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Introduction: Human umbilical cord-derived mesenchymal stem cells (hUC-MSCs) and 
their small extracellular vesicles (hUC-MSC-sEVs) have shown attractive prospects applying 
in regenerative medicine. This study aimed to compare the therapeutic effects of two agents 
on osteoarthritis (OA) and investigate underlying mechanism using proteomics.
Methods: In vitro, the proliferation and migration abilities of chondrocytes treated with hUC- 
MSCs or hUC-MSC-sEVs were detected by Cell Counting Kit-8 assay and scratch wound assay. In 
vivo, hUC-MSCs (a single dose of 5 × 105) or hUC-MSC-sEVs (30 μg/time) were injected into the 
knee joints of anterior cruciate ligament transection-induced OA model. Hematoxylin and eosin, 
Safranin O/Fast Green staining were used to observe cartilage degeneration. The levels of cartilage 
matrix metabolic molecules (Collagen II, MMP13 and ADAMTS5) and macrophage polarization 
markers (CD14, IL-1β, IL-10 and CD206) were assessed by immunohistochemistry. Finally, 
proteomics analysis was performed to characterize the proteinaceous contents of two agents.
Results: In vitro data showed that hUC-MSC-sEVs were taken up by chondrocytes. A total of 
15 μg/mL of sEVs show the greatest proliferative and migratory capacities among all groups. In 
the animal study, hUC-MSCs and hUC-MSC-sEVs alleviated cartilage damage. This effect was 
mediated via maintaining cartilage homeostasis, as was confirmed by upregulation of the COL II 
and downregulation of the MMP13 and ADAMTS5. Moreover, the M1 macrophage markers 
(CD14) were significantly reduced, while the M2 macrophage markers (CD206 and IL-10) were 
increased in the hUC-MSCs and hUC-MSC-sEVs relative to the untreated group. 
Mechanistically, we found that many proteins connected to cartilage repair were more abundant 
in sEVs. Notably, compared to hUC-MSCs, the upregulated proteins in sEVs were mostly 
involved in the regulation of immune effector process, extracellular matrix organization, PI3K- 
AKT signaling pathways, and Rap1 signaling pathway.
Conclusion: Our study indicated that hUC-MSC-sEVs protect cartilage from damage and 
many cartilage repair-related proteins are probably involved in the restoration process. These 
data suggest the promising potential of hUC-MSC-sEVs as a therapeutic agent for OA.
Keywords: human umbilical cord-derived mesenchymal stem cells, small extracellular 
vesicles, osteoarthritis, proteomics, cell-free therapy

Introduction
Knee osteoarthritis (OA), a chronic degenerative joint disease and the most com-
mon form of arthritis, is a disease of the synovial joints that is characterized by 
cartilage degradation and bony overgrowth in the form of osteophytes and 
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subchondral thickening,1 tends to occur in middle-aged 
and elderly female individuals.2,3 In OA, there are well- 
described progressive destructive changes in the articular 
cartilage, which parallel characteristic changes in the 
underlying bone.4 Its complex pathogenesis and articular 
cartilage structure, without a vascular, neural, or lymphatic 
network, challenges traditional treatment modalities for 
OA. Numerous attempts have been made to prevent the 
progression of knee OA, but appropriate and effective 
strategies are still being explored.

Mesenchymal stem cells (MSCs) have shown promise 
in treating OA, thanks to their anti-inflammatory, regen-
erative and immunomodulatory properties. It is generally 
accepted that stem cells derived from different tissues play 
a fundamental role in regenerating cartilage and amelior-
ating the symptoms of OA, including bone marrow- 
derived MSCs,5 adipose-derived MSCs,6 amniotic fluid- 
derived MSCs,7 and human umbilical cord-derived MSCs 
(hUC-MSCs).8 Among the various sources of MSCs, the 
human umbilical cord among the most widely used in 
preclinical and clinical trials due to their richness and 
availability, noninvasive collection method, and strong 
proliferative ability in vitro.9 Although investigations 
have provided preliminary confirmation of the feasibility 
and safety of MSCs, the need to overcome many obstacles 
of MSC transplantation remains a major long-term chal-
lenge, including ethical issues, the possibility of immune 
rejection,10 and uncontrollable proliferation in vivo,11 

among other problems. Consequently, it is imperative to 
develop alternative strategies to eliminate complications in 
cell transplantation.

The therapeutic effects of MSCs on cartilage damage 
have recently been attributed to the paracrine mechanism, 
particularly the exosomes, one of the small extracellular 
vesicles (sEVs).12 sEVs are bilipid and nano-sized (<200 
nm) membrane vesicles that transfer various proteins, 
nucleic acids, lipids, and other bioactive substances.13 In 
recent years, approaches using MSC-sEVs are beginning 
to emerge,14 that have the remarkable potential to regen-
erate damaged cartilage and restore biological function. 
A growing number of researchers have attributed the 
roles and therapeutic potential of MSC-sEVs in OA to 
their participation in many biological processes, including 
immunomodulation and cartilage microenvironment 
homeostasis.15–17 This biological function is closely 
related to the identity of sEVs as a medium of intercellular 
communication, whereby they deliver genetic information 
through the transfer of protein cargoes.18 For example, 

exosomes derived from primary chondrocytes are rich in 
various mitochondrial proteins, which functionally abolish 
mitochondrial dysfunction and participate in immune reg-
ulation in OA,19 indicating that proteins play an important 
role in functional execution. However, whether hUC-MSC 
-derived sEVs (hUC-MSCs-sEVs) ameliorate OA by 
transferring proteins, and to what extent they can promote 
the repair and regeneration of cartilage remains unclear.

In this study, we compared the therapeutic effects of 
hUC-MSCs and sEVs derived from hUC-MSCs on cartilage 
damage. In in vitro experiments, we used CCK-8 and 
scratching-assay to explore whether both therapies could 
promote chondrocyte proliferation and migration. In in vivo 
experiments, we assessed whether hUC-MSCs-sEVs could 
replicate the regenerative effects of hUC-MSCs. hUC-MSCs 
or hUC-MSCs-sEVs were injected into the knee joint of 
anterior cruciate ligament rupture (ACLT)-induced OA rats 
and collected the cartilage and synovium tissues. The micro-
structure and morphology of the tissues were observed on 
hematoxylin and eosin (H&E) and Safranin O/Fast Green 
staining specimen. Collagen II (COLII), MMP13, and 
ADAMTS5 expression were examined by immunohisto-
chemistry, and macrophage polarization phenotype was ana-
lyzed by CD14, IL-1β, IL-10, and CD206. Finally, we used 
liquid chromatography-tandem mass spectrometry (LC-MS 
/MS) proteomics to explore the potential therapeutic mechan-
isms of the two therapeutic agents. We speculated that sEVs 
obtained from hUC-MSCs may be a more fantastic therapeu-
tic strategy for future clinical OA.

Materials and Methods
Ethics Statement
All animal experimental procedures were approved by the 
institutional Animal Ethics Committee of Fujian Medical 
University, Fuzhou, Fujian, China (FJMU IACUC 2020– 
0052).

Human Umbilical Cord Mesenchymal 
Stem Cells Culture
Passage 3–5 (P3–P5) hUC-MSCs (Qilu Cell Therapy 
Technology Co., Ltd., China) were purchased and main-
tained in Mesenchymal Stem Cell Basal Medium (without 
FBS) (MSCYF01-500, YINFENG BIOLOGICAL, China) 
supplemented with Mesenchymal Stem Cell Supplement 
(MSCYF02-20, YINFENG BIOLOGICAL, China) and 
penicillin/streptomycin (P-S) (100 U/mL) (HyClone) at 
37°C in a humid air with 5% CO2.
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Identification of Human Umbilical Cord 
Mesenchymal Stem Cells
For the phenotype characterization of hUC-MSCs, the 
mesenchymal markers, CD105, CD73, and CD90, and 
the hematopoietic cell markers CD34, CD45, and HLA- 
DR were detected with a BD Accuri C6 flow cytometer 
(BD Biosciences, San Jose, CA, USA). For trilineage 
differentiation assay, the adipogenic induction medium, 
osteogenic induction medium and chondrogenic induction 
medium (all from ScienCell, USA) were used to induce 
differentiation and assessed by oil red staining for lipid 
droplets (in adipogenesis), Safranin O staining for proteo-
glycans (in chondrogenesis), and alizarin red s stains cal-
cium in bone (in osteogenesis).

Preparation and Identification of Human 
Umbilical Cord Mesenchymal Stem 
Cells-sEVs
hUC-MSC-conditioned medium was collected after 
48 h culture. The medium was centrifuged at 300 × g for 
10 min at 4°C to remove dead cells and large apoptotic 
bodies. Subsequently, the supernatant was filtered using 
a 0.22 μm filter to remove cell debris, and the supernatant 
was transferred to a 100 KD ultrafiltration tube (UFC9100; 
Amicon® Ultra Ireland) to obtain 3 mL concentrated med-
ium. sEVs were purified by size-exclusion chromatogra-
phy (SEC), as previously described.20 Briefly, the CL-2B 
column (Echo9103A-30 mL; ECHO BIOTECH, China) 
was washed with 60 mL sterile PBS to elute any residual 
ethyl alcohol. The concentrated sample was loaded on the 
column and fractions 6 to 10 (5 mL) were collected 
(Figure 1A). Finally, these fractions were concentrated 
with a 100 KD ultrafiltration tube and stored at −80°C 
for further experiments.

The morphology of the sEVs was observed using trans-
mission electron microscopy (TEM). The particle size 
distribution and concentration of the sEVs were measured 
using nFCM (N30E Nanoflow Analyzer; NanoFCM Inc., 
Xiamen, China). The surface biosignature proteins of the 
sEVs were detected by nano flow cytometry. Antibodies, 
including FITC mouse anti-human CD63 (556019, BD, 
Franklin Lake, New Jersey, USA), FITC mouse anti- 
human CD9 (555371, BD, Franklin Lake, New Jersey, 
USA), FITC mouse anti-human CD81 (551108, BD, 
Franklin Lake, New Jersey, USA), and FITC mouse 
IgG1 (400108, BioLegend, San Diego, USA)

Uptake of sEVs by Chondrocytes
Purified sEVs were labeled with PKH67 membrane dye 
following to the manufacturer’s instructions (Sigma 
Aldrich, USA). The labeled sEVs were collected by addi-
tional ultracentrifugation and resuspended in PBS. 
Subsequently, PKH67-labeled sEVs were co-cultured 
with chondrocytes (CP-R092, Procell Life Sci & Tech 
Co. Ltd., Wuhan, China) for 12 h, and the internalization 
of sEVs was evaluated using fluorescence microscopy 
(Leica DMi8 S, Germany).

Cell Proliferation Assay
The effect of hUC-MSCs and hUC-MSC-sEVs on the 
proliferation of chondrocytes was evaluated by a Cell 
Counting Kit-8 (CCK-8; Beyotime, Shanghai, China) fol-
lowing the manufacturer’s specifications. Briefly, the 
chondrocytes were stimulated with 1 ng/mL interleukin 
(IL)-1β (CM002-1000HP, Chamot Biotechnology, 
Shanghai, China) for 24 h, and then IL-1β-treated cells 
(2000 cells per well) were seeded in 96-well plates, sEVs1 
(5 μg/mL), sEVs2 (10 μg/mL), sEVs3 (15 μ/mL), or hUC- 
MSCs were added into each well at 37°C for 24, 48, or 
72 h. A 96-well transwell system (PSHT004R1 Merck 
Millipore, Germany) was utilized to co-cultivate two cell 
types (Figure 2A), and the number of co-culture MSCs 
was chosen on the basis of the total sEVs in the 15 μg/mL 
group. We found that 5 × 105 MSCs secreted about 30 μg 
protein. Then, a total of 10 μL CCK-8 was added into each 
well and co-incubated for 3 h. The absorbance was eval-
uated in 450 nm using a microplate spectrophotometer 
(Thermo Scientific).

Cell Scratch Wound Assay
The scratch wound assay was used to analyze the effects 
of hUC-MSCs and hUC-MSC-sEVs on the migration of 
chondrocytes. Briefly, 5 × 105 chondrocytes were plated in 
a 24-well plate and incubated at 37°C for 8 h. The adher-
ent cell layer was carefully scratched using a p200 pipette 
tip. Next, the cell fragments were washed three times with 
PBS. Then, sEVs (sEVs1–3), hUC-MSCs, or an equal 
volume of PBS were added. The hUC-MSCs group was 
performed using a 24-well transwell system (TCS016024, 
Biofil, Guangzhou, China). Chondrocytes were photo-
graphed at 0, 24, and 48 h after wounding. The change 
in the width of the scratched areas was measured using 
Image J software (NIH, USA).
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Figure 1 Characterization of hUC-MSC-sEVs. (A) Schematic diagram of the extraction process of hUC-MSC-sEVs. (B) Under the electron microscope, the hUC-MSC-sEVs 
show a circular bilayer structure with a diameter of about 100 nm. (C) The results of nFCM showed that the diameter of hUC-MSC-sEVs was about 80.48 nm. (D) 
Proportional relationship among original supernatant volume, quantification of cells and vesicles particles, and amount of protein extracted from hUC-MSC-sEVs. (E) The 
surface markers of hUC-MSC-sEVs were identified by nFCM. CD9, CD63, and CD81 were found to be positive in hUC-MSC-sEVs. (F) hUC-MSC-sEVs’ internalization to 
chondrocytes. hUC-MSC-sEVs (labeled with PKH67 dye, green) and chondrocytes (nuclei were stained with DAPI) were co-incubated for 12 h, respectively. In the control 
group, PKH67 dye was co-incubated with chondrocytes for 12 h, respectively. Representative fluorescence images are shown above (scale bar = 100 μm; scale bar in 
magnification = 50 μm).
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Figure 2 hUC-MSCs and hUC-MSC-sEVs effects on chondrocyte proliferation and migration. (A) Schematic diagram of co-culture using transwell chambers. (B) CCK-8 
assay was used to evaluate the proliferation of chondrocytes. Both of two treatments showed greater proliferation potential compared to the control group at 24, 48 and 
72h. (C and D) Scratch wound assays demonstrated that hUC-MSC-sEVs dose-dependently enhanced the migration of chondrocytes, whereas the effects of hUC-MSCs 
treatment were significantly weaker than those of the sEVs3 group. Data are expressed as mean ±SEM. Different number of asterisk (*) show significant differences between 
groups. (scale bar = 100 μm) (*= P<0.05; **= P<0.01; ***= P<0.005; ****= P<0.001.).
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Anterior Cruciate Ligament Transection 
Osteoarthritis Rat Model
Male Sprague-Dawley (SD) rats (8 weeks old) were ran-
domized into four groups: normal group (n = 6), treatment 
with hUC-MSCs (n = 6), treatment with hUC-MSC-sEVs 
(n = 6), and control (OA model treated with PBS) (n = 6). 
The OA model was induced by anterior cruciate ligament 
transection (ACLT), as previously described.21 The post-
operative treatment lasted for 4 weeks. Rats in the hUC- 
MSC-sEVs group were given 200 μL hUC-MSC-sEVs (30 
μg) suspended in PBS by intra-articular injection once 
a week for 4 weeks. The hUC-MSCs group was treated 
with a single dose of 200 μL hUC-MSCs (5 × 105), while 
the rats in the control group were injected with 200 μL 
PBS. All rats were euthanized, and the joints and synovial 
tissues were collected for further evaluation at 9 weeks 
post-surgery.

Histological Analyse and 
Immunohistochemistry
Knee joint samples were fixed in 10% paraformaldehyde 
for 24 h and then were treated with Ethylene Diamine 
Tetraacetic Acid (EDTA) until decalcification was com-
plete. The decalcified specimens were dehydrated, 
embedded in paraffin, and sectioned at a 4 μm thickness. 
Next, the slices were processed for hematoxylin and 
eosin (H&E) and Safranin O/Fast Green staining. For 
immunohistochemical (IHC) staining, the sections were 
separately incubated with type 2 collagen (COL II) 
(1:300, GB11027, Servicebio), MMP13 (1:200, 
GB11247, Servicebio), ADAMTS5 (1:100, DF13268, 
Affbiotech), CD14 (1:1000, GB11254, Servicebio), 
CD206 (1:500, GB13438, Servicebio), IL-10 (1:500, 
GB11108, Servicebio) and IL-1β (1:800, GB11113, 
Servicebio), followed by incubation with horseradish 
peroxidase-conjugated secondary antibody (1:200, 
GB23303, Servicebio). Finally, the staining color was 
developed using the DAB Detection Kit (Servicebio).

The Osteoarthritis Research Society International 
(OARSI) score was applied to evaluate cartilage degrada-
tion (Supplementary Table 1).22 H&E and Safranin O/Fast 
Green staining were observed in a low-magnification field. 
The IHC staining was measured using the %Area para-
meter or the percentage of pixels in the image or selection 
highlighted in red using Image→Adjust→Threshold. Each 
parameter was graded and independently measured by two 
observers.

LC-MS/MS of Human Umbilical Cord 
Mesenchymal Stem Cells and Human 
Umbilical Cord Mesenchymal Stem 
Cells-sEVs
Each sample included three specimens from the same 
group. For hUC-MSCs and hUC-MSC-sEV, an SDT (4% 
SDS, 100 mM Tris-HCl, 1 mM DTT, pH 7.6) buffer was 
used for sample lysis and protein extraction. The amount 
of protein was quantified with the BCA Protein Assay Kit 
(Bio-Rad, USA). The digest peptides of each sample were 
then desalted and concentrated. To evaluate the effects of 
sample extraction, 20 µg of protein for each sample was 
mixed with 5X loading buffer, respectively, and boiled for 
5 min. The proteins were separated on 12.5% SDS-PAGE 
gel (constant current 14 mA, 90 min). The protein bands 
were visualized by Coomassie Blue R-250 staining.

The LC-MS/MS analyses were performed on a Q 
Exactive mass spectrometer (Thermo Scientific) that was 
coupled to Easy nLC (Thermo Fisher Scientific) for 120 
min. The peptides were loaded onto a reverse phase trap 
column (Thermo Scientific Acclaim PepMap100, 100 μm × 
2 cm, nanoViper C18) connected to the C18-reversed phase 
analytical column (Thermo Scientific Easy Column, 10 cm 
long, 75 μm inner diameter, 3 μm resin) in buffer A (0.1% 
formic acid) and separated with a linear gradient of buffer 
B (84% acetonitrile and 0.1% formic acid) at a flow rate of 
300 nL/min, controlled by IntelliFlow technology. The mass 
spectrometer was operated in positive ion mode. MS data 
were acquired using a data-dependent top-10 method, dyna-
mically choosing the most abundant precursor ions from the 
survey scan (300–1800 m/z) for HCD fragmentation. The 
automatic gain control (AGC) target was set to 3e6 and 
maximum inject time to 10 ms. Dynamic exclusion duration 
was 40.0 s. Survey scans were acquired at a resolution of 
70,000 at m/z 200, and the resolution for HCD spectra was 
set to 17,500 at m/z 200, and the isolation width was 2 m/z. 
The normalized collision energy was 30 eV, and the underfill 
ratio, which specifies the minimum percentage of the target 
value likely to be reached at maximum fill time, was defined 
as 0.1%. The MS raw data for each sample were combined 
and searched using MaxQuant 1.5.3.17 software for identifi-
cation and quantitation analyses. The parameters and instruc-
tions are shown in Supplementary Table 2.

Bioinformatics Analyses
The raw MS data were processed using the MaxQuant 
software (v.1.5.3.17) for identification and quantitation 
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analyses. Hierarchical clustering analyses were performed 
in Cluster 3.0 (http://bonsai.hgc.jp/~mdehoon/software/ 
cluster/software.htm) and Java Treeview (http://jtreeview. 
sourceforge.net) using the average-linkage clustering 
method. Volcanic maps of the differentially expressed 
genes were generated with R package ggplots2. The upre-
gulated proteins were used to perform Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment analyses by the clusterProfiler 
R package. The protein–protein interaction (PPI) informa-
tion of the differentially expressed proteins was con-
structed in the STRING database (http://string-db.org/) 
and visualized in Cytoscape (http://www.cytoscape.org/, 
version 3.2.1).

Statistical Analyses
All experiments were performed in triplicate, and the data 
are expressed as means ± SD. The one-way ANOVA and 
nonparametric tests were performed using IBM SPSS 
Statistics Version 21. Values of P < 0.05 or less were 
considered statistically significant.

Results
Characterization of Human Umbilical 
Cord Mesenchymal Stem Cells and 
Human Umbilical Cord Mesenchymal 
Stem Cells-sEVs
hUC-MSCs exhibited a typical fibroblast morphology in 
the bright field images (Supplementary Figure 1A). The 
results of trilineage differentiation confirmed that hUC- 
MSCs had multilineage differentiation potential into adi-
pocytes, osteocytes, and chondrocytes (Supplementary 
Figure 1B–D). Moreover, the phenotype characterization 
of hUC-MSCs was analyzed by flow cytometry, and it was 
found that the majority of hUC-MSCs expressed CD105, 
CD73, CD90 and are negative for CD34, CD45 and HLA- 
DR (Supplementary Figure 1E).

Morphological analyses of hUC-MSC-sEVs with TEM 
clearly revealed that saucer-like structures, with a diameter 
of 70–90 nm (Figure 1C). Data from nanoflow cytometry 
(nFCM) demonstrated that the mean diameter of the sEVs 
was 80.48 nm (Figure 1B). Furthermore, the percentages 
of CD9, CD63, or CD81 positive sEVs were 38.8%, 
42.1%, and 33.5%, respectively (Figure 1E). These data 
indicated the successful purification of sEVs from the 
supernatant of hUC-MSCs.

The yield of hUC-MSC-sEVs was further assessed (n = 
3). According to particle quantitative analyses, the mean 
particle concentration was 2.301 × 107 ± 1.774 × 107 

particles per mL CM and 61.089 ± 49.966 particles per 
cell. The protein yield of hUC-MSC-sEVs was 20.920 ± 
1.226 μg per mL CM and 31.394 ± 1.417 μg per 5 × 105 

cells (Figure 1D).

Effects of Human Umbilical Cord 
Mesenchymal Stem Cells and Human 
Umbilical Cord Mesenchymal Stem 
Cells-sEVs on Chondrocyte Proliferation 
and Migration
We evaluated the effects of two therapeutic agents on 
chondrocytes. First, fluorescence microscope images 
clearly showed that PKH-67-labelled sEVs were distribu-
ted around the nuclei after co-culturing with chondrocytes 
(Figure 1F), suggesting that hUC-MSC-sEVs were suc-
cessfully internalized by chondrocytes and may modulate 
the biological processes of chondrocytes.

Subsequently, CCK-8 assay was used to evaluate the 
proliferation of chondrocytes. Both treatments showed 
greater proliferation potential compared to the control 
group at 24, 48, and 72 h. The sEVs treatment groups, 
including sEVs1 (5 μg/mL), sEVs2 (10 μg/mL), sEVs3 
(15 μg/mL), showed significantly stimulated chondrocyte 
proliferation in a dose-dependent manner, particularly at 
a concentration of 15 μg/mL (in 24h and 48h group, 
compared to the control group; Figure 2B).

Likewise, scratch wound assays demonstrated that 
hUC-MSC-sEVs dose-dependently enhanced the migra-
tion of the chondrocytes (Figure 2C), whereas the effects 
of hUC-MSCs treatment is significantly weaker than that 
of the sEVs3 group (24 and 48h, Figure 2D). These data 
further showed that sEVs were more efficient to increase 
motility of chondrocytes than hUC-MSCs.

Effect of Human Umbilical Cord 
Mesenchymal Stem Cells and Human 
Umbilical Cord Mesenchymal Stem 
Cells-sEVs on the Repair of Cartilage 
Damage in ACLT-Induced OA Rats
An ACLT-triggered rat OA model offers an excellent 
option for evaluating the protective effects of the two 
treatments on articular cartilage. We delivered MSCs or 
sEVs by intra-articular injection into articular cavity at 4 
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weeks postoperatively (Figure 3B). At week 9 after OA 
induction, knee joint specimens were collected for further 
analyses. Their gross appearance is shown in Figure 3A. 
The control group exhibited a markedly rough articular 
surface and local erosion compared with the normal group, 
suggesting the successful establishment of the OA model. 
By contrast, we observed that the cartilage was generally 
repaired in the hUC-MSC and hUC-MSC-sEV groups to 
some extent. Compared to treatment with hUC-MSCs, the 
articular surface was smoother and more polished in the 
hUC-MSC-sEV group.

H&E and Safranin O/Fast Green staining revealed that 
the surface layer of cartilage was smooth, the hierarchical 
structure was clear, the staining was positive and uniform 
in the normal group. The cartilage injuries in the control 
group were the most serious of those in all groups; they 
exhibited fractured cartilage, thickened subchondral bone, 
abnormal distribution of chondrocytes, and loss of proteo-
glycan (Figure 3D), and the OARSI score was 3.33 ± 0.82 
(Figure 3C). By contrast, when the hUC-MSCs and hUC- 
MSC-sEVs were injected, cartilage was well recon-
structed, which was characterized by a regular surface, 
restored cartilage thickness, near-normal morphology 
chondrocytes, and Safranin O/Fast Green staining of pro-
teoglycans showed intense red and even distribution in the 
articular cartilage. Consistently, according to OARSI grad-
ing, hUC-MSC-sEV treatment significantly reduced the 
OARSI scores relative to those of the control group (0.50 
± 0.45 vs 3.33 ± 0.82, P < 0.0001) and hUC-MSCs group 
(1.25 ± 0.76 vs 3.33 ± 0.82, P < 0.0001) (Figure 3C), 
indicating that both the treatments effectively reduced 
cartilage damage during the OA progression in rats.

To further explore the effects of two treatments on 
cartilage matrix in vivo, immunohistochemical staining 
was performed to clarify the expression of COL II, 
MMP13, and ADAMTS5. The results showed that relative 
to the control group, the decrease in COL II (cartilage 
matrix synthetic protein) expression in matrix could be 
significantly reversed in the hUC-MSCs and hUC-MSC- 
sEVs group (Figure 4A and B). Similarly, the percentage 
of MMP13+ cells and ADAMTS5+ cells in hUC-MSC- 
sEVs-treated group was significantly lower compared to 
that in the control group, 2.5437 ± 0.8316 vs 5.0167 ± 
0.8315, P < 0.05; 1.4532 ± 0.6383 vs 3.5250 ± 4.2, P < 
0.05, respectively. In addition, the hUC-MSC treatment 
group also displayed a significant reduction of matrix- 
degrading proteins with a lower percentage of MMP13 
(1.4532 ± 0.6384 vs 5.0167 ± 0.8315, P < 0.0001) and 

ADAMTS5 (0.6704 ± 0.3107 vs 3.5250 ± 0.6992, P < 
0.0001). Relative to the hUC-MSC group, we found that 
the levels of COL II, MMP13, and ADAMTS5 were 
higher in hUC-MSC-sEVs group, although the differences 
were not statistically significant (Figure 4C).

Taken together, these data suggest that two therapeutic 
agents are involved in articular cartilage homeostasis 
through the control of matrix anabolism and catabolism 
in chondrocytes. Importantly, the capacity of promoting 
the cartilage matrix synthetic protein production of the 
hUC-MSC-sEVs was superior to that in their parent cells.

Role of Human Umbilical Cord 
Mesenchymal Stem Cells and Human 
Umbilical Cord Mesenchymal Stem 
Cells-sEVs in Reprogramming 
Macrophages in Synovium
There is increasing evidence that the abnormal activation of 
macrophages in synovium drives the progression of OA,23 

so the extent of macrophage infiltration in the synovial 
tissues was evaluated using immunohistochemical staining. 
The results showed a dramatic increase in CD14-positive 
staining (M1-like macrophage marker) and the expression of 
CD206, IL-10 (M2-like macrophage markers) were lower in 
OA rats compared to the two treatment groups (Figure 5A 
and B). Furthermore, the percentage of IL-1β-positive areas, 
a M1 macrophage-associated pro-inflammatory cytokine, 
also significantly increased in the control group. Consistent 
with the results from H&E and Safranin O/Fast Green 
staining, hUC-MSCs and hUC-MSC-sEVs showed the 
potential to rescue the above phenotypes. As shown in 
Figure 5C, with the hUC-MSC-sEVs and hUC-MSCs treat-
ments, the staining levels of M2 markers (CD206 and IL-10) 
and M1 marker (CD14) were consistently enhanced and 
reduced, respectively, suggesting a successful modulation 
of M2/M1 macrophage polarization status leading to 
a healthy environment. Comparably, there were no statistical 
differences between the hUC-MSC-sEVs group and hUC- 
MSCs-treated group.

Biological Mechanisms of Human 
Umbilical Cord Mesenchymal Stem Cells 
and Human Umbilical Cord Mesenchymal 
Stem Cells-sEVs in Cartilage Repair
To further explore the molecular mechanism and eluci-
date differences in the protein content of hUC-MSCs and 
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hUC-MSC-sEVs, LC-MS/MS was applied for proteomic 
analyses in biological triplicates. A total of 457,585 
spectrum, 50,947 peptides, and 6279 proteins were 
detected (Figure 6A). In the protein expression profiles 
of hUC-MSCs and hUC-MSC-sEVs, we detected 6204 
and 4478 proteins, respectively (Figure 6B). Next, we 

were interested in comparing the level of LFQ intensity 
of a class of chondrogenesis-related proteins in hUC- 
MSC-sEVs and hUC-MSCs (Supplementary Table 3). 
The data showed that the majority of these chondrogen-
esis-related proteins are highly enriched in hUC-MSC- 
sEV, such as Alpha2-macroglobulin (A2M)24 (P < 0.001), 

Figure 3 Effect of hUC-MSCs and hUC-MSC-sEVs on the repair of cartilage damage in ACLT-induced OA rats. (A) Gross appearance of the articulation of three groups at 
week 9 after OA induction. (B) Intraarticular injection therapy. (C and D) H&E and Safranin O/Fast Green staining reveals that the cartilage injuries in the control group 
were the most serious among all groups, which exhibited fractured cartilage, thickened subchondral bone, abnormal distribution of chondrocytes and loss of proteoglycan. 
Data are expressed as mean ±SEM. Different number of asterisk (*) show significant differences between groups. (scale bar = 100 μm) (****= P<0.001).
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TGFB125 (P < 0.01), Versican (VCAN)26 (P < 0.001), 
Runt-related transcription factor 1 (RUNX1)27 (P > 0.05), 
epidermal growth factor receptor (EGFR)28 (P < 0.001) 
and Biglycan (BGN)29 (P < 0.005), while only ADAM930 

(P < 0.005) and RUNX2 (P > 0.05)31 are mainly in hUC- 
MSCs (Figure 6C).

A Venn diagram was used to identify with-group protein 
identification overlap (Supplementary Figure 2A and B), and 

Figure 7A shows that 4403 proteins were shared between two 
groups, with 1801 unique proteins in hUC-MSCs and 75 
unique proteins in hUC-MSC-sEVs, suggesting that hUC- 
MSCs secrete more proteins and may perform a wider range 
of functions. Differentially expressed proteins are shown in 
Figure 7B through hierarchical clustering analyses (fold 
change > 2.0, p < 0.05), indicating the diversity of the 
proteins between hUC-MSCs and hUC-MSC-sEVs. The 

Figure 4 Exploration of the effects of two treatments on cartilage matrix in vivo. (A and B) The immunohistochemical staining was performed to clarify the expression of 
Collagen II, MMP13 and ADAMTS5 in articulate (The magnification in A is 100×, scale bar = 100 μm; in B is 400×, scale bar = 20 μm;). (C) Statistical analysis of the 
percentage of pixels in the image or selection in three groups. Data are expressed as mean ±SEM. Different number of asterisk (*) show significant differences between 
groups. (*= P<0.05; ****= P<0.001.).

https://doi.org/10.2147/IJN.S336062                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 8194

Tang et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=336062.pdf
https://www.dovepress.com
https://www.dovepress.com


volcano plot and histogram (Figure 7C and D and 
Supplementary Table 4) identified 333 upregulated and 
1407 downregulated proteins in the hUC-MSC-sEV group 
relative to their parent cell hUC-MSCs (fold change > 2.0 or 
< 0.5, p < 0.05). Upregulated proteins including ITGA4, 
ORM2, CD82, and AMFR, and so forth. Meanwhile down-
regulated proteins including LAMC1, RPS8, PABPC1, and 
CAD, and so forth.

Subsequently, the upregulated proteins were subject to 
GO and KEGG enrichment analyses. The GO analyses 
indicated that the molecular function category identified 
these proteins as being mainly enriched in integrin bind-
ing, glycosaminoglycan binding, and extracellular matrix 
structural constituent (Figure 7F). The GO cellular com-
ponent (CC) pathways included collagen-containing 

extracellular matrix, secretory granule membrane, and 
vesicle lumen (Figure 7G). The analyses of biological 
process (BP) revealed that proteins that are involved in 
the regulation of multiple biological processes related to 
cartilage repair, such as “regulation of immune effector 
process”, “extracellular matrix organization”, and “extra-
cellular structure organization” terms were enriched 
(Figure 7E). KEGG pathway analyses demonstrated that 
these proteins were obviously enriched in “PI3K-AKT 
signaling pathways”, “Rap1 signaling pathway”, “focal 
adhesion”, and “ECM-receptor interaction” (Figure 7H). 
Importantly, these biological functions and pathways are 
crucial for chondrogenesis, inflammatory regulation, and 
macrophage polarization. In addition, we constructed 
a PPI network with 3491 nodes and 212,704 interactions 

Figure 5 (A and B) Immunohistochemical staining of the extent of macrophage infiltration in the synovial tissues (The magnification in A is 100x, scale bar = 100 μm; in B is 
400×, scale bar = 20 μm;). (C) Quantitative analyses of IHC index of synovial membrane. Data are expressed as mean ±SEM. Different number of asterisk (*) show significant 
differences between groups. (***= P<0.005; ****= P<0.001).
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(Supplementary Figure 2C), which indicated highly aggre-
gated proteins may perform biological functions through 
synergies (Supplementary Table 5).

Our proteomics studies indicated that hUC-MSCs and 
hUC-MSC-sEVs have distinct differences in protein com-
position and abundance, and these differential proteins 
were closely related to fundamental biological processes.

Discussion
In this study, we first compared the effects of hUC-MSC- 
sEVs and hUC-MSCs on the treatment of OA. In both 
in vivo and in vitro experiments, our results revealed that 
the MSC-sEVs mimic the biological functions of parent 
cells, as evidenced by effectively and safely promoting 
cartilage regeneration. In addition, this study demonstrated 

that chondrogenesis-associated proteins of hUC-MSC- 
sEVs are promising candidate molecules for sEV-based 
cartilage repair.

OA is the most prevalent debilitating condition world-
wide, causing a significant decline in patients’ quality of 
life and their well-being.32 Although the interesting ther-
apeutic properties of MSCs, such as their regenerative 
capability and immunomodulatory effect, make them 
a novel candidate for regenerative medicine, security is 
a primary concern when developing an MSC-based ther-
apy. Increasing evidence suggests that the great therapeutic 
contribution of MSCs is the result of its paracrine 
actions,12,33 and exosomes (one of sEVs) are a key para-
crine regulator involved in MSCs-mediated tissue repair.34 

This clue has enlightened us regarding the use of sEVs as 

Figure 6 The LC-MS/MS was used for proteomic analysis of hUC-MSCs and hUC-MSC-sEVs in biological triplicates. (A) A total of 457,585 spectrum, 50,947 peptides, and 
6279 proteins were detected. (B) In the protein expression profiles of hUC-MSCs and hUC-MSC-sEVs, we detected 6204 and 4478 proteins respectively. (C) The majority 
of these chondrogenesis-related proteins were highly enriched in hUC-MSC-sEV. Data are expressed as mean ±SEM. Different number of asterisk (*) show significant 
differences between groups. (**= P<0.01; ***= P<0.005; ****= P<0.001).
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Figure 7 Biological mechanisms of hUC-MSCs and hUC-MSC-sEVs in cartilage repair. (A) Venn diagram analyzes the within-group protein identification overlap. (B) 
Differentially expression proteins. (C and D) The volcano plot and histogram identified 335 upregulated and 1407 downregulated proteins in hUC-MSC-sEVs group 
compared with their parent cell hUC-MSCs. (E) Analyses of biological process (BP). (F) Molecular function (MF) category. (G) Analyses of cellular component(CC). (H) 
KEGG pathway analyses.
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a new class of therapeutic option to substitute for direct 
cellular therapy in OA. The ideal therapeutic efficacy of 
MSC-sEVs has been widely reported. The authors evalu-
ated the effectiveness of exosomes derived from synovial 
membrane MSCs (SMMSC-Exos) and induced pluripotent 
stem cell-derived MSCs (iMSC-Exos) in a collagenase- 
induced OA mouse and demonstrated that iMSC-Exos 
possesses a superior effect on cartilage repair by enhan-
cing chondrocyte migration and proliferation.35 In another 
study, the DMM-induced OA mice were injected embryo-
nic MSCs (ESC-MSCs) and their exosomes into articular 
cavity, although this comparison was set in different per-
iods and with different frequency of injection, the ESC- 
MSC-exosomes group exhibited their potential in cartilage 
protection.36 A more recent publication demonstrated that 
osteochondral regeneration can be achieved by pretreat-
ment with human umbilical cord Wharton’s jelly MSC- 
exosomes.16 However, no studies have explored the 
differences between hUC-MSC-sEVs and hUC-MSCs 
and possible therapeutic mechanisms underlying cartilage 
repair from the perspective of proteomics.

Researches show that chondrocytes are hypo- 
replicative during homeostasis, while they do maintain 
the potential to proliferate in some settings. For example, 
chondrocytes proliferate in the form of ‘clusters’ during 
the early stages of OA, which is commonly viewed as an 
attempt to repair damaged matrix.1,37,38 In addition, chon-
drocytes have been shown to facilitate intercellular com-
munication through the production of extracellular 
vesicles. In consequence, the proliferation and migration 
of chondrocytes are important factors for the repair of 
osteoarthritis. In concordance with those studies, our 
in vitro data suggested that both hUC-MSCs and their 
sEVs can markedly stimulate cellular activities in an 
inflammatory environment compared the control group, 
including quantity and mobility of chondrocytes. 
Notably, the effects of hUC-MSC-sEVs at 
a concentration of 15 μg/mL on chondrocyte migration 
were best among all other groups. This thus indicates 
that hUC-MSC-sEVs may be more potency and efficacy 
to a certain extent than hUC-MSCs. In addition, as shown 
in Figure 1F, hUC-MSC-sEVs were successfully taken up 
by chondrocytes, thus directly affected the target cells. 
This action may be related to the Caveolin-1 involved 
signaling pathway.39

IL-1β is one of the key factors inducing inflammatory 
and ECM destruction OA,40 evidenced by inhibiting extra-
cellular matrix synthesis protein expression, such as 

aggrecan and collagen type II, promoting matrix- 
degrading protein (MMP13 and ADAMTS5).41,42 

Imbalance of catabolism and metabolism of cartilage is 
a major link in the progression of osteoarthritis.38,43,44 

Thus, on the basis of in vitro experiments, we further 
explored the regenerative effects of the two treatments in 
an ACLT-induced OA model. Repeated local injections of 
sEVs are required to maintain the effects of sEVs-based 
therapy (one per week),45,46 while cell-based therapy often 
requires only a single administration of MSCs to be effec-
tive, because the implanted cells may continue to secrete 
their secretoma for at least 3 weeks.7,47 This paradigm 
forms the basis of our injection plans in the current 
study. The results confirm that both treatments strongly 
inhibit IL-1β expression and IL-1β-induced upregulation 
of MMP13 and ADAMTS5. Our results are in keeping 
with those of previous studies.17,48 Another significant 
feature is the high content of COL II after pretreatment 
with hUC-MSC-sEVs and hUC-MSCs, demonstrating 
good repair effect. The adverse effects of synovitis on 
the pathological process of OA are also a focus of our 
research. The features of synovial inflammation include 
increased synovial cellularity and macrophage accumula-
tion, leading to severe clinical symptoms.49,50 Vigorous 
research has confirmed that different macrophage pheno-
types are key mediators of cartilage homeostasis,51 

including pro-inflammatory M1-like macrophages and 
anti-inflammatory M2-like macrophages. Recent studies 
have reported that exosomes from bone marrow MSCs 
promoted a phenotypic transformation of macrophages 
from M1 to M2.52 In this study, we found that hUC- 
MSC-sEVs inhibited the infiltration of synovial M1-like 
macrophages, reducing the expression of CD14 and pro- 
inflammatory cytokines, IL-1β. In addition, the expression 
of CD206 and IL-10 was enhanced, indicating that sEVs 
possess effective therapeutic properties in inhibiting the 
inflammatory response and subsequent amelioration of OA 
similar to MSCs. Importantly, our findings also agree with 
previous results.52 Thus, a phenotypic switch of macro-
phages therapeutically guided by sEVs may be 
a promising approach for clinical practice.

sEVs contain numerous molecules, such as proteins, 
lipids, long noncoding RNAs and microRNAs, which are 
potential candidates for disease diagnosis and treatment.14 

Considerable attention was paid to non-coding RNAs in 
EVs.15,53,54 However, little investigations has been done 
on the proteome of MSC-derived sEVs. Because proteins 
directly reflect the pattern of cellular behavior, their role 
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cannot be neglected. Here, we analyzed differences in the 
expression of proteins between hUC-MSC-sEVs and hUC- 
MSCs. We found that the gene expression patterns in 
hUC-MSCs are quite different from those in hUC-MSC- 
sEVs. This result is consistent with previous reports based 
on proteomic analyses of human urine-derived stem cells 
and their exosomes.55 Although hUC-MSCs carry more 
proteins than their sEVs, they share a number of common 
proteins, indicating that sEVs have a functional role in 
human biology similar to MSCs, and may be a good sub-
stitute for therapeutic MSCs. Next, we selected a series of 
proteins related to ECM organization and chondrogenesis 
from among the shared proteins and then identified differ-
ent abundances between the two groups. Surprisingly, 
these proteins are expressed at a significantly higher 
level in sEVs. For example, A2M, a protease inhibitor 
can produce a strong inhibitory effect on a variety of 
cartilage-degradation-related factors,56 including 
ADAMTS4, ADAMTS5, and MMP13.57 Moreover, 
a close association between EGFR signaling pathway and 
chondrocyte metabolism has been reported.28,58 A similar 
conclusion was reached by Chen et al,59 from a study 
using antibody array technology. We found that proteogly-
can 4, a critical cytoprotective glycoprotein,60 is absent 
from MSCs. Importantly, we also found that the upregu-
lated proteins were highly enriched in the regulation of 
immune effector process, extracellular matrix organiza-
tion, PI3K-AKT signaling pathways, Rap1 signaling path-
way, and ECM-receptor interaction. Thus, based on these 
bioinformatics analyses and our experimental results, the 
important conclusion was drawn: sEVs derived from 
MSCs may be more efficient than their parent cells in 
the treatment of OA.

On the one hand, we must acknowledge that as 
a cell-derived nanotherapeutic agent, sEVs have numer-
ous advantages over intact stem cells: first, sEVs’ acel-
lular status poses less risk than cellular transplantation, 
evading immune rejection and oncogenicity and provid-
ing high stability. Second, the small size with a lipid 
bilayer membrane structure makes them easier to store 
and produce. In addition, sEVs demonstrate an innate 
ability to home in on to tissue injury sites,61,62 and 
native nanoparticles can be engineered to optimize 
their targeting ability, therapeutic potency and drug 
loading capacity. On the other hand, the disadvantages 
of sEVs therapy cannot be ignored, such as the fact that 
multiple injections produce additional pain, the isolation 
methods have high cost, and sEVs have low enrichment 

efficiency.63 Objectively, these are the main issues to be 
overcome in the future.

Although this effects of hUC-MSCs-derived sEVs on 
preventing OA progression are as potent as those of 
hUC-MSCs, our study had certain inevitable limitations. 
The development of any new therapeutic agent requires 
the exploration of the optimal dosage. Meanwhile, the 
dose-response assessment of EVs is highly recom-
mended by the MISEV2018 guidelines.13 Our work 
logically found a proportional relationship between the 
observed outcome and the dose of sEVs administered; 
we identified 15 μg/mL as the standard dose. However, 
there was a huge difference in the choice of the dose of 
EVs. A total of 5 μg/mL MSC exosomes were used to 
alleviate temporomandibular joint osteoarthritis,64 while 
doses as high as 150 μg/mL65 were used in the OA 
model. This phenomenon results from the inherent het-
erogeneity of sEVs and the lack of separation 
standard.66,67 Thus, we need to determine the optimal 
dosage of therapeutic sEVs on the basis of specific 
conditions or diseases for promoting clinical translation. 
In addition, the safety and effectiveness concerns of 
sEVs administration must be methodically addressed in 
large animals. Finally, additional work is necessary to 
determine the active ingredients in protein profiles of 
sEVs and their mode of action. These limitations will be 
addressed in the future work.

Conclusions
hUC-MSCs and their derivatives (such as sEVs) have 
cut a striking figure in the field of promoting OA repair, 
and our study complements the exploration of the dif-
ferences between hUC-MSC-sEVs and hUC-MSCs from 
a proteomic perspective and possible therapeutic 
mechanisms for cartilage repair. Our study shows that 
both hUC-MSCs and their sEVs significantly stimulated 
chondrocyte activity and matrix remodeling processes in 
an inflammatory environment, and that sEVs had effec-
tive therapeutic properties similar to MSCs in suppres-
sing inflammatory responses and subsequently 
ameliorated OA. And on top of that, hUC-MSC-sEVs 
may be more effectively than hUC-MSCs to some 
extent. Consequently, in future studies, we hope to 
refine the dose-response assessment and determine the 
active ingredients in protein profiles of sEVs and their 
mode of action, with a view to providing a new, com-
plete and promising treatment option for OA.
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