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Purpose: The loss of retinal pigment epithelial (RPE) cells is a feature common to age-
related macular degeneration (AMD) and retinitis pigmentosa (RP) and multiple early
phase clinical trials are underway testing the safety of RPE cell replacement for these
diseases. We examined whether transplantation of human neural stem cells into the
subretinal space could enhance the endogenous proliferative capacity of the host RPE
cell to regenerate.

Methods: Human central nervous system stem cells (HuCNS-SC) were isolated from
enzymatically treated brain tissue using flow cytometry. Pigmented dystrophic Royal
College of Surgeons (RCS) and S334ter-4 rats treated with oral bromodeoxyuridine
(BrdU) received a unilateral subretinal injection of 1.0 3 105 HuCNS-SC cells at either
postnatal day 21 or 60. Animals were sacrificed at 90, 120, and 150 days of age. Eyes
were fixed processed for cryostat sectioning. Sections were immunostained with
Stem101, Ku80, RPE65, OTX1/2, BrdU, and CRALBP antibodies and analyzed via
confocal microscopy.

Results: RCS rats that received transplantation of HuCNS-SC had significantly more
(approximately 3-fold) Ki67-positive or BrdU-labelled host RPE cells adjacent to the
HuCNS-SC graft than controls. Significantly increased host RPE cell proliferation as a
result of HuCNS-SC transplantation also was confirmed in S334ter-line 4 transgenic
rats with higher proliferation observed in animals with longer posttransplantation
periods.

Conclusions: These results suggest that controlled proliferation of endogenous RPE
by HuCNS-SC may provide another mechanism by which RPE cell diseases could be
treated.

Translational Relevance: Engaging the capacity for endogenous RPE cell regener-
ation in atrophic diseases may be a novel therapeutic strategy for degenerative
diseases of the RPE and retina.

Introduction

The retinal pigmented epithelium (RPE) is a layer

of highly polarized supportive cells that are critical for

survival and function of the retina. The RPE is

sandwiched between Bruch’s membrane on the basal

side and the neural retina on the apical side.
Microvilli from the apical side of the RPE protrude
into the photoreceptor layer and envelop photorecep-
tor outer segments (OS). This intimate connection
between the RPE and photoreceptors enables the
RPE to efficiently phagocytose shed OS, recycle
oxidized photopigments, and provide additional

1 TVST j 2019 j Vol. 8 j No. 3 j Article 43

This work is licensed under a Creative Commons Attribution 4.0 International License.

https://creativecommons.org/licenses/by/4.0/


critical trophic support to the outer retina while also
removing waste.1,2 Thus, dysfunction or death of the
RPE can have significant consequences for the
survival of the host retina and ultimately for visual
function.3 Indeed, millions of patients worldwide
suffer from progressive and permanent vision loss
due to RPE death/dysfunction in diseases, such as
advanced age-related macular degeneration (AMD),
Stargard’s macular dystrophy, and certain forms of
retinitis pigmentosa (RP).

Cell transplantation remains a promising experi-
mental therapy for treatment of neurodegenerative
diseases that affect the retina. In AMD and multiple
forms of RP, photoreceptor degeneration occurs
secondarily as a consequence of RPE degeneration
or dysfunction. As a result, significant effort has been
placed on transplantation of healthy RPE cells into
animal models with dysfunctional RPE, thereby
restoring or preventing secondary loss of host
photoreceptors and their function.4,5 In the immuno-
suppressed Royal College of Surgeons (RCS) rat, a
model of RPE cell dysfunction,6 transplantation of
RPE cells before significant photoreceptor degenera-
tion has occurred (at approximately postnatal day 21
or P21) and has shown measurable efficacy as
confirmed by preservation of photoreceptors and
behaviorally-measured visual acuity as well as reduc-
tion in the loss of electrophysiologic responses in the
retina and brain.7–25 In general, transplanted RPE
cells have been demonstrated to survive up to
approximately 200 days and perform physiologic
functions, such as ingestion of shed photoreceptor
outer segments.10,12 While most studies of cell
transplantation into the eye have focused on the
rescue of vulnerable or dying photoreceptors, few
have reported on interaction of the transplanted cells
with the host RPE cell layer, and thus, the potential
effects of cell transplantation on the host RPE cell
layer itself have not been well investigated.

A particularly effective cell type used to prevent
photoreceptor degeneration in the RCS rat is the
human central nervous system stem cell (HuCNS-SC).
Previous studies at our laboratory have shown that
HuCNS-SC survive for at least 8 months after
transplantation into the subretinal space of P21
RCS rats, where they preserved host photoreceptors
from degeneration, and minimized loss of vision long-
term.11 The mechanism of action for this benefit was
multifactorial, but included the ability of HuCNS-SC
cells to phagocytose photoreceptor outer segments,9 a
function previously thought to be specific to RPE. A
secondary analysis of the proliferative status of the

HuCNS-SC graft revealed a marked presence of Ki67
expression in the host RPE cell layer within close
proximity of transplanted HuCNS-SC (McGill et al.11

and in additional unpublished studies where trans-
plants were performed at P60 rather than at P21).
This remarkable finding suggests the possibility that
increased proliferation of host RPE cells occurred in
direct or indirect response to signals emanating
directly from or secondary to the HuCNS-SC graft.

Relatively little data support low-level homeostatic
proliferation of RPE in rodents and humans,26–29

with the majority of division in RPE cells occurring at
the periphery near the ciliary body (where the RPE
appears less dense). Understanding how to tap into
and potentially augment this apparent regenerative
ability in a safe and controlled way would have high
therapeutic value for retinal disease where RPE loss
(and subsequent central vision erosion) appears
unstoppable, such as the case of advanced AMD
with geographic atrophy (GA). Thus, our previous
Ki67 expression observations prompted careful sub-
sequent investigations of cell transplantation-induced
RPE proliferation in the RCS rat and in a second
unrelated model of RP, the S334ter-4 transgenic rat, a
rhodopsin mutant.30 Using long-term continuous oral
administration of the thymidine analogue bromode-
oxyuridine (BrdU), we demonstrated that RPE
proliferation is augmented preferentially in the RPE
layer directly adjacent to the HuCNS-SC graft in both
rat models, indicating that this phenomenon is
directly related to the transplanted cells, is not
model-specific, and appears independent of the status
of the underlying RPE.

Methods

All studies were performed in accordance with the
Association for Research in Vision and Ophthalmol-
ogy Animal Statement for the Use of Animals in
Ophthalmic and Vision Research.

Cell Preparation

HuCNS-SC were generated as described previous-
ly.31,32 Briefly, donated second trimester (16–20
gestation weeks) human brain tissue was enzymati-
cally treated and labeled with CD133 and CD24
antibodies. The CD133þCD24�/lo population was
aseptically sorted using a BD Vantage flow cytometer
(Becton Dickinson, Franklin Lakes, NJ). Sorted cells
were cultured in suspension in a chemically defined,
serum-free culture medium composed of X-VIVO 15
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medium supplemented with N2, heparin, N-acetyl
cysteine (NAC), basic fibroblast growth factor
(FGF2), epidermal growth factor (EGF) and leuke-
mia inhibitory factor (LIF) at a density of 1 3 105

cells/mL. When neurosphere size reached 200 to 250
lm, cultures were passaged by collagenase treatment
and replated in the same medium. Preparation of cells
for subretinal transplantation was performed as
described previously.9,11

Study Design

Pigmented dystrophic RCS rats and S334ter-4
hemizygous rats received unilateral 2 lL subretinal
injections of 1.0 3 105 HuCNS-SC cells at P21 (RCS
and S334ter-4) and an additional RCS rat group
received the same treatment at P60; contralateral eyes
served as nontransplanted (NT) or medium-injected
controls (Table 1). A single subretinal HuCNS-SC
injection was performed using a transscleral approach
under general anesthesia as described previous-
ly.10,11,15 All animals were given intraperitoneal (i.p.)
dexamethasone (DEX; 1.6 mg/kg) starting on the day
of transplantation; rats transplanted at P21 were
given DEX daily for 2 weeks while rats transplanted
at P60 received DEX every 2 to 3 days (total of three
injections); all rats also were maintained on oral
cyclosporine A (210 mg/L) from 1 day before
transplantation until the day of sacrifice. All rats in
the study received a subcutaneous microchip with a

unique 10-character identifier. Rat identification was
retrieved using a transponder. Continuous oral
administration of BrdU was achieved by dissolving
the drug in the drinking water (in conjunction with
the immunosuppressant Cyclosporine A) at a con-
centration of 1 mg/mL. Water containing BrdU and
immunosuppressant drug was changed weekly and
disposed of as hazardous waste according to the
Alameda County regulations.

Histology of Transplanted Retinas

All animals were sacrificed by CO2 inhalation
followed by perfusion with phosphate-buffered
saline (PBS). RCS rats were sacrificed at P90 and
P120 (~30 and 60 days after transplantation while
the S334ter-4 rats were sacrificed at P90 and P150
(~70 and 130 days after transplantation). The eyes
were removed and immersion fixed in 2% parafor-
maldehyde for 1 hour, followed by cryopreservation
in sucrose and embedding in optimum cutting
temperature (OCT) compound. Horizontal sections
(10 lm) were cut on a cryostat and every 10th slide
was stained with cresyl violet for assessment of
injection site, donor cell engraftment, and migration
as well as photoreceptor preservation. Sections were
immunostained with various antibodies as follows:
mouse monoclonal anti-Stem101 (1:1000; Takara
Bio, Kusatsu, Japan), rabbit anti-Ku80 (1:250;
Abcam, Cambridge, UK), mouse anti-RPE65

Table 1. Experimental Design – All Transplant Studies

Model
Age at

Transplant
Marker

Analyzed
Number
of Eyes

Age at
Sacrifice

Transplant
Duration (days)

RCS P21 Ki67 n ¼ 6 (cells) P90 ~70
n ¼ 7 (medium)

RCS P60 Ki67 n ¼ 3 (cells) P90 ~30
n ¼ 3 (NT)
n ¼ 5 (cells) P120 ~60
n ¼ 3 (NT)

RCS P60 BrdU n ¼ 7 (cells) P120 ~60
n ¼ 5 (medium)
n ¼ 4 (NT)

S334ter-4 P21 BrdU n ¼ 3 (cells) P90 ~70
n ¼ 2 (medium)
n ¼ 2 (NT)
n ¼ 3 (cells) P150 ~130
n ¼ 2 (medium)
n ¼ 2 (NT)
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(1:250; Abcam), rabbit anti-OTX1/2 (1:250; Abcam),
rabbit anti-Ki67 (1:400; Abcam), rat anti-BrdU
(1:250; Serotec, Kidlington, UK), mouse anti-BrdU
(1:250; BD Biosciences, Billerica, MA), mouse anti-
CRALBP (1:200; Abcam). Secondary antibodies
used were donkey anti-mouse Alexa 488 and donkey
anti-rabbit Alexa 568 (Invitrogen, Carlsbad, CA),
donkey F(ab)2 anti-rat Cy3 and donkey anti-mouse
Dylight 649 (Jackson Immunoresearch Laboratories,
West Grove, PA), all used at 1:500 dilution.
Counterstaining was achieved using DAPI (1:1000;
Invitrogen). BrdU staining was the last step of any
double/triple staining protocol; sections were incu-
bated in 2M hydrochloric acid for 30 minutes at 378C
before incubation with the chosen BrdU primary
antibody made in rat or mouse, depending on the
staining combination (in double stainings with
primary antibodies made in mouse, such as RPE65
or CRALBP, the rat BrdU was used).

Imaging and Quantification

Fluorescence staining was analyzed by fluores-
cence and confocal microscopy. Select images were
filter and/or color intensity corrected (Volocity 6.3;
PerkinElmer, Waltham, MA) for publication purpos-
es – no other image manipulation was conducted. The
number of Ki67þRPE65þ cells and BrdUþRPE65þ (or
BrdUþOTX1/2þ) RPE cells were quantified in the
following manner: in NT and medium transplanted
eyes, fluorescently-labeled double-positive cells were
quantified by direct examination in four adjacent,
nonoverlapping temporal fields of 300 lm length
(total length per retina section was 1200 lm); the first
quantification field was considered after a two-field
guard to avoid sampling from the most peripheral
RPE adjacent to the ciliary epithelium, an area known
to contain proliferative RPE in normal rats and
mice.26,27 A total of four to six slides per eye were
examined, corresponding to a maximum of 24 retina
sections. In HuCNS-SC transplanted eyes, adjacent,
nonoverlapping confocal images (375 lm) were taken
of the RPE layer adjacent to the HuCNS-SC graft. As
with control eyes, the most peripheral RPE was
avoided. Interestingly, HuCNS-SC were rarely found
near the periphery, so our sampling method naturally
avoided those areas. Results were expressed as either
the total number of Ki67þRPE65þ cells per retina
section or the total number of BrdUþ RPE cells
(OTX1/2þ or RPE65þ) per 100 lm retina length. Note
that in previous studies we had used this type of
quantification to determine survival of cones in
transplanted, medium and NT retinas.11

Statistics

A linear mixed model was used to calculate
statistical significance of group effects across ages
and groups. Where group effects were significant (P ,

0.05), subsequent 1-way analysis of variance (AN-
OVA) with Bonferroni post hoc analysis or 2-way t-
tests also were performed.

Results

RPE Cells Adjacent to the HuCNS-SC Graft
Express the Proliferation Marker Ki67

Our previous work describing long-term efficacy of
HuCNS-SC transplantation in the RCS rat also
illustrated the presence of a small subpopulation of
proliferative HuCNS-SC (,7%) throughout the life of
the graft (up to 210 days, the longest time point
tested), based on Ki67 staining.11 In that same group
of animals, Ki67 expression also was detected in the
host RPE cell layer immediately adjacent to the
human cell graft. Interestingly, those Ki67þ cells
coexpressed RPE65, a specific marker of RPE cells,
but not the STEM101 human-specific marker, sug-
gesting the proliferative cells were host RPE and not
HuCNS-SC cells embedded in the RPE layer.
Additionally, in all our transplantation studies to
date in which HuCNS-SC were injected into the
subretinal space, we never observed donor cells
engraft in the RPE layer nor to express RPE65.9,11

Because RPE cells are thought to be mostly postmi-
totic, we decided to further investigate this initial
observation and quantified the number of
RPE65þKi67þ cells in transplanted and control eyes
of RCS rats injected and sacrificed at different time
points. We found that in RCS rats transplanted with
HuCNS-SC at P21 and examined at P90 (approxi-
mately 70 days after transplantation), an average of
2.99 6 0.28 RPE65þKi67þ cells per retina section
were detected (Fig. 1D, group 1); however, only 0.76
6 0.09 and 0.08 6 0.08 RPE65þKi67þ cells were
found in medium transplanted and NT eyes, respec-
tively, suggesting that the HuCNS-SC graft may
stimulate proliferation in RPE cells by a factor of
approximately 3 over this time period. Interestingly,
all RPE65þKi67þ cells in transplanted retinas were
found adjacent to the HuCNS-SC graft, indicating
that the close proximity between the graft and RPE
layer was a potential driver for this phenomenon.

We then examined RCS rats transplanted at P60,
an age when the underlying disease is more advanced
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and evidence of efficacy could potentially be more
meaningful from a translational perspective. We
found that in animals sacrificed at P90 or P120 (30
or 60 days after transplantation), RPE65þKi67þ cells
also were present in the RPE layer adjacent to
HuCNS-SC graft (Figs. 1A–C) and, as in the case of
RCS rats transplanted at P21, these cells were not
STEM101þ human cells. We found an average of 1.55
6 0.29 RPE65þKi67þ cells in cell-treated eyes versus
0.50 6 0.22 RPE65þKi67þ cells in NT eyes at P90
(Fig. 1D, group 2). At P120, 60 days after injection,
we found this trend increased to 3.56 6 0.46
RPE65þKi67þ cells in cell-treated eyes versus 0.31 6

0.15 RPE65þKi67þ cells in NT eyes (Fig. 1D, group
3). The data at P60 show a difference in the number of
proliferating cells in transplanted versus NT eyes by

factors of 3- and 10-fold, respectively. In addition, the
number of RPE65þKi67þ cells in the P21 to P90 (2.99
6 0.28) and P60 to P120 (3.56 6 0.46) groups were
quite similar, and both had similar posttransplanta-
tion times. Furthermore, the increase in the number
of RPE65þKi67þ cells in cell-treated eyes at P120
compared to P90 suggested that the apparent
stimulatory effect of HuCNS-SC on RPE prolifera-
tion is present throughout the posttransplant time.

BrdU Uptake by RPE Cells in the RCS Rat is
Stimulated by the HuCNS-SC Graft

Antibodies against Ki67 reveal positive staining if
cells are in the G1, S, or G2 phases and negative in the
G0 phase; therefore, Ki67 staining only provides a
snapshot of the potential number of proliferating cells

Figure 1. RPE cells proliferate in HuCNS-SC-transplanted RCS rats. (A) Representative image of a P60-.P120 RCS rat section showing
that a small percentage of HuCNS-SC (STEM101þ, red) located in the subretinal space or in the INL, express Ki67 (yellow nuclear stain,
white arrowheads). The yellow arrowhead points to a Ki67þ non-HuCNS-SC cell located in the RPE layer. (B) Confirmation that RPE cells,
identified by their expression of RPE65 (green), can also express Ki67 (red, white arrows). The subretinal HuCNS-SC graft is bracketed. The
boxed area in (B) is shown as a higher magnification insert in (C). (C) The white arrows point to two adjacent Ki67þ (red) RPE65þ (green) RPE
cells. (A–C) Nuclei stained with 40,6-diamidino-2-phenylendole (DAPI). Scale bar: 25 lm. INL, inner nuclear layer; IPL, inner plexiform layer;
GCL, ganglion cell layer. (D) Quantification of the number of RPE65þKi67þ cells per retina section in RCS rats transplanted at P21 and P60.
Results are shown as average 6 SEM. Group 1: animals injected on P21 and histology analyzed on P90. Single asterisk (*) indicates
significant difference between HuCNS-SC and medium (P , 0.001) and double asterisk (**) indicates significant difference between
HuCNS-SC and NT (P , 0.001). Group 2: animals injected on P60 and histology analyzed on P90. Single asterisk (*) indicates significant
difference between HuCNS-SC and NT (P¼ 0.024). Group 3: animals injected on P60 and histology analyzed on P120. Single asterisk (*)
indicates significant difference between HuCNS-SC and NT (P¼ 0.0063).

5 TVST j 2019 j Vol. 8 j No. 3 j Article 43

McGill et al.



(albeit in different phases of the cell cycle) at sacrifice.
To label all cells that actually go through DNA
replication (or S phase) within a given time interval, we
repeated the subretinal HuCNS-SC transplantation
experiment while administering BrdU in the drinking
water during the entire after transplantation period
(Table 1). The maximum number of RPE65þKi67þ

cells observed in the studies described above occurred
in RCS rats transplanted at P60 and sacrificed at P120,
and, therefore, for consistency and comparative
purposes, we decided to inject HuCNS-SC at P60
and terminate all animals given BrdU at P120. In all
study eyes (transplanted, medium-injected and NT), we
observed BrdU incorporation within the RPE layer
(characterized by RPE65 or Otx1/2 expression),
particularly noticeable near the ciliary body (not
shown); BrdUþ cells also were present in host ocular

tissues including the choroid and within the neural
retina. Staining with anti-BrdU and Ku80 antibodies
in transplanted eyes revealed the presence of numerous
BrdU-positive cells within the HuCNS-SC graft in the
subretinal space, indicating that the vast majority of
donor cells proliferated during the life of the graft (Fig.
2A). More interestingly, and similarly to the Ki67 data
presented above, we found numerous examples of
BrdU-positive RPE cells adjacent to the HuCNS-SC
graft (Fig. 2B). Quantification of labeled cells (Fig. 2C)
indicated that there were 1.86 6 0.121 BrdUþRPE
cells/100 lm retina length in areas of HuCNS-SC
engraftment whereas similar temporal areas in medi-
um-injected and NT control eyes had averages of 0.71
6 0.075 and 0.82 6 0.171 BrdUþRPE cells/100 lm
retina length, respectively. In nasal area of transplant-
ed eyes, the average number of BrdUþRPE cells was

Figure 2. RPE cells incorporate BrdU in RCS rats transplanted at P60 with HuCNS-SC. (A) HuCNS-SC, labeled with the Ku80 nuclear
marker (red) can be found in the subretinal space (SRS; white bracket) and also in the INL, a consequence of inner retinal migration. BrdUþ

(green) cells are abundant in the SRS and also in the inner retina. Numerous Ku80þBrdUþ cells also are present in the SRS and in the INL
(white circles), indicating a relatively high proliferative capacity of the HuCNS-SC. White arrows highlight some examples of Ku80þ donor
cells that do not express BrdU. More importantly, BrdU expression is detected in Ku80� cells located in the RPE layer (white asterisks). (B)
BrdU expression (red, middle panel), in the RPE layer adjacent to a SRS HuCNS-SC graft (white bracket). BrdUþRPE65þ RPE cells (white
arrows at middle and right) appear yellow in the merged image (although RPE65 and BrdU expression are in separate cellular
compartments, the image is a flattened composite of approximately 20 pictures taken in individual confocal planes; therefore, giving the
impression of colocalization). Scale bar: in (A) and (B) 37lm. (C) HuCNS-SC transplanted eyes (HuCNS-SC) have significantly more
proliferative RPE cells than NT and vehicle-injected (medium) eyes. NT (n¼4); Medium (n¼5), and HuCNS-SC (n¼7). Results are shown as
average 6 SEM. There was a main effect of treatment (P , 0.001); post hoc analysis indicated a significant difference between HuCNS-
SC–treated eyes and medium-injected eyes (*P , 0.0001), and a significant difference between cells and NT eyes (**P¼ 0.0002). There
was no statistical difference between media and NT eyes.
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negligible (not shown). These data are in agreement
with the observations obtained with Ki67 staining and
appear to support the hypothesis that HuCNS-SC
engraftment stimulates proliferation of RPE cells in the
RCS rat.

Proliferative RPE Cells Express Markers of
Bona Fide RPE

An important question that arises from this study
is whether the newly born RPE cells (which incorpo-
rate BrdU) are bona fide RPE cells. Based on our
staining results, all the BrdUþ cells present in the RPE
layer also were Otx1/2 and/or RPE65-positive,
suggesting that indeed these cells are RPE cells. We
furthered this analysis by also staining retinas with the
cellular retinaldehyde-binding protein (CRALBP)
marker; like RPE65, CRALBP is a key visual cycle
protein expressed in RPE and also in Müller glia. In
RPE cells, CRALBP is involved in the intracellular
transport of hydrophobic 11-cis retinoids. We found
that all BrdUþOtx1/2þ cells also were CRALBP-
positive, further confirming the expression of this key
protein in newly born RPE cells (Fig. 3). Based on the
coexpression of the standard RPE markers Otx1/2
and CRALBP in BrdUþ cells, we concluded that these
are bona fide host RPE cells.

Subretinal HuCNS-SC Graft Stimulate RPE
Proliferation in the S334ter-4 Transgenic Rat

The RCS rat has a mutation in the mertk gene that
impairs the RPE’s normal ability to phagocytose

photoreceptor outer segments,6 and as a result, the
overlaying photoreceptors die in a progressive and
predictable fashion. Arguably then, the dysfunctional
RPE in the RCS rat may not represent the typical
response of normal RPE as seen in multiple retinal
diseases where the primary mutation is located extra-
RPE, typically within photoreceptors. Thus, to
determine whether HuCNS-SC-stimulated RPE pro-
liferation was model-specific, we elected to repeat
some of the aforementioned experiments in a different
RP model. For this purpose, we transplanted
HuCNS-SC into S334ter-4 rats at P21 and sacrificed
the animals at P90 (~70 day posttransplantation
assessment) and also at P150 (~130 days after
transplantation). The time point P90 provided a
direct comparison to the initial study in the RCS rat
(P21–90), as well as a comparable posttransplantation
cell survival to the P60 injected animals (P60–P120).
Addition of the P150 time point allowed us to
determine whether, similarly to what we observed in
RCS rats transplanted at P60, there was any change in
the number of proliferative RPE cells with posten-
graftment time. All animals in this study were
provided BrdU from the day of injection through
sacrifice.

Staining of S334ter-4 eye sections with anti-BrdU
and Otx1/2 antibodies revealed the presence of
numerous BrdUþ cells in the HuCNS-SC graft (Fig.
4A, white arrows in merge panel), similar to that
observed in the RCS rat (Fig. 2). Transplanted eyes
also exhibited a number of cells in the RPE layer
adjacent to the HuCNS-SC graft that were BrdUþ

(Fig. 4A, white arrowheads). Quantification of the
number of proliferative RPE cells (Fig. 4B) at P90
showed that there were 0.63 6 0.033 BrdUþOtx1/2þ

cells/100 lm retina length in areas of HuCNS-SC
engraftment whereas similar temporal areas in medi-
um-injected and NT control eyes had averages of 0.01
6 0.005 and 0.03 6 0.033 BrdUþOtx1/2þ cells/100 lm
retina length, respectively. At P150, the cell- and
medium-injected eyes exhibited an increase in the
number of BrdUþOtx1/2þ cells/100 lm retina length
to 1.35 6 0.253 and 0.37 6 0.355 respectfully, while
NT eyes maintained a similar number to that reported
for P90, 0.03 6 0.033. These data indicated that
endogenous proliferation of RPE cells is a rare event
in control eyes regardless of posttransplant time. We
found that at P150 there were more BrdUþOtx1/2þ

cells than at P90 in HuCNS-SC-injected eyes,
indicating that, similarly to what we found in the
RCS rats transplanted at P60, HuCNS-SC-stimulated
RPE proliferation in the S334ter-4 rat is likely a

Figure 3. BrdUþ cells in the RPE layer are bona fide RPE cells.
Representative image of BrdU expression in the RPE layer showing
that BrdUþOtx1/2þ RPE cells also express CRALBP (white arrows),
indicating that the newborn RPE cells exhibit expression of key RPE
markers. Two nonproliferative Otx1/2þCRALBPþ RPE cells (BrdU�)
also are shown (white arrowheads). Scale bar: 12 lm.
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continuous process after transplantation, and not
merely an acute response to HuCNS-SC transplanta-
tion. Finally, the level of RPE proliferation was
similar in the RCS and the S334ter-4 rats (compare
Fig. 2C to Fig. 4). Taken together, the data obtained
in two distinct rat RP models suggested that a
controlled RPE proliferative response to a HuCNS-
SC transplant may be a general characteristic with
important translational value.

Discussion

Our results demonstrated that endogenous RPE
cells of RCS and S334ter-4 rat models: (1) inherently
proliferate at very low levels, (2) this proliferation can
be modestly stimulated by surgical manipulation of
the retina, (3) the presence of a subretinal HuCNS-SC
graft significantly increases the host RPE cells
proliferative capacity, and (4) increased postinjection

duration results in increased proliferation of the host
RPE. To our knowledge, this is the first study that
demonstrates host RPE cell proliferation in response
to any type of donor cell transplantation.

Previous studies in rats and mice without retinal
degeneration have shown that a relatively small
number mature RPE cells proliferate, particularly
those residing in the peripheral retina.26,27 The fact
that we observed increased RPE cell proliferation in
models with dysfunctional (RCS) as well as normal
(S334ter-4) RPE is important as it suggests that under
the proper circumstances, RPE cells have the ability
to reenter the cell cycle and that this ability may be
independent of the underlying health status of the
RPE layer. These findings could have significant
clinical value as they point towards a potential
treatment strategy for retinal degenerative diseases,
such as AMD and the majority of cases of RP where
RPE cells die but are not inherently dysfunctional.
With a mechanism of action that combines host RPE

B

A

***

Figure 4. RPE cells incorporate BrdU in S334ter-4 rats transplanted at P21 with HuCNS-SC. (A) Representative images of BrdU expression
(green) in the RPE layer (Otx1/2þ, red) adjacent to a HuCNS-SC graft (white asterisk) at P90. Three BrdUþOtx1/2þ RPE cells are marked with
white arrowheads. BrdUþ cells within the HuCNS-SC graft are noted by white arrows in the merge image. Of note is the relatively high
autofluorescence in the red and green channel (appear yellow in the merge image) the graft area. Scale bar: 70 lm. (B) HuCNS-SC
transplanted eyes (HuCNS-SC) have more proliferative RPE cells than NT and medium-injected (medium) eyes. NT (n¼ 2); Medium (n¼ 2)
for each posttransplant time point; HuCNS-SC (n¼ 3, P90; n¼ 3, P150). Results are shown as average 6 SEM. There was an overall effect
of treatment group (P¼ 0.011). *Significant difference between cells and medium treated (P¼ 0.015). **Significant difference between
cells and untreated (P ¼ 0.006). There was no difference between medium and NT groups.
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replenishment with photoreceptor neuroprotection,
HuCNS-SC could be viewed as a two-pronged
therapeutic strategy for the aforementioned diseases
and underscores the value of continued clinical
development of these cells for diseases, such as
macular degeneration.

While repopulation of the host RPE cell layer
could potentially hold significant therapeutic value, it
remains unclear whether there are functional or safety
consequences of RPE proliferation on the normal
functioning of the RPE layer and/or the physiology of
adjacent photoreceptors. From a safety perspective, it
should be noted that RPE proliferation was augment-
ed only in the vicinity of the HuCNS-SC graft,
suggesting that the signal responsible for this RPE
response acts over a limited microscopic distance.
Furthermore, not all RPE cells adjacent to the
HuCNS-SC graft were Ki67þ or BrdUþ; in fact, the
number of BrdUþRPE cells was relatively low. This
suggests that only a subset of the RPE population
retains the ability to proliferate, and/or that, in the
absence of obvious RPE loss, there is a maximum
proliferative capacity, likely constrained by space or
mechanisms that prevent uncontrolled RPE prolifer-
ation.29 In this and our previous studies,9,11 we did
not observe any functional or anatomical abnormal-
ities as a result of the controlled RPE proliferation. In
fact, the results of our efficacy studies in the RCS rat
indicated that transplantation of HuCNS-SC rescued
photoreceptors from degeneration, rescued electro-
physiologic responses of the visual system, rescued
behaviorally measured vision, and that the cells were
able to phagocytose photoreceptor outer segments.
However, in the absence of the transplanted cells, the
retina and visual function degenerated in a progres-
sive and predictable fashion as described previous-
ly.8,33–35 In addition, neither IND-enabling GLP
safety and toxicology studies that supported the
Phase I/II clinical trial (NCT01632527) nor the safety
data for the trial itself (manuscript in preparation)
showed evidence of uncontrolled RPE proliferation
reminiscent of proliferative vitreoretinopathy (PVR)
in the area of the HuCNS-SC graft or elsewhere in the
treated eye.

The observation that not all RPE cells responded
to the signals provided by the graft seems to point
towards the existence of a subpopulation of RPE cells
that is poised to reenter the cell cycle if the conditions
are met. To our knowledge no studies address this
possibility and/or describe markers that subdivide
RPE cells from a functional perspective. Two
previous studies have indicated that RPE cells

isolated from human eyes can proliferate in vitro in
response to the growth factor FGF2, but it is unclear
from their study whether all cells have this capacity or
only a subpopulation of RPE.36,37 A previous report
using albino rats described that RPE proliferation is
more extensive than in normal pigmented rats, and
the investigators speculated that there might be an
inverse relationship between photoreceptor numbers
(and their contact with RPE), and the probability of
RPE cells entering the cell cycle.26 It is possible that
the neurodegenerative environment of photoreceptor
loss in the RCS and S334ter-4 rats could provide an
initial signal for RPE proliferation, which then could
be further stimulated by cytokines or growth factors
released by the HuCNS-SC graft. In the absence of
markers that could identify proliferation-ready RPE
cells, we can only speculate their existence as part of a
dormant regenerative program that could be awaken
by photoreceptor loss and effectively stimulated by a
specific therapy.

The two rodent models used in this study are
commonly used to evaluate prospective therapies for
retinal degenerative disease. Albeit retinal degenera-
tion occurs through different primary mecha-
nisms,38,39 both models undergo photoreceptor
degeneration but neither exhibits clear RPE loss. In
the absence of clear endogenous RPE cell loss, the
increase in proliferation generates new bona fide RPE
cells that appear to incorporate seamlessly in the RPE
monolayer, as evidenced by the lack of anatomic
disturbances noted in all of our HuCNS-SC trans-
plantation studies to date. An investigation of the
consequences of HuCNS-SC transplantation on RPE
proliferation in models with progressive RPE cell loss
is of particularly high relevance and is the subject of
ongoing and future studies. Finally, our study did not
address the mechanism by which HuCNS-SC stimu-
late RPE proliferation. Our working hypothesis is
that HuCNS-SC may release known RPE mitogens,
such as FGF2, EGF, hepatocyte growth factor
(HGF) and platelet derived growth factor (PDGF).40

Indeed, our own unpublished microarray data indi-
cated that ex vivo expanded HuCNS-SC abundantly
express the transcripts for those genes. Transplanta-
tion of HuCNS-SC engineered to express reduced
levels of these key mitogens could potentially shed
light into the mechanism of action underlying our
observations.

It has been proposed that peripherally generated
new RPE cells could potentially replenish RPE cell
loss that occurs centrally through normal aging in
humans28 or due to degenerative processes, such as
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AMD with GA.41 Our data in this study suggested a
role for HuCNS-SC in augmenting that putative
regenerative capacity, particularly in the context of
AMD with GA. From an efficacy perspective, the
level of RPE proliferation that could give rise to a
meaningful clinical benefit remains unknown. Pro-
vocatively, the results of the Phase I/II study in
AMD-GA have shown a trend for a decrease in the
total area of GA progression in the eye that received a
single perimacular subretinal injection of HuCNS-SC
versus the untreated fellow eye (manuscript in
preparation). This result is consistent with the
potential effect of transplantation on the underlying
human RPE, either through metabolic support to the
host RPE cells (healthy and diseased) and/or possibly
through stimulation of RPE regeneration as described
in the preclinical rat models. The possibility that
HuCNS-SC may provide a meaningful impact on the
biology of human RPE in AMD-GA, in addition to
neuroprotective effects on the photoreceptors, is
extremely intriguing as it indicates that intervention
with HuCNS-SC is likely to provide multimechanistic
therapeutic benefit in retinal degenerative diseases.
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23. Sauvé Y, Girman SV, Wang S, Keegan DJ, Lund
RD. Preservation of visual responsiveness in the
superior colliculus of RCS rats after retinal
pigment epithelium cell transplantation. Neuro-
science. 2002;114:389–401.

24. Wang S, Lu B, Girman S, Holmes T, Bischoff N,
Lund RD. Morphological and functional rescue
in RCS rats after RPE cell line transplantation at
a later stage of degeneration. Invest Ophthalmol
Vis Sci. 2008;49:416–421.

25. Wang S, Lu B, Wood P, Lund RD. Grafting of
ARPE-19 and Schwann cells to the subretinal
space in RCS rats. Invest Ophthalmol Vis Sci.
2005;46:2552–2560.

26. Al-Hussaini H, Kam JH, Vugler A, Semo M,
Jeffery G. Mature retinal pigment epithelium cells
are retained in the cell cycle and proliferate in
vivo. Mol Vis. 2008;14:1784–1791.

27. Kokkinopoulos I, Shahabi G, Colman A, Jeffery
G. Mature peripheral RPE cells have an intrinsic
capacity to proliferate; a potential regulatory
mechanism for age-related cell loss. PLoS One.
2011;6:e18921.

28. Del Priore LV, Kuo YH, Tezel TH. Age-related
changes in human RPE cell density and apoptosis

proportion in situ. Invest Ophthalmol Vis Sci.
2002;43:3312–3318.

29. Stern J., Temple S. Retinal pigment epithelial cell
proliferation. Exp Biol Med. 2015;240:1079–1086.

30. Steinberg RH, Flannery JG, Naash M, Oh P.
Transgenic rat models of inherited retinal degen-
eration caused by mutant opsin genes. Invest
Ophthalmol Vis Sci. 1996;37:S698.

31. Uchida N, Buck DW, He D, et al. Direct isolation
of human central nervous system stem cells. Proc
Natl Acad Sci U S A. 2000;97:14720–14725.

32. Tamaki S, Eckert K, He D, et al. Engraftment of
sorted/expanded human central nervous system
stem cells from fetal brain. J Neurosci Res. 2002;
69:976–986.

33. LaVail MM, Sidman RL, Gerhardt CO. Con-
genic strains of RCS rats with inherited retinal
dystrophy. J Hered. 1975;66:242–244.

34. Mullen RJ, LaVail MM. Inherited retinal dystro-
phy: primary defect in pigment epithelium deter-
mined with experimental rat chimeras. Science.
1976;192:799–801.

35. McGill TJ, Douglas RM, Lund RD, Prusky GT.
Quantification of spatial vision in the Royal
College of Surgeons rat. Invest Ophthalmol Vis
Sci. 2004;45:932–936.

36. Salero E, Blenkinsop TA, Corneo B, et al. Adult
human RPE can be activated into a multipotent
stem cell that produces mesenchymal derivatives.
Cell Stem Cell. 2012;10:88–95.

37. Blenkinsop TA, Salero E, Stern JH, Temple S.
The culture and maintenance of functional retinal
pigment epithelial monolayers from adult human
eye. Methods Mol Biol. 2013;945:45–65.

38. LaVail MM, Mullen RJ. Role of the pigment
epithelium in inherited retinal degeneration ana-
lyzed with experimental mouse chimeras. Exp Eye
Res. 1976;23:227–45.

39. LaVail MM, Nishikawa S, Steinberg RH et al.
Phenotypic characterization of P23H and S334ter
rhodopsin transgenic rat models of inherited
retinal degeneration. Exp Eye Res. 2018;167:56–
90.

40. Spraul CW, Kaven C, Lang GK, Lang GE. Effect
of growth factors on bovine retinal pigment
epithelial cell migration and proliferation. Oph-
thalmic Res. 2004;36:166–171.

41. Bressler NM, Silva JC, Bressler SB, Fine SL,
Green WR. Clinicopathologic correlation of
drusen and retinal pigment epithelial abnormal-
ities in age-related macular degeneration. Retina.
1994;14:130–42.

11 TVST j 2019 j Vol. 8 j No. 3 j Article 43

McGill et al.


	Introduction
	Methods
	t01
	Results
	f01
	f02
	f03
	Discussion
	f04
	n102
	b01
	b02
	b03
	b04
	b05
	b06
	b07
	b08
	b09
	b10
	b11
	b12
	b13
	b14
	b15
	b16
	b17
	b18
	b19
	b20
	b21
	b22
	b23
	b24
	b25
	b26
	b27
	b28
	b29
	b30
	b31
	b32
	b33
	b34
	b35
	b36
	b37
	b38
	b39
	b40
	b41

