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Background: Age-related macular degeneration (AMD) is the leading cause of blindness in the elderly
due in large part to age-dependent atrophy of retinal pigment epithelium (RPE) cells. RPE cells form a
monolayer located between the choroid and the outer segments of photoreceptors, playing multifarious roles
in maintenance of visual function. Allogeneically induced pluripotent stem cell-derived RPE (iPSC-RPE or
iRPE) has become a potential approach for providing an abundant source of donors for clinical cell products.
Transplantation of iRPE has been proven effective in rescuing impaired retinas in Royal College of Surgeons
(RCS) rats after approximately 5 to 6 weeks. Here, we explore the long-term (19 weeks) safety and efficacy of
human iRPE cell transplantation in pre-clinical animal models.

Methods: The expression of human RPE-specific markers in iRPE cells was determined using
immunofluorescence staining. For the proliferative test, Ki-67 expression was also verified by
immunofluorescence and flow cytometric analysis. Then, iRPE cells were transplanted into the subretinal
space of immune-deficient NOD/ SCID/IL—ZRgc““11 (NSG) mice to assess their safety. To evaluate whether
the transplanted cells could survive and rescue visual function, we performed color fundus photography, focal
electroretinogram and immunostaining after delivering iRPE cells into the subretinal space of RCS rats.
Results: Human iRPE cells expressed native RPE-specific markers, such as microphthalmia-associated
transcription factor (MiTF), retinal pigment epithelium-specific 65-kDa protein (RPE65) and tight-junction
associated structural protein (ZO-1), and their proliferative capacity (Ki-67 expression) was poor after
25 days of induction. A tumorigenicity test revealed no tumor formation or abnormal proliferation in the
immunodeficient mice after subretinal injection of 5x10" iRPE cells. The transplanted iRPE cells survived
for at least 19 weeks and maintained visual function for 15 weeks.

Conclusions: In the present study, we provided further evidence for the use of human iRPE
transplantation to treat retinal degenerative disease in pre-clinical animal models. Therefore, we consider

human iRPE cells a promising source of cell replacement therapy for AMD.
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Introduction

Age-related macular degeneration (AMD) is the leading
cause of visual loss in the elderly over 60 years old (1). As
the population ages, the prevalence of AMD is likely to
result in a substantial economic burden for health services
and nursing worldwide. AMD is a complex disease caused
by a combination of genetic and environmental factors. Cell
atrophy of the retinal pigment epithelium (RPE) in AMD
leads to irreversible vision loss, especially loss of central
visual acuity. There are some treatments to help slow
disease progression and alleviate symptoms, but no more
effective options are currently available (2).

RPE, a monolayer of cells, is located between the
choroid and the outer segments of photoreceptors and plays
various important physiological roles in the maintenance
of visual function, including forming the blood-retina
barrier, transferring metabolic products and nutrients,
secreting growth factors and immunosuppressive factors,
and contributing to the visual cycle and phagocytosis
of the mature photoreceptor outer segment (POS) (3).
Dysfunction of RPE cells can impact retinal structure or
function and lead to the loss of visual performance or even
blindness.

Currently, cell-based replacement therapy is considered
a potential method for dry AMD, along with geographic
atrophy and a reduction in RPE density. This treatment
is expected to replace atrophic or dead RPE with healthy
RPE cells, remedy the damaged function of degenerative
RPE, and then preserve or restore visual function. Over
two decades, RPE replacement therapy has undergone
progressive development. A pioneering study involving
transplantation of human fetal RPE into the subretinal space
of AMD patients demonstrated tolerance for human RPE
allografts with an intact blood-retina barrier (4). Autologous
transplantation of RPE cells has been reported to improve
reading acuity for AMD patients (5,6). These studies have
provided a proof-of-concept for RPE transplantation for
the treatment of AMD.

In addition, various studies on RPE cell replacement
therapy have been performed in animal models using
embryonic stem cell- or induced pluripotent stem cell-
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derived RPE cells (ESC- or iPSC-RPE) (7-10). Visual
function has been improved by transplantation of ESC- or
iPSC-RPE into Royal College of Surgeons (RCS) rats and
nonhuman primates (11-15). However, tumorigenicity is
still the greatest concern when planning clinical trials for
each research group, although others have provided strong
evidence that ESC- or iPSC-RPE cell transplantation
has a negligible risk of tumor formation (15-17). Phase
I clinical trials have been launched for safety testing in
several countries (18). Currently, the efficacy of ESC-
or iPSC-RPE cell transplantation needs to be studied
(19,20). The aims of this study were to assess the safety of
induced pluripotent stem cell-derived RPE (iPSC-RPE or
iRPE) cell transplantation, test the long-term cell survival
of xenotransplants and rescue visual function in a retinal
degenerative rat model prior to a clinical trial.

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-4707).

Methods
Animals

Pigmented RCS rats, a classical model of retinal
degeneration (RD), were from JOINN Laboratories
(Suzhou, China). NOD/SCID/IL-2Rgc™" (NSG) mice,
immunodeficient animal models, were obtained from
Shanghai Model Organisms. The animals, 5 in each cage,
were maintained in a common room with controlled
temperature, humidity and 12-h light/dark cycles. All
experimental animals were provided free access to food and
water. Experiments were performed under a project license
(#NC2018R012) granted by Institutional Ethics Committee
in compliance with institutional guidelines for the care and
use of animals.

Good manufacturing practice (GMP)-compatible facility
and operation

Peripheral blood mononuclear cell (PBMC) collection,
iPSC derivation and propagation, and iRPE differentiation
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were performed in a GMP-compatible facility at Nuwacell
Biotechnologies. All cells used in this study were handled by
qualified personnel. GMP-compatible standard operating
procedures were followed. The facility and equipment were
routinely cleaned, calibrated, and monitored rigorously
by contract vendors. All materials used were qualified
according to the supplier certificate of analysis and internal
qualification. Inventory records, the generation and
distribution of materials were documented.

Generation of GMP-compatible iPSCs

PBMCs in 8 ml of peripheral blood were collected from
healthy donors with written consent under approval from
the Ethics Committee at Nuwacell Biotechnologies.
PBMCs (2x10°% were cultured in erythroid progenitor
growth medium (EPGM) for 10 days to achieve over
5x10° CD71'/CD235a" erythroid progenitors (EPs) with a
purity greater than 90%. A total of 1x10° freshly expanded
EPs were nucleofected with a cocktail of proprietary
GMP-compatible episomal reprogramming vectors
encoding OCT4, NANOG, SOX2, LIN28, and other
auxiliary elements. Transfected EPs were cultured in EP
reprogramming medium (EPRM) and subsequently in
ncEpic hPSC medium (Nuwacell Biotechnologies) upon
the appearance of iPSC colonies for ~10 days. A total of
12 iPSC clones were selected, purified, and expanded until
passage 3. For each donor, 3 iPSC clones were further
propagated according to the GMP-compatible iPSC
banking procedure to establish the seed cell bank (SCB),
master cell bank (MCB), and working cell bank (WCB)
when GMP-compatible qualifications were carried out at
each banking step.

Generation of GMP-compatible iRPE cells

GMP-compatible iRPE cells were differentiated from iPSCs
revived from the WCB in a 4-step differentiation process
modified from previously published methods (21). Revived
iPSCs were cultured on vitronectin (VTN, Nuwacell
Biotechnologies) for 2 days in ncEpic hPSC medium
(Nuwacell Biotechnologies). On day 0 of differentiation,
the culture medium was changed to RPE priming medium
(RPM, Nuwacell Biotechnologies) with daily feeding.
On day 2, the medium was changed to RPE induction
medium (RIM) with daily feeding. On day 7, the medium
was changed to RPE differentiation medium (RDM,
Nuwacell Biotechnologies) with daily feeding. On day
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17, the medium was changed to RPE maturation medium
(RMM) with feeding every other day. On days 21-25, iRPE
differentiation culture underwent in-process purification.
iRPEs were processed for GMP-compatible cryobanking
and qualification on days 26-30 of differentiation. Mature
iRPE cells were grown from revived iPRE progenitors in
RMM medium and used for the next steps.

Culture of GMP-grade buman iRPE cells

Human iRPE cells supplied by Nuwacell Biotechnologies,
were maintained in RPE maintenance medium containing
10 mM Nuwacell™ Blebbistatin (Nuwacell Biotechnologies)
on VI'N-coated 6-well plates, with medium changes every
48 h. All processes were performed in accordance with
institutional guidelines approved by the institutional ethics
committee.

Quantitative real-time PCR (qPCR)
Total RNA was isolated using the RNAprep Pure Cell/

Bacteria Kit (Tiangen) per the manufacturer’s protocol.
RNA was quantified using an ND-100 spectrophotometer
(Nanodrop Technologies). Synthesized cDNAs and
custom-made 24 RPE gene array plates were purchased
from Bio-Rad. SYBR Green-based qPCR was run on
a LightCycler480 II Real-Time PCR System (Roche)
according to the manufacturer’s protocol. Each sample was
run with at least 3 biological replicates, and the data were
analyzed in R software.

Whole-genome sequencing and bioinformatics analysis

A 150 bp paired-ended whole-genome sample sequencing
library was prepared and sequenced on an Illumina X
Ten platform with 50X coverage. The clean data were
produced by filtering raw data. All clean data from each
sample were mapped to the human reference genome.
Burrows-Wheeler Aligner (BWA v0.7.15) software was
used to perform the alignment. Single-sample genomic
variations, including single nucleotide polymorphisms
(SNPs) and small insertions or deletions (InDels), were
detected by HaplotypeCaller of GATK (v3.7) following
the recommendation of best practices for variant analysis
with the Genome Analysis Toolkit (GATK, https://www.
broadinstitute.org/gatk/guide/bestpractices). iRPE vs.
Donor EP and iPSC MCB vs. Donor EP somatic variant
calling were performed with GATK Mutect2. In addition
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to SNPs and InDels, copy number variants (CNVs) were
called with CNVKit (v0.9.3), and structural variants (SVs)
were called with Delly (v0.8.3). All variant annotations were
performed with ANNOVAR. The variants were filtered
with a variety of databases, such as COSMIC, ClinVar and
dbVar.

Immunofluorescence staining

For immunostaining, iRPE cells were seeded on VIN-
coated 8-chambered slides in RMM. After culture for
10-20 days, the cells were washed with Dulbecco's
phosphate-buffered saline (DPBS) and fixed with 4%
paraformaldehyde (PFA) in 0.1 M sodium cacodylate buffer
(pH 7.4) for 15 min at 4 °C. The fixed cells were then
washed with 1x DPBS, blocked, and permeabilized with
Ix DPBS containing 5% bovine serum albumin (BSA) and
0.2% Triton X-100 for 1 h at 4 °C. The cells were then
labeled with primary antibodies in 1x DPBS with 5% BSA
overnight at 4 °C. Following 3 washes with DPBS, the cells
were incubated with the appropriate Alexa Fluor-conjugated
secondary antibody for 1 h at 4 °C. The cells were imaged
using either an Olympus BX51 upright microscope or an
Olympus Fluo-View 1000 spectral confocal microscope.
For preparation of sections for immunostaining, the eyes
were removed and fixed in 4% PFA for 1 h, dehydrated
twice in 30% sucrose, embedded in optimal cutting
temperature compound (OCT) and sectioned at a 12-pm
thickness using a freezing microtome. The sections were
blocked and permeabilized with phosphate-buffered saline
(PBS) containing 4% BSA and 0.5% Triton X-100 for
1 h at room temperature (RT). Primary antibodies were
incubated for 12 h at 4 °C and washed three times with
PBS at RT. Secondary antibodies were incubated for 1 h
at RT, and nucleic acids were labeled with 4',6-diamidino-
2-phenylindole (DAPI) for 10 min at RT. Antibodies were
diluted with PBS containing 1% BSA and 0.5% Triton
X-100. The following antibodies were used: rabbit anti-
RPE65 (Abcam, #ab235950, 1:100), rabbit anti-ZO1
(Thermo Fisher, #18-7430, 1:500), mouse anti-ZO1
(Invitrogen, #339100, 1:100), mouse anti-MiTF (Abcam,
#ab3201, 1:500), mouse anti-MiTF (Exalpha, #X1405M,
1:100), mouse anti-Ki67 (BD, #6280947, 1:100), mouse
anti-human nuclear antibody (Abcam, #ab191181, 1:100),
donkey anti-rabbit 488 (Jackson, #711-545-152, 1:400),
donkey anti-mouse 594 (Jackson, #715-585-151, 1:400),
goat anti-rabbit 594 (Invitrogen, #A11012, 1:300), and goat
anti-mouse 488 (Invitrogen, #A11029, 1:300). Images were
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taken by a Leica confocal laser-scanning microscope (Leica
SP8, Germany).

Flow cytometry

For flow cytometric analysis, Nuwacell™ iRPE cells were
dissociated with TrypLE Express for 7 min at 37 °C. Single
cells were fixed in 4% PFA for 10 min, permeabilized in
0.1% Triton X-100 for 5 min, and blocked in 3% fetal
bovine serum for 30 min. Then, the cells were incubated
with primary antibodies and secondary antibodies or
fluorochrome-conjugated antibodies followed by washes
with fluorescence-activated cell sorting (FACS) buffer and
resuspension in DPBS. The following antibodies were used:
fluorochrome-conjugated antibodies Ki-67 (BD, #558615,
1:10), rabbit anti-Otx2 (Sigma, #HPA000633, 1:500), rabbit
anti-BEST'1 (Abcam, #ab14927, 1:100), mouse anti-MiTF
(Abcam, #ab3201, 1:100), rabbit anti-RPE65 (Abcam,
#ab235950, 1:100), mouse anti-RPE65 (Abcam, #ab13826,
1:100), rabbit anti-ZO1 (Thermo Fisher, #18-7430, 1:100),
goat anti-rabbit APC (Abcam, #ab130805, 1:300), and goat
anti-mouse FITC (Abcam, #ab6785, 1:300). The samples were
analyzed with a flow cytometer (FACS Calibur, BD Biosciences),
and data were further analyzed with FlowJo software.

Subretinal transplantation

At P21, RCS rats were anesthetized with chloral hydrate
(300 mg/kg) after dilating the pupils with compound
tropicamide eye drops. Human iRPE cell suspension was
transplanted into the subretinal space with a blunt 5-pL
Hamilton needle. In total, 2 pL of cell suspension at a
concentration of 2.5x10* cells/pL in PBS was injected into
the right eye, with an equal volume of PBS into the fellow
eye of 19 rats as a sham control and other unhandled eyes
from 3 rats as untreated controls. All experimental rats were
supplied with drinking water with dissolved cyclosporine
A (210 mg/L) from the day of surgery to the end of the
study. Five-week-old NSG mice were anesthetized with
pentobarbital sodium (75 mg/kg) following dilation of the
pupils. Then, several doses of iPSC or human iRPE cell
suspensions were delivered into the subretinal space as
mentioned above.

Focal electroretinogram recording

Focal electroretinogram (ERG) was used to assess focal
retinal function by manual instruments (Phoenix Research
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Labs). After dark adaption overnight, RCS rats were
anesthetized using chloral hydrate (300 mg/kg) with the
pupils dilated using compound tropicamide eye drops.
Three separate electrodes were used: the head electrode
and the ground electrode were fixed onto subcutaneous
tissue of the forehead and tail, respectively, and another ring
electrode was embedded in the cornea contact lens. The
RCS rats were placed on a heating pad to keep the body
temperature from dropping. ERG was carried out under
dark-adapted conditions.

Statistical analysis

The results were analyzed using SPSS 22 and are presented
as the mean =+ SEM using GraphPad Prism 5.0. Statistical
comparisons were performed by unpaired 7-tests. P<0.05
was considered significantly different.

Results

Efficient differentiation and characterization of clinical-
grade iRPE cells

Multiple groups have reported various methods of
generating research- and clinical-grade RPE cells from
human pluripotent stem cells (21-25). Here, we developed
a GMP-compatible process to manufacture clinical-grade
iRPE cells from human iPSCs (Figure 14). iPSCs were
generated from CD717/CD235a" erythroid progenitors
using a clinical-grade episomal reprogramming process
[Figure 14 and (26)]. The GMP-compatible iPSC banks
were established and tested in compliance with standards
found in a collection of clinical-grade human pluripotent
stem cell derivation reports (27-35) and subjected to
additional genome stability tests to ensure suitability for
future clinical use (36-41). The iPSC cryobanks were
used for identity, viability, genetic stability, potency, and
microbiological safety tests, each of which passed the
acceptance criteria (Table S1).

To generate iRPE cells, we combined low-level dual-
SMAD inhibition (23) and fibroblast growth factor
(FGF) inhibition (22) to convert iPSCs into the primed
neuroectoderm lineage and utilized additional cytokines,
such as activin-A, nicotinamide, and prostaglandin
E2, to predispose the neural progenitors to assume an
RPE fate upon further differentiation (Figure 1B). The
expression of specific molecules associated with cellular
function in mature RPEs was investigated by qPCR, flow
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cytometry and immunocytochemistry. The mRNA levels
of microphthalmia-associated transcription factor (MiTF),
the eye field transcription factors TLL1 and LHX2, RPE-
specific 65-kDa protein (RPE65), and mature markers of
RPE, including bestrophin-1 (Bestl), visual cycle protein
cellular retinaldehyde-binding protein (CRALBP), cell
junction protein ZO-1, Mer tyrosine kinase-phagocytosis
MERTK, and RPE secreted factor PEDF, were abundant
in iRPE cells (Figure 1C). By day 20 of differentiation,
pigmentation started to appear in immature iRPE cells
with the typical cobblestone morphology, and by 40 days
of the differentiation process, large pigmented areas were
visible in the culture with the naked eye (Figure 1Da-b).
Immunostaining microscopy confirmed that the mature
iRPE cells expressed the RPE-specific markers MiTF
and ZO-1 (Figure 1Dc-¢). Furthermore, flow cytometric
analyses showed that iRPE cells coexpressed MiTF/ZO-1,
RPE65/Z0-1, and Bestl/Otx2 at a level greater than 95%
(Figure 1E).

To assess the genomic stability of GMP-grade iPSCs
(MCBs) and downstream iRPE cells, we performed whole-
genome sequencing and analysis of donor EP cells, iPSCs
(MCBs) and iRPEs (Figure 24). Somatic variance analysis
among three cell samples showed no pathogenic SVs,
CNVs, SNVs or InDels. Furthermore, no somatic variants
were found within Cosmic-defined tier-one-level genes
from the Cancer Gene Census (Figure 2B,C).

In summary, we generated clinical-grade iPSC cryobanks
and immature iRPE cryobanks in GMP-compatible
procedures. iRPE identity and purity were confirmed by
marker expression, followed by further pre-clinical testing.

Culture and identification of iRPE cells before
transplantation

Human iRPE cells were thawed and maintained on
vitronectin-coated 6-well plates and were identified at
several time points (Figure 3). On the second day (D2) after
recovery, most iRPE cells showed an immature fusiform or
oval appearance (Figure 3B). Over time, typical clusters with
a cobblestone morphology were observed on D8 (Figure 3C).
With continued progress, the iRPE cells exhibited the
appearance of mature, tight-junction and hexagonal
monolayer epithelium with slight pigmentation. The cells
were allowed to culture for an additional several days and
used for further analysis or transplantation (Figure 3D).
After induction for 25 days, the iRPE cells were matured
with brown pigmentation (Figure 3E). To identify iRPE
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Figure 1 Maturation and characterization of human iRPE cells. (A) Scheme of GMP-compatible processes to manufacture and test clinical-
grade iPSCs and iRPE cells for preclinical studies. (B) Timeline of manufacturing clinical-grade iRPE cells from iPSC WCB. A GMP-
compatible immature iRPE master cell bank was established ~26 days from the start of monolayer iPSC differentiation, and all reagents
used were xeno-free and chemically defined. (C) Gene expression analysis of known RPE-specific genes of iRPE cells collected on days 35
and 45 of differentiation. (D) Top panel: Bright field images of the iRPEs in monolayer on days 20 and 40 of differentiation. Bottom panel:
Immunostaining of the mature iRPE (day 40) markers ZO-1 (red) and MiTF (green). Scale bars, 100 pm. (E) Flow cytometric analysis of
mature iRPE cells (day 40) costained for MiTEF/RPE65, MiTF/Bestl, RPE65/Z0-1, MiTF/Otx2, and MiTF/ZO-1. WCB, working cell
bank; RIM, RPE induction medium; RDM, RPE differentiation medium; RMM, RPE maturation medium.

before transplantation, we confirmed the expression of
RPE-specific proteins, including RPE65 and MiTFE, which
are required for retinoid recycling and melanogenesis, with
immunofluorescence staining (Figure 3G,L). ZO-1 was
also positive on the lateral margins of the mature iRPE
cells (Figure 3H-7). After maintenance for 25 days, human
iRPE cells presented pigments and RPE-specific protein
expression.
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Proliferation analysis of buman iRPE cells

To decrease the possibility of tumorigenicity, we used Ki-
67 expression to assess the proliferative capacity of human
iRPE cells. Immunofluorescence of the iRPE cells showed
that approximately one-quarter of the cells were Ki-67
positive at D15 (Figure 4). As the cells were kept in RPE
maintenance medium for 10 more days, few cells were Ki-
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somatic SN'Vs and InDels for iPSC MCB vs. donor EP; SNV, single nucleotide variant; InDel, small insertion and deletion; Exonic, somatic
nonsynonymous variant; ncRNA, noncoding RNA.
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Day 25
Flow cytometry
Immunofluorescence staining
Ki67, RPE65, ZO-1, MiTF

Figure 3 Maturation and characterization of human iRPE cells. (A) Scheme of iRPE cell culture and characterization methods. Phase-
contrast images of human iRPE cells at 2 days (B), 8 days (C), 16 days (D) and 25 days (E) in culture. Magnified images are appended in the
top right corners. Scale bars, 200 pm (B), 100 pym (C-E). Representative immunofluorescence images of iRPE cells. iRPE cells expressed
typical RPE markers, RPEG5 (G), ZO-1 (H) and MiTF (L). (J) Magnified view of inset displays localization of RPE65 and ZO-1 to RPE
cells. Cell nuclei (blue) were stained with DAPT (F, K), and merged images are shown in the panels (I, M). Scale bars, 25 pm.

67+ (Figure 4D,E,F), suggesting that the proliferative ability
dramatically declined as the culture duration extended.
Similar to immunofluorescence, flow cytometry showed
approximately 17% Ki-67-positive cells in the iRPE cells
on D5, while there were less than 1% Ki-67-positive cells
on D24 (Figure 4H,I). In terms of proliferative ability, it
might be safe to use human iRPE cells for cell replacement
therapy.

© Annals of Translational Medicine. All rights reserved.

Safety assessment of buman iRPE cells with NSG mice

NSG mice, known as immunodeficient mice, were chosen
to assess the potential risk of tumor formation following
transplantation of human iRPE cells. NSG mice were
purchased and kept for 1 week to help them adapt to the
new conditions. Next, healthy NSG mice were randomly
divided into 6 test groups: 5 groups with different doses

Ann Transl Med 2021;9(3):245 | http://dx.doi.org/10.21037/atm-20-4707
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Figure 4 Safety assessment of human iRPE cells iz vitro and in vivo. Inmunofluorescence images show anti-Ki-67 antibody staining of

cultured human iRPE cells at 15 days (B) and 25 days (E) after passage. Nuclei were (blue) stained with DAPI (A,D), and merged images are

shown in the panels (C,F). Scale bars, 25 ym (A,B,C), and 100 pm

(D,E,F). Flow cytometric analysis was used to determine the percentage

of Ki-67-positive cells at 5 days (H) and 24 days (I), indicating the proliferative ability of cultured iRPE cells. The percentage of Ki-67-
positive cells decreased significantly at 24 days compared with that of the cells at 5 days. iRPE cells at 5 days were not stained with anti-
Ki-67 antibody as a control (G). Tumorigenesis tests of cultured iRPE cells and human iPSCs in immunodeficient NSG mice. No obvious

positive characteristics were found in the iRPE-injected group (L).

After different doses of human iPSC injection, eyeballs displayed tumor

formation (J, K), n=8-10 eyes/group. Magnified photographs are appended in the bottom right corner.

of iPSCs (10, 10°, 10°, 10", and 5x10’ cells/injection in
groups 1, 2, 3, 4 and 5, respectively) and 1 human iRPE cell
group with 5x10° cells/injection (Zuble 1). The cells were
injected into the subretinal space, and the animals were
consistently observed for 15 weeks. Each group consisted
of 5 mice, except for group 2, in which one mouse died
because of an anesthesia accident. Then, all NSG mice were
observed twice per week and photographed once weekly.
The eyes from group 5 exhibited abnormal proliferation
(Figure 47) over 8 weeks after surgery, while the eyeballs

© Annals of Translational Medicine. All rights reserved.

from group 4 exhibited a similar but milder appearance in
the 14th week (Figure 4K). However, no obviously positive
characteristics were found in the other 4 groups, including
the iRPE-injected group (Figure 4L). Taken together, these
observations demonstrated that the transplantation of
human iRPE cells is safe for replacement treatment.

Imaging of transplanted cells in RCS rats

To evaluate the influence of human iRPE cell

Ann Transl Med 2021;9(3):245 | http://dx.doi.org/10.21037/atm-20-4707
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Table 1 Tumorigenicity testing by subcutaneous and subretinal transplantation of human iPSC-RPE into NSG mice

Cell type Number of cells transplanted = Number of eyes Weeks to observe tumor (first to last) Tumor formation
hiPSC 10" cells 10 15 weeks None
hiPSC 10° cells 8 15 weeks None
hiPSC 10° cells 10 15 weeks None
hiPSC 10* cells 10 15 weeks 14th week
hiPSC 5x10° cells 10 15 weeks 8th week
hiRPE 5x10° cells 10 15 weeks None

Tumor formation was only detected in NSG mice with 5x10° hiPSCs and 1x10* hiPSCs transplanted. No tumor formation was observed in
the iRPE group. All NSG mice were monitored for 15 weeks. hiRPE, human retinal pigmented epithelium derived from induced pluripotent

stem cells; hiPSC, human induced pluripotent stem cell.

transplantation into the degenerative retina, we injected
an iRPE cell suspension into the subretinal space of RCS
rats (Figure 5A). RCS rats are considered an ideal animal
model for RPE transplantation and carry a mutation in the
MERTK gene, resulting in damaged phagocytosis of RPE
cells (42). Xenotransplantation of RPE cells into RCS rats
was reported to induce inflammatory cellular infiltration
and delay photoreceptor cell degeneration for only a short
time (43). In this study, cyclosporine A was added to the
drinking water of the animals until the experiment ended.
As expected, we did not detect obvious clinical evidence of
immunological rejection, including disc redness, edema, and
vitreous or anterior chamber inflammation, in the iRPE-
treated group and the sham group. Additionally, no tumor
formation or abnormal proliferation from the transplanted
cells was detected during the study.

Color fundus photographic imaging was performed
to observe the placement of transplanted cells in vivo.
The photographs on the 10th week after transplantation
showed that dark pigments occurred near the optic disc
and remained until 15 weeks after surgery (Figure 5B,C),
while a similar phenomenon was not found in the eyes of
the sham control group at either time point (Figure 5D,E).
The images demonstrated that human iRPE cells were
successfully transplanted into RCS rats and survived for at
least 3 months.

Therapeutic effect of iRPE cells on RCS rats

To further assess the therapeutic effect, we used ERG
responses to measure the visual function of the RCS rats after
receiving subretinal iRPE cell transplantation (Figure 64).
The results were obtained from eyes receiving human iRPE

© Annals of Translational Medicine. All rights reserved.

cells, PBS-sham injections and no treatment. The recordings
were made at the central retinal region close to the optic
disc, which aimed at the dark pigment placement identified
by build-in ophthalmoscopy. The focal ERG responses at
15 weeks after surgery showed that the iRPE-injected eyes
achieved significantly better scotopic b-wave responses than
the sham-injected and untreated eyes (Figure 6B). In addition,
the a-wave responses of the iRPE-injected eyes indicated
marginal rescue of visual performance compared to those of
the untreated eyes, while the PBS-sham group had an effect
similar to that of the untreated group (Figure 6C). Hence, the
transplanted human iRPE cells rescued the visual function of
RCS rats for 15 weeks under immunosuppressive conditions
until the age of 18 weeks.

Survival of transplanted cells in RCS rats

Human nuclear (Hunu) specific antibody was used to identify
the transplanted cells at 19 weeks after surgery. Hunu-
positive cells are predominantly distributed in the area
adjacent to the outer nuclear layer (ONL) of the host retina.
Previous reports showed that the ONL was completely lost
in 3-month-old RCS rats (44), whereas at least 3—5 nuclear
layers were preserved in the human iRPE cell-injected eyes
(Figure 6D). Overall, the images demonstrated that human
iRPE cells achieved long-term survival after transplantation
into RCS rats and dramatically rescued photoreceptors.

Discussion

In an advanced stage, AMD progresses into two patterns:
wet AMD and dry AMD. Some approaches targeting wet
AMD, such as anti-vascular endothelial growth factor

Ann Transl Med 2021;9(3):245 | http://dx.doi.org/10.21037/atm-20-4707
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15 weeks

Figure 5 In vivo imaging of transplanted cells in RCS rats following surgery. (A) Diagram depicting the transplantation of cultured human
iRPE cells. Color fundus photographic imaging of the transplanted human iRPE cells in RCS rats. (B,C,D,E) Dark pigments occurred

occasionally near the optic disc at 10 weeks after surgery (B, arrows) and remained until 15 weeks (C, arrows), while the PBS-sham control

group did not show a similar phenomenon at either stage (D,E).

(VEGF) treatment or surgical interference, have been
demonstrated, whereas dry AMD remains incurable (2).
Stem cell-based therapy has become a potential
treatment for dry AMD and other forms of severe retinal
degeneration. iRPE cells are similar to native RPE cells (45),
with hexagonal monolayer epithelium and expression of
classic human RPE markers, such as RPE65, ZO-1 and
MiTF (Figure 3). These results are consistent with those of
previous studies (8,9,45). Other assays, including analyses
of quantitative rod outer segment (ROS) phagocytosis,
gene expression, secretion of pigment epithelium-derived
factor (PEDF) or retinoid metabolism, have not been
performed (46,47). It was estimated that approximately 10’
RPE cells were required to cover the macular area (46);

© Annals of Translational Medicine. All rights reserved.

however, there are no unified criteria for the quantity,
quality and developmental stage of iPSC-RPE cells used for
replacement treatment. Such criteria should be considered
before industrial application.

Another critical problem for human iRPE cell
transplantation is the potential risk of tumor formation,
which is a key factor in safety assessment for stem cell-
derived cell replacement therapy. In fact, mutations in
human iPSCs are a concern, but research has shown that the
mutation of iPSCs via the reprogramming of somatic cells
exhibits a 10-fold lower rate than that of the corresponding
somatic cells (48). A recent study demonstrated that
clinically recognized mutations were absent in clinical-
grade human PSCs, and pathological mutations were

Ann Transl Med 2021;9(3):245 | http://dx.doi.org/10.21037/atm-20-4707
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Figure 6 Functional assessment and histological analysis following transplantation. Focal electroretinogram was used to measure the visual
function of RCS rats at 15 weeks after surgery. (A) Sketch depicting the assessment of the efficacy of cultured iRPE cell replacement therapy
in RCS rats. (B) The iRPE-injected group achieved significantly better b-wave responses than the sham group when compared with the
untreated group at 15 weeks after transplantation. (C) The iRPE-injected eyes exhibited marginally rescued visual performance, while the
PBS-sham group exhibited a similar effect to the untreated group for scotopic a-wave responses. Error bars indicate s.e.m., N,;=6 replicates,
Nipgs=5 replicates, Nigpp=8 replicates, *P<0.05 for unpaired Student’s z-test compared to the untreated group. (D) Representative images
of immunostained retinal sections showing the locations of transplanted cell infiltration and deep ONL at 19 weeks after surgery. Human
iRPE cell nuclei were stained with human nuclear-specific antibody (red). Cell nuclei were stained with DAPI (gray), and merged images are
shown in panels. The blue dotted line is between the INL and ONL. Scale bar, 50 pm. INL, inner nuclear layer; ONL, outer nuclear layer.

extremely low even if the culture was prolonged iz vitro (49).
In addition, several immunodeficient animals have been
used for tumorigenicity tests of human iPSC-derived
cell products, and no evidence of abnormal proliferation
has been detected (16,17). The U.S. Food and Drug
Administration (FDA) commentary report suggested that
tumorigenicity tests needed to be tailored for specific
cellular products (50). For these reasons, we examined
the proliferative ability of iRPE cells both in vitro and
in vivo (Figure 4). In this context, the proliferative ability of
transplanted cells was reflected by Ki-67 protein expression,
which was detected by qualitative and quantitative methods.

© Annals of Translational Medicine. All rights reserved.

Additionally, we injected human iRPE cells into the
subretinal space of immunodeficient NSG mice, and no
tumor formation was observed until 15 weeks after surgery,
indicating that the cultured cells are safe enough for cell
replacement therapy. In fact, no tumor formation has been
reported in clinical research until now.

Since we hope that transplanted iRPE cells can function
as well as natural RPE cells, the survival of iRPE cells is
important. The survival duration of transplanted cells is
related to both the microenvironment of hosts and the
status of injected cells. In consideration of immunological
rejection, autologous iRPE cells are considered ideal

Ann Transl Med 2021;9(3):245 | http://dx.doi.org/10.21037/atm-20-4707
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donors for replacement therapy. An encouraging clinical
study performed autologous iRPE cell transplantation
for one wet-AMD patient who did not receive
immunosuppressants, and no serious symptoms were
observed (19). However, contrasting findings have been
reported. For instance, autologous iPSC-derived cells could
cause immunological rejection in mice (51). Allogenic iRPE
cell transplantation resulted in complement activation in
monkeys (52). In addition, in rhesus macaques, allogenic
iRPE transplants were undetected by 3 weeks following
surgery, accompanied by disruption of the host choroid
and RPE, possibly by immunity-mediated rejection (9). A
previous study also showed that iRPE cells could lead to
the inhibition of T-cell activation (53). Therefore, the use
of immunosuppressants should be taken into consideration
prior to clinical application. The type, form (topical or
systemic administration), frequency and period of drugs all
need more exploration in future studies.

It is important to determine whether transplants can
rescue visual function or slow the degenerative process. The
transplanted human iRPE cells were obtained in a GMP-
grade cell culture facility in our study. The head-tracking
response, in a previous study, was used to assess global retinal
function after delivering iRPE cells into RCS rats (18)
and was not able to reflect the focal visual performance
rescued by the transplanted cells. Our data showed
that transplants can dramatically rescue visual function.
However, the mechanism whereby heterogenic human
iRPE cells rescue visual function remains unclear, and it is
unclear whether some growth factors or other secretions
remain functional when transplants are not detected. The
relationship between the visual results and the optimal
dosage or therapeutic window needs to be explored further
in follow-up studies.

Many clinical trials on AMD treatment based on iRPE
cell transplantation have been performed by research
institutions or companies in recent years. However, most
of these studies are still in phase 1 or 2, and the number of
subjects is not sufficient (18). More clinical trials are needed
in different countries and regions under safe circumstances.
Furthermore, some essential issues, such as the surgical
method, the optimal dose, immunity rejection and other
adverse events, should be considered (54). Gene correction
also provides a new prospect for autologous iRPE cell
replacement therapies, which might offer a potential
approach for inherited or acquired disease with the help of
genome editing tools (55,56). In summary, we look forward
to the establishment of an iPSC bank and its clinical

© Annals of Translational Medicine. All rights reserved.
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application in the future.

Conclusions

In this study, we demonstrated that induced pluripotent
stem cell-derived retinal pigment epithelium ((PSC-RPE
or iRPE) was similar to native RPE. Then, we studied the
potential risk of tumor formation and efficacy of rescuing
visual function for human iRPE cell replacement therapy.
The results suggested that transplanted cells could survive
for at least 19 weeks in the host. More importantly,
transplanted human iRPE cells can rescue photoreceptors
and slow disease progression, although the mechanism
remains unclear. We look forward to the establishment of
an iRPE cell bank and its clinical applications in the coming
years.
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