Regenerative 
Medicine and others; University Hospital Medical Information Network Clinical 
Trials Registry [UMIN-CTR] number, UMIN000011929.)

Age-related macular degeneration (AMD) is one of the most 
prevalent retinal diseases that threaten vision in older populations in devel-
oped countries.1-4 Neovascular (also called “wet”) AMD is more prevalent 

than atrophic (or “dry”) AMD in Japan5 and is associated with the ectopic develop-
ment of a choroidal neovascular membrane in the subretinal space of the center 
of the retina (the macula). Physical disruption and functional impairment of the 
retinal pigment epithelium (RPE), a monolayer sheet of cells that supports the over-
lying photoreceptors and underlying choroidal vasculature, occur in the course of 
wet AMD.6

Current treatments of AMD that involve the intravitreal injection of anti–vascular 
endothelial growth factor (VEGF) drugs7,8 do not target the underlying degenera-
tion inherent in the disease, and a high rate of recurrence is seen when such treat-
ments are discontinued.9 Earlier treatments of wet AMD included laser photoco-
agulation to ablate the neovascular membrane, surgical removal of the neovascular 
membrane with or without retinal translocation, and photodynamic therapy.10,11 
Although surgical removal of the neovascular membrane is usually followed by 
immediate resolution of exudative changes, improvement in vision is often limited 
because of previous damage to the RPE and because the surgical procedure can 
involve the inadvertent removal of the remaining RPE, along with some photo-
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receptors, when the neovascular membrane is re-
moved. Atrophy of the retina and choroid can 
result.12 To overcome these problems, allogeneic 
transplantation of sheets of RPE cells derived 
from human fetuses was performed in the 1990s, 
but graft rejection usually occurred.13,14 Trans-
plantation of a sheet made up of autologous RPE 
cells was performed in the early 2000s, and long-
term vision was preserved in some patients15,16; 
however, harvesting an RPE cell sheet with or 
without choroidal vasculature from the periph-
eral part of the eye and then reinserting it into 
the submacular space is an invasive and com-
plex surgical procedure that is associated with 
a high risk of massive hemorrhage and retinal 
detachment.17-20

Several clinical trials of the use of RPE cell 
suspensions derived from embryonic stem cells 
for the treatment of advanced dry AMD have been 
conducted.21-23 The most common adverse events 
in these clinical trials have been associated with 
the use of immunosuppressants; therefore, we 
decided to test the use of an ex vivo preparation 
of autologous RPE cell sheets24,25 for transplanta-
tion. Here we report the results of induced pluri-
potent stem-cell (iPSC)–based transplantation in 
a patient with wet AMD.

C a se R eport s

Patient 1

A 77-year-old Japanese woman received a diagno-
sis of polypoidal choroidal vasculopathy (a sub-
type of neovascular AMD) in both eyes in 2010. 
She had undergone cataract surgery in both eyes 
2 months before her initial visit to our hospital, 
and her best corrected visual acuity was 0.15 
(visual acuity is expressed as a reciprocal of min-
ute of arc as visual angle, which ranges from 0.01 
to 2.0, with higher numbers indicating better 
visual function [≥1.0 is considered normal visual 
function in a healthy eye]; 0.15 is equivalent to 
20/130 on a Snellen chart) in the right eye and 
0.2 (equivalent to 20/100 on a Snellen chart) in 
the left eye. Since her initial visit, she received a 
total of 13 intraocular injections of an anti-VEGF 
drug in the right eye (9 injections of ranibizu-
mab and 4 injections of aflibercept), as clinically 
indicated, over a 29-month period, but the best 
corrected visual acuity in her right eye gradually 
declined to 0.09 (lower than 20/200 on a Snellen 
chart). The patient was enrolled in our study, 

and the right eye was selected for transplantation. 
On September 12, 2014, we removed the neovas-
cular membrane and transplanted an autologous 
iPSC-derived RPE cell sheet (hereafter referred to 
as an iPSC-RPE sheet) that measured 1.3×3.0 mm 
under the fovea (Fig. 1B, 1C, and 1D; and Fig. S8B 
and S8C in the Supplementary Appendix, avail-
able with the full text of this article at NEJM.org).

Patient 2

A 68-year-old Japanese man received a diagnosis 
of polypoidal choroidal vasculopathy in the right 
eye in 2009. He had received 2 photodynamic treat-
ments, 10 injections of ranibizumab, and 6 injec-
tions of aflibercept, as clinically indicated, over 
5 years, and he was enrolled in our study. At the 
time of enrollment, his best corrected visual 
acuity was 0.15 (20/130 on a Snellen chart) in the 
right eye. Patient 2 did not undergo transplanta-
tion because of concerns about the genetic changes 
that occurred in the iPSCs and iPSC-derived RPE 
cells and because the neovascular membrane had 
a moderate response to anti-VEGF therapy.

Me thods

Study Oversight

The protocol was approved by the institutional 
review boards and ethics committees at the col-
laborating sites and by the Minister of Health, 
Labor, and Welfare in Japan after a review by the 
Committee on Science and Technology of Health 
Sciences Council. Written informed consent was 
obtained from the patients, and the study was 
conducted in accordance with the tenets of the 
Declaration of Helsinki. All experiments that in-
volved the use of samples obtained from humans 
and all studies in animals were reviewed and 
approved by the institutional review board at the 
Foundation for Biomedical Research and Innova-
tion and RIKEN Center for Developmental Biol-
ogy. The authors vouch for the completeness and 
accuracy of the data and analyses and for the 
fidelity of the study to the protocol.

Outcome Measures

The primary outcomes of this case study were the 
safety and adverse-event profile of iPSC-derived 
RPE cells as a graft source and assessment of the 
transplantation procedure of the iPSC-RPE sheet 
in persons with neovascular AMD. Secondary out-
comes included the effectiveness of iPSC-based 
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autologous transplantation as a treatment option, 
with retinal morphologic characteristics and vi-
sual function after surgery taken into account 
(additional details are provided in the Supple-
mentary Appendix and the protocol, available at 
NEJM.org).

Study Design

We generated iPSCs using nonintegrating epi-
somal vectors and differentiated them into RPE 
cells as described previously.25 The autologous 
iPSC-derived RPE cells were assessed for quality 
and safety before transplantation according to our 
protocol, and whole-genome sequencing, whole-
genome methylation profiling, and expression 
analyses were also performed. Additional details 
about the episomal vectors, procedures and plans 
for the cell preparation, patient recruitment, 
transplantation, quality and safety assessments, 
and postoperative examination are provided in 
the Supplementary Appendix and the protocol. 
The statistical analysis that was initially planned 
in the protocol was not performed, because only 
one patient received an iPSC-RPE sheet.

R esult s

Patients and iPSC Generation

The clinical study was initiated in August 2013. 
The first patient was enrolled on November 13, 
2013, and underwent transplantation with an 
iPSC-RPE sheet in September 2014. The second 
patient was enrolled on March 12, 2014. The 
enrollment of further patients for this study was 
halted in 2015 owing to the enactment of Japan’s 
Regenerative Medicine Law in November 2014, 
which requires that the clinical study plans of 
regenerative medicine are submitted by medical 
institutions but not research institutions.

We obtained two iPSC-derived RPE cell lines 
from Patient 1 (Patient1-28-RPE and Patient1-
6-RPE; a third cell line from Patient 1 [Patient1-
13-RPE] failed a test for adhesion) and one 
 iPSC-derived RPE cell line from Patient 2 (Patient2-
1-RPE) that met our criteria (Fig. 1A, and Figs. S2, 
S3, and S4 and Tables S2 through S6 in the Sup-
plementary Appendix). These iPSC-derived RPE 
cells exhibited DNA methylation and gene ex-
pression profiles consistent with those of RPE 
tissue; in addition, using single-cell quantitative 
polymerase chain reaction, we detected levels of 
RPE-specific gene expression that were consistent 

with those of RPE tissue. (See Figs. S5 and S6 in 
the Supplementary Appendix.)

We then used immunodeficient mice (non-
obese diabetic/Shi-scid/IL2rγnull [NOG] mice) to 
test the tumorigenic potential of Patient1-28-RPE 
cells; no tumor was observed in these mice. 
Single-nucleotide variations that were detected by 
means of whole-genome sequencing, including 
those detected in the original fibroblasts at low 
frequencies, had not been reported as cancer 
driver mutations. No large de novo insertions or 
deletions or DNA copy number alterations were 
detected in protein-coding regions. Furthermore, 
we confirmed that the plasmid DNA was not 
integrated into the genomic DNA. (See Fig. S7A 
and Tables S7 through S12 in the Supplementary 
Appendix.)

Patient 1

After surgery on the right eye of Patient 1, the 
choroidal vessels that had been masked by the 
presence of the fibrotic neovascular membrane 
were readily visible and appeared to have a nearly 
normal pattern. The graft sheet was initially 
curled on the margin but flattened gradually by 
8 weeks (Fig. 2A). A large, fibrotic neovascular 
membrane and polyps were visualized preopera-
tively by means of fluorescein angiography and 
indocyanin green angiography. At 1 year after 
surgery, a well-demarcated hyperfluorescent area 
was observed at a location corresponding to the 
atrophic area that resulted from the removal of 
the neovascular membrane–RPE complex; no sign 
of graft rejection or recurrence of the neovascu-
lar membrane was present. Preoperative optical 
coherence tomographic images showed a large 
hyperreflective mass under the macula and reti-
nal edema, which reappeared after anti-VEGF 
treatment was stopped before surgery. The RPE 
cell line could not be traced on the surface of the 
fibrotic neovascular membrane in the foveal le-
sion, where outer retinal tubulations were form-
ing.26 After surgery, the large hyperreflective 
mass that was observed preoperatively had dis-
appeared completely. A highly reflective line in-
dicating the presence of RPE cells in the optical 
coherence tomographic image — which corre-
sponded to the presence of the pigmented graft 
sheet in the color fundus photographs — length-
ened gradually over time. At 3 months and be-
yond, the highly reflective RPE-like cell line was 
observed to extend farther from the graft sheet 
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to the nasal side, and an external limiting mem-
brane and choroid space were retained over and 
under the line, respectively, which indicated the 
presence of functional RPE cells. On the graft 
sheet, the outer nuclear layer, with high-density 
reflectivity in the space corresponding to the in-
ner and outer segments, was retained at 1 year. 
(Fig. 2B, and Figs. S9, S10, and S11 in the Sup-
plementary Appendix.)

Macular edema, as evidenced by the intrareti-
nal cystic change that was detected on optical 
coherence tomography, disappeared immediate-
ly after surgery but then reappeared at 4 weeks. 
When the dose of glucocorticoid eyedrops was 
increased, the extent of cystoid macular edema 
was reduced, but the edema persisted without 
substantial worsening or adverse changes in or 
around the graft. We observed no remarkable 
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changes in fluorescein angiographic findings at 
6 months and 1 year and no evidence of leakage 
at the site of cystoid macular edema until the 
late phase (7 to 8 minutes after intravenous in-
jection of fluorescein), which led us to conclude 
that the degenerative cystic change was part of 
the ongoing disease process and not due to graft 
rejection or recurrence of the neovascular mem-
brane (Fig. S10 in the Supplementary Appendix).

The size of the graft sheet increased and the 
thickness decreased in the first 2 months after 
surgery, a finding that suggests that the sheet, 
which was curled initially, f lattened over time 
(Fig. 2C). Histologic analysis of the neovascular 
membrane that had been removed revealed multi-
ple vessels, a finding that suggests that the lesion 
was active. (See Figs. S9A and S12 in the Supple-
mentary Appendix.)

At 1 year after transplantation, there were no 
serious complications (Table S13 in the Supple-

mentary Appendix) and no unexpected prolifera-
tion or sign of local or systemic malignant dis-
ease. The transplanted iPSC-RPE sheet showed no 
sign of rejection during the 1-year study period 
and at the most recent evaluation on December 9, 
2016. The patient had a transient elevation in 
intraocular pressure to 28 mm Hg in the early 
postoperative period (5 to 8 weeks), but the pres-
sure returned to normal with temporary admin-
istration of antiglaucoma eyedrops. We conclude 
that the iPSC-based autologous transplantation 
was safe and feasible in the treatment of this 
patient.

We assessed efficacy at 1 year after transplanta-
tion by measuring foveal thickness and evalu-
ating visual function. The foveal thickness was 
reduced successfully through the removal of the 
neovascular membrane, and there was no recur-
rence. Postoperative best corrected visual acuity 
did not improve but was maintained at approxi-
mately 0.1 (equivalent to 20/200 on a Snellen 
chart) at 1 year and throughout the follow-up 
period. (See Fig. S9B and S9C in the Supplemen-
tary Appendix.) The patient received no anti-
VEGF injections after surgery. Her score on the 
National Eye Institute Visual Functioning Ques-
tionnaire (VFQ)-25 (on which scores range from 
0 to 100, with higher scores indicating better 
visual function and general health) increased 
from 48.8 (before surgery) to 58.3 (1 year after 
surgery). Retinal sensitivity, as assessed by micro-
perimetry, remained at 0 dB within the fovea 
and juxta-fovea before and after surgery, but the 
fixation points shifted closer to the fovea on the 
grafted area, which indicated that the graft was 
functional, although the fixation was unstable. 
(See Fig. S13 in the Supplementary Appendix.) 
Reliable results could not be obtained with multi-
focal electroretinography because of the unstable 
fixation.

Patient 2

An iPSC line and iPSC-derived RPE cells obtained 
from Patient 2 met all our requirements in the 
protocol. We did not detect single-nucleotide 
variations previously reported to be cancer driver 
mutations. However, we detected three aberra-
tions in DNA copy number (deletions) that would 
probably affect expression of genes encoded by 
both the deleted DNA and by DNA flanking the 
deletions. The fact that one of the three dele-
tions was on the X chromosome (and not in a 
pseudoautosomal region) was of particular con-

Figure 2 (facing page). Ocular Findings before  
and after Surgery to Remove the Neovascular Membrane 
and Transplant the iPSC-RPE Sheet and Postoperative 
Changes in Graft Area and Thickness.

Panel A shows color fundus photographs taken before 
and after surgery. The left-most image shows a large 
fibrotic neovascular membrane (black asterisk, with 
white arrowheads indicating the margin). After the re-
moval of neovascular membrane, the underlying choroid 
vessels became readily visible and were almost intact 
(white asterisk in the left-middle image). Hemorrhages 
were observed at the graft insertion site 3 days after 
surgery but were absorbed in 2 weeks (yellow arrow, 
the second image from left). The graft sheet was ini-
tially curled at its edge but flattened by 8 weeks (white 
arrows in the two middle images and the right image). 
Panel B shows vertical sectional views by optical co-
herence tomography (OCT) before and 1 year after 
surgery. Before surgery, the neovascular membrane 
was observed as a dense hyperreflective mass under 
the macula (marked by the yellow dotted line, upper 
image). The tubules of the photoreceptor cell layer were 
observed to form as rosette-like structures in the fovea 
(asterisk, upper image). At 1 year, a highly reflective 
RPE-like cell line was observed extending nasally from 
the graft sheet, and the structured photoreceptor cell 
layer and choroid space were retained above and below 
the line, respectively (yellow arrows). Cystoid macular 
edema persisted (orange arrowhead; see also Figure S11 
in the Supplementary Appendix). Panel C shows changes 
in the graft area (left) and thickness (right) after trans-
plantation. The graft area was determined by the pres-
ence of a pigmented sheet or fragments on the color 
fundus photographs, and the graft thickness was mea-
sured at the thickest point of the graft in the OCT imag-
es (see also Fig. S9A in the Supplementary Appendix).
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cern, given the male sex of the patient. The iPSC-
derived RPE cells passed the in vivo tumorige-
nicity test and an additional tumorigenicity test 
involving subretinal injection of iPSC-derived RPE 
cells into five nude rats. However, we decided not 
to perform the transplantation because of con-
cerns about the possible effects of the deletions 
and the moderate response of the neovascular 
membrane to anti-VEGF therapy in this patient. 
(See Figs. S7B and S14 and Tables S2 through S7 
and S14, S15, and S16 in the Supplementary Ap-
pendix.)

Discussion

We performed iPSC-based autologous transplan-
tation in the treatment of neovascular AMD in 
one patient, and no serious adverse event was 
noted at 25 months of follow-up. Although it has 
been reported that autologous iPSC-derived cells 
can trigger immune-mediated rejection in mice,27 
Patient 1 did not receive immunosuppressants, 
and we observed no signs of rejection. We advise 
caution in extrapolating our findings to other 
types of iPSC-based transplantation, especially 
because iPSC-derived RPE cells have been shown 
to inhibit T-cell activation,28 and we emphasize 
that our findings from treating a single patient 
are uninformative with respect to the risks asso-
ciated with the procedure.

At 1 year after transplantation in Patient 1, 
the best corrected visual acuity of the treated eye 
had not improved or worsened, and her VFQ-25 
score had improved, although it is possible that 
this outcome could have been obtained without 
surgery. The patient expressed satisfaction with 
“brighter” vision, which was probably due to re-
moval of the neovascular membrane. The pres-
ence of a vascular-rich neovascular membrane, 
despite the repeated injections of anti-VEGF drugs, 
and the reappearance of fluid immediately after 
the anti-VEGF treatment was stopped before the 
surgery suggested that removal of the neovascular 
membrane was a reasonable therapeutic choice.

The expansion of the graft area, due partly to 
the cell attachment and flattening, may indicate 
survival of the grafted cells. A similar enlarge-
ment of the pigmented area was observed in a 
previous study that used human embryonic stem 
cell–derived RPE cells.21 Optical coherence tomo-
graphic images indicated good retinal integrity 
over the graft over the 1 year after the transplan-

tation, with a high-density area, which may in-
dicate an area of recovering inner and outer 
segments of photoreceptor cells. Similar obser-
vations in the area of inner and outer segment 
formation after retinal transplantation in animals 
have been reported.29,30 However, we have yet to 
evaluate the extent of photoreceptor function of 
the RPE graft in Patient 1.

A major concern about cell-based transplanta-
tion therapies is tumorigenicity. Highly prolifera-
tive graft cells, such as progenitor cells, require 
assessments of genome integrity; for cells with 
a low rate of proliferation, such as iPSC-derived 
RPE cells, in vivo tumorigenicity tests are con-
sidered to be adequate. We performed in vivo 
tumorigenicity tests that have sensitivities that 
are approximately 10,000 times as high as those 
of conventional methods.31 Although it was not 
prespecified in the protocol, we also performed 
a series of genomic analyses. We did not observe 
genomic aberrations suggestive of tumorigenic-
ity (such as those affecting tumor suppressor 
genes) in the iPSC-derived RPE cells obtained 
from Patient 1; however, we detected copy-
number alterations in iPSCs obtained from Pa-
tient 2, although we were unable to gauge the 
likely effect of these alterations on tumorigenic-
ity on the basis of information in the published 
literature. Perhaps postponing surgery in Patient 2 
was unnecessarily strict, given the small number 
of cells (approximately 100,000 cells in a sheet) 
transplanted per protocol, the fact that no meta-
static tumors originating from RPE cells have 
been reported, and the ease of detecting aber-
rant proliferation after transplantation. Our de-
cision not to perform the procedure was influ-
enced by the stable best corrected visual acuity 
with anti-VEGF therapy in this patient and be-
cause genomic analyses in the evaluation of iPSC-
derived cells have yet to be sufficiently adapted 
for clinical use.
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