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Human amniotic epithelial cell-
derived extracellular vesicles provide 
an extracellular matrix-based 
microenvironment for corneal  
injury repair
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Abstract
To study the biological functions and applications of human amniotic epithelial cell-derived extracellular vesicles 
(hAEC-EVs), the cargos of hAEC-EVs were analyzed using miRNA sequencing and proteomics analysis. The hAECs 
and hAEC-EVs in this study had specific characteristics. Multi-omics analyses showed that extracellular matrix (ECM) 
reorganization, inhibition of excessive myofibroblasts, and promotion of target cell adhesion to the ECM were their 
primary functions. We evaluated the application of hAEC-EVs for corneal alkali burn healing in rabbits and elucidated the 
fundamental mechanisms. Slit-lamp images revealed that corneal alkali burns induced central epithelial loss, stromal haze, 
iris, and pupil obscurity in rabbits. Slit-lamp examination and histological findings indicated that hAEC-EVs facilitated 
re-epithelialization of the cornea after alkali burns, reduced scar formation and promoted the restoration of corneal 
tissue transparency. Significantly fewer α-SMA-positive myofibroblasts were observed in the hAEC-EV-treated group 
than the PBS group. HAEC-EVs effectively promoted the proliferation and migration of hCECs and hCSCs in vitro and 
activated the focal adhesion signaling pathway. We demonstrated that hAEC-EVs were excellent cell-free candidates for 
the treatment of ECM lesion-based diseases, including corneal alkali burns. HAEC-EVs promoted ECM reorganization 
and cell adhesion of target tissues or cells via orderly activation of the focal adhesion signaling pathway.
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Introduction

The amniotic membrane is located in the inner layer of the 
placenta and consists of a dense amniotic epithelial cell 
layer that grows on the avascular stromal matrix. The 
innermost amniotic epithelial cells directly face the amni-
otic fluid and preserve the stability of the amniotic fluid 
environment.1 Many studies over the past 100 years 
revealed that the human amniotic membrane secretes a 
series of growth factors and immunosuppressive factors.2–4 
The human amniotic membrane also has antibacterial and 
anti-inflammatory properties,5,6 promotes wound healing 
and re-epithelialization,4 and reduces scar formation.7

Since 1995, amniotic membrane transplantation has 
been universally applied to treat ocular surface diseases, 
including corneal alkali burns.8–10 The cornea is positioned 
in the outermost eye layer and performs an important func-
tion in visual formation due to its transparent structures.11,12 
The cornea is also susceptible to various chemical, physi-
cal, and mechanical traumas. Among these corneal trau-
mas, corneal alkali burns are the most severe chemical 
ocular lesions and result in extensive corneal injury and 
gross impairment of the entire anterior segment of the 
eye.13,14 The treatment of corneal trauma with amniotic 
membrane patch transplantation is one of the most effec-
tive methods but has remained a challenging clinical prob-
lem to overcome due to its shortcomings, which include 
increased operative time, difficulties in amniotic mem-
brane surgical handling, premature degeneration of the 
amniotic membrane, increased relative risk of surface 
infection and adverse calcification effects.15–18

Human amniotic epithelial cells (hAECs), monolayers 
and regular tight epithelial cells derived from amniotic 
membranes have become a focus in the field of regenera-
tive medicine because of their embryonic stem cell-like 
proliferation and differentiation characteristics, immune 
modulation functions, and ease of availability.1,3,19,20 The 
administration of hAECs to animals showed sufficient 
effectiveness for the treatment of lung injury, liver injury 
and ocular surface disease with systemic safety without 
hemolytic reactions, toxicity or allergic reactions.21–25 The 
paracrine factors of hAECs transplanted in vivo or cul-
tured in vitro, independent of hAEC engraftment, attenu-
ated myofibroblast activation, promoted macrophage 
polarization toward a reparative phenotype, suppressed 
monocyte/macrophage recruitment, and induced regula-
tory T cell differentiation.23,26,27 Extracellular vesicles 
(EVs) are instrumental communication vehicles that con-
tain a variety of bioactive cargo, including cells that secrete 
nucleic acids, proteins, and lipids.28,29 Corneal stromal 
stem cell-derived EVs reduced inflammation and fibrosis, 
indicating anti-scarring effects on corneal regeneration 
after injury.30–32 The effectiveness and mechanism of 
human amniotic epithelial cell-derived extracellular vesi-
cles (hAEC-EVs) should not be ignored for amniotic 
membrane transplantation. Several studies showed that 

hAEC-EVs had therapeutic effects on skin lesions,26 lung 
injury,22 and liver disease.33 Dermatological studies 
showed that hAEC-EVs promoted the healing of cutane-
ous wounds by increasing the migration and proliferation 
of fibroblasts, inhibiting excessive collagen deposition, 
inducing the formation of well-organized collagen fibers, 
and reducing scar formation in animals. However, whether 
hAEC-EVs may be used to treat ocular surface diseases, 
such as corneal alkali burns, is not known. The human 
amniotic membrane is widely used for the treatment of 
corneal trauma in clinical practice. The detailed mecha-
nism and function of hAEC-EVs are not clear.

The present study focused on the effect and mechanism 
of hAEC-EVs from cultured primary hAECs to confirm 
the direction and field of use for hAEC-EVs in biomedi-
cine. The hAEC-EVs were analyzed using miRNA 
sequencing and LC-MS/MS proteome analysis to resolve 
and integrate the functions and mechanisms of hAEC-EV 
cargoes. Topical administration of hAEC-EVs signifi-
cantly alleviated corneal alkali injury in rabbits, and the 
effects were similar to amniotic membrane transplantation. 
HAEC-EVs effectively prevented excessive myofibroblast 
activation of corneal stromal cells, reduced scar formation 
and increased the re-epithelialization of corneal epithelium 
after corneal alkali burns. The activation of focal adhesion 
by hAEC-EVs on corneal cells may be a major pathway 
for the successful application of hAEC-EVs.

Material and methods

Human ethics

Written informed consent was obtained from each placental 
donor. Amniotic membranes were collected from term 
healthy placentas of women who underwent elective cesar-
ean section according to the guidelines and approval of the 
Human Research Ethics Committee of the School of 
Medicine of Tongji University (Approval No. 2021tjdx053). 
A total of 15 placental donors were involved in this study.

Cell culture

For the isolation and culture of hAECs, the amnion was 
mechanically peeled from the underlying chorion and 
washed three times with phosphate-buffered saline 
(E607008, PBS, Sangon Biotech, China) supplemented 
with 10% penicillin and streptomycin (15070063, Thermo 
Fisher Scientific, USA). The amnion was incubated with 
0.25% trypsin-EDTA (25200072, Thermo Fisher Scientific, 
USA) for 15 min at 37°C, and the human amniotic epithe-
lial cells were mechanically detached from the amnion. 
Dispersed hAECs were collected via centrifugation at 
1500 rpm for 10 min, plated in 10-cm cell culture dishes in 
DMEM/F-12 medium (11330032, Thermo Fisher 
Scientific, USA) supplemented with 10% fetal bovine 
serum (FBS, ExCell Bio, China), 10 ng/mL human 
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recombinant epidermal growth factor (EGF, PHG0311, 
Thermo Fisher Scientific, USA), 5 μM SB431542 
(301836-41-9, Selleck, China) and 1% penicillin and 
streptomycin, and cultured in a cell incubator at 37°C. The 
hAEC culture medium was changed every 2 days.

Human corneal epithelial cells (hCECs) and human 
corneal stromal cells (hCSCs) were a kind gift of professor 
Qingjun Zhou (Shandong Eye Institute, China) and cul-
tured in DMEM/F12 medium supplemented with 10% 
FBS in a cell incubator at 37°C.

Isolation and identification of hAEC-EVs

HAECs at passage 3 were cultured to confluence, as shown 
in Figure 1(a), washed with PBS three times and cultured 
with DMEM/F-12 supplemented with 5% EV-depleted 
FBS for 48 h. The flow cytometry analysis revealed 
5.93% ± 0.51 apoptotic hAECs after an incubation with 
5% EV-depleted FBS medium and 5.68% ± 0.11 apoptosis 
under normal culture conditions, which was not signifi-
cantly different (p = 0.44) (Supplemental Figure 1(a)). 
EV-depleted FBS was obtained via the ultracentrifugation 
of FBS as previously described.34

HAEC-EVs were isolated from the hAEC culture 
medium using ultracentrifugation. The collected culture 
medium was centrifuged at 300× g for 10 min at 4°C to 
eliminate the cell pellets. The supernatant was centrifuged 
at 2000× g for 20 min at 4°C to further remove dead cells. 
The supernatant was centrifuged at 10,000× g for 30 min 
at 4°C to remove cell debris. The supernatant was filtered 
through a 0.22-μm filter (Merck, Germany), and the fil-
trate was transferred to new tubes and ultracentrifuged at 
150,000 × g for 2 h at 4°C in a SW70Ti rotor (Beckman 
Coulter, USA) to pellet the hAEC-EVs. The supernatant 
was immediately aspirated and ultracentrifuged again. The 
hAEC-EV pellets were resuspended in 200 μL of cold 
PBS. The protein concentration of hAEC-EVs was quanti-
fied using a BCA Protein Assay Kit (BCA, 23227, Thermo 
Fisher Scientific, USA). The hAEC-EV particle sizes were 
determined using nanoparticle tracking analysis (NTA) 
with ZetaView PMX 110 (Particle Metrix, Meerbusch, 
Germany) and ZetaView 8.04.02 software. According to 
the NTA and BCA assays, the concentration of hAEC-EVs 
was 1.5 × 107 particles/μg.

Transmission electron microscopy (TEM, HT-7700, 
Hitachi, Japan) and Western blotting were performed to 
characterize the morphological and surface markers of 
hAEC-EVs.

Fluorescence-activated cell sorting analysis 
(FACS)

FACS of hAEC markers and apoptotic cells was performed 
using flow cytometry. The cultured hAECs were digested into 
single cells with 0.25% trypsin-EDTA and resuspended in 

PBS at a final concentration of 5 × 105 cells/mL. For the anal-
ysis of hAEC markers, primary antibodies (CD29, CD73, 
CD326, HLA-ABC and isotype control) were added to 
100 μL of a cell suspension and incubated for 1 h at 4°C. The 
cells were washed twice with 2 mL PBS and centrifuged at 
500 × g for 5 min. For the analysis of SSEA4, the cells were 
fixed with 4% PFA for 5 min, permeabilized with 0.3% Triton 
X-100, blocked with 3% BSA for 1 h, and then sequentially 
incubated with the primary antibody and secondary antibody. 
Five hundred microliters of PBS were added to resuspend the 
cell pellets. For the cell apoptosis assay, hAECs were digested 
with 0.25% trypsin and stained in 100 μL binding buffer with 
5 μL of Annexin V-Alexa Fluor 488 and 10 μL of PI Staining 
Solution (20 μg/mL) according to the manufacturer’s instruc-
tion (40305ES20, Yeasen Biotechnology, China). All cells 
were analyzed using the CytoFLEX LX system (Beckman 
Coulter, USA). The results were evaluated using FlowJo soft-
ware (Leonard Herzenberg Laboratory, USA).

Bioinformatic analysis of highly expressed 
miRNAs in hAEC-EVs

LC Sciences (USA) prepared the hAEC-EV miRNA-seq 
libraries and performed the sequencing and next-generation 
sequencing (NGS) data analyses. Raw reads of the library 
were produced using the Illumina HiSeq 2500 SE50 plat-
form and subjected to an in-house program, ACGT101-miR 
(LC Sciences, USA), as described previously.34 High-level 
miRNAs were filtered according to a higher number of 
reads than the average copy number of the dataset.

The relative expression of highly expressed miRNAs 
was visualized using the R package circlize (v0.4.13). The 
target genes of all highly expressed miRNAs were predicted 
using the R package multiMiR (v1.12.0). The package ena-
bled retrieval of validated miRNA-target interactions from 
three external databases (miRecords, miRTarBase and 
TarBase). The genes included in at least one database were 
defined as target genes for specific miRNAs in this study. 
The protein–protein interactions (PPIs) were computed 
using STRING (https://string-db.org/), and the hub genes in 
the PPIs were identified using CytoHubba in Cytoscape 
(3.8.2). The MMC method of node centrality metrics was 
used to measure the importance of nodes. The top 20 target 
genes and 10 miRNA nodes ranked by the centrality metrics 
in the PPI network were considered hub genes. The target 
genes of the top 10 hub miRNAs were enriched using the R 
package clusterProfiler (v3.18.1) and were visualized using 
the R package ggplot2 (v3.3.5).

Proteomics analysis of hAEC-EV proteins

Total protein (50 μg) from hAEC-EVs denatured in loading 
buffer and separated using SDS–PAGE (C671102, Sangon 
Biotech, China). The PAGE gels were stained with Coomassie 
brilliant blue G-250 dye (Thermo Fisher Scientific, USA), as 

https://string-db.org/
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shown in Figure 4(a). High- and low-abundance protein 
bands were detected using an UltiMate® 3000 Nano/Capillary 
Autosampler (Thermo Fisher Scientific, USA) and Q 
Exactive Plus LCMS (Thermo Fisher Scientific, USA) (LC–
MS/MS), respectively. The relative protein types and levels 
were determined using ProteomeDiscover 2.1 (FDR < 0.01) 
from the UniProt-Human database. Proteins at high and 
medium levels were compared and analyzed to the extracel-
lular vesicles database (ExoCarta, http://www.exocarta.org/) 
using FunRich3.1.3.35

The intersection of highly expressed proteins in three 
replications was visualized using the R package venn 
(v1.10). The 167 intersecting proteins were enriched 
using the R package clusterProfiler (v3.18.1), and the top 
20 gene ontology (GO) terms were visualized using the R 
package ggplot2 (v3.3.5). Literature-supported ligand–
receptor (LR) pairs for humans were downloaded from 
the CellTalk Database (http://tcm.zju.edu.cn/celltalkdb/
index.php). The LR pairs, including the 167 proteins as 
ligands or receptors, were used in subsequent analyses. 
The hub genes in these LR pairs were identified using the 
same method mentioned above, and the top five hub genes 
(ligand or receptor genes) and their interacting genes were 
plotted in Cytoscape (3.8.2). Each hub gene (ligand or 
receptor gene) and its interacting genes were enriched 
using the R package clusterProfiler (v3.18.1).

For the integrated analysis of hAEC-EV miRNAs and 
proteins, we mixed the target genes of miRNAs and the 
common highly expressed proteins to perform enrichment 
analyses. The top 10 GO terms, including combinations of 
target genes and proteins, were visualized using the R 
package ggplot2 (v3.3.5). The GO terms of shared genes 
of target genes and the highly enriched proteins were visu-
alized by the R package pheatmap (v1.0.12).

Animal experiments

All animal experiments were performed in accordance 
with the Guide for the Care and Use of Laboratory Animals. 
All procedures using animal subjects were approved by the 
Institute of Laboratory Animal Resources of Tongji 
University (Approval No. TJAA09620602) and followed 
the ARVO statement for the use of animals in ophthalmic 
and vision research. Male rabbits weighing 2–2.5 kg were 
used in this study. A 2% sodium pentobarbital solution 
(1 mL/kg) was administered intravenously at the ear mar-
gin for general anesthesia, and local anesthesia was pro-
vided via the topical application of 0.5% proparacaine. At 
the endpoint, animals were euthanized with an overdose of 
intravenous pentobarbital.

For the corneal alkali burn model, ring-shaped sterile 
Whatman filter paper (diameter: 6 mm) (GE Healthcare 
Life Sciences, USA) containing 10 μL of a 1 N NaOH 
solution was placed on the center of the cornea of rabbits 
for 20 s, as shown in Figure 2(a). The alkali-burned cornea 

was immediately flushed with 40 mL of saline. A slit-lamp 
analysis of all ocular surfaces revealed alkali burn-induced 
central epithelial loss and stromal haze of the cornea, 
which obscured the iris and pupil (KangHuaRuiMing, 
China). Rabbits with corneal alkali burns were randomly 
divided into PBS and hAEC-EV groups (n > 6). The 
hAEC-EV group received hAEC-EV (1 mg/mL, 40 μL) 
eye drops three times daily and a subconjunctival injection 
of hAEC-EVs (1 mg/mL, 100 μL) twice weekly. The PBS 
group received 1× PBS instead of hAEC-EVs.

For ophthalmic examinations, the cornea was viewed and 
imaged using a slit lamp for the entire study to assess corneal 
scar haze formation. Epithelialization of the cornea was 
measured using fluorescein staining (Jingming, Tianjin, 
China). Corneal staining of sodium fluorescein was photo-
graphed using a slit lamp system (KangHuaRuiMing, China). 
The healing rate of the corneal epithelium was calculated 
based on the following formula as previously described: 
100% × (area of corneal staining at day 0 − the area of stain-
ing after treatment)/area of corneal staining at day 0.36 
Corneal opacity was evaluated based on a slit lamp and clas-
sified into the following five grades as previously described: 
(0) completely clear; (1) iris and pupils easily visible; (2) iris 
and pupils still detectable; (3) pupils barely detectable; and 
(4) pupils invisible.36

Histochemical analysis

Corneal tissue samples were fixed in a 4% paraformalde-
hyde (PFA, E672002-0500, Sangon Biotech, China) solu-
tion for 24 h. The tissue was paraffin embedded and cut 
into 3-μm-thick sections. Hematoxylin and eosin (H&E) 
staining was used to analyze the pathological morphology 
of corneas as described in our previous study.34

The distribution of collagen fibers in corneal tissue was 
visualized using Masson trichrome staining (BP-DL023, 
SenBeiJia Biological Technology Co., Ltd., China) accord-
ing to the manufacturer’s instructions. The sections stained 
with Masson trichrome staining were evaluated under a 
light microscope (Olympus, Japan).

Immunofluorescence assay

The expression of proteins in hAECs and corneal tissues 
was detected using immunofluorescence staining. The tis-
sues were fixed in 4% PFA for 24 h, embedded in optimal 
cutting temperature compound, and cut into 8-μm sections 
using a frozen sectioning machine (Leica, Germany). The 
fixed hAECs and embedded corneal tissues were labeled 
with primary antibodies (Supplemental Table 1) at 4°C 
overnight then incubated with Alexa Fluor 488/555 conju-
gated secondary antibodies (Supplemental Table 1) for 1 h 
at room temperature (RT) in the dark. The quantification of 
the mean fluorescence intensity was quantified with 
ImageJ software (NIH, USA).

http://www.exocarta.org/
http://tcm.zju.edu.cn/celltalkdb/index.php
http://tcm.zju.edu.cn/celltalkdb/index.php


Hu et al. 5

Labeling and internalization assay of hAEC-EVs

Cultured hCECs or hCSCs were seeded in a 48-well plate 
and cultured overnight. The isolated hAEC-EVs were 
labeled with PKH26 (MINI26-1KT, Sigma, Germany) 
according to the manufacturer’s instructions. Briefly, 
hAEC-EVs were isolated from the hAEC culture medium 
as described previously. The hAEC-EV pellets were 
resuspended in 500 μL of Diluent C. Two microliters of 
PKH26 were mixed with 500 μL of Diluent C to config-
ure a 2 × dye stock. The hAEC-EV pellets were rapidly 
dispensed into the 2 × dye stock with immediate mixing, 
and then incubated 3 min at 25°C. 1 mL of 1% BSA were 
added and incubated for 1 min at 25°C to stop dye uptake 
and minimize aggregate formation. The hAEC-EV were 
diluted to about 25 mL with cold Dulbecco’s phosphate-
buffered saline (DPBS, E607009, Sangon Biotech, 
China) and ultracentrifuged at 150,000 × g for 70 min at 
4°C in a SW70Ti rotor to remove the excess PKH26 dye. 
The supernatant was immediately aspirated and ultracen-
trifuged again. The PKH26-labeled hAEC-EV pellets 
were resuspended in 200 μL of cold DPBS. The cells 
were incubated in DMEM/F-12 (serum-free) supple-
mented with PKH26-labeled hAEC-EVs at concentra-
tions of 25 µg/mL total protein. After cells were incubated 
for 24 h, they were washed three times with PBS and 
fixed with 4% PFA for 10 min. Cell nuclei were stained 
with 4′,6-diamidino-2-phenylindole (DAPI, D9542, 
Sigma, Germany) and observed using a confocal micro-
scope (Leica Microsystems, Germany).

CCK-8 assay

Cultured hCECs or hCSCs were seeded on a 96-well plate at 
a density of 5 × 103 cells per well and cultured for 24 h. The 
culture medium was replaced with DMEM/F-12 containing 
hAEC-EVs at concentrations of 50 µg/mL total protein alone 
or the same medium containing hAEC-EVs in combination 
with Y15 (T7119, TargetMol, USA). After cells were incu-
bated for 24 h, the medium was aspirated and then freshly 
prepared CCK-8 (C0005, TargetMol, USA) solution was 
added to each well. Cell viability was measured by recording 
the absorbance at 450 nm with a microplate reader (iMark™ 
Microplate Absorbance Reader, Bio-Rad, USA), as described 
in our previous report.37

Western blotting analysis

Corneal tissues or cultured cells were lysed using RIPA buffer 
(P0013B, Beyotime, China) with the addition of protease and 
phosphatase inhibitors (C0001 and C0004, TargetMol, USA). 
Twenty micrograms of total protein denatured in loading 
buffer (20315ES05, Yeasen, China) was separated using SDS-
PAGE and transferred to a 0.45 μm PVDF membrane (Merck, 
Germany). The total protein of EVs on the membrane was 

stained using amido black (A8181, Sigma, Germany) as a 
loading control. The membranes were blocked with 5% BSA 
for 1 h, incubated with the primary antibodies listed in 
Supplemental Table 1 at 4°C overnight and incubated with 
horseradish peroxidase (HRP)-conjugated secondary antibod-
ies for 2 h. Protein bands were examined using the Pierce™ 
ECL Western blotting substrate (32209, Thermo Fisher 
Scientific, USA) and a Tanon chemiluminescence image 
detection system (5200S, Tanon, China).

Cell proliferation assay

Cultured hCECs or hCSCs were seeded in a 48-well plate 
and cultured for 24 h. The cells were incubated with 
DMEM/F-12 (serum-free) as a control or the same medium 
supplemented with hAEC-EVs at concentrations of 50 µg/
mL total protein. After cells were incubated for 24 h, the 
5-ethynyl-2′-deoxyuridine (EdU) cell proliferation assay 
was performed according to the manufacturer’s instruc-
tions (EdU Cell Proliferation Kit, C0071S, Beyotime, 
China). The stained cells were visualized using fluores-
cence microscopy (Olympus, Japan).

Wound-healing migration assay

Cultured hCECs or hCSCs were passaged in 12-well plates 
and cultured to 80%–90% confluence. Two crossing linear 
scrape injuries were generated using a sterile pipette tip. 
The cells were incubated in DMEM/F-12 medium (serum-
free) as a control or the same medium supplemented with 
hAEC-EVs at concentrations of 50 µg/mL total protein. 
Wound closure images were acquired 0 h and 24 h after 
scratching. The ratio of wound healing was measured and 
analyzed using ImageJ (NIH, USA).

Transwell migration assay

Polycarbonate Transwell inserts with 8-µm pore diame-
ters were used to determine the vertical migration of 
hCSCs or hCECs. A volume of 500 μL of DMEM/F-12 
basal medium without FBS was added as a control or the 
same medium supplemented with hAEC-EVs at a con-
centration of 50 µg/mL total protein was added to the 
lower chamber in a 24-well culture plate. Y15 (3 µM) was 
added to the medium of hAEC-EVs to study the role of 
FAK in the hCECs or hCSCs. Cultured hCECs or hCSCs 
were resuspended in serum-free cell culture media, and 
200 μL of a cell solution (5 × 104 cells) was plated into 
the upper Transwell insert membrane. Cells were incu-
bated for 24 h and stained with 0.5% crystal violet 
(60506ES60, Yeasen, China).

Images of migrating cells in the lower half of the inserts 
were visualized and photographed via microscopy (Olympus, 
Japan). Cells migrating into the lower compartment were 
counted in three unduplicated views per well and analyzed.
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Statistical analysis

For all quantitative data, the means ± SEM are expressed. 
The data were evaluated and presented using GraphPad 
Prism 9.0 (GraphPad Software, USA). Statistical compari-
sons were evaluated using one-way ANOVA. p < 0.05 was 
deemed statistically significant. Asterisks in the graphs 
indicate the statistical significance of the values as *p < 
0.05, **p < 0.01, and ***p < 0.001.

Results

Isolation and identification of hAECs and hAEC-
derived EVs

Human amniotic epithelial cells (hAECs) isolated from 
the human amniotic membrane showed a confluent and 
tightly connected monolayer morphology in hAEC 
medium (Figure 1(a)). The hAECs at passage 3 expressed 

Figure 1. Isolation and identification of hAECs and hAEC-EVs. (a) Morphology of hAECs cultured in AEC medium at passage 3. 
Scale bar: 200 μm. (b) Immunofluorescence staining reveals the expression of the characteristic markers CK19, E-cadherin, and 
SSEA4 in cultured hAECs (n = 3). Scale bar: 100 μm. (c) Flow cytometry plots show that the hAECs (n = 3) were positive for CD29 
(99.6%), CD73 (98.7%), CD326 (98.3%), and SSEA4 (72.8%) and negative for HLA-ABC (3.25%). (d) Particle size distribution of 
hAEC-EVs (n = 3) measured using nanoparticle tracking analysis (NTA). Mean = 153.6 nm, SD = 55.3 nm. (e) Morphology of hAEC-EVs 
(n = 3) was observed using transmission electron microscopy (TEM). (f) Western blot analysis of the protein profiles of hAEC-EVs 
(n = 3). hAEC whole-cell lysate was used as a control.
hAECs: human amniotic epithelial cells; hAEC-EVs: hAEC-derived extracellular vesicles.
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hAEC-specific markers, including CK19, E-cadherin 
and SSEA-4, as determined by immunofluorescence 
assays (Figure 1(b)). The hAECs were also positive for 
CD29 (99.6%), CD73 (98.7%), CD326 (98.3%), and 
SSEA4 (72.8%) and negative for HLA-ABC (3.25%), 
based on FACS analyses (Figure 1(c)). These identifica-
tions demonstrated the successful isolation and culture 
of hAECs.

The morphological characteristics of hAEC-EVs iso-
lated from the hAEC culture media were analyzed using 
NTA and TEM. The diameters of most hAEC-EVs ranged 
from 105 to 195 nm and were approximately 154.5 nm on 
average (Figure 1(d)). The morphological assessment of 
hAEC-EVs using TEM revealed a typical cup-shaped 
morphology (Figure 1(e), Supplemental Figure 1(b)). 
Compared to normal hAECs, the EV-specific markers 
CD9, CD81, and ALIX were highly enriched in hAEC-
EVs, and no calnexin expression was detected (Figure 
1(f)). These data indicated that hAEC-EVs were success-
fully isolated from cultured hAECs and showed typical EV 
characteristics and statuses.

HAEC-EVs accelerate corneal recovery from 
alkali burns in rabbits

We treated the rabbit corneal alkali burn model with 
hAEC-EV resuspension to confirm the effectiveness of 
hAEC-EVs on corneal trauma (Figure 2(a)). We combined 
eye drops and subconjunctival injections to improve the 
retention rate of hAEC-EVs in rabbits. The corneas of rab-
bits with alkali burns were treated with hAEC-EVs (hAEC-
EV-treated group) or PBS (control group). Normal rabbit 
corneas were the normal group. The corneal epithelium, 
which was seriously damaged with the loss of the outer-
most layer of the cornea, was initially re-epithelialized and 
involved in the recovery from corneal trauma. As shown in 
Figure 2(b), sodium fluorescein staining showed the loss 
of corneal epithelium in the central area of the cornea. The 
corneas treated with hAEC-EVs showed faster recovery of 
the corneal epithelium than the corneas treated with PBS 
24 h after injury (p < 0.05). The epithelium of corneas 
treated with hAEC-EVs almost entirely recovered at 48 h, 
but the re-epithelialization in the PBS group was signifi-
cantly slower, with a small area of corneal epithelium loss 
remaining (p < 0.01) (Figure 2(b) and (c)). The rate of cor-
neal epithelial wound healing in the hAEC-EV group was 
faster than the PBS group.

The corneal stromal layer, which is the collagen-rich 
matrix just under the corneal epithelium, is essential to the 
optically transparent cornea and is easily damaged and 
hazed after corneal trauma. Macroscopic observations and 
slit-lamp photographs revealed severe scar formation and 
corneal haze in PBS-treated corneas 2 weeks after injury 
compared to the hAEC-EV-treated corneas (Figure 2(d)). 
The corneas treated with hAEC-EVs showed lower 

corneal opacity scores than the PBS group (Figure 2(e)). 
These results revealed that hAEC-EVs effectively 
increased the re-epithelialization of the corneal epithelium 
and reduced scar formation of the corneal stroma after cor-
neal alkali burns.

Histological structural analyses of the corneas were 
performed using H&E staining, as shown in Figure 2(f). 
The corneal stroma of normal rabbits showed a regular 
structure. Two weeks after the alkali burn, the cornea of 
the PBS group showed a thickened and disordered arrange-
ment of collagen fibers, considerable infiltration of inflam-
matory cells and a distinct area of absent corneal 
keratocytes in the corneal stroma. The corneas in the 
hAEC-EV group were significantly thinner than the PBS 
group. The collagen fibers in the stroma were more densely 
and neatly arranged, with much lower numbers of infiltrat-
ing CD45-positive or F4/80-positive inflammatory cells in 
the stroma (Figure 2(f) and (g), Supplemental Figure 2). 
Overall, hAEC-EVs significantly promoted the re-epithe-
lialization of the corneal epithelium and reduced scar for-
mation of the corneal stroma after corneal alkali burns.

MiRNA sequence prediction of the function of 
hAEC-EV-derived miRNAs

The functional miRNAs and proteins carried by hAEC-
EVs are important for hAEC-EV function in target cells. 
To further examine the detailed mechanisms of hAEC-
EVs on corneal alkali burns, miRNA sequencing and prot-
eomics analyses were used to identify the main cargo of 
hAEC-EVs.

As shown in Figure 3(a), the hAEC-EVs highly 
expressed miRNAs, such as hsa-miR-21-5p, hsa-miR-
221-3p, hsa-miR-27b-3p, hsa-miR-200c-3p, hsa-miR-
30d-5p, and hsa-miR-27a-3p, in the two donors. We 
analyzed all target genes of all the detected miRNAs by 
performing GO and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analyses. For the GO 
enrichment analysis, these miRNAs regulated processes 
that included cellular responses to chemical and external 
stress, the intrinsic apoptotic signaling pathway, myeloid 
cell differentiation, responses to oxidative stress and repro-
ductive structure and system development (Supplemental 
Figure 3(a)). Based on the KEGG enrichment analysis, the 
FoxO, PI3K-Akt, p53, focal adhesion and AMPK signal-
ing pathways were involved in the regulation of the miR-
NAs of hAEC-EVs (Supplemental Figure 3(b)).

To examine the key genes regulated by these miRNAs, 
we used three external databases (miRecords, miRTarBase 
and TarBase) and defined genes that were included in at 
least one database as target genes for each miRNA. The 
analyses of PPI and the MMC method revealed the top 
20 hub genes in the network of gene regulation (Figure 
3(b)). These hub genes included GSK3β, KRAS, IGF1R, 
BCL2L11, CCND1, CASP3, EP300, STAT3, VEGFA, 
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Figure 2. Application of hAEC-EVs to corneal alkali burns in rabbits. (a) Schematic showing rabbit corneal alkali burn model 
generation and the treatment protocol. (b and c) The corneal epithelium stained with sodium fluorescein was observed using slit-
lamp for the detection of the wound closure ratio. The data are shown as the means ± SEM (n = 6). *: p < 0.05; **: p < 0.01. (d) The 
macroscopic appearances of alkali-burned eyes were photographed at different stages using a slit-lamp and direct diffuse illumination 
after corneal alkali burn. (e) A graph showing the corneal opacity area in hAEC-EV-treated and untreated corneas. The data are 
shown as the means ± SEM (n = 6). **: p < 0.01. (f and g) H&E staining of corneal sections from rabbit corneal tissue. The corneal 
thickness was measured using ImageJ. The data are shown as the means ± SEM (n = 3). ***: p < 0.001.



Hu et al. 9

Figure 3. miRNA sequence analysis of the hAEC-EVs. (a) The relative expression levels of highly expressed miRNAs in the two 
donors (n = 2). (b) The analyses of protein–protein interactions and the MMC method showed the top 20 hub genes in the network 
of gene regulation. (c) The top 20 miRNAs in the regulation network are shown. (d and e) The target genes of the top 10 miRNAs 
enriched in the KEGG signaling pathway (d) and GO enrichment (e) terms.

SMAD4, CTNNB1, MYC, SIRT1, FOS, FOXO1, 
NOTCH1, PTEN, CDKN1A, MCL1 and MDM2. Ten miR-
NAs, hsa-miR-23-3p, hsa-miR-181a-5p, hsa-miR-27a-3p, 
hsa-miR-27b-3p, hsa-miR-182-5p, hsa-miR-26a-5p, hsa-
miR-20a-5p, hsa-let-7b-5p, hsa-miR-93-5p, and hsa-miR-
186-5p, also played important roles in the regulatory 

network, as shown in the PPI network analysis (Figure 3(c)). 
KEGG and GO enrichment analyses were applied to the 
common pathways and cellular processes involved in the 
regulation of hAEC-EVs. As shown in Figure 3(d), the tar-
get genes of these 10 miRNAs were enriched in signaling 
pathways, including cellular senescence, TGFβ signaling, 
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p53 signaling, focal adhesion, FoxO signaling, and mTOR 
signaling pathways. GO enrichment also showed that the 
miRNAs regulated catabolic processes, endoplasmic reticu-
lum stress, autophagy and macroautophagy, responses to 
TGFβ, and protein polyubiquitination and acetylation 
(Figure 3(e)). Based on these analyses, we consider the 
hAEC-EV-derived miRNAs hsa-miR-23-3p, hsa-miR-
181a-5p, hsa-miR-27a-3p, hsa-miR-27b-3p, hsa-miR-
182-5p, hsa-miR-26a-5p, hsa-miR-20a-5p, hsa-let-7b-5p, 
hsa-miR-93-5p, and hsa-miR-186-5p as key miRNAs that 
intervened in the progression of corneal trauma via the 
TGFβ signaling pathway, focal adhesion, and cellular 
senescence.

Proteomics analysis of the types and functions 
of hAEC-EV-derived proteins

We separated the total proteins of three individual hAEC-
EVs using PAGE gels and analyzed the proteins using 
LC-MS/MS (Figure 4(a)). We compared high and medium 
proteins using ExoCarta, which is an exosome database that 
contains published exosome studies. Venn analysis revealed 
that 167 expressed hAEC-EV proteins intersected among 
the three individuals. Four types of proteins (ICOSLG, 
PSG1, TSPYL2, and MAP7D3) were not reported in other 
EV studies by Vesiclepedia (Figure 4(b)). Based on the 
Vesiclepedia database, most hAEC-EV proteins from the 
three donors were found in the placenta, ovary, liver or 
plasma (Figure 4(c)). GO enrichment analysis found that the 
proteins were enriched and involved in biological processes 
(protein metabolism and cell growth and/or maintenance), 
biological pathways (integrin family cell surface interac-
tions, β1 integrin cell surface interactions, and proteoglycan 
syndecan-mediated signaling events), cellular components 
(exosomes and cytoplasm), and molecular functions (extra-
cellular matrix (ECM) structural constituent and protease 
inhibitor activity) (Figure 4(d)–(g)).

Because we determined the efficiency of hAEC-EVs 
from different donors in the rabbit alkali model, the com-
mon features of hAEC-EVs were worthy of further atten-
tion and study. We focused on the 167 common proteins 
shown in the Venn plot and the word cloud, and the font 
size was relative to the expression level (Figure 5(a) and 
(b)). These 167 proteins were enriched in cellular pro-
cesses, including extracellular matrix organization, cell 
adhesion, cellular protein metabolic process, and negative 
regulation of endopeptidase activity (Supplemental Figure 
4(a)). Several proteins (TGFBI, CD44, FN1 and TIMP2) 
were confirmed using Western blotting (Supplemental 
Figure 4(b)).

To determine the potential relationships of these pro-
teins, PPIs were analyzed between the hub proteins 
(ligands or receptor genes) and their interacting genes, as 
shown in Figure 5(c). The hub proteins CD44, ITGB1, 
ITGA2, and ITGA3 are receptor genes. FN1 was the 

ligand protein. The five hub proteins and their interacting 
proteins were primarily enriched in cellular processes, 
including extracellular matrix organization, cell adhe-
sion, collagen catabolic processes, and cell migration. 
These processes are important for corneal recovery from 
trauma, especially processes related to corneal collagen 
remodeling.

We integrated the miRNA and proteomic analyses and 
showed that the 10 genes were present in the miRNA and 
protein analyses. Among these genes, ITGA2, ITGA3, 
TIMP2, LAMC1, LAMC2, and COL12A1 were related to 
extracellular matrix organization and extracellular struc-
ture organization (Figure 5(d)). The top 10 terms that were 
enriched from the mixture of miRNAs and proteins were 
related to extracellular matrix organization, extracellular 
structure organization, platelet degranulation, response to 
nutrient levels, myeloid cell differentiation, response to 
TGFβ, cellular response to TGFβ stimulation and the 
intrinsic apoptotic signaling pathway (Figure 5(e)). These 
analyses suggested that the interaction between ECM 
organization, the focal adhesion pathway, and the TGFβ 
signaling pathway of targeted cells were the major paths of 
function for hAEC-EVs.

HAEC-EVs promote corneal repair via focal 
adhesion

HAEC-EVs may contribute to extracellular matrix recon-
struction, cell adhesion and the inhibition of excessive 
activation of the TGFβ signaling pathway. Moderate cell 
migration and proliferation, matrix deposition and tissue 
remodeling are critical for tissue recovery from most trau-
matic diseases, including corneal lesions, which was 
shown by Masson’s trichrome staining of the disorganized 
collagen fibers of the corneal tissue in the PBS-treated 
group after 14 days. In contrast, the collagen fibers in the 
corneas of the hAEC-EV-treated group were dense and 
well aligned, which resembled normal corneal tissue after 
14 days (Figure 6(a)). Corneas treated with PBS highly 
expressed α-SMA, which is related to the excessive myofi-
broblast transformation of corneal stromal cells. The α-
SMA-positive myofibroblast cells were primarily located 
on the upper layer of the cornea, which was immediately 
next to the area of severe injury (Figure 6(b) and (c)). This 
situation was significantly improved with hAEC-EV treat-
ment. The upregulation of α-SMA and connective tissue 
growth factor (CTGF), corneal fibrosis markers, was sig-
nificantly inhibited by the hAEC-EV treatment (Figure 
6(d)). Obviously, hAEC-EVs substantially alleviated the 
disordered extracellular matrix and stromal-sourced 
myofibroblast cells.

During the acute injury phase (<48 h), the corneal tissue 
does not have complete spontaneous repair, and the func-
tion and mechanism of hAEC-EVs are more significant to 
study. Based on the above omics analyses of hAEC-EVs, 
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we analyzed corneal tissues collected after hAEC-EV treat-
ment for 24 h to examine ECM replenishment and corneal 
stromal cell activation. As shown in Figure 6(e), ECM-
related proteins, including FN1, TGFBI, TIMP2, CD44, 
and COLIII, which are expressed in the normal cornea and 

included in hAEC-EV cargoes, were downregulated by 
alkali injury with PBS treatment. These proteins were sig-
nificantly upregulated in corneas treated with hAEC-EVs. 
These data indicate that hAEC-EV cargo proteins increased 
the protein levels of the ECM in the injured cornea directly.

Figure 4. Proteomic analysis of the hAEC-EVs. (a) Proteins from hAEC-EVs from three donors separated using PAGE gels (n = 3). 
(b) Venn diagram showing the Vesiclepedia database and the expressed protein types of hAEC-EVs from the three donors. (c–g) 
FunRich analyses of the proteins of hAEC-EVs from the three donors showing overall features, including site of expression (c), 
biological process (d), biological pathway (e), cellular component (f), and molecular function (g).
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Figure 5. Integrated analysis of miRNA and proteomics of hAEC-EVs. (a) Venn diagram showing the proteins expressed in hAEC-
EVs from the three donors (n = 3). (b) Word cloud showing the commonly expressed protein symbols of the three donors. (c) The 
top five hub genes of the highly enriched proteins, their ligand or receptor genes and their related GO pathways. (d) Genes that 
were present in miRNA and protein analyses and their corresponding GO terms. (e) The top 10 GO terms that were enriched in 
miRNA and protein analyses.
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We further explored the effect of hAEC-EVs on corneal 
injury and whether focal adhesion was a key process 
involved in the migration and adhesion of corneal cells to 

the ECM. Focal adhesion kinase (FAK), which is a funda-
mental signaling protein regulating cell adhesion, migra-
tion, and survival, is induced and activated by the ECM. 

Figure 6. The mechanism of hAEC-EVs in the corneal alkali burn model. (a) Masson’s trichrome staining of collagen in 
representative sections of rabbit corneal tissue on day 14 (n = 3). (b) Immunofluorescence analysis of alpha-smooth muscle actin (α-
SMA) in corneal sections on day 14. (c) Quantification of the mean fluorescence intensity (MFI) of α-SMA. The data are shown as 
the means ± SEM (n = 3). **: p < 0.01. (d) The protein expression of α-SMA and connective tissue growth factor (CTGF) in corneal 
tissue on day 14 was detected using Western blotting. The data are shown as the means ± SEM (n = 3). **: p < 0.01; ***: p < 0.001. 
(e–g) Protein expression of ECM, focal adhesion and SMAD2/3 signaling in corneal tissue after treatment with PBS or hAEC-EVs for 
24 h.
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Compared to the PBS-treated group, focal adhesion-related 
α-actinin, FAK, and tensin2 levels were significantly 
increased in the hAEC-EV-treated group. The expression 
of paxillin, which is involved in recruiting and binding 
FAK, was significantly upregulated in the PBS and hAEC-
EV groups (Figure 6(f)).

TGFβ-mediated SMAD2/3 signaling is first activated 
and involved in corneal wound healing.38 However, exces-
sive activation of TGFβ promotes the myofibroblast trans-
formation of corneal stromal cells. SMAD2 and SMAD3 
in the cornea were spontaneously phosphorylated and 
involved in recovery from injury after 24 h in the PBS- and 
hAEC-EV-treated groups. The phosphorylation levels of 
SMAD2 and SMAD3 in the hAEC-EV-treated groups 
were significantly decreased compared to the PBS-treated 
group (Figure 6(g)). Overall, we concluded that hAEC-
EVs provided ECM-related components to trigger early 
FAK signaling in corneal cells and attenuate excessive 
activation of SMAD2/3 signaling pathways to promote 
corneal wound healing from corneal injury in rabbits.

HAEC-EVs accelerate the proliferation and 
migration of hCSCs and hCECs

To further confirm the cell biological function and mecha-
nism of hAEC-EVs on hCECs and hCSCs, we compared 
the cell proliferation and migration of hAEC-EVs on 
hCECs and hCSCs in vitro. HAEC-EV phagocytosis by 
hCECs and hCSCs was confirmed by incubating cultured 
cells with PKH26-labeled hAEC-EVs for 24 h. Red fluo-
rescent particles of PKH26 were observed throughout the 
hCEC and hCSC cytoplasm (Supplemental Figure 5(a), 
5(b)). We used an EdU assay to evaluate the effect of 
hAEC-EVs (50 µg/mL) on the proliferation of hCECs and 
hCSCs. As shown in Figure 7(a) and (b), hAEC-EVs sig-
nificantly promoted the proliferation of hCECs (p < 0.05) 
and hCSCs (p < 0.01) and had an on-off action on hCSCs 
cultured with hAEC-EVs for 24 h. The process of migra-
tion of CECs and CSCs from healthy sites to injured sites 
plays a vital role in corneal reconstruction after alkali 
injury. HAEC-EVs accelerated the migration of hCECs 
and hCSCs. The effect of hAEC-EVs on hCSCs was more 
significant than hCECs in the wound-healing assay (Figure 
7(c) and (d)). Transwell migration assays revealed that 
hAEC-EVs promoted the migration of hCECs and acti-
vated the ability of hCSCs to migrate to the permeable 
membrane (Figure 7(e)). The proliferation and migration 
of these hCSCs and hCECs promoted by hAEC-EVs were 
inhibited by Y15, a focal adhesion inhibitor (Supplemental 
Figure 6). HAEC-EV cargo proteins (FN1 and TGFBI) 
were enriched in hAEC-EV-treated hCECs and hCSCs 
(Figure 7(f)). Therefore, hAEC-EVs promoted the prolif-
eration and migration of hCECs and hCSCs in vitro.

We determined the regulation of hAEC-EV signaling in 
hCECs and hCSCs. To confirm whether hAEC-EVs 

triggered FAK signaling in hCECs and hCSCs, as shown 
in our above analyses in rabbits, we analyzed the expres-
sion of focal adhesion-related proteins in hCECs and 
hCSCs. As shown in Figure 7(g), the phosphorylation of 
FAK (Tyr397) was significantly upregulated in hCECs 
treated with hAEC-EVs for 24 h, but it was not signifi-
cantly changed in hCSCs. Activation of FAK via autophos-
phorylation at Tyr397 is an important early step in 
intracellular signal transduction triggered in response to 
cell interactions with the ECM. Talin-1 and paxillin, which 
assist in the adhesion of cells to ECMs, were significantly 
upregulated in hAEC-EV-treated hCSCs. In the analysis of 
TGFβ-SMAD2/3 signaling, the phosphorylation of 
SMAD2 and SMAD3 was not changed in hCECs or hCSCs 
treated with hAEC-EVs (Supplemental Figure 7). Based 
on the cell biology study of hAEC-EVs in vitro, we con-
sidered that hAEC-EVs promoted the proliferation and 
migration of hCECs and hCSCs. HAEC-EVs upregulated 
and activated the focal adhesion signaling pathway of 
hCECs and hCSCs. HCECs exhibited intracellular FAK 
autophosphorylation, and hCSCs upregulated talin-1 and 
paxillin to enhance extracellular cell adhesion.

Discussion

Unlike cell transplantation, EVs isolated from stem cells 
are considered stem cell-based, cell-free drugs. These 
components are simpler to produce and have easier quality 
control procedures, as discussed in our previous report.34 
EV-related regeneration studies have shown that the ability 
of EVs to promote postinjury regeneration, and functional 
restoration was as practical as their parent cells in ani-
mals.39–41 It is obvious that hAEC-EVs isolated from 
hAECs are efficient for the treatment of corneal alkali 
injury and are a potential safe candidate for treating inflam-
mation- and fibrosis-related diseases. Chemical and 
mechanical injury of the ocular surface are the most com-
mon and devastating ophthalmic emergencies. Chemical 
injuries easily penetrate the corneal stromal layer and lead 
to secondary complications, corneal structural disorders 
and blindness.42 Despite the adverse effects mentioned 
above, amniotic membrane transplantation is considered 
the primary clinical treatment for many severe corneal 
injuries. Corneal epithelial regeneration, corneal matrix 
deposition, inflammation reduction, inhibition of neovas-
cularization, and prevention of corneal scar formation are 
the key processes for the healing of corneal lesions.43 
Application of hAEC-EVs to the corneal alkali burn model 
promoted corneal epithelial regeneration and corneal 
matrix deposition and alleviated inflammation. Therefore, 
hAEC-EVs should be a candidate treatment for corneal 
injury to reduce the implementation of complicated amni-
otic membrane transplantation.

The present study used ultracentrifugation and common 
characterization methods to isolate and characterize 
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Figure 7. The facilitatory effect of hAEC-EVs on the proliferation and migration of hCECs and hCSCs. (a and b) Fluorescence 
images of EdU-positive staining of hCECs or hCSCs treated with PBS or hAEC-EVs (50 µg/mL). Scale bars: 100 µm. Histogram 
representing the ratio of EdU-positive stained cells (b). Data are presented as the means ± SEM (n = 3). *: p < 0.05; **: p < 0.01. 
(c and d) Wound-healing assays detected the migration of hCECs (c) and hCSCs (d) treated with PBS or hAEC-EVs (50 µg/mL). 
Scale bars: 200 µm. The histogram represents the wound closure ratio. Data are presented as the means ± SEM (n = 3). *: p < 0.05; 
***: p < 0.001. (e) Representative images of migrated cells with crystal violet staining in the Transwell assay for 24 h. Histogram 
representation of the number of migrated cells in the Transwell assay. Data are presented as the means ± SEM (n = 3). **: p < 0.01; 
***: p < 0.001. (f and g) Western blot analyses of ECM proteins (f) and focal adhesion-related proteins (g) in hCECs and hCSCs 
treated with PBS or hAEC-EVs. Histogram representation of the relative expression of the proteins (n = 3).
hCEC: human corneal epithelial cell; hCSC: human corneal stromal cell.
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hAEC-EVs from conditioned cell culture media of 
hAECs.44 However, non-EV particles, such as lipoprotein 
residues, are also inevitably present in EVs with current 
protocols.45 Our LC-MS/MS proteomic analysis and extra-
cellular vesicle database (Vesiclepedia) showed that this 
fraction of non-Vesiclepedia database reported proteins 
was a small fraction (6.2% ± 1.3) of hAEC-EV proteins. 
Although non-EV particles are present, hAEC-EVs spe-
cific proteins should play a major role in the corneal recov-
ery. We also applied the lipophilic membrane dye PKH26, 
which is widely used to monitor EVs, to label the internali-
zation of the hAEC-EVs by corneal epithelial cells and 
corneal stromal cells.46,47 The PKH26-labeled hAEC-EVs 
were carefully prepared to reduce non-EV-specific signal-
ing and dye aggregation.48 We considered several key 
steps and points that should be noted, including the opti-
mal concentration of PKH26, quick preparation of the dye 
stock, and the use of stop reagent to avoid over-labeling. 
Moreover, twice more ultracentrifugation of hAEC-EVs 
can reduce the contamination proteins also important to 
reduce the non-specific binding of PKH26.

We identified the cargo (miRNA and protein) of hAEC-
EVs as important paracrine components to provide a new 
therapeutic mechanism and potential application for the 
treatment of tissue damage, such as corneal alkali burns. The 
hAEC-EV-derived miRNAs were primarily involved in reg-
ulating cell senescence, the TGFβ stimulus and signaling 
pathway, the p53 signaling pathway, focal adhesion, and the 
response to endoplasmic reticulum stress. Proteomics analy-
sis revealed that ECM disassembly and organization, cell 
proliferation, and cell migration were the functions of most 
hAEC-EV proteins. The hAEC-EV protein functions directly 
improved the disease-induced hyperplasticity and disorder 
of the ECM. Combined analysis of the miRNAs and proteins 
showed that the hAEC-EVs were involved in the early regu-
lation of the response of targeted cells to disease-induced 
myofibroblast activation via the TGFβ signaling pathway 
and promoted the proliferation and migration of normal cells 
to repair tissue injury via ECM proteins and focal adhesion 
signaling. The focal adhesion signaling pathway is involved 
in the regulation of cell proliferation, adhesion and migra-
tion.49 Our results showed that hAEC-EVs provided ECM 
and cell adhesion proteins to activate intracellular FAK sign-
aling and increased extracellular tensin2 to promote cell 
adhesion and migration in vivo. HCECs were more sensitive 
to hAEC-EV phosphorylation of FAK than hCSCs in vitro. 
The ECM protein molecule TGFBI, which is an RGD-
containing protein that binds to type I, II and IV collagens, is 
necessary in corneas. Mutant TGFBI deposited in the cornea 
and caused granular corneal dystrophy.50 Early studies 
reported that TGFBI was a tumor suppressor, but TGFBI 
was recently shown to directly trigger FAK/AKT signaling 
to promote cell survival and migration in cancer.51,52 TGFBI 
is also important in cell-collagen interactions in the cornea, 
especially corneal epithelial cells. This finding explains why 

hCECs easily phagocytosed and used TGFBI from hAEC-
EVs to activate the phosphorylation of FAK in the present 
study.

Multi-omics analysis of the function and mechanism of 
miRNAs and proteins of hAEC-EVs revealed that hAEC-
EVs can promote the cell proliferation and migration of cor-
neal stromal cells and corneal epithelial cells. Higher dose 
(100 µg/mL) of hAEC-EVs more strongly promoted the cell 
proliferation and migration of hCSC than the dose of 50 µg/
mL, but hCEC did not. The dose of 50 µg/mL may be a satu-
ration dose on the cell proliferation and migration of hCECs 
in vitro. In addition to the activation of fibroblasts in cutane-
ous skin wounds, hAEC-EVs also alleviate fibrosis in bleo-
mycin-induced lung fibrosis53 and chronic liver fibrosis.33 
This complex and sequential process of corneal reconstruc-
tion includes the death and re-population of keratocytes, the 
gradual transformation of keratocytes into fibroblasts and 
myofibroblasts, and re-shaping of the corneal ECM struc-
ture.54 HAEC-EV-treated rabbit eyes showed lower α-SMA 
expression and a considerable decrease in alkali burn-
induced haze and ECM deposition. Our results showed that 
hAEC-EVs promoted the proliferation and migration of cor-
neal stromal cells and inhibited further differentiation of 
corneal stromal fibroblasts into myofibroblasts. Timely re-
epithelialization is critical for preventing myofibroblast for-
mation in the cornea.55 ECM proteins, such as fibronectin, 
promote the migration of corneal epithelial cells.56 The pro-
liferation and migration of hCSCs showed an on-off status 
after treatment with hAEC-EVs in vitro. We noted that the 
miRNAs of hAEC-EVs should be involved in the regulation 
of fibroblasts and myofibroblasts and TGFβ-SMAD2/3 
signaling. It is unlikely that hAEC-EVs impact only one 
type of cell in vivo, and corneal stromal cells and corneal 
epithelial cells play essential roles in corneal wound healing 
after alkali burns.36 The activation of TGFβ-SMAD2/3 
signaling was downregulated in vivo. HAEC-EVs did not 
significantly affect TGFβ-SMAD2/3 signaling in hCSCs or 
hCECs in vitro, which may be because these two cell lines 
have high background activation levels of SMAD2/3 for 
expansion in vitro. Therefore, several beneficial effects of 
hAEC-EVs on corneal wound healing may directly activate 
corneal stromal cell proliferation and migration by provid-
ing ECM proteins, activating the focal adhesion signaling 
pathway and improving the microenvironment of the cor-
neal injury area.

Our findings elucidate the detailed mechanism of amniotic 
membrane transplantation based on hAEC-EVs and con-
firmed the use of hAEC-EVs in corneal trauma. HAEC-EVs 
regulated the excessive activation of the TGFβ signaling 
pathway via miRNAs and provided ECM proteins to re-con-
struct the microenvironment of lesions and trigger FAK sign-
aling to promote cell survival and migration in corneal wound 
healing. For other applications, we consider hAEC-EVs good 
cell-free drugs for acute-phase fibrotic diseases, such as 
COVID-19-induced fibrotic lung parenchymal remodeling, 
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which is characterized by fibroblast proliferation, airspace 
obliteration, and micro-honeycombing.57 However, addi-
tional potential issues should be considered in further studies, 
including whether the use of hAEC-EVs at a later stage will 
reduce scarring and methods to improve the sustainability of 
hAEC-EVs. We hope that hAEC-EVs will be a viable candi-
date for tissue restoration involving ECM reorganization in 
the future.

Conclusions

HAEC-EVs provided functional miRNAs and proteins to 
the wound area of alkali-burned rabbit corneas and pro-
moted rapid re-epithelialization of the corneal epithe-
lium, initiation of the proliferation and migration of 
corneal stromal cells, and orderly regeneration of the cor-
neal stroma collagen. Based on our findings, hAEC-EVs 
may be an effective treatment for promoting tissue resto-
ration involving ECM reorganization and inhibition of 
excessive myofibroblast activation, including corneal 
injury.
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