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and Delays the Degeneration of Photoreceptors
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Retinitis pigmentosa (RP) is a hereditary disease characterized by degeneration and the loss of photoreceptors.
Stem cell-based therapy has emerged as a promising strategy for treating RP. Stem cells from exfoliated
deciduous teeth (SHEDs), a type of mesenchymal stem cell from human exfoliated deciduous teeth, have the
potential to differentiate into photoreceptor-like cells under specific induction in vitro. It has been confirmed
that through paracrine secreta, SHEDs exert neurotrophic, angiogenic, immunoregulatory, and antiapoptotic
functions in injured tissues. This study was designed to determine whether retinal-differentiated SHEDs and the
conditioned medium derived from SHEDs (SHEDs-CM) have therapeutic effects in a mouse model of RP. The
results showed that both SHEDs and SHEDs-CM improved electroretinogram responses, ameliorated photo-
receptor degeneration, and maintained the structure of the outer segments of photoreceptors. The therapeutic
effects were related to antiapoptotic activity of SHEDs and SHEDs-CM. Thus, SHEDs may be a promising stem
cell source for treating retinal degeneration.
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Introduction

RETINITIS PIGMENTOSA (RP) 1s a hereditary disease char-
acterized by degeneration and loss of photoreceptors.
Inheritance can be autosomal dominant, autosomal recessive,
or X-linked. RP has variable prevalence in different ethnic
groups, and on a worldwide scale affects 1 in 4,000, involving
a total of over 1 million individuals [1]. The age at onset of
RP varies from infancy to late middle age with severe visual
impairments detected by age 40-50. The photoreceptors,
which send signals from the eye to the brain, are rods and
cones. In the early stages of RP, rods degenerate and patients
experience night blindness and progressive loss of the pe-
ripheral visual field; in later stages, patients develop tunnel
vision and eventually experience severe visual impairment
due to cone degeneration. The loss of rods and cones is ac-
companied by changes in the retinal pigment epithelial cells

and retinal glia; ultimately, the inner retinal neurons, blood
vessels, and the optic nerve head are affected [2]. Some RP
patients become blind as they age, ~25% becoming legally
blind (20/200) and 0.5% becoming completely blind in both
eyes [3]. Finding an effective and safe treatment for retinal
degenerative diseases would greatly benefit patients and help
reduce the economic burden on society.

A range of therapeutic strategies are used to treat RP, such
as dietary supplementation with high doses of docosahex-
aenoic acid and vitamin A, physiotherapy with laser or sur-
gical interventions with retinal prosthetic implantation, and
intravitreal delivery of drugs or neurotrophic factors. So far,
none of these has been ideal or effective. For example, a
clinical trial reported that a large number of patients (11/30)
experienced 23 serious adverse events after implantation of
retinal prosthetics [4]. Gene therapy [5,6] and stem cell ther-
apy [7] are emerging as promising strategies. As retinal tissue
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has a limited ability to self-regenerate or self-repair, stem cell- or
other cell-based therapy is attractive to clinicians and re-
searchers for their potential for retinal regeneration and
neuroprotection. Finding an ideal source of stem cells for
transplantation is a key issue for this field.

Earlier, the transplantation of human photoreceptors [8],
human fetal neuroretinal cells [9], or intact sheets of human
fetal retina [10] in clinical trials to treat RP patients have
achieved preliminary success. More recently, photorecep-
tors and tissue from neonatal retina [11], embryonic stem
cells, or induced pluripotent stem cells [12—14] have been
shown to repair retinal structure and visual function in an-
imal models of retinal degeneration. However, the limited
sources of neonatal retina, the ethical controversy, and the
immunological rejection associated with embryonic stem
cells and fetal grafts, or the risk of genetic mutations asso-
ciated with induced pluripotent stem cells and their derived
tissues prevent their further clinical application. Therefore,
human adult stem cells without these concerns are emerging
as a promising source.

Mesenchymal stem cells (MSCs) are adult stem cells
isolated from many tissues, such as bone marrow and um-
bilical cord, as well as deciduous teeth. Stem cells from
exfoliated deciduous teeth (SHEDs) possess characteristics
typical of MSCs [15]; they express embryonic stem cell
markers [16] and have immunomodulatory activity [17].
Theoretically, since they originate from the neural crest,
SHEDs are likely to have a better capacity for neural dif-
ferentiation than other kinds of MSCs. It has been confirmed
that SHEDs secrete neurotrophic factors, cytokines, and
chemokines which favor neural repair [18-20], regulate
angiogenesis [21], and resist inflammation [22]. Based on
this, we hypothesized that SHEDs can be used to treat ret-
inal degeneration. In a previous study, we confirmed that
conditioned medium derived from SHEDs (SHEDs-CM)
have the potential to differentiate into photoreceptor-like
cells and maintain good viability in vivo in mice with retinal
degeneration [23]. However, whether SHEDs or their se-
creta (SHEDs-CM) are effective in preserving or restoring
photoreceptors, retinal structure, and visual function was
largely unknown.

Therefore, we set out to determine whether SHEDs and
SHEDs-CM could be used to treat RP in a mouse model.

Materials and Methods
SHED culture and retinal induction

SHEDs were a gift from the Oral Stem Cell Bank of
Beijing, Tason Biotech Co. Ltd. The culture medium was
alpha-modified Eagle’s minimum essential medium (Gibco
BRL) supplemented with 10% fetal bovine serum (Gibco
BRL), 1% penicillin/streptomycin, and 2mM glutamine.
SHEDs were identified by flow cytometry as we previously
reported [23]. Differentiation toward a retinal fate was ac-
complished using our previously published protocols [23]. In
brief, SHEDs at passages 3-5 were selected for two-step in-
duction. In step one, floating culture (2x10° cells/mL) in a
low-attachment dish (Nest) for 3 days was carried out to obtain
neuron-like spheres in Medium 1, Dulbecco’s modified Eagle’s
medium (DMEM)/F12 with several supplements (Supple-
mentary Table S1). In step 2, the neurospheres were collected
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and dissociated by 3 min of accutase incubation (STEMCELL
Technologies) at 37°C. The cell suspension was then trans-
ferred to dishes or coverslips coated with Matrigel (Corning) at
2% 10* cells/em?. In step 2, during the previous 7 days (days
3-10), cells were treated with Medium 2 (Supplementary
Table S2) for mid-stage induction. During the final 14 days of
induction, the culture medium was switched to Medium 3
(Supplementary Table S3) for final-stage photoreceptor in-
duction. The medium was changed every 3 days.

Real-time reverse transcription-polymerase
chain reaction analysis

Total mRNA was extracted using TRIzol reagent (In-
vitrogen) according to the manufacturer’s instructions. Total
RNA was converted to cDNA using a reverse transcriptase
kit (Promega). GAPDH was used as an internal control. The
primer sequences are listed in Supplementary Table S4. The
quantitative polymerase chain reaction was carried out in
triplicate in 96-well plates using a 7900HT Fast Real-Time
system (Applied Bios>£stems). The comparable cycle
threshold method (Z_AAC ) was used to calculate the relative
expression levels of the target genes.

Preparation of SHEDs-CM and CM-Dil-
or green fluorescent protein-labeled SHEDs

SHEDs-CM was collected by ultrafiltration. In brief, 80%—
90% confluent SHEDs at passages 2—4 were washed thrice
with phosphate-buffered saline (PBS) and were cultured in
phenol red-free DMEM without serum for 48 h, and then the
culture medium was collected and centrifuged at 726g for
5 min at 4°C to remove cell debris. Next, the supernatant was
centrifuged in 3-kDa MW cutoff Amicon®Ultra-15 ultra-
centrifuge tubes (Merck Millipore) at 3,200g for 45min at
4°C and the supernatant was collected as SHEDs-CM. The
protein concentration was measured as 700-900 pg/puL with a
Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific)
according to the manufacturer’s instructions. We consistently
obtained 500 pL of filtrate from 10mL of primary culture
medium. The filtrate was sterilized using 0.22 um filters
(Merck Millipore) and stored at —80°C before use.

Differentiated SHEDs at ~ 14 days were used for trans-
plantation. All SHEDs were labeled with the cell membrane
dye chloromethyl-benzamidodialkylcarbocyanine (CM-Dil;
Invitrogen) 10-12h before transplantation according to the
manufacturer’s instructions so they could be identified in
histological examination. Undifferentiated SHEDs were
marked with green fluorescent protein (GFP) by transfection
of lentiviral vectors carrying the GFP gene according to the
manufacturer’s instructions.

Animals and subretinal injection of SHEDs
and SHEDs-CM

We used the well-established model of slow retinal de-
generation, C57/BL6J mice with RPGR knockout, a kind gift
from Prof. Yang Liping (Peking University Third Hospital).
These mice slowly undergo retinal degeneration from the age
of 2 months, have a substantial decrease of photoreceptors
and their biomarkers rhodopsin and opsin at 6 months, and
show a significant reduction of outer nuclear layer (ONL)
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thickness and loss of rhodopsin and opsin expression at 12
months [20,21]. This study was approved by the Laboratory
Animal Welfare Ethics Branch of the Biomedical Ethics
Committee of Peking University (LA2018240). All surgical
interventions and animal care were in accord with the Guide
for the Care and Use of Animals of Peking University Health
Science Center. Animals were housed in a regulated envi-
ronment (22+2°C, 55+5% humidity, and a 12-h light:12-h
dark cycle) with ad libitum food and water.

A cell suspension (2x 10* cells/uL) or SHEDs-CM were
injected into the subretinal space of ~4-month-old mice in
the experimental group (n=12), and balanced medium was
injected in the control group (n=12) under an ophthalmic
operating microscope (Topcon). The pupils were dilated with
1% tropicamide 30 min before treatment. Ketamine (100 mg/kg)
and xylazine (10 mg/kg; Sigma-Aldrich) were injected intra-
peritoneal (i.p.) for general anesthesia, and dicaine hydro-
chloride eye drops were used for local anesthesia. Intraocular
pressure was first reduced by a puncture at the edge of the
cornea. A 33G microinjector needle on a 5 pL syringe (Ha-
milton) was inserted into the temporal side of the eye through
the cornea, conjunctiva, and sclera, finally reaching the sub-
retinal space, and forming a self-sealing wound. About 1 pL of
cell suspension (2 X 10* cells/uL), or 1 pLL of SHEDs-CM, and
balanced medium containing sodium fluorescein, but not se-
rum, was injected into the subretinal space. Successful injec-
tion was confirmed by the presence of yellow-green fluorescent
liquid in the fundus. Levofloxacin hydrochloride eye drops
(Zhuhai United Laboratories) were applied topically to the eye
three times/day for 3 days after injection.

Electroretinogram

To assess the recovery of visual function, electroretinogram
(ERG) was recorded in mice at 1, 2, and 4 months (n=6-8
eyes/group at each time point) after subretinal treatment using
a RETI system with RETIport Science 4.8.5.0 software (Ro-
land Consult). The visual evoked potential and the Interna-
tional Society for Clinical Electrophysiology of Vision ERG
Ganzfeld (ISCEV-ERG GF) program were used to record
standard ERGs. Mice were dark adapted overnight before
ERG recording. Under dim red light, mice were anaesthetized
by injection of 4% chloral hydrate (400 mg/kg i.p.) and the
pupils were dilated with tropicamide, xylazine (10mg/kg),
and ketamine (100mg/kg). Hydroxypropyl methylcellulose
was applied regularly to the cornea to prevent dehydration and
allow for optimal electrical conductivity. Each mouse was
positioned on a heating pad with a ground electrode inserted
into the tail and a reference electrode subcutaneously in the
cheek. The positions of the corneal electrodes were adjusted
for the best light stimulation and electrode contact. Each eye
was first stimulated at a light intensity of 0.01 cd - s/m? and
then the animals were light adapted for 10 min before stimu-
lation at a light intensity of 3.0 cd - s/m* ERG waves were
recorded six times for each response at interstimulus intervals
of 1s, and the average wave was saved for further analysis.

Histological analysis

The mice were sacrificed after the ERG test under general
anesthesia and the eyes were removed (n=6-8 eyes/group at
each time point) and immersed in 4% paraformaldehyde
(PFA) for 4 h. Then, they were infiltrated with 20% sucrose
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for at least 24h and 30% for ~12h until they sank, and
next they were embedded in O.C.T. Compound (Sakura)
with the vertical meridian of the eye through both the
optic nerve and the injection site and in the cutting ori-
entation. Sections were cut at 5pum and stored at —20°C.
We obtained 50-80 sections from each eye, and areas
500-1,500 pm from the optic nerve head containing the
injection site were observed under microscopes (confocal;
Zeiss or fluorescence; Olympus).

Hematoxylin and eosin staining was performed to show
retinal structure, especially ONL photoreceptors. Cell layers
from three locations in the injection site were counted in
every section, and the average counts were recorded.

Immunofluorescence was performed to observe the
outer segment (OS) of the photoreceptor. In brief, sections
were fixed in 4% PFA at room temperature for 10 min, and
then gently rinsed three times with PBS, 5 min each time.
Then the sections were immersed in 1% bovine serum
albumin containing 0.1% Triton X-100 for 30 min at
37°C, and incubated overnight with primary antibodies
(Supplementary Table S5) at 4°C. The sections were
gently rinsed three times with PBS, 10 min each time, then
incubated in the dark with the secondary antibodies Alexa
Fluor 594-conjugated AffiniPure goat anti-rabbit immu-
noglobulin G (IgG) (H + L) (Proteintech) and Alexa Fluor
488 or 594-conjugated AffiniPure goat anti-mouse IgG
(H + L) (Proteintech) for 1h at 37°C. After rinsing, the
sections were finally counterstained with 4’, 6-diamidino-
2-phenylindole (DAPI), and viewed under a fluorescence
microscope (Olympus) or a laser-scanning confocal mi-
croscope (Zeiss). In each immunofluorescence experi-
ment, we set up negative controls in which the primary
antibody was not used.

TUNEL staining

TUNEL staining was performed using an In Situ Cell
Death Detection Kit, Fluorescein (Roche), according to the
manufacturer’s instructions. In brief, cryopreserved sections
were fixed with 4% PFA at room temperature for 10 min,
and then gently rinsed three times with PBS, 5min each
time. The sections were then treated with the freshly pre-
pared permeabilization solution 0.1% Triton X-100 in 0.1%
sodium citrate at 4°C for 10 min. Then, they were incubated
with the TUNEL reaction mixture (Enzyme Solution:Label
Solution, 1:9) at 37°C for 60 min in a humidified atmosphere
in the dark, and counterstained with DAPI. Finally, the
sections were viewed under a laser-scanning confocal mi-
croscope (Zeiss), and the relative intensity was quantified
using the ZEN (Blue) software (Zeiss).

Senescence [3-galactosidase staining

Galactosidase staining was performed using a senescence
B-galactosidase staining kit (Beyotime, China) according to
the manufacturer’s instructions. In brief, SHEDs or retinal-
induced SHEDs on day 24 were fixed with 4% PFA for
15 min at room temperature, and then washed three times
with PBS. The cells were incubated with the staining
working solution at 37°C in a humidified atmosphere, wa-
shed again, and observed under an inverted phase-contrast
microscope (Olympus).
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Statistical analysis

All experiments included at least three biological replicates
and experimental replicates. Quantitative reverse transcription-
polymerase chain reaction data were compared using two-
tailed #-tests for independent samples. The maximum b-wave
in ERG, number of cell layers in the ONL, and TUNEL in-
tensity were analyzed using one-way analysis of variance in
GraphPad Prism 7 (La Jolla). Statistical significance was set at
P <0.05. Data are shown as the mean = standard deviation.

Results

Optimal induction time of SHEDs for transplantation

To improve the survival and compatibility of SHEDs
in vivo, the best induction time of SHEDs for transplanta-
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tion has to be determined first. By using the two-step in-
duction procedure, we found that the gene expression of the
retinal precursor biomarkers (RCVRN, NRL, and AIPLI)
started increasing after 14 days, and mature photoreceptor
biomarkers (RHO and OPN1SW) maintained low levels of
expression until 24 days (Fig. 1A). GLUL and STXBPI,
representing neuronal activity, were upregulated at 14 days
(Fig. 1B). Genes representing Ca>* channel activity (SSH/,
ITPR2, and CAMK2D), which have neuronal characteristics,
showed an increasing trend or peaks in expression at
~ 14 days (Fig. 1C); and the biomarkers of antioxidation
activity (SOD2, TXNRD2, and SODI), which favor the
survival of transplanted cells, showed a similar trend
(Fig. 1D). SHEDs induced at ~ 14 days may be in the ap-
propriate state for the genesis of retinal neuron progenitors.
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FIG. 1. Optimal induction time of SHEDs for transplantation is ~ 14 days. (A-D) Quantitative polymerase chain reaction

analysis showing that the relative gene expression of retinal precursor biomarkers (RCVRN, NRL and AIPL]) is upregulated
since day 10, and mature photoreceptor biomarkers (RHO and OPNI1SW) maintained low levels of expression until day 17
(A). Genes representing neuron activity (GLUL and STXBP1I) were upregulated since day 14 (B). Biomarkers of calcium
channel activity (SSHI, ITPR2, and CAMK2D), and antioxidation activity (SOD2, TXNRD2, and SODI) showed an in-
creasing trend or at peaks in expression at ~ 14 days (C, D) (¥***P<0.001 and ****P <0.0001) (E). Microscope images
showing noninduced SHEDs are negative for -galactosidase staining, as indicated by green—blue accumulation in the cells
(black arrows), while induced SHEDs on day 24 are positive for f-galactosidase staining. Scale bar: 50 pm. SHED, stem
cell from exfoliated deciduous teeth. Color images are available online.
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Furthermore, our pilot study showed that noninduced
SHEDs were seldom found in the subretinal space 1 month
after transplantation, while induced SHEDs survived better
and were detected even 4 months after injection (Supple-
mentary Fig. S1). B-Galactosidase staining indicated that
terminally differentiated SHEDs on day 24 were positive for
[B-galactosidase staining and showed signs of senescence
(Fig. 1E). Above all, we concluded that SHEDs induced at
~ 14 days would be optimal for transplantation, and they
were used in the following experiments.

SHEDs and SHEDs-CM enhanced dark-adapted
and light-adapted ERG responses

ERG testing enables the direct assessment of photore-
ceptors (a-wave component) and second-order neurons
(b-wave component). Dark-adapted 0.01 ERG is used to as-
sess the function of rods and their second-order bipolar cells,
and light-adapted 3.0 ERG is used to assess the function of
cones and their second-order neurons. The b wave was
measured as the value from the trough to the peak for
comparison. In dark-adapted 0.01 ERG, the b wave ampli-
tude was much higher in SHED- and SHEDs-CM-treated
eyes than that in the control eyes at 1 month (P <0.01) and 2
months (P<0.05) after treatment (Fig. 2A), but the differ-
ence among the three groups disappeared at 4 months. At
every time point, there was no statistical difference between
SHED- and SHEDs-CM-treated eyes. All groups showed a
descending trend of b-waves with time, and some control
eyes showed flat or even unmeasurable ERG responses after
surgery. Representative ERGs showed that b-wave ampli-
tudes were much higher in SHED- and SHEDs-CM-treated
eyes than that in the control eyes at 1 and 2 months after
treatment (Fig. 2B, C), and were almost the same among the
three groups 2 months after treatment (Fig. 2D).

In light-adapted 3.0 ERG, b-wave amplitudes were much
higher in SHED- and SHEDs-CM-treated eyes than that in
the control eyes at 1 month (P<0.01), 2 months (P <0.05),
and 4 months (P <0.05) after treatment (Fig. 2E). At every
time point, there was no statistical difference between
SHED- and SHEDs-CM-treated eyes. All groups showed a
descending trend of b-waves with time, and some control
eyes showed flat or even unmeasurable ERG responses at 4
months after surgery. Representative ERGs showed that b-
wave amplitudes were much higher in SHED- and SHEDs-
CM-treated eyes than that in the control eyes 1, 2, and 4
months after treatment (Fig. 2F-H).

SHED and SHEDs-CM treatment ameliorated
photoreceptor degeneration

To determine whether photoreceptors survived better af-
ter treatment with SHEDs and SHEDs-CM, we counted the
number of cells in the ONL. In accordance with the rescue
of visual function, histological analysis of the retinas at
different time points following SHED and SHEDs-CM
treatment revealed extensive photoreceptor rescue across
most of the retina 1 month (Fig. 3A—C), 2 months (Fig. 3D—
F), and 4 months (Fig. 3G-I) after treatment. The cell
numbers in the ONL in SHED- and SHEDs-CM-treated
retinas were higher than those of control retinas at all three
time points (Fig. 3J-L). At 1 month after treatment, the
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number of cell layers in the ONL were 8.910.6 (control),
10.1£1.4 (SHEDs), and 10.3x1.0 (SHED-CM); at 2
months, the values were 8.5+0.6, 10.0£1.3, and 9.7%0.8;
and at 4 months, they were 8.2+0.7,9.1£0.6, and 9.4+0.9.
There was no statistical difference between the SHED- and
SHEDs-CM-treated retinas at any time point.

SHEDs and SHEDs-CM maintained the structure
of the OSs of photoreceptors

Rhodopsin is the biomarker of rods and opsin is the bio-
marker of cones. Immunoreactivity against rhodopsin and
opsin showed that the degeneration of rods and cones were
attenuated by treatment with SHEDs and SHEDs-CM, and this
was in accord with the rescue of visual function. At 1 month
after treatment, rhodopsin in the OS of the control retinas
became disorganized and loose (Fig. 4A1), while in the treated
retinas, the OS remained well organized and tightly arranged
(Fig. 4A2, A3). At 2 months, the expression of rhodopsin
decreased markedly and the OS became much thinner in the
control retinas (Fig. 4A4), while rhodopsin remained and the
OS was well organized in treated retinas (Fig. 4AS, A6). At 4
months, rthodopsin decomposed further in the control retinas
than that in the treated retinas (Fig. 4A7-A9). Retinas treated
with SHEDs and SHEDs-CM showed signs of decomposition
at 4 months after treatment (Fig. 4A8, A9).

In the control retinas, at 1 month, the opsin in the OS was
partly decomposed (Fig. 4B1), at 2 months, it decomposed
further (Fig. 4B4), and at 4 months, it was rarely found
(Fig. 4B7), In the treated retinas at 1 month, the OS re-
mained well organized and tightly arranged (Fig. 4B2, B3),
at 2 months, it remained relatively well organized, although
less dense (Fig. 4B5, B6), and at 4 months, the OS showed
signs of disorganization (Fig. 4B8, B9).

SHEDs and SHEDs-CM exerted antiapoptotic
activity

It has been reported that apoptosis [24] and reactive
gliosis [25] are pathological changes in mice with RP. At 4
months, there were more TUNEL-stained cells in the ONL
of control retinas than those treated with SHEDs or SHEDs-
CM (Fig. 5A). The relative density of apoptotic cells in the
ONL for each microscope field was 18.6% 1.1 in the control
group, 11.4+1.4 in the SHED group, and 11.1+1.4 in the
SHEDs-CM group; there were no significant differences
between the latter two groups (Fig. 5).

Discussion

The reparative effects of MSCs in restoring retinal function
include two mechanisms: one is cell replacement, based on
neural differentiation, and the other is their paracrine actions
that have favorable effects such as neurotropic protection,
immunomodulation, antiapoptosis, anti-inflammation, and
regulation of angiogenesis [26]. In this study, we used in-
duced SHEDs and collected SHEDs-CM to test for their
possible therapeutic effects on retinal degeneration. The re-
sults demonstrated that both SHED and SHEDs-CM treat-
ment enhanced the dark-adapted and light-adapted ERG
responses, ameliorated photoreceptor degeneration, main-
tained the structure of the OS of photoreceptors, and had an
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FIG. 2. Treatment with SHEDs and SHEDs-CM enhanced dark-adapted and light-adapted ERG responses. Analysis of
dark-adapted 0.01 ERG showing the maximum b-wave amplitudes of control, SHED, and SHEDs-CM group in 1, 2, and 4
months after treatment (A). Representative dark-adapted 0.01 ERG of control, SHED, and SHEDs-CM group in 1 (B), 2 (C),
and 4 (D) months after treatment. Analysis of light-adapted 3.0 ERG showing the maximum b-wave amplitudes of control, SHED,
and SHEDs-CM group in 1, 2, and 4 months after treatment (E). Representative light-adapted 3.0 ERG of control, SHED, and
SHEDs-CM group in 1 (F), 2 (G), and 4 (H) months after treatment. (*P <0.05 and **P <0.01). ERG, electroretinogram; ns, not
statistically significant (P >0.05). SHEDs-CM, conditioned medium derived from SHEDs. Color images are available online.

antiapoptotic effect. Induced SHEDs did not replace the in-
jured photoreceptors directly, neither did they differentiate
further in vivo nor integrate into the host retina (Fig. 6). Over
time, the therapeutic effects weakened. The results are con-
sistent with other studies that demonstrated MSCs more
commonly have neurotrophic and neuroprotective effects on

photoreceptor rather than replacing cells [27-30]. No tumor
formation or worsening physical condition was observed in
the mice. Since a limited number of mice were used in this
study, a longer follow-up is needed to define safety measures
and to identify factors influencing the extent and duration of
visual recovery.
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FIG. 3. Photoreceptors were rescued following subretinal injection of SHEDs and SHEDs-CM. Hematoxylin and eosin-
stained sections at 1 month (A—C), 2 months (D-F), and 4 months (G-I) in control-, SHED-, SHEDs-CM-treated eyes.
Black lines emphasize ONL length. Scale bar: 50 pm. Plots showing the number of cell layers in the ONL at 1 month (J), 2
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In this study, we found that the most suitable induction time
of SHEDs for transplantation is ~ 14 days, a time coincident
with the genesis of retinal neuron progenitors. It has been
reported that terminally differentiated cells are not suitable
for transplantation, as they are too mature and lack the ability
to incorporate into the host tissues or further differentiate into
photoreceptors [11]; we found indications of senescence in
retinal-induced SHEDs on day 24. A previous study reported
that neuronal-induced SHEDs are more effective in promot-
ing neuronal and glial differentiation in a rat model of spinal
cord injury than undifferentiated SHEDs [19]; and in this
study, noninduced SHEDs did not survive as well as induced
SHED:s. In addition, our previous study showed that differ-
entiated SHEDs on days 14-17 begin to show a neuron-like
morphology of cells and are sustainable in vivo 3 months after
transplantation in mice [23], and in this study, they showed a
trend of upregulation of the expression of genes associated
with neurons and antioxidation. Thus, we used SHEDs in-
duced for ~ 14 days for transplantation.

Subretinal injection allows SHEDs or SHEDs-CM to
contact the photoreceptors directly. One microliter of solu-
tion injected into the subretinal space usually did not detach
the ONL from the retinal pigment epithelium. In our study,
four mice (from all three groups) showed signs of surgical
damage and no ERG responses, and we removed these mice
from the study. The mice did not show any signs of reactive
gliosis (Supplementary Fig. S2). This differs from a previ-
ous study demonstrating that gliosis is initiated in 2-month-

SHEDs-CM

FIG. 4. Treatment with
SHEDs and SHEDs-CM pre-
served the structure of rods
and cones. (A1-A9) Rho-
dopsin staining (red) and
DAPI counterstaining of reti-
nas at 1 month (A1-A3),
2 months (A4-A6), and 4
months (A7-A9) after treat-
ment in control, SHED, and
SHEDs-CM group. (B1-B9)
Opsin  staining (red) and
DAPI counterstaining of reti-
nas at 1 month (B1-B3),
2 months (B4-B6), and 4
months (B7-B9) after treat-
ment in control, SHED, and
SHEDs-CM group. Scale bars:
20 um. DAPI, 4’,6-diamidino-
2-phenylindole. Color images
are available online.

(continued)

old mice with RP [25]. This may be because the molecular
mechanisms and hereditary rhodopsin mutants of RP are
complex and various; different knockout mouse models of
RP may have different pathologies [31,32]. And the mice
used in this study did not reach the point when gliosis was
initiated. Above all, subretinal space transplantation is a
mature and widely used method.

We used ~4-month-old mice. One study has reported that
it is possible the efficacy is improved if treatment is given
before visual impairment and retinal degeneration are estab-
lished, such as in a pediatric population [33]. Another study
has demonstrated that delayed treatment may lead to the
photoreceptors becoming locked in a metabolically abnormal
proapoptotic state, making them refractory to treatment [24].
At 4 months of age in mice, the retinal degeneration has
started, but has yet to reach the peak of degeneration, so this is
a suitable time for stem cell treatment.

The duration and outcome of transplanted stem cells
in vivo have been explored for a long time. We have con-
firmed that SHEDs have the potential to differentiate into
photoreceptor-like cells in vitro, and they survived well for
at least 21 days in the subretinal space as shown by in vivo
bioluminescence imaging, and were detectable for 3 months,
as previously reported [23]. However, there was no evidence
of further cell differentiation or replacement in vivo, even
though SHEDs were retina induced for ~ 14 days in vitro
before use. In this study, only sparse SHEDs were detected
in the subretinal space at 4 months after transplantation, and
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2 month

none was detected in the ONL or inner nuclear layer (INL).
It seems that most transplanted exogenous MSCs survived
for only a short time. This may be related to the immune
microenvironment. An intact eye is generally considered to
be an immune-privileged site that protects engrafted exog-
enous tissues from uncontrolled immune rejection. The eye
supports grafted tissue or cells for extended or indefinite
periods of time without rejection [34,35]. However, in cases
of injury, damage, or degeneration of the eye, this protection
is compromised and immune cell infiltration necessary for
repair occurs [36,37]. Despite the immunomodulatory ac-
tivity of MSCs, there still seem to be problems of im-
munorejection and compromised immunomodulation when
it comes to cross-species transplantation. It has recently
been reported that human xenografts of MSCs do not pro-
long corneal allograft survival in rats and fail to suppress rat
T cell proliferation due to interspecies incompatibility in
cytokine signaling [38]. However, the allogeneic trans-
planted MSCs do prolong corneal allograft survival by
suppressing peripheral immune responses and promoting the
host immunomodulatory niche [39]. Another factor may be
that exogenously transplanted SHEDs themselves cannot
adapt to the host retinal niche to survive in the long term.
Therefore, it is reasonable to conclude that most human
SHEDs are finally removed from the subretinal space. In-
terspecies incompatibilities should be taken into consider-

Control

SHEDs-CM

ation when analogizing preclinical false-negative data to
clinical trials. Although transplanted SHEDs decreased
markedly with time in vivo in this study, we anticipate better
survival of transplanted SHEDs when applied in an autol-
ogous or allogeneic manner.

It seems that transplanted cells do not have to persist
in vivo to achieve therapeutic effects. In this study, 21 days
of good survival of SHEDs indicated by in vivo biolumi-
nescence imaging [23] brought 4 months of retinal structural
and functional improvement. Similarly, 2 weeks of cell
survival results in improved retinal function for up to 20
weeks following transplantation [29], and 6 weeks of cell
survival rescues retinal function up to 20 weeks [28]. The
reason why therapeutic effects last longer than cell persis-
tence in vivo is unclear now.

SHEDs themselves did not replace injured photorecep-
tors, and we infer that the therapeutic effects are mainly
mediated by paracrine secreta. In this study, the SHEDs-CM
group further confirmed this point. SHEDs-CM had almost
the same therapeutic effects as SHEDs. Conditioned me-
dium from MSCs has been considered a safe and effective
alternative to stem cell therapy without the risk of immune
rejection and tumorigenesis. SHEDs-CM contains cytokines,
growth factors, extracellular vesicles (including exosomes and
microvesicles), and other components that have therapeutic
effects. We hypothesize that both SHEDs and SHEDs-CM
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FIG. 5. SHEDs exerted antiapoptotic activity. TUNEL staining showing the dyed nucleus in the ONL in control, SHED,
and SHEDs-CM group at 4 months after treatment (A). Control retinas have larger amount of apoptotic nuclei in the ONL
than SHED or SHEDs-CM group (B) at 4 months after treatment (****P <0.0001). Scale bar: 20 pm. Color images are
available online.
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exert effects by stimulating host tissues toward self-protection
and self-repair, not just direct neuroprotection. The mecha-
nisms by how the SHEDs-CM have an effect that lasts months
remain to be clarified by further research.

Many researchers pointed out that MSCs exert effects
mainly through paracrine/endocrine function, not cell re-
placement, and agree with a concept of cell-free therapy
[28,40-42]. Thus, it is reasonable that SHEDs and SHEDs-
CM show the same therapeutic effects. Regarding different
mechanisms of therapeutic effects between cells and their
CM, there are seldom studies that particularly address this
problem. Recently, components of MSC-conditioned me-
dium that are effective in treating retinal diseases have been
further studied. Intravitreal administration of exosomes de-
rived from human MSCs is well tolerated without immuno-
suppression and decreases the severity of retinal ischemia in
mouse models [43]. Exosomes derived from umbilical cord
MSC:s integrate into both neurons and astrocytes of the inner
retina 24 h after vitreous injection [40]. However, it is very
interesting that similar studies on using MSCs and their CM to
treat kidney injury showed different results. One study reports
that MSCs and their CM were both potent in ameliorating
cisplatin-induced kidney failure [44]. Another study reports
that CM did not improve retinal function as the MSCs did, and
even consecutive and high-dose injections of CM (regarding
the short half-life of CM components) did not show better
therapeutic effects [45]. MSCs’ secretome can be modulated
by preconditioning the MSCs during in vitro culture [46,47].
It seems the ways of preparing CM and the methods of giving
cells and CM into animals, as well as animal models of dif-
ferent pathology influence the therapeutic effects of CM.

CM composes complex components whose detailed func-
tion in treating diseases is yet to be clarified. In this study, we
used concentrated SHEDs-CM, not a single component such
as exosomes. It is demonstrated that exosomes from different
MSC types are different, and are responsible for a specific
therapeutic effect [48]. The components in SHEDs-CM, and
their cargos (proteins, mRNAs, and lipids) may influence
their effects on host tissues. One study reports that exomes
rather than microvesicles protect retinal ganglion cells, which
is mediated by their miRNA rather than protein content [41].
Another study showed that microvesicles inhibit neuritogen-
esis, while exosomes augment it [49]. It is demonstrated that
exomes play a role in immunomodulation and immune
privilege of the eye [50]. The eventual effects of SHEDs-CM
in vivo remain unknown, and a feasible way to label its
components first needs to be developed for in vivo tracking.
The structure of the INL, mainly composed of bipolar cells,
was well preserved in the control and SHED- and SHEDs-
CM-treated groups (Supplementary Fig. S3), so it is not clear
whether components in the SHEDs-CM or secreted by
SHEDs reached the INL.

The mechanisms how SHEDs and SHEDs-CM improve
retinal structure and function need to be further explored.
And the possible difference of paracrine function between
induced SHEDs and noninduced SHEDs remains blankly
unknown.

SHEDs, which originate from the neural crest, are easy to
harvest and establish a stem cell bank, safe to use, and have
no ethical consequences, are becoming an attractive source
for cell-based or cell-free therapy to treat retinal degenera-
tion, including RP.

LI ET AL.

Conclusion

In conclusion, our results provide evidence that both SHEDs
and SHEDs-CM have therapeutic effects by enhancing visual
function, delaying the degeneration of photoreceptors, and
maintaining the structure of OSs of photoreceptors in a mouse
model of retinal degeneration. They both showed antiapoptotic
activity. Thus, SHEDs are a promising stem cell source for
restoring vision in patients with degenerative retinal diseases.
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