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Abstract

e AIM: To explore whether the subretinal transplantation
of retinal progenitor cells from human embryonic stem
cell-derived retinal organoid (hERO-RPCs) could promote
Mdller glia dedifferentiation and transdifferentiation, thus
improving visual function and delaying retinal degenerative
progression.

e METHODS: hERO-RPCs were subretinally transplanted into
Royal College of Surgeons (RCS) rats. Electroretinography
(ERG) recording was performed at 4 and 8wk postoperation
to assess retinal function. Using immunofluorescence, the
changes in outer nuclear layer (ONL) thickness and retinal
Mdller glia were explored at 2, 4, and 8wk postoperation.
To verify the effect of hERO-RPCs on Muller glia in vitro,
we cocultured hERO-RPCs with Miller glia with a Transwell
system. After coculture, Ki67 staining and quantitative
polymerase chain reaction (QPCR) were performed to measure
the proliferation and mRNA levels of Muller glia respectively.
Cell migration experiment was used to detect the effect of
hERO-RPCs on Muller glial migration. Comparisons between
two groups were performed by the unpaired Student’s t-test,
and comparisons among multiple groups were made with
one-way ANOVA followed by Tukey’s multiple comparison test.

e RESULTS: The visual function and ONL thickness of
RCS rats were significantly improved by transplantation
of hERO-RPCs at 4 and 8wk postoperation. In addition to
inhibiting gliosis at 4 and 8wk postoperation, hERO-RPCs
significantly increased the expression of dedifferentiation-

associated transcriptional factor in Muller glia and promoted
the migration at 2, 4 and 8wk postoperation, but not the
transdifferentiation of these cells in RCS rats. In vitro, using
the Transwell system, we found that hERO-RPCs promoted
the proliferation and migration of primary rat Muller glia and
induced their dedifferentiation at the mRNA level.

o CONCLUSION: These results show that hERO-RPCs
might promote early dedifferentiation of Muller glia, which
may provide novel insights into the mechanisms of stem
cell therapy and Mduller glial reprogramming, contributing to
the development of novel therapies for retinal degeneration
disorders.
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INTRODUCTION

etinal degeneration disorders (RDD) refer to a group
R of diseases that can lead to visual impairment and
blindness. Retinitis pigmentosa (RP) is one of the most common
diseases involving RDD and is characterized by the gradual
degeneration of photoreceptors' . RP patients usually begin
with loss of night vision, peripheral vision, and then central
vision*”), Unfortunately, RP cannot be effectively treated now.
Stem cell transplantation is considered a potential strategy to
replace retinal neurons and restore vision'*. Several clinical
trials have demonstrated that stem cells are effective in treating
RDD"". However, the underlying mechanism of stem cell
therapy remains to be uncovered.
Miiller glia are the major macroglia in the retina, extending
through the whole retina, accounting for 90% of all glial
cells in the retina!>"'*. As the supporting cells of the retina,

they have important biological roles, such as maintaining the
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stability and integrity of the retina, regulating the blood-retinal
barrier, neuronal nutrient transport and metabolism, retinal
angiogenesis and blood flow regulation and phagocytosis!*"*.
In mammals, Miiller glia respond to retinal damage in various
ways. Reactive Miiller glia can protect tissue function by
releasing neurotrophic factors and antioxidants. Nevertheless,
Miiller glial gliosis can also lead to neurodegeneration and
hinder regeneration process of retinal tissue by forming glial

119201 "Under special circumstances, Miiller glia

scar as well
can proliferate and produce new neurons, but these reactions
are weak and insufficient to repair the damaged retina”'**. In
contrast, in some lower-order vertebrates such as zebrafish,
after the retina is damaged, Miiller glia can re-enter the
cell cycle, proliferate and dedifferentiate, transdifferentiate
into neurons and repair the damaged retina™>*. Therefore,
Miiller glia are considered endogenous retinal stem cells that
can regenerate the damaged retina in sifu. Identification of
a strategy for promoting Miiller glial reprogramming and
regenerating the retina is the major challenge to be solved™™".
Miiller glial reprogramming can be initiated by genetic
strategies such as overexpression of the Ascll transcription
factor and gene editing of transcription factors (Otx2, Crx and Nrl)

28-31 LI -
|, Moreover, injection of exogenous factors,

in Miiller glia'
such as epidermal growth factor (EGF), fibroblast growth
factor 1 (FGF1), FGF2 and ciliary neurotrophic factor (CNTF),
was shown to promote Miiller glial reprogramming and
differentiation into retinal neurons after dedifferentiation™"),
Notably, our group and other groups previously demonstrated
that exogenous stem cell transplantation might be able to
promote the dedifferentiation/reprogramming of Miiller glia as
endogenous retinal stem cells to repair degenerated retina**'".
However, the dedifferentiation/reprogramming process of
Miiller glia triggered by stem cell transplantation needs to be
further elucidated.

Our previous study showed that retinal progenitor cells
from human embryonic stem cell-derived retinal organoid
(hERO-RPCs) through cell surface markers (C-Kit"/SSEA4)
sorting readily eliminated tumorigenic embryonic cells and
played an important role in the suppression of gliosis and the
rescue of retinal degeneration'*”. While reversing the fate
of gliosis, whether hERO-RPCs can promote Miiller glial
dedifferentiation/reprogramming is unknown. In this study, we
aimed to explore whether the subretinal space transplantation
of hERO-RPCs, from the early stage of transplantation
to the middle and late stages, could stimulate Miiller glia
dedifferentiation and transdifferentiation to improve visual
function and delay RP progression. Here, we found hERO-
RPCs subretinal transplantation significantly improved visual
function and protected photoreceptor structure in Royal

College of Surgeons (RCS) rats. While inhibiting of gliosis,
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hERO-RPCs also increased the expression of dedifferentiation-
associated transcriptional factor and promoted the migration
of Miiller glia but did not promote transdifferentiation.
In vitro, we found that hERO-RPCs can also promote the
proliferation and migration of Miiller glia and induce the
dedifferentiation of Miiller glia at the mRNA level. Overall,
these results demonstrated that hERO-RPCs might promote
early dedifferentiation of Miiller glia, which may provide a
new treatment strategy for RDD.

MATERIALS AND METHODS

Ethical Approval RCS rats (a model of RDD)™**¥ at postnatal
day (PND) 21 and Long-Evans (LE) rats at PND 7 were used
in this study. The rats were raised in a pathogen-free room
under a 12-hour light-dark cycle of the Experimental Animal
Center of the Third Military Medical University (Army
Medical University). All animal experimental procedures were
formally approved by the Laboratory Animal Welfare and
Ethics Committee of the Third Military Medical University
(Army Medical University; AMUWEC20232718). All tissue
collection and experimental procedures were conducted in
accordance with protocol approved by the Institutional Review
Board of the Third Military Medical University (Army Medical
University) and performed to guidelines of the National
Institutes of Health (NIH) on the ethical use of animals and
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research.

Isolation and Culture of hERO-RPCs According to
published methods'*”, 30-day human embryonic stem cell-
derived retinal organoid (hERO)™ were dissociated into a
single-cell suspension through TrypLE Express (Gibco), with
a cell concentration of 1x10° cells/100 pL (a test). The anti-
human C-Kit antibody conjugated with allophycocyanin
(APC; Biolegend, 5 pL/test) and anti-human SSEA4 antibody
conjugated with fluorescein isothiocyanate (FITC; BD
Biosciences, 20 pl/test) were simultaneously added to the
sample tube for 30min at 4°C. Afterward, 7-ADD dye was
used and the sample was sent to a BD flow cytometer for
analysis and sorting.

The sorted hERO-RPCs were inoculated into a VTN coated
culture plate and cultured with serum-free medium (Lonza,
Switzerland) with 20 ng/mL human epidermal growth factor
(EGF, Peprotech, USA), 20 ng/mL human basic fibroblast
growth factor (bFGF, Peprotech, USA), 1% GlutaMAX
supplement (Gibco, USA), 1% N2 (Gibco, USA), and 2%
B27 (Gibco, USA). The next day, after the cells adhered to
the culture plate, the fresh medium was changed, and then the
medium was replaced every 2d. Cell passage was carried out
after the cell density was close to 80%-90%.

Subretinal Transplantation According to published
protocol®*), P3 hERO-RPCs were infected with lentivirus
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carrying EGFP driven by the CMV promoter. P3 EGFP-
labeled hERO-RPCs were digested with TrypLE Express
(Gibco, USA) and resuspended in sterile phosphate buffered
saline (PBS) with DNase I (0.005%, Roche) at a density of
1x10° cells/uL. One day before transplantation, the RCS rats
at PND 21 received oral cyclosporine A (210 mg/L, Huadong
Medicine, China) dissolved in drinking water. The pupil was
dilated with a 1% tropicamide eyedrop. After an incision
was made in the temporal sclera, 2 pL of cell suspension was
slowly injected into the subretinal space of the temporal retina
through the incision using a 10 pL microsyringe. All rats
received oral cyclosporine A until 2wk after transplantation.
Electroretinogram Recording Electroretinography (ERG)
recording was performed at 4 and 8wk postoperation to
assess retinal functional changes. According to our previous
protocol™”!, RCS rats should undergo at least 12h of dark
adaptation. The pupil was dilated with a 1% tropicamide
eyedrop. Two gold ring contact electrodes were positioned on
each cornea as recording electrodes. The reference electrodes
were placed into the rat’s mouth and the ground electrodes
clamped the rat’s tail. We applied light stimulation at dark-
adapted combined rod-cone response 3.0 cd-s/cm’. The a-wave
and b-wave amplitudes were recorded and processed by an
ERG device (MAYO, Japan). All operations were performed
with dim red safety light in a dark room. Five eyes in each
group at 2 time points were included for statistical analysis.
Frozen Sections Preparation of Retina After enucleation,
the eyeballs were fixed in 4% paraformaldehyde (PFA).
Thirty minutes later, the cornea, lens and vitreous body were
removed. Then, the eye cups were fixed in 4% PFA for 1.5h
sequentially. The eye cups were removed from 4% PFA and
incubated in 30% glucose solution overnight. The eye cups
were placed on a freezing microtome with embedding medium.
Then, 12-um serial frozen sections were made.
Immunofluorescence Immunofluorescence was performed
as previously described*”. For immunofluorescence of retina
or cell, sections or the cell slides were washed with PBS 3 times.
The sections or the cell slides were perforated in 0.3% Triton
X-100 for 10min and blocked in PBS with 3% albumin from
bovine serum (BSA) at 37°C for 30min. The sections or the
cell slides were incubated with primary antibody (Table 1) in
1% BSA at 4°C for one night. On the second day, the sections
were incubated with secondary antibodies at 37°C for 1h. After
incubation with 4’,6-diamidino-2-phenylindole (DAPI; Sigma
Aldrich) for 10min, the sections or the cell slides were washed
with PBS 3 times. Finally, the sections or the cell slides were
photographed through a confocal laser scanning microscope
(Zeiss, Germany).

Primary Miiller Glia Culture Primary Miiller glia culture
was performed as previously reported®”. Eyes from Long-

Table 1 Primary antibodies used for immunofluorescence

Manufacturer’s catalog

Antibody or lot number Dilution
Mouse anti-MTCO2 Abcam, ab110258 1:200
Mouse anti-HuNu Abcam, ab191181 1:200
Rabbit anti-GFAP Abcam, ab7260 1:500
Mouse anti-Vimentin Santa Cruz, sc-6260 1:200
Rabbit anti-Vimentin ABclonal, A19607 1:200
Rabbit anti-Sox9 Abcam, ab185966 1:400
Mouse anti-Chx10 Santa Cruz, sc-373151 1:200
Rabbit anti-Ki67 Abcam, ab66155 1:500
Mouse anti-RAX Santa Cruz, sc-271889 1:300
Rabbit anti-Sox2 Abcam, ab97959 1:400
Rabbit anti-Pax6 Abcam, ab195045 1:400
Mouse anti-Rhodopsin Abcam, ab98887 1:500
Mouse anti-Crx Santa Cruz, sc-377138 1:200
Mouse anti-Brn3a Santa Cruz, sc-8429 1:500
Mouse anti-HuC/D Santa Cruz, sc-515624 1:500
Rabbit anti-GS Zen bio, R22765 1:100

MTCO2: Mitochondrially encoded cytochrome c oxidase Il; HuNu:
Human nuclei; GFAP: Glial fibrillary acidic protein; Sox9: SRY-box
transcription factor 9; Chx10 (alias Vsx2): Visual system homeobox
2; RAX: Retina and anterior neural fold homeobox; Sox2: SRY-box
transcription factor 2; Pax6: Paired box 6; Crx: Cone-rod homeobox;

GS: Glutamine synthesis.

Evans (LE) rats at PND 7 were enucleated and incubated
overnight in Dulbecco’s modified Eagle’s medium (DMEM).
The eyes were subsequently transferred to dissociation
solution (0.1% collagenase IV and 0.1% trypsin) and incubated
at 37°C for 30min. The eyes were washed with DMEM
containing 10% fetal bovine serum (FBS) and a 1% penicillin-
streptomycin solution. Retinas were dissected carefully and
cultured in DMEM containing 20% FBS and 1% penicillin-
streptomycin solution in a 37°C incubator for 7d. A week
later, the floating retinal tissue aggregates and debris were
removed, leaving Miiller glia attached to the bottom of the cell
culture flask. The cells were cultured in DMEM containing
20% FBS for 5d to further purify Miiller glia were identified
by immunofluorescence staining for Vimentin, GS, GFAP and
Sox9. The cells from P3 to PS5 were used for the following
experiments.

Coculture of hERO-RPCs and Miiller Glia To test the
proliferative effects of hERO-RPCs on Miiller glia, we used
12-well Transwell plates with 0.4-um aperture membranes
(Corning, USA) and placed the cell slides in the lower
chamber. hRERO-RPCs were inoculated in the upper chamber
1x10° cells/well and Miiller glia were inoculated in the lower
chamber 1x10* cells/well. To test the effect of hERO-RPCs
on Miiller glia mRNA, we used 6-well Transwell plates with
0.4-um aperture membranes. hERO-RPCs were inoculated
in the upper chamber 2x10° cells/well and Miiller glia were
inoculated in the lower chamber 2x10° cells/well. After culture
for 1, 3 and 5d, the cell slides were fixed in 4% PFA and the
cells of Miiller glia were isolated with TRIzol Reagent (Life
Technologies, USA). The experiments were repeated 3 times.
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Table 2 Real-time quantitative PCR primers

Genes (rat) Forward primer

Reverse primer

GAPDH GCCCATCACCATCTTCCAGGAG
GFAP CCACCAGTAACATGCAAGAAAC
Vimentin CAAAGCAGGAGTCAAACGAAT
Sox9 CACATCAAGACGGAGCAACTGAG
Chx10 CTGCCAGAGTCCATCCTCAAGT

GAAGGGGCGGAGATGATGAC
TTGGCGGCGATAGTCATTAG
GCCATCTTTACATTGAGCAGGT
TGTAGGTGAAGGTGGAGTAGAGCC
CTGTTCTCCCTCAGTTCTTCCTG

PCR: Polymerase chain reaction; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase.

Cell Migration Assay Cell migration assays were performed
as previously described””. Before coculturing, we treated
Miiller glia with 10 pg/mL mitomycin C (Biotopped, China)
for 2h to prevent them from proliferating. To test the effects
of hERO-RPCs on Miiller glial migration, we used 24-well
Transwell plate with 8-pm aperture membranes. hERO-RPCs
were inoculated in the lower chamber 1x10° cells/well and
Miiller glia were inoculated in the upper chamber
1x10* cells/well. After culture for 24h, cells remaining on
the upper surface of the chamber were removed using a cotton
swab. Then, the Transwell membranes of the cocultured group
and control group were fixed for 10min by 4% PFA and kept in
PBS. Standard photomicrographs were obtained in the area of
membranes that were stained with crystal violet dye (Saimike,
China). The photographs of the membranes taken under a
200x microscope were manually counted and averaged. The
experiments were repeated 3 times. Each experiment had 3
wells in each group, and 3 photos were selected in each well.
RNA Isolation and Real-Time Quantitative PCR On the
basis of published protocol”", total RNA was extracted from
Miiller glia using TRIzol reagent (Life Technologies, USA)
followed by chloroform extraction. With a PrimeScriptTM
RT reagent Kit with gDNA Eraser (TaKaRa Bio, Japan),
total RNA was reverse transcribed into cDNA following
the manufacturer’s protocol. A SYBR Green qPCR Mix
(TaKaRa Bio, Japan) was used to perform quantitative PCR
with a CFX96 Real-Time PCR System (Bio-Rad, USA). The
relative expression of each mRNA was normalized to that of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). All
primers were provided by Sangon Biotech (China; Table 2).
Quantitative Histological Analysis For the thickness of the
outer nuclear layer (ONL) and distance of Sox9 distribution
analysis, 3 sections stained with DAPI or Sox9 across the optic
disk were chosen from each eye, and 3 eyes were included
in each group. For each section, 3 (400%) visual fields were
taken for imaging. For the line chart, the optic nerve head
was defined as the original location and recorded as 0. The
data were measured every 0.5 mm intervals from the optic
nerve head. For each section, (100x) visual fields were taken
for whole retina imaging. Photographs of the retina were
taken under a Zeiss confocal microscope, and the data were
measured by Image J (NIH, USA). For semiquantitative
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analysis of GFAP expression, 3 sections after GFAP staining
were chosen from each eye, and 3 eyes were included in each
of the groups. For each section, 3 (400%) visual fields were
taken for imaging, and the average fluorescent density of
GFAP was recorded by Image J (NIH, USA). For the number
analysis of Sox9- and Chx10-positive cells, the imaging rules
were the same as above, and the photograph was manually
counted and averaged. For quantitative analysis of the number
of Vimentin-Chx10 and Sox9-Chx10 double-positive cells,
the imaging rules were the same as above. The photograph
was manually counted, and values of 9 visual fields for each
eye were summed. For quantitative analysis of the number
and percentage of Ki67-positive Miiller glia and the number
of migrating cells, 3 cell slides were included from each
experimental batch of each group, and the experiment was
repeated 3 times. Three (200%) visual fields of the cell slide
were taken.

Statistical Analysis The results were produced from at least
3 biological samples. Statistical analysis was conducted
with GraphPad Prism version 6.02 for Windows (GraphPad
Software, USA). Comparisons between 2 groups were
performed by the unpaired Student’s #-test, and comparisons
among multiple groups were made with one-way ANOVA
followed by Tukey’s multiple comparison test. The data are
presented as the mean+standard deviation (SD), and P<0.05
was considered a significant difference.

RESULTS

hERO-RPCs Improved the Visual Function in RCS Rats We
sorted C-Kit"/SSEA4" RPCs from 30-day hERO (Supplementary
online Figure S1A-S1D) as previously reported*”. The hERO-
RPCs expressed the RPC markers RAX, Sox2, and Pax6
(Supplementary online Figure S1E-S1M) and the proliferation
marker Ki67 (Supplementary online Figure SIN-S1P).
EGFP-labeled hERO-RPCs were transplanted into the
subretinal space in the temporal eyes of RCS rats at PND
21. We detected the visual function of the RCS rats by ERG
recording at 4 and 8wk postoperation (Figure 1A). The ERG
test showed that transplantation of hERO-RPCs resulted in a
significant improvement in the amplitudes of a wave at 4wk
postoperation compared to those in the blank group and PBS
group (Figure 1B-1E). The amplitudes of the b-wave were
significantly higher than those in the blank group and PBS
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Surgeons; EGFP: Enhanced green fluorescent protein; ERG: Electroretinography; PBS: Phosphate buffered saline; SD: Standard deviation.

group at 4 and 8wk postoperation (Figure 1B, 1C, 1F, 1G).
Taken together, these results indicated that the visual function
of RCS rats was significantly improved by transplantation of
hERO-RPCs.

Transplantation of hERO-RPCs Protected the ONL in
RCS Rats The expression of human mitochondria (MTCO2)
and human nuclei (HuNu) in EGFP" cells confirmed the
origin of hERO-RPCs at 8wk postoperation (Figure 2A,
2B). In addition, hERO-RPCs showed excellent survival
and migration in the retinas of RCS rats. We measured the
thickness of the ONL to evaluate the protective effect of
transplanted hERO-RPCs on the retinal structure of RCS rats
(Figure 1A). As the disease progressed in RCS rats, the ONL
thickness of retinas decreased continuously. Morphologically,
the results showed that the ONL thickness of the grafted area
group was significantly thicker than those in the blank group
and PBS group at 2, 4 and 8wk postoperation. Inspiringly,
the ONL thickness of the contralateral area group were also
thicker than those in the blank group and PBS group at 2 and
4wk postoperation (Figure 2C-2R). In summary, hERO-RPCs
transplantation significantly prevented photoreceptor loss and
thus effectively protected the structure of the retina.
Suppression of Gliosis after Transplantation of hERO-
RPCs With the progression of RD, the expression of GFAP,
a marker of retinal gliosis, increased gradually in the retina.
To analyze the gliosis of Miiller glia, we performed GFAP
immunofluorescence and detected the average fluorescent
density of GFAP at 2, 4 and 8wk postoperation (Figure 1A).
The results showed that at 2wk postoperation, the grafted area
group and PBS group showed increased GFAP expression

compared with the blank group and contralateral area group
(Figure 3A-3D, 3P). Nevertheless, the gliosis of Miiller
glia was markedly suppressed in the grafted area group at
4 and 8wk postoperation. The gliosis of Miiller glia was
obviously reduced in the grafted area group but increased
in the blank group, PBS group and contralateral area group
and the difference was statistically significant (Figure 3E-3L,
3P). Moreover, we found differently in the expression of
GFAP in the grafted area group and contralateral area group
of the same retina of RCS rat at 8wk postoperation (Figure
3M-30). Altogether, the results confirmed that hERO-RPCs
transplantation is an effective method to delay the gliosis of
Miiller glia.

Transplantation of hERO-RPCs Increased the Numbers
and Distribution Distance of Miiller Glia in RCS Rats To
determine whether hERO-RPCs transplantation had an effect
on Miiller glia, we labeled retinas with Sox9 (Figure 1A), a
marker of Miiller glia nucleus that is expressed in the inner
nuclear layer (INL) of retina. The results showed that the
number of Sox9-positive cells in the grafted area group and
contralateral area group significantly increased compared
with those in the blank group and PBS group at all time points
(Figure 4A-4L, 4N). In addition, we found that most Sox9-
positive Miiller glia were in the superior layer of the INL in
the blank group and PBS group. In the grafted group, Sox9-
positive Miiller glia migrated to the ONL direction, and a
small population of cells entered the ONL. The distribution
distance of Sox9-positive cells in the grafted area group and
contralateral area group was wider than that in the control
group (Figure 4A-4L, 40-4R). We showed this phenomenon
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through the schematic (Figure 4M). These results suggested
that hERO-RPCs transplantation could affect the number
and migration of Miiller glia, a potential sign of early
dedifferentiation of Miiller glia.

Increased Expression of Chx10 Partially Derived from
Miiller Glia after hERO-RPCs Transplantation To
investigate whether hERO-RPCs transplantation could
promote dedifferentiation of Miiller glia, we labeled retinas
with Chx10 (Figure 1A), a marker of bipolar cells in mature
retina and progenitor cells in develop retina ", Chx10 was
also considered as an upregulated transcriptional factor closely
associated with adult Miiller glia dedifferentiation””***". The
number of Chx10-positive cells in the grafted area group
significantly increased compared with those in the blank group
and PBS group at all time points. In addition, we found that the
number of Chx10-positive cells in the contralateral area was
also higher than that in the control group but lower than that in
the grafted area (Figure SA-5P). These results suggested that
hERO-RPCs transplantation could increase the expression of
Chx10 and lasted until at least 8wk postoperation.

To investigate whether the increased Chx10 expression were
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derived from Miiller glia, we costained for the Miiller glia
markers Vimentin and Sox9 with Chx10 (Figure 1A). We
showed representative colocated cells with Vimentin and
Chx10 (Figure 6A-6D), and Sox9 and Chx10 (Figure 7A-7D).
The results showed that the number of Vimentin-Chx10
double-positive cells and Sox9-Chx10 double-positive cells in
the grafted area group was significantly greater than that in the
blank group and PBS group at all time points. We also found
that the number of double-positive cells in the contralateral
area was higher than that in the control group (Figures 6E-6Q,
7E-7Q). These results suggested that the increased Chx10-
positive cells were partly derived from Miiller glia.

To explore whether Miiller glia can transdifferentiate
into retinal neurons after hERO-RPCs transplantation,
we immunolabeled retinal sections for photoreceptors
(Rhodopsin), photoreceptor precursors (Crx), ganglion cells
(Brn3a), amacrine and ganglion cells (HuC/D). We did not find
any Sox9-positive cells that coexpressed neuronal markers at
8wk postoperation (Supplementary online Figure S2A-S2D),
indicating that hEROs-RPCs transplantation might not trigger
the transdifferentiation of Miiller glia.
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Effect of hERO-RPCs on Miiller Glia irn Vitro We isolated
and purified retinal Miiller glia from PND 7 LE rats. After 3
passages, the cell morphology of Miiller glia changed into a
large cell body and spindle-like morphology, indicating that
the Miiller glia became mature and purified (Supplementary
online Figure S3A, S3B). The P3 Miiller glia expressed
the Miiller glial markers Vimentin, GS, GFAP and Sox9
(Supplementary online Figure S3C-S3N) and the proliferation
marker Ki67 (Supplementary online Figure S30-S3R).

To verify the effect of hRERO-RPCs on Miiller glia in vitro,
we cocultured hRERO-RPCs with Miiller glia with a Transwell
system (Figure 8A). We used Ki67 staining to measure the
proliferation of Miiller glia. The results showed that the
number of Miiller glia and the percentage of Ki67-positive
cells in the coculture group were significantly higher than
those in the control group at 1, 3 and 5d after coculture (Figure
8B-80). Moreover, we detected changes in Miiller glia mRNA
after coculture by qPCR. The results showed that the mRNA
expression levels of GFAP and Vimentin significantly decreased

and mRNA expression levels of Chx10 significantly increased
after cocultured with hERO-RPCs at 1 and 3d (Figure 8P, 8Q,
8S). The mRNA expression levels of Sox9 also significantly
increased at 1, 3 and 5d (Figure 8R). We tried to verify the
effect of hERO-RPCs on Miiller glial migration through cell
migration experiments. The results showed that the number of
migrating cells in the coculture group was significantly greater
than that in the control group (Figure 8T-8V). In all, hERO-
RPCs enhanced the proliferation and migration of Miiller
glia, suppressed the gliosis of Miiller glia and promoted the
dedifferentiation of Miiller glia in vitro.

DISCUSSION

Miiller glia, as the main glial cells in the retina, support the
structure of the retina and have various functions in maintaining
retinal homeostasis' . Gliosis and reprogramming are two
distinct fates of Miiller glia® ", Under retinal injury, Miiller
glia in lower-order vertebrates can undergo dedifferentiation
and transdifferentiation into retinal neurons to repair damaged

retinas, while in mammals, Miiller glia continuously activate
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and grafted area groups; N: Statistical analysis of the number of Sox9-positive cells in all 4 groups at 3 time points. O: Statistical analysis of the
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and form glial scars, which accelerate retinal degeneration™,

Stimulating endogenous stem cells to repair damaged retinas in
mammals, especially in humans, is not ethically controversial
and without the oncogenic incidence. Thus, the promotion of
Miiller glia reprogramming is highly promising for treating
RDD. It has been revealed that transplanting exogenous stem
cells into the subretinal space can promote dedifferentiation/
reprogramming of Miiller glia in the retina®**". We previously
showed that hERO-RPCs, a novel stem cell source established,
can inhibit gliosis and delay retinal degeneration'””. However,
it is not known whether hERO-derived RPCs can also
promote the Miiller glia dedifferentiation/reprogramming
and repair damaged retinas. This is the first study to show
the effect of hERO-derived RPCs on the dedifferentiation
and transdifferentiation of Miiller glia in RDD rats, which
will further elucidate the mechanism of stem cell therapy and
promote the development of RDD treatment.

Stem cell transplantation can prevent photoreceptor loss through

several mechanisms. Among them, cell replacement, including
stem cell differentiation or Miiller glia transdifferentiation
into photoreceptors, holds promise for retinal regeneration,
especially in the late stage of retinal degeneration, when almost

39-40,62-63
: 1 However, several

no photoreceptor cells remain
reports have shown that only a small population of transplanted
stem cells can integrate into the host retina, while Miiller glial
transdifferentiation also appears at a lower frequency™***’. On
the other hand, other mechanisms, such as stem cell mediated
paracrine effects, play a critical role in delaying photoreceptor
loss, particularly in the early stage of degeneration, such as

umbilical cord stem cells'”**!, bone marrow stem cells®”,

1 and neural stem

bone marrow mesenchymal stem cells'
cells”". In our previous study, hERO-RPCs rescued retinal
degeneration through a variety of mechanisms, such as
material exchange, cell replacement, suppression of microglial
activation and gliosis'*”. Here, we showed that hERO-RPCs

transplantation promoted early dedifferentiation of Miiller glia
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Figure 7 Increased numbers of Sox9 and Chx10 double-positive cells after transplantation of hERO-RPCs in RCS rats A-D: Representative images
of cells costained with Sox9 and Chx10 in the grafted area groups at 8wk postoperation; E-P: Costaining of Sox9 and Chx10 in the blank, PBS,
contralateral area and grafted area groups at 2, 4 and 8wk postoperation; Q: Statistical analysis of the number of Sox9 and Chx10 double-positive
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Subretinal space; ONL: Outer nuclear layer; INL: Inner nuclear layer; IPL, Internal plexiform layer; RGCL: Retinal ganglion cell layer; hRERO-RPCs: Retinal
progenitor cells from human embryonic stem cell-derived retinal organoid; RCS: Royal College of Surgeons; PBS: Phosphate buffered saline; EGFP:
Enhanced green fluorescent protein; Sox9: SRY-box transcription factor 9; Chx10 (alias Vsx2): Visual system homeobox 2; SD: Standard deviation.
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Figure 8 The effect on Miiller glia after coculture with hERO-RPCs A: Diagram illustrating the Transwell system. Scheme of time points for
Transwell coculture, Ki67 staining, real-time quantitative PCR and crystal violet staining; B-M: Light field and immunofluorescence staining of Ki67-
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and did not observe transdifferentiation of Miiller glia into
photoreceptors or other neurons, probably due to the short
observation time. Since gliosis and dedifferentiation are two
fates of Miiller glia, we speculate that hAERO-RPCs may also
be able to inhibit gliosis and delay degeneration by promoting
cell dedifferentiation, possibly through paracrine mechanisms.
Whether stem cells can reverse the overreactive state of Miiller
glia into dedifferentiation through extracellular vesicles or
other molecules needs to be further explored.

Although reactive Miiller glial activation has a protective effect
on retinal neurons in the very early stage of retinal damage,
the continuous activation and gliosis of Miiller glia leads to
structural reconstruction, proinflammatory cytokine secretion,
abnormal proliferation and glial scar formation'®**"). In
addition, many studies have shown that a major determinant of
the success of retinal transplantation is the degree of reactive
gliosis in the recipient retina, which is the chemical and
physical barrier of migrating cells”'’*. This study found that
transplantation of hERO-RPCs was able to decrease the gliosis
levels marked by GFAP at approximately 4-8wk postoperation.
However, 2wk after the operation, the degree of gliosis in the
grafted area group was equivalent to that in the PBS group,
which was higher than that in the blank group. We speculate
that this finding is due to surgical response. The nerve layer
and pigment layer of the retina are slightly separated during

374 n order to place grafted cells near

cell transplantation
to the photoreceptor layer, the classical stem cell therapy
for photoreceptor degeneration is mostly through subretinal
transplantation, which leads to the separation of retinal
pigment epithelium (RPE) and photoreceptor layer. However,
it has been previously reported in our and other studies that the
surgery-related retinal detachment will recovery and is well
tolerated”””. Therefore, most subretinal cell transplantation
have observed significant therapeutic effects”’*”. Notably,
it previously showed that intravitreal injections may lead to
severe vitreous cavity proliferation and the formation of an
epiretinal membrane, which draws our attention”” ™', After
subretinal transplantation, the transplanted cells located near
the photoreceptors and RPE so that they can differentiate
into corresponding cells. For another, stem cells may
promote photoreceptor survival by exchanging material with
photoreceptors, or nourishing photoreceptors™*”*** In our
results, 4wk after the operation, the injury at the transplantation
site was recovered, and the inhibitory effect of RPC on gliosis
was more significant and lasted until 8wk postoperation.
Meanwhile, this study also focused on the contralateral area
of transplantation to show the range of therapeutic areas.
Compared with the blank and PBS groups, the ONL thickness
of the contralateral area also presented an increasing trend at 2
and 4wk postoperation, but gliosis in the contralateral area was
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not inhibited at 4wk postoperation, which is consistent with
our previous studies showing that grafted cells might inhibit
gliosis by interacting directly with Miiller glia and inhibiting

%1 Notably, we cannot rule out

the Notch signaling pathway'
the role of stem cell paracrine signaling since the secretory
mediators might not reach the distant contralateral region of
transplantation.

To our knowledge, Sox9 has been demonstrated to be
expressed in multipotent progenitor cells during retinal
development, but it is expressed only in adult Miiller glia,

55,84

astrocyte and RPE cells™". As a high mobility family box
transcription factor, Sox9 is essential for the establishment and
maintenance of neural stem cells in the embryonic and adult
central nervous systems™®*”. Our study found that the number
and the distribution distance of Sox9 positive cells in the
grafted area group both increased. In the control group, Sox9
was expressed in the INL near the ganglion cell layer (GCL).
After hERO-RPCs transplantation, Sox9-positive cells moved
toward the ONL and increased in number. Moreover, we found
that hERO-RPCs could promote the proliferation and migration
of Miiller glia in vitro. Several studies have shown that Miiller
glia of the zebrafish retina are activated after damage, migrate
to the ONL, undergo asymmetric cell division and regenerate
neurons®”*, From this, we reasoned that hERO-RPCs might
activate retinal Miiller glia and regulate them to enter the early
stage of dedifferentiation.

We found that the number of Chx10 positive cells increased
significantly after hERO-RPCs transplantation, and we
confirmed that some of the increased Chx10-positive cells
were derived from Miiller glia by double labeling Chx10 with
the Miiller glial markers Vimentin and Sox9. Consistent with
our findings, previous studies showed that rat retinal stem
cells (rSCs) transplantation could increase the number and
expression of Chx10-positive cells, and this phenomenon
was also found on the opposite side of the transplantation
area”. Based on the distribution of Miiller glia in the whole
retina, we speculate that the gap junctions between Miiller
glia and Miiller glia may provide a pathway for the direct
intercellular exchange of ions and small signaling molecules,
resulting in an increase in Chx10-positive cells on the side far

128999 e believe that stem cell

from the transplantation area
transplantation may promote functional recovery by regulating
Miiller glia, which may have therapeutic effects as potential
stem cells in the mammalian retina.

Although we observed significant changes in Miiller glia after
hERO-RPCs transplantation, our transplantation observation
time was only 8wk at most, and we did not explore the changes
in Miiller glia at a later stage. In addition, the underlying
molecular mechanisms relating to dedifferentiation of Miiller

glia after hERO-RPCs transplantation were not explored in
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the current study, which is a problem worth exploring in the

future. Since hERO-RPCs transplantation can improve the

microenvironment and promote early dedifferentiation of

Miiller glia, this therapeutic method is expected to benefit

RDD, which needs further research in the future.

In summary, we isolated C-Kit"/SSEA4RPCs from hERO

as therapeutic cells and studied the effect of hERO-RPCs on

Miiller glia in degenerated rat retinas and through subretinal

space transplantation in vivo and Transwell coculture systems

in vitro. This is the first study to show that hERO-RPCs
inhibited gliosis, increased the expression of dedifferentiation-
associated transcriptional factor and potentially promoted the
proliferation and migration of Miiller glia, suggesting that

Miiller glia could promote the early dedifferentiation of Miiller

glia. These results also provide a new view for optimizing stem

cell transplantation in the treatment of retinal degenerative
diseases.
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