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Human embryonic stem cell-derived
extracellular vesicles alleviate retinal
degeneration by upregulating Oct4 to
promote retinal Müller cell
retrodifferentiation via HSP90
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Abstract

Objective: Retinal degenerative diseases remain the dominant causes of blindness worldwide, and cell replacement
is viewed as a promising therapeutic direction. However, the resources of seed cells are hard to obtain. To further
explore this therapeutic approach, human embryonic stem extracellular vesicles (hESEVs) were extracted from
human embryonic stem cells (hESCs) to inspect its effect and the possible mechanism on retinal Müller cells and
retinal function.

Methods: hESEVs were extracted by multi-step differential centrifugation, whose morphologies and specific biomarkers
(TSG101, CD9, CD63, and CD81) were observed and measured. After hESEVs were injected into the vitreous cavity of RCS
rats, the retinal tissues and retinal functions of rats were assessed. The alteration of Müller cells and retinal progenitor cells
was also recorded. Microvesicles (MVs) or exosomes (EXOs) were extracted from hESCs transfected with sh-HSP90 or
pcDNA3.1-HSP9, and then incubated with Müller cells to measure the uptake of EVs, MVs, or EXOs in Müller cells by
immunofluorescence. The retrodifferentiation of Müller cells was determined by measuring Vimentin and CHX10. qRT-PCR
and western blot were used to detect HSP90 expression in MVs and evaluate Oct4 level in Müller cells, and Co-IP to inspect
the interaction of HSP90 and Oct4.
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Results: RCS rats at the postnatal 30 days had increased retinal progenitor cells which were dedifferentiated from Müller
cells. hESEVs were successfully extracted from hESCs, evidenced by morphology observation and positive expressions of
specific biomarkers (TSG101, CD9, CD63, and CD81). hESEVs promoted Müller cells dedifferentiated and retrodifferentiated
into retinal progenitor cells evidenced by the existence of a large amount of CHX10-positive cells in the retinal inner layer of
RCS rats in response to hESEV injection. The promotive role of hESEVs was exerted by MVs demonstrated by elevated
fluorescence intensity of CHX10 and suppressed Vimentin fluorescence intensity in MVs rather than in EXOs. HSP90 in MVs
inhibited the retrodifferentiation of Müller cells and suppressed the expression level of Oct4 in Müller cells. Co-IP revealed
that HSP90 can target Oct4 in Müller cells.

Conclusion: hESEVs could promote the retrodifferentiation of Müller cells into retinal progenitor cells by regulating the
expression of Oct4 in Müller cells by HSP90 mediation in MVs.

Keywords: Retinal degeneration, Retinal Müller cell, Human embryonic stem extracellular vesicle, Microvesicle, HSP90, Oct4,
Retrodifferentiation

Introduction
Retinal degeneration (RD), including retinitis pigmentosa
(RP) as well as age-related macular degeneration, remains
the primary causation of irreversible blindness in the de-
veloped countries with the pathology of the light-sensing
photoreceptors missing [1, 2]. Photoreceptors are im-
mensely specialized sensory neurons that widely presented
in a variety of organisms to capture light and initiate vi-
sion [3]. The operation of the mammalian visual system is
performed by switching between rod and cone photore-
ceptors [4]. As the loss of rod and secondary death of
cones, visual acuity is declined and eventually leads to
blindness [5]. In recent years, much attention has been at-
tached to the identification of therapeutic approaches for
retinal regeneration. Several therapeutic approaches for
retinal degenerative diseases are currently being developed
[6, 7]. However, the regulatory mechanism of retinal re-
generation remains largely unexplored.
Retinal pigment epithelium (RPE) cells and photore-

ceptors cannot be regenerated from mammalian eyes
[8]. Lately, specific cells that can be transplanted into
the subretinal space have been found to integrate with
host retina and restore some retinal function [9]. Cell re-
placement has been deemed as the most practicable and
promising method of treating RD. Extracellular vesicles
(EVs) are membrane-bound cellular products (30~1000
nm) that covering various types of soluble and trans-
membrane proteins as well as nuclei acids, which con-
tain microvesicles (MVs) and exosomes (EXOs) [10]. To
date, EVs possess capacity to affect tumor regeneration,
invasion, regeneration, and degenerative processes in
addition to immune modulation, under physiological
and pathological conditions [11]. Since Evans and Kauff-
man firstly derived pluripotent cell culture in 1981, hu-
man embryonic stem cells (hESCs) have long been
identified as a potential cell provenance for a variety of
diseases triggered by tissue dysfunction or loss [12].
Given its accessibility, stem cells have been used to

generate photoreceptors that can be engrafted into dis-
eased eyes [13]. However, how human embryonic stem
extracellular vesicles (hESEVs) participate in RD pro-
gression remains unclear.
HSP90 is diffusely distributed in all retinal layers, from

the tips of the outer segment to RPE cells, the retinal
ganglion cells, and the inner segment [14]. As a ubiqui-
tously expressed molecular chaperone, HSP90 is impera-
tive for the post-translational stability of its client
proteins, most of which are essential for cell differenti-
ation, survival and growth [15]. In this research, we re-
vealed that hESEVs could promote Müller cells to
dedifferentiate and retrodifferentiate into retinal pro-
genitor cells. The HSP90 in hESEVs could alleviate RD
by Oct4 upregulation in Müller cells.

Materials and methods
Ethical statement
The experimental scheme was authorized by the Com-
mittee of Experimental Animals of Tianjin Medical Uni-
versity Eye Hospital. All procedures were in compliance
with the Guide for the Care and Use of Laboratory
Animals.

Culture of hESCs
hESCs were purchased from the UCLA Broad Stem Cell
Research Center Core facility. In feeder layer-free and
serum-free conditions, hESCs were amplified in filtered
mTeSR1 medium (Stem Cell Technologies, Vancouver,
Canada). Then, hESCs were plated on culture flasks
coated with 1.2% Matrigel (BD Biosciences, San Jose,
CA), followed by incubation in a humidified incubator of
5% CO2 at 37 °C. Then, hESEVs were isolated and main-
tained with culture medium being refreshed every 24 h.
hESCs were passaged once every 5~6 days by using dis-
pase (Stem Cell Technologies) to keep colonies at 80%
confluence. The microscopy was applied to observe signs
of differentiation in hESC colonies.
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Isolation of hESEVs
After ultracentrifugation at 120,000×g with fetal bovine
serum (FBS) (Gibco, NY, USA) for 18 h, exo-depleted
FBS was obtained. Forty-eight hours before EXO isola-
tion, the mTeSR1 medium was replaced with exo-
depleted FBS. EXOs were harvested by differential cen-
trifugation: the supernatant of culture medium was col-
lected followed by low-speed centrifugation (300g × 10
min, 2000g × 10min) at 4 °C, ultracentrifugation (10,
000g × 70 min), and ultracentrifugation (100,000g × 70
min). hESEV precipitates were resuspended with appro-
priate phosphate buffer saline (PBS) and then subjected
to ultracentrifugation (100,000g × 70min) and resuspen-
sion with PBS for further measurement or packaged at
− 80 °C avoiding repeated freezing and thawing.

Identification of hESEVs, EXOs, and MVs
Electron microscope observation
The protein concentration of EXOs was measured utiliz-
ing a BCA kit (Beyotime, Shanghai, China) and adjusted
to 200 μg/mL with PBS. Following standing at room
temperature for 30 min, 5 μL of hESEVs, MVs, or EXOs
were negatively stained with 2% (w/v) sodium phospho-
tungstate solution (Sigma-Aldrich, Merck KGaA, Darm-
stadt, Germany) at room temperature for 10 min. Then,
these solution samples were dried naturally in air prior
to observation and photograph under a transmission
electron microscope (TEM, HT7700, Hitachi, Japan)
(Scare bar = 100 nm).

Western blot
The 100 mL of hESEVs, MVs, or EXOs were lysed with
RIPA lysis buffer on ice for 30 min and centrifuged at
120,000 r/min at 4 °C to obtain the supernatant. The
supernatant (20 μL) was subjected to protein concentra-
tion measurement by a BCA method, and the rest super-
natant was treated with 5 × SDS protein loading buffer
in a ratio of 4:1. Then, the protein was boiled at 100 °C
for 10 min and separated at the density of 20 μg/well by
SDS-PAGE. The following steps were consistent with
the western blot method.

Nanosight tracking analysis
hESEVs, MVs, and EXOs were diluted in 1:10, and 1mL
of EXO solution was added in a quartz colorimetric uten-
sil. Then, the particle size was determined by a dynamic
light-scattering instrument (Nano S90, Marvin, UK).

Establishment of RD rat model
Royal college of surgery (RCS) rats (n = 42) were
grouped into RCS group (n = 18), PBS group (n = 12),
and hESEVs group (n = 12). Rats in RCS group were di-
vided into six groups: postnatal day 7 (P7), P15, P30,
P60, P90, and P120 (n = 3). P30 rats in the hESEVs

group were injected with 5 μL sterile PBS (sPBS) supple-
mented with hESEVs into the vitreous cavity by using a
33-g Hamilton syringe (Hamilton Company, Beltsville,
MD). A 5 μL volume of sPBS was injected into rats in
the PBS group. Then, rats in the PBS group and hESEVs
group were separately divided into P30, P60, P90, and
P120 (n = 3). Same-age Long-Evan’s rats (n = 21, pur-
chased from Experimental Animal Center of the Field
Research Institute of Daping Hospital of the Third Mili-
tary Medical University) were used as the control group.

Distribution of PKH67 labeled-hESEVs in vivo
To inspect the distribution and location of hESEVs
in vivo, hESEVs were stained with the green fluorescent
dye PKH67 (Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany). The specific procedure was as follows: EVs
were concentrated to 200 μL using a 100 KD evaporator
tube, followed by being suspended in 1 mL of diluent C
to obtain solution A. Solution B was prepared after mix-
ture of 4 μL of PKH67 dye and 1mL of diluent C. Then,
solution A was mixed with solution B for 2~5min of
staining. The staining was terminated by adding 2 mL of
1% BSA (since the dyeing was completed instantan-
eously, there was no need for long time incubation). The
mixture was ultracentrifuged at 4 °C (100,000g × 6 h) to
harvest the precipitate. Then, the precipitate was resus-
pended in 300 μL of PBS to obtain PKH67 dye-labeled
hESEVs for subsequent experiments.

Hematoxylin and eosin (H&E) staining
Rats were anesthetized and euthanized with 3% pento-
barbital sodium (50 mg/kg, intraperitoneal injection) to
obtain the eyeballs. Then, anterior segment of eyeballs
was removed under a microscope. The ocular rings were
fixed in 4% formaldehyde solution at 4 °C for 1 day and
dehydrated with the gradient ethanol of 10%, 20%, and
30%. Then, the optic cups were embedded with optimal
cutting temperature compound (OCT compound)
followed by being frozen and sliced at 15 μm. The slides
were subjected to polylysine prior to H&E staining.

Immunofluorescence labeling in rats
Following PBS washing for 3 × 5min, the retinal sections
were incubated with 0.1% Triton for 10 min, subjected
to normal rabbit serum (Invitrogen, CA, USA) to block
non-specific binding sites, and then incubated at 37 °C
for 30 min to discard serum. Then, primary antibody
against Vimentin (NB300-223, 1:5000) or CHX10
(NBP1-84476, 1:1000) (Novus, St. Louis, MO, USA) was
incubated with sections overnight in a humidified box at
4 °C (the NC group was treated with 0.01 mmol/L of
PBS). Then, sections were washed thrice with PBS for 5
min, followed by incubation with the secondary antibody
labeled with FITC fluorescence (ab6662, 1:1000, Abcam,
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USA) or Texas Red (ab6787, 1:1000, Abcam, USA) in a
humidified box at 37 °C for 40 min. Following 5 min of
PBS rinsing thrice, sections were sealed with water-
soluble resin. Pictures were captured with a fluorescence
microscope (Olympus IX71, Tokyo, Japan). Analyses of
images were performed by using Fiji [16] and associated
plugins as previously described [17].

Cell transfection
hESCs in the logarithmic phase were transfected with 2 μg
of pcDNA3.1a, pcDNA3.1a-HSP90, sh-NC, or sh-HSP90
by utilizing the Lipofectamine 2000 kit (Invitrogen, USA).
Cells were immersed in serum-free Dulbecco’s modified
Eagle medium (DMEM) for incubation in a constant
temperature incubator at 37 °C gassed with 5% CO2.
When cell growth was in good condition and the density
reached 106~107, the culture solution was discarded.
Then, cells were washed twice with PBS and cultured with
DEME supplemented with 10% EVs-depleted FBS. The
culture solution was changed every 24 h, and the super-
natant was collected for storing at − 80 °C or for the ex-
traction of hESEVs and isolation of MVs. MVs were
named as pcDNA3.1a-MVs, pcDNA3.1a-HSP90-MVs, sh-
NC-MVs, and sh-HSP90-MVs.

Isolation of EXOs and MVs
Following differential centrifugation, hESEVs were di-
vided into EXOs and MVs. The supernatant was har-
vested by centrifugation of hESC culture medium at
300g. Then, the supernatant was centrifuged at 2800g for
40 min to separate EXOs and MVs, followed by 60min
of ultracentrifugation at 16,500g at 4 °C to pellet MVs
and 120 min of ultracentrifugation at 120,000g at 4 °C to
pellet EXOs.

Müller cell culture and grouping
The eyeballs of rats in P8~P10 were placed in DMEM at
4 °C for 6~8 h avoiding light and then transferred into
digestive juice containing 0.1% trypsin, 0.02% EDTA,
and 70 U/mL collagenase for 1 h of incubation at 37 °C.
The digestion was then terminated, the anterior segment
was removed, and the retina was isolated while avoiding
contamination of the RPE and ciliary epithelium. The
retina was mechanically dissociated into the polymer,
followed by culture in DMEM containing 10% FBS.
About 7 days later, the retinal polymer and debris were
cleaned up and cells attached to the bottom of culture
dish were maintained. Then, 5 days later, the cells were
digested with trypsin and grown in DMEM supple-
mented with 10% FBS to further purify Müller cells. Fol-
lowing 12 h of incubation, Müller cells were treated with
1 mL PKH67 labeled-hESEVs, MVs, EXOs, sh-NC-MVs,
sh-HSP90-MVs, pcDNA3.1-MVs, or pcDNA3.1-HSP90-
MVs. Then, Müller cells were accordingly grouped into

the hESEVs group, MVs group, EXOs group, sh-NC-
MVs group, sh-HSP90-MVs group, pcDNA3.1-MVs
group, and pcDNA3.1-HSP90-MVs group. A control
group was set for comparison in which Müller cells were
treated with DEME containing 10% EVs-depleted FBS.
Müller cells were treated for 8, 12, 24, or 48 h for subse-
quent experiments.

Labeling of hESEVs, MVs, and EXOs and uptake detection
in Müller cells
The 100 μL suspension of hESEVs, MVs, or EXOs re-
ceived 1 μL DiI (Santa Cruz Biotechnology, USA) for 1 h
of incubation at 37 °C water bath avoiding light. Then,
hESEVs, MVs, or EXOs were harvest by ultracentrifuga-
tion, followed by resuspension in PBS and − 80 °C stor-
age. Müller cells (105) were seeded into six-well plate
and then cultured overnight in an incubator at 37 °C
gassed with 5% CO2. After cells adhered to the wall, ap-
propriate DiI labeled-hESEVs, MVs, or EXOs were
added to the pretreated six-well plate for 24 h of incuba-
tion. Müller cells were stained with DAPI, and the up-
take of EXOs was observed under a fluorescence
microscope (BX51, Olympus, Tokyo, Japan).

Cell immunofluorescence
To detect the expressions of specific markers in Müller
cells (Vimentin) and retinal progenitors (CHX10),
Müller cells were cultured in six-well plates which cov-
ered with coverslips for 24 h and subsequently starved in
serum-free DMEM for 8 h. Following treatment with
PKH67 labeled-hESEVs, MVs, EXOs, sh-NC-MVs, sh-
HSP90-MVs, pcDNA3.1-MVs, or pcDNA3.1-HSP90-
MVs, the Müller cells were washed thrice with PBS,
followed by 20min of fixation in 4% formaldehyde solu-
tion (Thermo Fisher Scientific, MA, USA) at room
temperature and 10min of permeation with PBS con-
taining 0.1% triton-X-100. Then, cells were washed with
PBS and blocked with sheep serum (Gibco, NY, USA)
(1:50) for 30 min. Following 5 min of PBS washing thrice,
cells were subjected to the primary antibody against
Vimentin (NB300-223, 1:5000) or CHX10 (NBP1-84476,
1:1000) (Novus, St. Louis, MO, USA) overnight at 4 °C
for incubation. Cells were washed with PBS thrice and
incubated with Texas Red-labeled sheep anti-mouse IgG
(ab6787, 1:1000, Abcam, USA) at room temperature for
2 h. The nuclei of Müller cells were stained with DAPI
(4′,6′-diamidino-2-phenylindole; Vector Laboratories,
Inc., Burlingame, CA) at room temperature for 5 min
prior to capture the fluorescence images under immuno-
fluorescence microscopy (Olympus IX71, Tokyo, Japan).

Rat electroretinogram (ERG)
Rats were fed in dark-adapted conditions for 12 h with
available ad libitum food and water before the
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experiment. Then, rats were anesthetized by intraperito-
neal injection of 3% sodium pentobarbital (50 mg/kg).
Tetracaine was applied to both eyes for local anesthesia
and tropicamide for dilatation of the pupil. The pre-
treated rats were placed on a self-made experimental
table. When testing one eye, the untested eye was cov-
ered with a black eye mask. Then, contact lens electrode
was placed at the cornea as the recording electrode,
while needle electrode placed on the ipsilateral cheek
was used as reference electrode and needle electrode on
the tail was used as ground electrode. The latent time
and amplitude of the Rob-ERG b wave were recorded by
rod cell detection system.

Quantitative reverse transcription polymerase chain
reaction (qRT-PCR)
The hESCs and Müller cells were dissolved in 1 mL of
TRIzol (Thermo Fisher Scientific, MA, USA), and total
RNA was extracted according to the specification. After
quantification, the PCR reaction system was configured
according to the PCR quantitative reagent kit (Takara,
Dalian, China). The cDNA template was synthesized by
reverse transcription reaction in a PCR amplification in-
strument, and the qRT-PCR experiment was carried out
with ABI7500 real-time PCR system (Applied Biosys-
tems, USA). The reaction conditions were 95 °C initial
denaturation for 10 min, followed by 40 cycles of 95 °C
denaturation for 10 s, 60 °C annealing for 20 s and 72 °C
extension for 34 s. Then, the miRNA expression levels of
HSP90 and Oct4 were analyzed. The internal reference
was regarded as GAPDH, and data analysis employed
the 2−ΔΔCt method [18]. The formula is as follows:
ΔΔCt = [Ct(target gene) − Ct(reference gene)]experimental group

− [Ct(target gene) −Ct(reference gene)] control group. All primers
were synthesized by Genewiz Biotechnology Co., Ltd.,
and the amplified primer sequences of each gene and its
primers are shown in Table 1.

Co-immunoprecipitation (Co-IP)
The supernatant of protein was collected after Müller
cells were transfected with sh-NC, sh-HSP90,
pcDNA3.1a, or pcDNA3.1a-HSP90 for 48 h. Four hun-
dred microliters of supernatant was coincubated with

10 μL of HSP90 antibody (ab13492, Abcam, USA) or
IgG antibody (NC) overnight at 4 °C. The Protein G
Agrose was added to the supernatant for 3~5 h of rota-
tion at 4 °C. The mixed solution was centrifuged at
1000g for 5 min with the supernatant removed. The col-
lected immunoprecipitate was washed in washing buffer
(50 mM Tris-HCL/pH 7.4, 100Mm NaCL, 5 mM CaCL2,
5 mM MgCL2, and 0.1% Nonidet P-40) for three times,
and then precipitates were resuspended in 1 × SDS-
PAGE loading buffer. The protein was subjected to a
mental bath for 5 min at 100 °C and separated by elec-
trophoresis with 10% PAGE prior to PVDF membrane
transfer. The primary antibody against Oct4 (2750S, 1:
1000, Cell Signaling Technology, MA, USA) and second-
ary antibody against goat anti-rabbit IgG (1:5000, Com-
Win Biotech Co., Ltd., Beijing, China) were used for
western blot.

Western blot
Following 48 h of cell transfection, Müller cells were
washed thrice with precooled PBS buffer followed by be-
ing lysed with 100 μL/50 mL RIPA lysis buffer and
placed on ice for 30 min. The Müller cells were centri-
fuged at 12,000 rpm at 4 °C for 10 min to acquire the
supernatant, and then the supernatant was moved in a
0.5 mL centrifuge tube to preserve at − 20 °C or quantifi-
cation by using a BCA kit (Vazyme, Nanjing, China).
Then, the protein was treated with 6 × SDS loading buf-
fer for denaturation at 100 °C, followed by 10% SDS-
PAGE electrophoresis and 90min of PVDF membrane
transfer by using 4 °C precooled transfer buffer. After
blocked in 5% nonfat dry milk-TBST for 1 h, the mem-
branes were incubated with primary antibodies against
TBST-CD9 (ab92726, 1:500), CD63 (ab59479, 1:500),
CD81 (ab79559, 1:1000), TSG101 (ab83, 1:1000), Cal-
nexin (ab112995, 1:1000, Abcam, USA), HSP90 (4875S,
1:1000), Oct4 (2750S, 1:1000), and β-actin (ab4970s, 1:
1000) (Cell Signaling Technology, MA, USA) overnight
at 4 °C. After washed three times with TBST for 10 min,
the membranes were incubated with goat anti-mouse
IgG or goat anti-rabbit IgG (1:5000, Beijing ComWin
Biotech Co., Ltd., Beijing, China) for 2 h. The protein ex-
pression level was detected after TBST washing.

Statistical analysis
Data were analyzed by utilizing SPSS 18.0 (IBM Corp.,
Armonk, NY, USA) and GraphPad Prism 6.0 (GraphPad
Software Inc.). Data were presented as mean ± standard
deviation (SD). The T test was applied to the compari-
son between two groups, and one-way analysis of vari-
ance (ANOVA) was used for comparison among
multiple groups. The Bonferroni test was performed for
post hoc test. A P < 0.05 was considered statistically
significant.

Table 1 Primer sequence information

Name of primer Sequences (5′-3′)

HSP90-F CCTCAAGTCCACGCATCCAG

HSP90-R TCGCCTCCTTGTGCATCTTC

Oct4-F CAGGGTTTTTGGGATTAAGTTCT

Oct4-R TGTGTCCCAGGCTTCTTTATTTA

GAPDH-F ACCACAGTCCATGCCATCAC

GAPDH-R TCCACCACCCTGTTGCTGTA

F forward primer, R reversed primer
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Results
Retrodifferentiation of Müller cells during RD in RCS rats
RCS rat belongs to a rat with gene mutation of genetic
receptor tyrosine kinase that leads to phagocytosis of
rod outer segments (ROS) of photoreceptor cells by
RPE, consequently resulting in photoreceptor cell death.
Therefore, RCS rat is an ideal animal model of RD [19].
H&E staining results of rats in the RCS group pre-

sented that there were disordered photoreceptor outer
segments in rats at P15, fragmentation of the photo-
receptor outer segments at P30, and stromal hyperplasia
of photoreceptor outer segments, the disappearance of
retinal outer nuclear layer as well as thinning of the
inner nuclear layer at P90 and P120, whereas staining on
rats in the control group showed that the structure of
the retina is basically normal at P15 and P90 rats
(Fig. 1a). These findings indicated that the retinal mor-
phological changes of RCS rats began at P15 (eyes
opened time), reached its peak at P30, and progressed to
the late stage of RD at P90 and P120.
Immunofluorescence was performed to test the fluor-

escence intensity of Müller cell marker Vimentin. Müller
cells of rats in the RCS group formed obvious long strip
protuberances that spanned the entire depth of the
neural retina at P15. The arrangement of these protuber-
ances in the retinal nerve fiber layer was found to be dis-
ordered at P60, and Müller cells of rats became
hypertrophic at P90. At P120, these protuberances ex-
tended to subretinal space to form the fibrous layer
structure. Müller cells of rats in the control group ap-
peared obvious long strip protuberances that arranged in
order at P30 and at a later time (Fig. 1b).
After the detection of retinal progenitor cell marker

CHX10, we found that in the RCS group, CHX10-positive
cells were widely presented in the retina of rats at P7, dis-
appeared at P15, and then reappeared dispersedly in the
retinal inner layer at P30 to P120. However, CHX10-
positive cells in the control group only extensively existed
in the retina before opening eyes (Fig. 1c). These findings
manifested that retinal progenitor cells in RCS rat widely
existed in the retina since birth, disappeared after eye-
opening (P15), reappeared at the peak of RD (P30), and
persisted in advanced RD (P120).
Subsequently, the location of Vimentin and CHX10

was observed by double immunofluorescence staining.
The results showed that a small number of Vimentin
and CHX10 double-labeled positive cells were found in
the retinal inner nuclear layer of rats at P30~P120 of the
RCS group, and the cells were in round or oblong. Fur-
thermore, all the CHX10-positive cells were double-
labeled Vimentin. However, the control group had no
CHX10-positive cells after Vimentin and CHX10 label-
ing immunofluorescence (Fig. 1d). These findings dis-
played that the retrodifferentiation of Müller cells in the

RCS rats resulted in the re-emergence of retinal progeni-
tor cells in the retina, whereas the control group did not
undergo Müller cell retrodifferentiation.
Collectively, the above results indicated that the reap-

peared retinal progenitor cells in RCS rat at the peak of
RD were triggered by the retrodifferentiation of retinal
Müller cells. Additionally, retinal progenitor cells were
gradually decreased after P30. Hence, in this study, RCS
rats were selected to inject hESEVs at P30.

hESEVs promote the retrodifferentiation of Müller cells to
alleviate RD in RCS rats
hESEVs were purified by ultracentrifugation and differ-
ential centrifugation. A large number of round or ellip-
tical vesicles can be seen under a TEM, with a complete
membranous structure on the vesicle periphery and a bi-
layer membrane structure on partial vesicle periphery
(Fig. 2a). qNano was employed to analyze the size of
hESEV particles, and the results showed that the range
of size distribution was 40~160 nm (Fig. 2b), which was
consistent with the morphological characteristics of EVs.
The specific proteins of hESEVs were detected by west-
ern blot. The results manifested that TSG101, CD63,
CD9, and CD81 were expressed in isolated and purified
hESEVs rather than in hESCs. Calnexin is a specific
calcium-binding protein in the endoplasmic reticulum
membrane that acts as a marker of cells and rarely pre-
sents in EVs. Subsequently, western blot results pre-
sented that Calnexin expression was observed in hESCs
and no Calnexin expression was found in hESEVs
(Fig. 2c), indicating EVs were successfully extracted.
To explore the effect of hESEVs on RD, PKH67-

hESEVs were injected into the vitreous cavity of P30
RCS rats. EVs were noticed in RPE cells by EVs tracking
method (Fig. 2d), demonstrating that EVs could be suc-
cessfully injected into the retinal cells through the vitre-
ous cavity.
ERG is a widely recognized electrophysiological index

for evaluation of retinal function. The ERG results
showed that the amplitudes of Rod-b wave (Fig. 2e, f,
P < 0.05) and Max-b wave (Fig. 2e, P < 0.05) of rats at
P60 and P90 were significantly higher in the hESEVs
group than those of the PBS group, and the latent times
of Rod-b (Fig. 2e, Fig. 2g, P < 0.05) wave and Max-b
wave (Fig. 2e, f, P < 0.05) of rats at P60 and P90 were
markedly lower in the hESEVs group than those of the
PBS group. However, no obvious difference was ob-
served in the hESEVs group and the PBS group with re-
gard to the amplitude and latent time of the Rod-b wave
and Max-b wave of rats at P120 (Fig. 2e–g). The above
findings illustrated that hESEVs could protect retina.
Subsequently, H&E staining findings manifested that

there were disorder and fragmentation of the photo-
receptor outer segments in rats at P60 of the PBS group,
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and stromal hyperplasia of photoreceptor outer seg-
ments, disappearance of retinal outer nuclear layer as
well as thinning of the inner nuclear layer at P90 and
P120, whereas in the hESEVs group, photoreceptor cells
arranged in an orderly manner in rats at P60, and photo-
receptor outer segments appeared a few stromal hyper-
plasias accompanied by the visibility of retinal outer
nuclear layer at P90 and P120 (Fig. 2h). These findings
illustrated that hESEVs could alleviate retinal damage
and RD.
Immunofluorescence results displayed that Müller

cells of rats in the PBS group formed protuberances
which arranged disorderly at P60, followed by hyper-
trophic at P90 and formation of the fibrous layer struc-
ture at P120. Müller cells in the hESEVs group formed
obvious long strip protuberances that spanned the entire
depth of the neural retina and arranged orderly (Fig. 2i).
Meanwhile, there were few CHX10-positive cells in the
PBS group, which diffused distribution in the retinal
inner layer at P30 to P120. A large number of CHX10-
positive cells were found in the retinal core layer of the
hESEVs group which rats at P60 to P120 (Fig. 2j). The
above results showed that hESEVs could promote the
production of retinal progenitor cells in the process of
RD of RCS rat.
Double immunofluorescence staining results showed

that Vimentin and CHX10 double-labeled positive cells
in the retinal inner nuclear layer of rats in the hESEVs
group after P60 were more than those in the PBS group,
and CHX10-positive cells were double-labeled Vimentin
both in the PBS group and hESEVs group (Fig. 2k), indi-
cating that hESEVs injected into the vitreous cavity of
RCS rat with RD could promote the production of ret-
inal progenitor cells which was originated from retinal
Müller cell retrodifferentiation.

hESEVs promote Müller cell retrodifferentiation in vitro
To further explore whether hESEVs promotes Müller
cell retrodifferentiation in vitro, Müller cells were ex-
posed to DiI labeled-hESEVs. Green fluorescence was
seen in Müller cells after immunofluorescence detection
(Fig. 3a), revealing that hESEVs can be internalized by
retinal Müller cells. Immunofluorescence detection of
Vimentin was performed that fluorescence intensity was
decreased in hESEVs group in comparison to the control
group (Fig. 3b). The detection on CHX10 displayed that
hESEVs group had enhanced fluorescence intensity than
that in the control group, suggesting the increase of

retinal progenitor cells (Fig. 3c). Taken together, all the
above findings demonstrated that hESEVs could pro-
mote the dedifferentiation of Müller cells, and Müller
cells may retrodifferentiate into retinal progenitor cells
evidenced by strong fluorescence intensity of CHX10
after Müller cells treated with hESEVs.

hESEVs promote Müller cell retrodifferentiation by MVs
in vitro
To further investigate the mechanism of hESEVs on pro-
moting the retrodifferentiation of retinal Müller cells,
MVs and EXOs were isolated and extracted from
hESEVs. The observation of TEM expounded that the
diameter of MVs ranged from 90 nm to 1.1 μm and
EXOs ranged from 20 to 120 nm. MVs are mainly dis-
tributed between 200 and 600 nm in diameter, and
EXOs are mainly distributed in diameters between 40
and 80 nm (Fig. 4a, b). Western blot showed that the
CD81, CD9, and CD63 proteins were highly expressed
in EXOs rather than in MVs, and the protein expression
of TSG101 was much higher in MVs than in EXOs
(Fig. 4c). These findings indicated that MVs and EXOs
were successfully isolated and extracted.
Subsequently, Müller cells were treated with DiI

labeled-MVs and EXOs. The results manifested that there
was increased green fluorescence in Müller cells of the
MVs group and EXOs group, and the green fluorescence
ultimately located in the cytoplasm of Müller cells
(Fig. 4d). This indicated that MVs and EXOs could be in-
ternalized by retinal Müller cells. Immunofluorescence il-
lustrated the increase in fluorescence intensity of CHX10
and a decrease in fluorescence intensity of Vimentin in
the MVs group (Fig. 4e, f, vs. the control group). No obvi-
ous changes in fluorescence intensities of Vimentin and
CHX10 were observed in the EXOs group and the control
group. These data revealed that Müller cell was decreased
and retinal progenitor cell number was increased in MVs.
Taken together, these results revealed that hESEVs could
promote Müller cells retrodifferentiated into retinal pro-
genitor cells through MVs in vitro.

MVs facilitate retrodifferentiation of Müller cells through
HSP90
The following study was arranged to probe the mechanism
by which MVs boosted Müller cells to retrodifferentiate into
retinal progenitor cells. The result performed that MVs had
higher protein expression of HSP90 than EXOs (Fig. 5a).
Then HSP90 was overexpressed or suppressed to verify

(See figure on previous page.)
Fig. 1 Müller cells retrodifferentiate into retinal progenitor cells in RD of RCS rat. In the RD process of RCS rat, H&E staining was used for the
inspection of retinal damage (a), immunofluorescence for the detection of fluorescence intensities of Vimentin and CHX10 (b, c), and double
immunofluorescence staining assay for the observation of Vimentin and CHX10 coexpression in the RCS group and control group (d, e); RD,
retinal degeneration; RCS, royal college of surgery
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whether MVs could contribute to retrodifferentiation of
Müller cells through HSP90. Western blot presented that
there was suppressed mRNA and protein expressions of
HSP90 in the sh-HSP90 group rather than in the sh-NC
group, and the pcDNA3.1-HSP90 group had markedly ele-
vated HSP90 expression in comparison to the pcDNA3.1
group, manifesting good performance of HSP90 silencing
and overexpression (Fig. 5b, c, P < 0.01). Subsequently, MVs
were extracted and the result showed that there were height-
ened HSP90 expression levels in the sh-NC-MVs group (P <
0.01, vs. the sh-HSP90-MVs group) and the pcDNA3.1-
HSP90-MVs group (P < 0.01, vs. the pcDNA3.1-MVs group)
(Fig. 5d), indicating that knockdown or overexpression of
HSP90 in retinal Müller cells could correspondingly alter the
expression level of HSP90 in MVs.
After 48 h of exposure to PKH67 labeled-sh-NC-MVs,

sh-HSP90-MVs, pcDNA3.1-MVs, or pcDNA3.1-HSP90-
MVs, Müller cells possessed higher expression of Vimen-
tin in the sh-HSP90-MVs group (Fig. 5e, P < 0.01, vs. the
sh-NC-MVs group) and elevated CHX10 expression in
the pcDNA3.1-HSP90-MVs group (Fig. 5f, vs. the
pcDNA3.1-MVs group), while Müller cells had a lower

level of Vimentin in the pcDNA3.1-HSP90-MVs group
(Fig. 5e, vs. the pcDNA3.1-MVs group) and suppressed
CHX10 expression in the sh-HSP90-MVs group (Fig. 5f,
vs. the sh-NC-MVs group), illustrating that the promotive
role of MVs in Müller cell retrodifferentiation could be
refrained by knockdown of HSP90 in MVs. The above
findings were consistent with the biological function of
HSP90 that HSP90 is a molecular chaperone involved in
cell development, growth, and differentiation.

HSP90 in MVs mediates Oct4 expression in Müller cells
and interacts with Oct4
In recent years, HSP90 is responsible for the occurrence
and progression of the tumor by serving as a target for
many oncoproteins. Hence, Müller cells were treated
with sh-NC-MVs, sh-HSP90-MVs, pcDNA3.1-MVs, or
pcDNA3.1-HSP90-MVs for 48 h to verify whether
HSP90 in MVs promotes Müller cell retrodifferentiation
by mediating protein expression in Müller cells. Western
blot obtained that there were increased mRNA and pro-
tein expressions of Oct4 in the pcDNA3.1-HSP90-MVs
group (Fig. 6a, b, P < 0.01, vs. the pcDNA3.1-MVs

Fig. 3 hESEVs promote the retrodifferentiation of Müller cells into retinal progenitor cells in vitro. Müller cells were treated with DiI labeled-hESEVs.
Immunofluorescence was used to observe DiI labeled-hESEVs: green indicates DiI labeled-hESEVs and blue indicates DAPI-labeled nuclear DNA of
Müller cells (bar = 25 μm) (a). The fluorescence intensities of Vimentin (b) and CHX10 (c) in retinal Müller cells at the 48th hours of treatment were
assessed by immunofluorescence; hESEVs, human embryonic stem extracellular vesicles

(See figure on previous page.)
Fig. 2 hESEVs alleviate RD of RCS rats by promoting Müller cell retrodifferentiation. TEM was employed for observation of hESEV morphology (a),
NanoS90 for measurement of EVs size (b), and western blot for detection on the expressions of EV markers (c). Then, EV tracking method was used to
observe EV distribution in retinal tissues, and we found that EVs were infiltrated into RPE cells (d). The retinal function (e), amplitudes, and latent times of
Rod-b wave (f, g) in RCS rats of hESEVs group and PBS group were investigated by ERG. Subsequently, the damage of retina was evaluated by H&E
staining (h), the fluorescence intensities of Müller cell marker (i), and progenitor cell marker (j) were analyzed by immunofluorescence, and coexpressions
of Müller cell marker and progenitor cell marker were determined by double immunofluorescence staining (k); *P< 0.05, **P< 0.01 vs. the PBS group;
TEM, transmission microscope; hESEVs, human embryonic stem cells; EVs, extracellular vesicles; RPE, retinal pigment epithelium; ERG, electroretinogram;
PBS, phosphate buffer saline
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group), and decreased Oct4 expression in sh-HSP90-
MVs group (Fig. 6a, b, P < 0.01, vs. the sh-NC-MVs
group), presenting that HSP90 in MVs facilitates Oct4
expression in Müller cells.
Co-IP was carried out to ascertain whether HSP90 acts

as a molecular chaperone to interact with Oct4 and
stabilize Oct4 expression. Observation from Co-IP dem-
onstrated that Oct4 brand can be detected when anti-
body of HSP90 was used for immunoprecipitation, while
no Oct4 brand was found when antibody of IgG was
used for immunoprecipitation. Expressions of both Oct4
and HSP90 were detected in total cell lysate (Fig. 6c).
These results revealed the interaction of HSP60 and
Oct4. Furthermore, Oct4 is reported to facilitate Müller
cell retrodifferentiation [20]. Collectively, MVs could fa-
cilitate Müller cells to retrodifferentiate into retinal pro-
genitor cells by regulation of Oct4 expression in Müller
cells by HSP90.

Discussion
Diseases that result in loss of retinal cells, such as RD,
often motive the permanent visual impairment because
the retina, like other central nervous system tissues, has
poor regenerative capacity in humans [21]. Repairing of

the retina with replacement cells derived from hESCs
may provide the groundwork for new means to treat RD
[22]. In this study, Müller cells were exposed to hESEVs
to test the potential functions and possible mechanisms
of hESEVs in RD. Our findings demonstrated that HSP90
in hESEVs could mitigate RD by facilitating retinal Müller
cell retrodifferentiation by upregulating Oct4 expression.
As the principal glia of the retina, Müller cells span

the entire thickness of the retina, support the surround-
ing neurons, including photoreceptors, and are engaged
at the formation and maintenance of the blood-retinal
barrier [23]. In addition, the uniquely positioned Müller
cells exhibit diverse functions to maintain retinal
homeostasis [24]. For example, Jenny R. Lenkowski et al.
have verified that in teleost fish, Müller glia can generate
and regenerate retinal neurons [25]. Thus, Müller cells
are imperative targets for inspections of retinal regener-
ation. In consistent with the previous study, we further
manifested that Müller cells could retrodifferentiate into
retinal progenitor cells in RCS rat evidenced by high
fluorescence intensity of CHX10 and low Vimentin ex-
pression existed in RCS rat under RD. hESEVs are an in-
fluential therapeutic biologics for in vivo delivery which
is extensively applied for the regulation of immune

Fig. 4 hESEVs boost retrodifferentiation of Müller cells through MVs in vitro. Müller cells were treated with DiI labeled-MVs or EXOs. Subsequently,
TEM was utilized for measurement of morphologies of MVs and EXOs (a), NanoS90 for inspection of MV and EXO sizes (b), and western blot for
determination of the expressions of MV and EXO specific proteins (c). DiI labeled-MVs or EXOs were observed by immunofluorescence: green
indicates labeled-hESEVs and blue indicates DAPI labeled-nuclear DNA of Müller cells (bar = 25 μm) (d). The fluorescence intensities of Vimentin
(e) and CHX10 (f) in retinal Müller cells were performed by immunofluorescence at the 48th hours of treatment; hESEVs, human embryonic stem
extracellular vesicles; MVs, microvesicles; EXOs, exosomes; TEM, transmission microscope
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responses, promotion of endogenous progenitor prolifer-
ation, remodeling of extracellular matrices, and stimula-
tion of angiogenesis [10]. EVs, agents to transfer genetic
information, are the basis of biological courses and elicit
therapeutic capacity in tissue regeneration in kinds of
organ degenerative diseases such as the liver [26], kidney
[27], lung [28], and heart [29]. In this study, we assessed
the expression profiles of EVs from hESCs in Müller
cells by immunofluorescence. Collective evidence re-
vealed that EVs from hESCs could promote Müller cell
retrodifferentiation. Subsequently, we characterized
hESEVs and two of their fractionated subpopulations,
MVs and EXOs. The effects of EXOs and MVs on

Müller cells in vitro were distinguished and assessed by
flow cytometry. Most interesting, we recognized that
Müller cells could retrodifferentiate into retinal progeni-
tor cells after treatment with EVs. However, the mech-
anism underlying the influence of MVs on RD
progression has not been fully demonstrated.
The former study has revealed that prolonged HSP90

inhibition gives rise to photoreceptor cell death [30].
Additionally, HSP90 is found to confer a crucial effect
on maintaining the stable connection between photo-
receptor cells and Müller cells in the retina [31]. There-
fore, HSP90 may play an indispensable role in the
homeostasis of the retina. With regard to biological

Fig. 5 HSP90 in MVs enhances retrodifferentiation of Müller cells. Western blot analysis for HSP90 expression in MVs and EXOs (a); ***P < 0.001 vs.
the EXOs group. qRT-PCR (b) and western blot (c) were employed for measurement of the mRNA and protein expressions of HSP90 in hESCs.
After hESCs transfected with sh-NC, sh-HSP90, pcDNA3.1, or pcDNA3.1-HSP90, western blot was used to determine the protein expression of
HSP90 in sh-NC-MVs, sh-HSP90-MVs, pcDNA3.1-MVs, or pcDNA3.1-HSP90-MVs groups (d); **P < 0.01, ***P < 0.001. Following 48 h of exposure to
sh-NC-MVs,sh-HSP90-MVs, pcDNA3.1-MVs, or pcDNA3.1-HSP90-MVs, the fluorescence intensities of Vimentin (e) and CHX10 (f) in Müller cells were
measured by immunofluorescence; MVs, microvesicles; EXOs, exosomes; hESCs, human embryonic stem cells; NC, negative control
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function of HSP90, we hypothesized that HSP90 had the
capacity to mitigate RD. Western blot analysis corrobo-
rated the assumption described above that there was ele-
vated protein expression of HSP90 in MVs. In addition,
overexpression of HSP90 greatly contributed to the gen-
eration of retinal progenitor cells, whereas knockdown
of HSP90 inhibited Müller cells dedifferentiated and ret-
rodifferentiated into retinal progenitor cells. To probe
the downstream protein of HSP90 in Müller cells, we
screened Oct4 to seek further evidence for the potential
synergistic effect of Oct4 on the regulation of RD. West-
ern blot, qRT-PCR, and Co-IP displayed that HSP90 in
MVs could upregulate Oct4 expression and interact with
Oct4. As a POU-domain transcription factor, high ex-
pression of Oct4 has been discovered in maintaining cel-
lular reprogramming and pluripotency in stem cells [32].
The previous study possesses similarities to our findings
that HSP90 directly interacts with Oct4 and prevents it
from degrading through the ubiquitin-proteasome path-
way [33]. Taken together, HSP90 regulated and interacted
with Oct4 to facilitate Müller cells to retrodifferentiate
into retinal progenitor cells, thus alleviating RD.

Conclusions
In brief, evidence in this study supported the promotive
effect of hESEVs on the alleviation of RD. HSP90 in
MVs could promote Müller cells dedifferentiate and ret-
rodifferentiate into retinal progenitor cells by regulation
of Oct4. Our findings here indicate that therapeutic
strategies targeting MVs may be broadly applied to pa-
tients with RD and other neurodegenerative diseases and
can be successful in prolonging the survival of

endangered photoreceptors and in deferring irreversible
vision loss. Nonetheless, these results may be limited by
the risk of immune responses to the transplanted
hESEVs in human patients.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13287-020-02034-6.

Additional file 1.

Abbreviations
hESEVs: Human embryonic stem extracellular vesicles; hESCs: Human
embryonic stem cells; MVs: Microvesicles; EXOs: Exosomes; RD: Retinal
degeneration; RP: Retinitis pigmentosa; RPE: Retinal pigment epithelium;
EVs: Extracellular vesicles; PBS: Phosphate buffer saline; RCS: Royal college of
surgery; sPBS: Sterile phosphate buffer saline; P7/15/30/60/90/120d: Postnatal
7/15/30/60/90/120 day; H&E: Hematoxylin and eosin; OCT
compound: Optimal cutting temperature compound; qRT-PCR: Quantitative
reverse transcription polymerase chain reaction; Co-IP: Co-
immunoprecipitation; ROS: Rod outer segments; ERG: Electroretinogram

Acknowledgements
Thanks for all the supports and contributions of participators.

Authors’ contributions
KYF XMH and FXE conceived the ideas. KYF and FXE designed the
experiments. XMH, HR and DLJ perfromed the experiments. XM and TLZ
analyzed the data. LXR and YCB provided critical materials. KYF and FXE
wrote the manuscript. RXJ and LXR supervised the study. KYF and FXE
contributed equally to this research. All the authors have read and approved
the final version for publication.

Funding
Yifeng Ke was supported by grants from the Natural Science Foundation of
Tianjin (Grant No.16JCQNJC12700) and the National Natural Science Foundation
of China (Grant No.81500745); Rui Hao was supported by National Natural
Science Foundation of China (Grant No.81800861); Xinjun Ren was supported
by National Natural Science Foundation of China (Grant No.81600723); Lijie

Fig. 6 HSP90 in MVs regulates and interacts with Oct4 in Müller cells. After Müller cells were transfected with sh-NC-MVs, sh-HSP90-MVs,
pcDNA3.1-MVs, or pcDNA3.1-HSP90-MVs for 48 h, qRT-PCR (a) and western blot (b) were used for analysis of the mRNA and protein expressions
of Oct4, and Co-IP for measurement of the interaction between HSP90 and Oct4 after HSP90 was internalized by Müller cells (c); **P < 0.01,
***P < 0.001; MVs, microvesicles

Ke et al. Stem Cell Research & Therapy           (2021) 12:21 Page 13 of 14

https://doi.org/10.1186/s13287-020-02034-6
https://doi.org/10.1186/s13287-020-02034-6


Dong was supported by National Natural Science Foundation of China (Grant
No.81570872).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
The experimental scheme was authorized by the Committee of Experimental
Animals of Tianjin Medical University Eye Hospital. All procedures were in
compliance with the Guide for the Care and Use of Laboratory Animals.

Consent for publication
Not applicable.

Competing interests
The authors declare there is no conflict of interests.

Author details
1Tianjin Key Laboratory of Retinal Functions and Diseases, Tianjin
International Joint Research and Development Centre of Ophthalmology and
Vision Science, Eye Institute and School of Optometry, Tianjin Medical
University Eye Hospital, No 251, Fukang Road, Nankai District, Tianjin 300384,
People’s Republic of China. 2Jincheng People’s Hospital, Jincheng 048000,
Shanxi, People’s Republic of China. 3Tianjin Eye Hospital, Tianjin Key
Laboratory of Ophthalmology and Vision Science, Nankai University Eye
Hospital, Clinical College of Ophthalmology, Tianjin Medical University,
Tianjin 300020, People’s Republic of China. 4Department of Ophthalmology,
Anhui No.2 Provincial People’s Hospital, Hefei 230000, Anhui, People’s
Republic of China. 5Institute of Genetic Medicine, Newcastle University,
Central Parkway, Newcastle upon Tyne NE1 3 BZ, UK.

Received: 12 May 2020 Accepted: 17 November 2020

References
1. Pearson RA. Advances in repairing the degenerate retina by rod

photoreceptor transplantation. Biotechnol Adv. 2014;32:485–91.
2. Qu Z, Guan Y, Cui L, Song J, Gu J, Zhao H, Xu L, Lu L, Jin Y, Xu GT.

Transplantation of rat embryonic stem cell-derived retinal progenitor cells
preserves the retinal structure and function in rat retinal degeneration. Stem
Cell Res Ther. 2015;6:219.

3. Cepko CL. The determination of rod and cone photoreceptor fate. Annu
Rev Vis Sci. 2015;1:211–34.

4. Umino Y, Guo Y, Chen CK, Pasquale R, Solessio E. Rod photoresponse
kinetics limit temporal contrast sensitivity in mesopic vision. J Neurosci.
2019;39:3041–56.

5. Yu W, Mookherjee S, Chaitankar V, Hiriyanna S, Kim JW, Brooks M,
Ataeijannati Y, Sun X, Dong L, Li T, Swaroop A, Wu Z. Nrl knockdown by
AAV-delivered CRISPR/Cas9 prevents retinal degeneration in mice. Nat
Commun. 2017;8:14716.

6. Petrs-Silva H, Linden R. Advances in gene therapy technologies to treat
retinitis pigmentosa. Clin Ophthalmol. 2014;8:127–36.

7. Ramsden CM, Powner MB, Carr AJ, Smart MJ, da Cruz L, Coffey PJ. Stem
cells in retinal regeneration: past, present and future. Development. 2013;
140:2576–85.

8. Lamba D, Karl M, Reh T. Neural regeneration and cell replacement: a view
from the eye. Cell Stem Cell. 2008;2:538–49.

9. Shao J, Zhou PY, Peng GH. Experimental study of the biological properties
of human embryonic stem cell-derived retinal progenitor cells. Sci Rep.
2017;7:42363.

10. Marzano M, Bejoy J, Cheerathodi MR, Sun L, York SB, Zhao J, Kanekiyo T, Bu
G, Meckes DG, Jr., Li Y. Differential effects of extracellular vesicles of lineage-
specific human pluripotent stem cells on the cellular behaviors of isogenic
cortical spheroids. Cells. 2019;8:993.

11. Vidal-Gil L, Sancho-Pelluz J, Zrenner E, Oltra M, Sahaboglu A. Poly ADP
ribosylation and extracellular vesicle activity in rod photoreceptor
degeneration. Sci Rep. 2019;9:3758.

12. Schwartz SD, Regillo CD, Lam BL, Eliott D, Rosenfeld PJ, Gregori NZ,
Hubschman JP, Davis JL, Heilwell G, Spirn M, Maguire J, Gay R, Bateman J,
Ostrick RM, Morris D, Vincent M, Anglade E, Del Priore LV, Lanza R. Human

embryonic stem cell-derived retinal pigment epithelium in patients with
age-related macular degeneration and Stargardt’s macular dystrophy:
follow-up of two open-label phase 1/2 studies. Lancet. 2015;385:509–16.

13. Wang S, Cepko CL. Photoreceptor fate determination in the vertebrate
retina. Invest Ophthalmol Vis Sci. 2016;57:ORSFe1–6.

14. Aguila M, Cheetham ME. Hsp90 as a potential therapeutic target in retinal
disease. Adv Exp Med Biol. 2016;854:161–7.

15. Zhou D, Liu Y, Ye J, Ying W, Ogawa LS, Inoue T, Tatsuta N, Wada Y, Koya K,
Huang Q, Bates RC, Sonderfan AJ. A rat retinal damage model predicts for
potential clinical visual disturbances induced by Hsp90 inhibitors. Toxicol
Appl Pharmacol. 2013;273:401–9.

16. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T,
Preibisch S, Rueden C, Saalfeld S, Schmid B, Tinevez JY, White DJ,
Hartenstein V, Eliceiri K, Tomancak P, Cardona A. Fiji: an open-source
platform for biological-image analysis. Nat Methods. 2012;9:676–82.

17. Meijering E, Dzyubachyk O, Smal I. Methods for cell and particle tracking.
Methods Enzymol. 2012;504:183–200.

18. Burja B, Kuret T, Janko T, Topalovic D, Zivkovic L, Mrak-Poljsak K, Spremo-
Potparevic B, Zigon P, Distler O, Cucnik S, Sodin-Semrl S, Lakota K, Frank-
Bertoncelj M. Olive leaf extract attenuates inflammatory activation and DNA
damage in human arterial endothelial cells. Front Cardiovasc Med. 2019;6:56.

19. Schraermeyer U, Thumann G, Luther T, Kociok N, Armhold S, Kruttwig K,
Andressen C, Addicks K, Bartz-Schmidt KU. Subretinally transplanted
embryonic stem cells rescue photoreceptor cells from degeneration in the
RCS rats. Cell Transplant. 2001;10:673–80.

20. Reyes-Aguirre LI, Lamas M. Oct4 methylation-mediated silencing as an
epigenetic barrier preventing Muller glia dedifferentiation in a murine
model of retinal injury. Front Neurosci. 2016;10:523.

21. Wang Q, Stern JH, Temple S. Regenerative medicine: solution in sight. Adv
Exp Med Biol. 2016;854:543–8.

22. Lamba DA, Karl MO, Ware CB, Reh TA. Efficient generation of retinal
progenitor cells from human embryonic stem cells. Proc Natl Acad Sci U S
A. 2006;103:12769–74.

23. Chung SH, Gillies M, Sugiyama Y, Zhu L, Lee SR, Shen W. Profiling of
microRNAs involved in retinal degeneration caused by selective Muller cell
ablation. Plos One. 2015;10:e0118949.

24. Coughlin BA, Feenstra DJ, Mohr S. Muller cells and diabetic retinopathy. Vis
Res. 2017;139:93–100.

25. Lenkowski JR, Raymond PA. Muller glia: stem cells for generation and
regeneration of retinal neurons in teleost fish. Prog Retin Eye Res. 2014;40:94–123.

26. Lamichhane TN, Sokic S, Schardt JS, Raiker RS, Lin JW, Jay SM. Emerging
roles for extracellular vesicles in tissue engineering and regenerative
medicine. Tissue Eng Part B Rev. 2015;21:45–54.

27. Dorronsoro A, Robbins PD. Regenerating the injured kidney with human
umbilical cord mesenchymal stem cell-derived exosomes. Stem Cell Res
Ther. 2013;4:39.

28. Zhu YG, Feng XM, Abbott J, Fang XH, Hao Q, Monsel A, Qu JM, Matthay MA, Lee
JW. Human mesenchymal stem cell microvesicles for treatment of Escherichia
coli endotoxin-induced acute lung injury in mice. Stem Cells. 2014;32:116–25.

29. Liu B, Lee BW, Nakanishi K, Villasante A, Williamson R, Metz J, Kim J, Kanai M,
Bi L, Brown K, Di Paolo G, Homma S, Sims PA, Topkara VK, Vunjak-Novakovic
G. Cardiac recovery via extended cell-free delivery of extracellular vesicles
secreted by cardiomyocytes derived from induced pluripotent stem cells.
Nat Biomed Eng. 2018;2:293–303.

30. Kanamaru C, Yamada Y, Hayashi S, Matsushita T, Suda A, Nagayasu M,
Kimura K, Chiba S. Retinal toxicity induced by small-molecule Hsp90
inhibitors in beagle dogs. J Toxicol Sci. 2014;39:59–69.

31. Dean DO, Tytell M. Hsp25 and -90 immunoreactivity in the normal rat eye.
Invest Ophthalmol Vis Sci. 2001;42:3031–40.

32. Peng CH, Cherng JY, Chiou GY, Chen YC, Chien CH, Kao CL, Chang YL,
Chien Y, Chen LK, Liu JH, Chen SJ, Chiou SH. Delivery of Oct4 and SirT1
with cationic polyurethanes-short branch PEI to aged retinal pigment
epithelium. Biomaterials. 2011;32:9077–88.

33. Cho TM, Kim JY, Kim YJ, Sung D, Oh E, Jang S, Farrand L, Hoang VH,
Nguyen CT, Ann J, Lee J, Seo JH. C-terminal HSP90 inhibitor L80 elicits anti-
metastatic effects in triple-negative breast cancer via STAT3 inhibition.
Cancer Lett. 2019;447:141–53.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ke et al. Stem Cell Research & Therapy           (2021) 12:21 Page 14 of 14


	Abstract
	Objective
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Ethical statement
	Culture of hESCs
	Isolation of hESEVs
	Identification of hESEVs, EXOs, and MVs
	Electron microscope observation
	Western blot

	Nanosight tracking analysis
	Establishment of RD rat model
	Distribution of PKH67 labeled-hESEVs in�vivo
	Hematoxylin and eosin (H&E) staining
	Immunofluorescence labeling in rats
	Cell transfection
	Isolation of EXOs and MVs
	Müller cell culture and grouping
	Labeling of hESEVs, MVs, and EXOs and uptake detection in Müller cells
	Cell immunofluorescence
	Rat electroretinogram (ERG)
	Quantitative reverse transcription polymerase chain reaction (qRT-PCR)
	Co-immunoprecipitation (Co-IP)
	Western blot
	Statistical analysis

	Results
	Retrodifferentiation of Müller cells during RD in RCS rats
	hESEVs promote the retrodifferentiation of Müller cells to alleviate RD in RCS rats
	hESEVs promote Müller cell retrodifferentiation in�vitro
	hESEVs promote Müller cell retrodifferentiation by MVs in�vitro
	MVs facilitate retrodifferentiation of Müller cells through HSP90
	HSP90 in MVs mediates Oct4 expression in Müller cells and interacts with Oct4

	Discussion
	Conclusions
	Supplementary Information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

