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Abstract

Purpose: Age-related macular degeneration (AMD) is a common disease trending towards epidemic proportions
and is a leading cause of irreversible vision loss in people over the age of 65. A pathomechanism of AMD is
death and/or dysfunction of retinal pigment epithelial (RPE) cells; RPE loss invariably results in photoreceptor
atrophy. Treatment options for AMD are very limited, and include vitamin supplements and lifestyle changes.
An exciting potential therapy currently being tested in clinical trials is transplantation of stem cell-derived RPE.
Methods: We developed a NIH-registered embryonic stem line (CR-4), and in this study set out to determine if
CR4-RPE are tolerated in normal mice and in murine models of retinal degeneration by injecting a bolus of CR4-
RPE cells in the subretinal space of immunosuppressed wild-type, Mer mutant (Merkd), and Elovl4 deficient mice.
Results: Mice with CR-RPE grafts were monitored daily, were examined routinely using OCT, and histology
was prepared and examined at terminal end-points. Based on the parameters of the study, none of the animals
with CR-RPE grafts (n=36) experienced any obvious adverse reactions.
Conclusions: We conclude that transplanted CR-4 hES-derived RPE cells are well tolerated in immunosuppressed
healthy and dystrophic murine retinas.
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Introduction

Age-related macular degeneration (AMD) is a
major global public health problem. In the United

States alone, AMD is the leading cause of blindness in
people over the age of 65. Treatment options are very lim-
ited, and consist of Age-related Eye Disease Study (AREDS)
vitamin supplements and lifestyle changes.1–3 The number of
patients with AMD is predicted to dramatically increase in
the United States and globally.4–6

Transplantation of retinal pigment epithelial (RPE) cells
derived from human embryonic stem cells (hESCs) or in-
duced pluripotent stem cells may be a promising new treat-
ment option for this devastating disease.6 RPE cells are a
supporting cell type for photoreceptors and indispensable for
vision. In fact, RPE dysfunction and/or death is characteristic
of AMD. Previous studies have shown that hES-RPE cells
implanted in human subjects are well tolerated, and may even
reverse some vision loss in AMD.7–9

We developed a robust, new NIH-registered embryonic
stem cell line (CR4), and previously demonstrated that CR4-
RPE can be readily generated from these cells.10 The CR4
stem cell line, available at low passages, has been indepen-
dently tested to ensure a stable karyotype up to at least passage
63, is pluripotent and Mycoplasma free. The goal of this study
is to further characterize CR4-RPE cells and to determine their
preclinical safety profiles by implanting them into wild-type
and dystrophic murine retinas.

Methods

CR4-RPE derivation

Divided differentiation of CR4 hESC cells to RPE was
carried out using sterile technique according to protocols pre-
viously described.10,11 Briefly, CR4 hESCs were grown to
confluence on 10-cm dishes in mTeSR1 media (StemCell
Technologies Catalog No. 85850) and the media were then
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changed to differentiation media composed of CTS KnockOut
DMEM (ThermoFisher No. A12861-01) supplemented with
1% penicillin-streptomycin (Catalog No. 15070-063), 1%
glutamax-1 supplement (Catalog No. A12860-01), 1% non-
essential amino acids (Catalog No. 11140-050), 16% knock-
out serum replacement (Catalog No. 10828-028), and 0.1 mM
b-mercaptoethanol (Millipore Sigma; Catalog No. M6250).
Cells were maintained in culture for *22 weeks, at which
point embryoid bodies began to form. These were manually
dissociated using a Pasteur pipette and transferred to 24-well
plates coated with Corning Matrigel (Catalog No. 354277).

Gene expression of CR4-RPE cells

RPE cell-specific gene expression of the CR4-RPE cells
was confirmed by qPCR. When differentiation to RPE was
complete, RNA was extracted from the cells using the Qiagen
RNeasy Plus Mini kit, and cDNA was synthesized from RNA
using the High Capacity cDNA Reverse Transcription Kit
from Applied Biosystems. qPCR was performed using
primers from Invitrogen, iTaq Universal SYBR Green Su-
permix (Bio-Rad), and an ABI-7900 thermal cycler. Ex-
pression of the following RPE-specific genes was measured
using qRT-PCR: OTX-2, VMD, LRAT, Connexin43, MerTK,
RPE65, MiTF, Pmel, and CRALBP.12 The following primers
used for this experiment were supplied by ThermoFisher
Scientific: OTX-2 (Catalog No. Hs00222238_m1), VMD
(Best1) (Catalog No. Hs04397293_m1), LRAT (Catalog
No. Hs00428109_m1), Connexin43 (Catalog No. Hs007484
45_s1), MerTK (Catalog No. Hs01031979_m1), RPE65
(Catalog No. Hs01071462), MiTF (Catalog No. Hs01117294),
Pmel (Catalog No. Hs00173854_m1), and CRALBP (Catalog
No. Hs00165632_m1).

b-actin primers were purchased from Integrated DNA
Technologies. The primer sequences used are as follows:
forward: 5¢-GGA TGC AGA AGG AGA TCA CTG-3¢ re-
verse: 5¢-CGA TCC ACA CGG AGT ACT TG-3¢.

Fold difference in expression is compared with the level
of expression in fetal RPE (fRPE) cDNA obtained from
ScienCell Research Laboratories (Catalog No. 6544). The
level of expression for fRPE is set to 1.0, and the CR4-RPE
cells are compared with this level. Fold changes in expres-
sion are detailed in Fig. 1.

Animals and experimental design

The animal models chosen for this study include the
Merkd ( Jackson Laboratory Catalog No. 011122) (n = 12)
and Elovl4-/- ( Jackson Laboratory Catalog No. 027977)

(n = 12) mouse models for retinal degeneration.13–16 Muta-
tions in the MerTK gene are responsible for causing retinal
degeneration in the RCS rat because the mutated MerTK
gene renders RPE cells incapable of carrying out phagocy-
tosis, thus inducing progressive retinal degeneration.17 The
Elovl4 mouse model has been used in previous preclinical
studies to demonstrate the safety of stem cell-derived RPE
cells that have been used in Phase I clinical trials.18

Six males and 6 females of each strain were injected
subretinally in the right eye with 5 · 104 (50,000) CR4-RPE
cells suspended in 0.5-mL sterile phosphate-buffered saline
(PBS). Left eyes remained uninjected to serve as an internal
control. Immunosuppression was achieved in the main ex-
perimental animals using cyclosporine A dissolved in the
drinking water at a concentration of 210 mg/L.17,19

After injection, these animals were housed under the su-
pervision of the Institutional Animal Care and Use Com-
mittee (IACUC) of Baylor College of Medicine. All
experiments were carried out with institutional IACUC ap-
proval and in compliance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research.

Subretinal injections

Mature RPE cells were freshly harvested immediately
before injection. The cells were dissociated using 0.5%

FIG. 1. Results of qPCR showing fold-change expression
of genes in CR4-RPE cells compared with fetal RPE and
normalized to b-actin. RPE, retinal pigment epithelium.

FIG. 2. Left: The CR4-
RPE cells have unique spec-
tral qualities that can be dis-
tinguished from host cells in
the subretinal space of a male
mouse 60 days after injec-
tion. DAPI-stained section,
10 · . Right: Pigmented CR4-
RPE cells at injection site.
Bright field, 20 ·.
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trypsin and manually dissociated from the culture plates
with a 2-mL glass pipet. The cell suspension was then di-
luted to a concentration of 100,000 cells/mL in sterile PBS.

To carry out the surgical procedure, animals were an-
esthetized using a ketamine-xylazine mixture of 87.5 mg/kg
ketamine-12.5mg/kg xylazine delivered intraperitoneally.
When complete anesthesia was achieved, the right eye was
proptosed and a scleral hole was made using a sharp 31-
gauge needle directly posterior the limbus inferior tempo-
rally. Immediately after withdrawal of the sharp needle, a
blunt 34-gauge needle attached to a preloaded Hamilton
syringe with 0.5 mL (50,000 cells) was inserted through the
scleral hole and passed transvitreally to the contralateral
(superior-nasal) side of the eye, where cells were injected
into the subretinal space.20

The injections of CR4-RPE cells took place at postnatal
day 21 in the Elovl4-/- mice. This day was chosen because
retinal degeneration is documented to begin in these mice
after P21.15,16 Merkd mice were injected at postnatal day 14.

Optical coherence tomography

Assessment of the induced retinal detachment was per-
formed using optical coherence tomography (OCT) imaging
on the Bioptigen Envisu 4110. Both eyes were imaged using
OCT 1 day after injection and again at 5, 8, and 14 days.
The injection site and subretinal bleb (induced detachment)
were visualized at 1 day postinjection. Progression of
healing was observed, and the detachment was observed to
be resolved by 14 days postinjection (Fig. 2).

Histology

Two males and 2 females of each strain were then sac-
rificed at each of 3 time points for histological analysis of
retinal tissue. The time points selected for sacrificing ani-
mals were as follows: 5 days postinjection, 14 days post-
injection, and 60 days postinjection. After applying fixative,
eyes were cryopreserved, sectioned, and subjected to im-
munohistochemistry. The uninjected left eyes were used as
controls, while the right eyes were stained with DAPI, he-
matoxylin–eosin, or Giemsa. Since the CR4-RPE cells have
unique spectral qualities, they were readily identifiable us-
ing a EVOS microscope with a filter for these specifications:
470/22 nm excitation; 510/42 nm emission.

Results

Our principal objective in this study was to examine if our
CR4-RPE cells can be safely injected into the subretinal space

of mouse models for retinal degeneration without invoking
obvious adverse events. The major findings of this study are
summarized in Table 1. We used 2 models of spontaneous
retinal degeneration: Merkd and Elovl4 mutant mice. We used
MerTK mutants in previous studies,17,19,21 and Elovl4 were
used by other groups.22 Our major concerns were that the
implanted cells might elicit detrimental immune reactions, form
teratomas, or migrate into other regions of the retina. We also
examined the retinas for complications of subretinal injections.

In this study, we examined the animals on a daily basis for
any overt manifestations of uveitis, cataracts, or illness/
discomfort. All animals survived the procedures, showed no
overt adverse effects, and were sacrificed on schedule.

The injection site and subretinal bleb (induced detach-
ment) were visualized at 1 day postinjection using OCT, and
reattachment/healing was observed in all animals by 14 days
postinjection.

Histological examination of harvested eyes showed per-
sistence of the CR4-RPE cells in the subretinal space
without infiltration of inflammatory cells. Eyes harvested
from mice at early time points permitted visualization of
well-demarcated injection sites. Eyes from mice harvested
at later time points showed resolved injection sites with
appropriate formation of retinal scarring. Although refluxed
cells were observed inside the vitreous space and directly
above the neural retina in several animals, no evidence of
proliferative vitreoretinopathy was observed in any animals.
In addition, cells appeared to migrate only minimally from
the initial subretinal bleb to form a new RPE monolayer
above the native RPE layer in the mice. Some pigmented
cells also remain in the path of the initial retinal injection
site as a result of tracking through the path of the needle.

Discussion

The results of this short-term safety study demonstrate
that CR4 hES-derived RPE cells can be safely implanted in
the subretinal space of healthy and diseased murine eyes.
After performing this study, we are more confident that
CR4-RPE cells can be implanted safely and well tolerated
when delivered to the appropriate site.

The animals included in this study were observed daily
for signs of cataract formation, ocular inflammation, con-
junctival injection, photophobia, or behavioral changes. The
absence of any of these symptoms throughout the study,
along with our ability to obtain clear images on OCT ex-
aminations, is convincing evidence that our injections
healed well and did not lead to surgical complications such
as uveitis or traumatic cataract formation.

Table 1. Findings of No Common Surgical Complications in the Subject Animals During This Study

C57/BL6 wild-type MerTK-/- Elovl4-/-

5 days n = 4 (2 males, 2 females) n = 4 (2 males, 2 females) n = 4 (2 males, 2 females)
14 days n = 4 (2 males, 2 females) n = 4 (2 males, 2 females) n = 4 (2 males, 2 females)
60 days n = 4 (2 males, 2 females) n = 4 (2 males, 2 females) n = 4 (2 males, 2 females)
Uveitis None None None
Proliferative vitreoretinopathy None None None
Cataract formation None None None
Tumor formation (teratoma) None None None
Induced retinal degeneration None None None
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As previously mentioned, the injection site was easily
visualized on histological examination of the injected eyes.
This is compelling evidence that our technique is able to
deliver the cells precisely to the subretinal space without
extensive damage to the surrounding retinal architecture.

One of the most serious potential complications when
working with stem cell-derived tissues is the threat of teratoma
formation. Although it is theoretically possible that a teratoma
could grow from a single undifferentiated cell, in practice a
threshold exists, and spiking studies have shown that a certain
percentage of undifferentiated cells is required for tumor
growth.18,23 We were able to conclude that our differentiation
protocols result in a sufficiently pure cell population of fully
differentiated RPE cells so as to prevent teratoma formation.
Furthermore, in this study and others we have implanted cells
into animals without immunosuppressive therapy, and these
animals are currently healthy at 8 months of age (7-month
postinjection) without any evidence of tumor formation.21

Conclusion

The results of this study provide the foundation for future
investigations, examining the effects of subretinal implanta-
tion of CR4-RPE cells at longer time points, and in a larger
animal model to prove a higher degree of safety. Further,
useful studies may include demonstrating the preservation or
restoration of vision after injection of the CR4-RPE cells. This
study serves as an important line of evidence, showing that
CR4-RPE cells can be implanted safely to the subretinal space
of mouse models for the treatment of retinal degeneration.
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