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Abstract
Background  The use of stem cell-derived exosomes (Exos) as therapeutic vehicles is receiving increasing attention. 
Exosome administration has several advantages over cell transplantation, thus making exosomes promising 
candidates for large-scale clinical implementation and commercialization. However, exosome extraction and 
purification efficiencies are relatively low, and therapeutic heterogeneity is high due to differences in culture 
conditions and cell viability. Therefore, in this study, we investigated a priming procedure to enhance the production 
and therapeutic effects of exosomes from human umbilical cord mesenchymal stem cells (hucMSCs). After 
preconditioning hucMSCs with agonists/inhibitors that target the Wnt/β-catenin pathway, we assessed both the 
production of exosomes and the therapeutic efficacy of the optimized exosomes in the context of diabetic wound 
healing, hoping to provide a safer, more stable and more effective option for clinical application.

Results  The Wnt signalling pathway agonist CHIR99021 increased exosome production by 1.5-fold without causing 
obvious changes in the characteristics of the hucMSCs or the size of the exosome particles. Further studies showed 
that CHIR99021 promoted the production of exosomes by facilitating exocytosis. This process was partly mediated 
by SNAP25. To further explore whether CHIR99021 changed the cargo that was loaded into the exosomes and its 
therapeutic effects, we performed proteomic and transcriptomic analyses of exosomes from primed and control 
hucMSCs. The results showed that CHIR99021 significantly upregulated the expression of proteins that are associated 
with cell migration and wound healing. Animal experiments confirmed that, compared to control hucMSC-derived 
exosomes, CHIR99021-pretreated hucMSC-derived exosomes (CHIR-Exos) significantly accelerated wound healing 
in diabetic mice, enhanced local collagen deposition, promoted angiogenesis, and reduced chronic inflammation. 
Subsequent in vitro experiments confirmed that the CHIR-Exos promoted wound healing by facilitating cell migration, 
inhibiting oxidative stress-induced apoptosis, and preventing cell cycle arrest.
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Background
Stem cell-related technologies have been increasingly 
studied in recent years [1], and human mesenchymal 
stem cells (MSCs) have been extensively assessed in 
clinical trials [2, 3]. MSCs exert their therapeutic effects 
through paracrine factors that are loaded into exosomes 
(Exos) [4]. The administration of MSC-derived exosomes 
(MSC-Exos) has several advantages over traditional stem 
cell transplantation, such as prevention of tumorigenic-
ity, low immunogenicity, minimal contamination, and 
ease of long-term storage [5–7]. As a result, MSC-Exos 
have emerged as an attractive cell-free alternative treat-
ment and have potential for widespread implementation 
as advanced therapy medicinal products (ATMPs) [8].

However, several obstacles limit the large-scale clinical 
application and commercialization of MSC-Exos. First, 
the efficiency of the currently available extraction and 
purification procedures is relatively low, resulting in a 
low input‒output ratio [9–11]. Additionally, the loading 
of cargo into exosomes and the secretion of exosomes are 
influenced by various factors, such as cell type, culture 
environment, cell viability and even cell passage num-
ber [12], making it challenging to ensure the consistency 

and efficacy of exosomes across different batches. Hence, 
for enhanced therapeutic efficacy and promotion of the 
application of MSC-Exos, measures that enhance the 
yield of exosomes per cell and optimize the loading of 
cargo within exosomes are urgently needed to guarantee 
improved therapeutic effects [13, 14].

Previous studies have suggested that preconditioning 
MSCs with various physical and chemical stimuli, such as 
hypoxia and lipopolysaccharide (LPS), might enhance the 
therapeutic effects of the corresponding MSC-Exos [15, 
16]. However, these harmful stimuli may also negatively 
affect cell vitality and proliferation, leading to cell senes-
cence and differentiation. The Wnt signalling pathway 
is a highly conserved pathway that plays crucial roles in 
various biological processes, including stemness main-
tenance, embryonic development, organogenesis, tissue 
regeneration, and diseases such as cancer [17]. In theory, 
this pathway might affect the secretome, but strong evi-
dence of the effect of Wnt activation on cell paracrine 
activity is lacking. Several studies have indicated that 
activation of the Wnt signalling pathway can enhance 
the formation of multivesicular bodies (MVBs) [18] and 
facilitate the exocytosis of extracellular vesicles (EVs) 

Conclusions  The Wnt agonist CHIR99021 significantly increased exosome secretion by hucMSCs, which was partly 
mediated by SNAP25. Notably, CHIR99021 treatment also significantly increased the exosomal levels of proteins that 
are associated with wound healing and cell migration, resulting in enhanced acceleration of wound healing. All of 
these results suggested that pretreatment of hucMSCs with CHIR99021 not only promoted exosome production 
but also improved the exosome therapeutic efficacy, thus providing a promising option for large-scale clinical 
implementation and commercialization.
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[19–21]. Other studies have suggested that modulation of 
EV secretion via activation of the Wnt signalling pathway 
depends on the cell type [22]. The Wnt signalling path-
way is known to regulate the proliferation and mainte-
nance of stemness of MSCs; however, few, if any, studies 
have focused on whether this pathway can increase exo-
some production by MSCs or affect the loading of cargo 
into these vesicles.

Therefore, in this study, we aimed to explore a prim-
ing procedure to enhance exosome production by human 
umbilical cord MSCs (hucMSCs), which are readily avail-
able and highly viable cells that are widely used in stem 
cell therapy, as well as the effects of these exosomes. 
We used two agonists and one inhibitor to evaluate the 
effect of the Wnt signalling pathway on the production 
of exosomes by hucMSCs. Nanoparticle tracking analy-
sis (NTA) was used to determine the size and amount 
of secreted exosome particles, while cell transcrip-
tomics and exosomal proteomics were used to screen 
the enriched pathways and enhanced functions. Ani-
mal model and functional verification experiments were 
chosen and carried out according to the changes in the 
secretome revealed by proteomics. Through these inves-
tigations, we hoped to provide a safe, stable and effective 
priming strategy to enhance exosome production and 
optimize the therapeutic effects of exosomes, thus facili-
tating the clinical implementation and commercialization 
of MSC-Exos.

Methods
Cell culture
Wharton’s jelly from the umbilical cord was sectioned 
into 1  mm pieces, which were subsequently cultured in 
α-MEM (Gibco, USA) supplemented with 10% foetal 
bovine serum (Gibco, USA), 100 U/mL penicillin, and 
100  µg/mL streptomycin (Gibco, USA). Passaging was 
carried out once the cells achieved 80–90% confluence. 
NIH/3T3 cells were cultured in DMEM (Gibco, USA) 
supplemented with 10% neonatal bovine serum, 100 U/
mL penicillin, 100 µg/mL streptomycin, 1% sodium pyru-
vate, 1% nonessential amino acids, and 1% glutamine 
at 37  °C in 5% CO₂. The MSCs were identified as previ-
ously described [23]. Flow cytometry analysis was also 
conducted to characterize the hucMSCs based on their 
expression of CD105 (Biogems, USA) and CD73 (Bio-
gems, USA) and the lack of expression of CD34 (Biole-
gend, USA) and HLA-DR (Biolegend, USA). The ability 
of hucMSCs to differentiate into adipocytes and osteo-
blasts was assessed using Oil Red O (Solarbio, China) 
staining for lipid droplets and Alizarin Red S staining 
(Solarbio, China) for calcium nodes. We used two Wnt 
signalling pathway agonists, namely, CHIR99021 (Sell-
eck Chemicals, USA) and CP21R7 (Selleck Chemicals, 
USA), and the Wnt signalling pathway inhibitor XAV939 

(Selleck Chemicals, USA). CHIR99021 inhibits GSK-3α 
and GSK-3β, CP21R7 inhibits GSK-3β, and XAV939 
promotes the degradation of β-catenin by stabilizing the 
limiting concentrations of axin and other factors that are 
involved in its degradation. hucMSCs were stimulated 
with 5 µM CP21R7, 6.25 µM CHIR99021 and 10 µM 
XAV939. NIH/3T3 cells were stimulated with 800 µM 
hydrogen peroxide (Maokangbio, China).

Exosome isolation and identification
When the hucMSCs reached 70 ~ 80% confluence, the 
cells were cultured in serum-free medium for 48 h, and 
the cell supernatants were collected. The cell superna-
tants were first centrifuged at 10,000×g for 1 h to remove 
cellular debris and large vesicles and subsequently centri-
fuged at 120,000×g for 70 min to obtain exosomes, which 
were resuspended in PBS. The sizes of the exosomes were 
determined via NTA (PARTICLE METRIX, Germany). 
Exosome morphology was determined by transmission 
electron microscopy (TEM; FEI, Tecnai G2 Spirit BioT-
win, USA). The expression levels of CD9, CD63, TSG101 
and calnexin were assessed via Western blotting.

Western blotting
Total proteins were extracted and separated via sodium 
dodecyl sulphate‒polyacrylamide gel electrophoresis 
(SDS‒PAGE) and subsequently transferred to PVDF 
membranes (IPVH00010 0.45  μm, Millipore, USA). The 
membranes were blocked with 5% skim milk for 1  h at 
room temperature and incubated with specific primary 
antibodies at 4  °C overnight. Then, the cells were incu-
bated with HRP-conjugated secondary antibodies for 
1  h at room temperature. Primary antibodies against 
the following target proteins were used: β-actin (1:5000, 
AB0035), Rab27a (1:1000, Proteintech 17817-1-AP), 
Rab7 (1:1000, ABclonal A12308), Alix (1:2000, Protein-
tech 12422-1-AP), TSG101 (1:1000, Abcam ab125011), 
CD63 (1:1000, Abcam ab134045), CD9 (1:1000, Abcam 
ab263019), HSP70 (1:1000, Abcam a181606), VAMP2 
(1:1000, ABclonal A4235), VAMP3 (1:10000, Proteintech 
10702-1-AP), SNAP25 (1:5000, Proteintech 60,159-Ig), 
β-catenin (1:10000, Abcam ab32572), LAMP2 (1:10000, 
ABclonal A22482), STXBP1 (1:1000, Proteintech 11459-
1-AP), AKT (1:1000, CST 9272S), p-AKT (1:1000, CST 
4060S), p38 (1:1000, CST 9212S), p-p38 (1:1000, CST 
9211S), caspase 3 (1:1000, CST 9662S), and cleaved cas-
pase 3 (1:1000, CST 9661S).

Acetylcholinesterase (AChE) enzyme-linked 
immunosorbent assay (ELISA) and NTA
The concentrations of AChE in the hucMSC culture 
supernatants were determined using an AChE ELISA 
kit (MLbio, China) following the manufacturer’s instruc-
tions, and the results were normalized according to the 
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total hucMSC protein concentrations. The total protein 
concentrations were determined by a BCA kit (Epizyme, 
China). NTA was performed using ZetaView NTA and 
its corresponding software (ZetaView 8.05.14). Then, the 
hucMSCs were digested with trypsin, the number of cells 
was counted with a cell counter, and the concentration of 
exosomes was normalized to the number of hucMSCs.

RNA-seq
Total RNA was isolated using TRIzol reagent (Invit-
rogen, USA) following the manufacturer’s procedure. 
Library construction and sequencing were performed 
at Shenzhen BGI Genomics Co., Ltd. DESeq2 (v1.28.1) 
was applied to perform the differential expression analy-
sis. Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment was performed with ClusterProfiler 
(v3.10.1).

Proteomics
Proteomics was performed at Shanghai Jingtian Biotech-
nology Co., Ltd. Raw DIA data were processed and anal-
ysed by Spectronaut 17 (Biognosys AG, Switzerland) with 
default settings. Decoy generation was set to mutated, 
which is similar to scrambled but applies only a random 
number of AA position swamps (min = 2, max = length/2). 
The normalization strategy was set to local normaliza-
tion. Peptides that passed the 1% Q value cut-off were 
used to calculate the major group quantities via the Max-
LFQ method.

RNAi
RNAi was performed via the transfection of siRNA oli-
gos using Lipofectamine 2000 reagent (Invitrogen, USA) 
according to the manufacturer’s instructions. The three 
pairs of SNAP25 siRNA sequences used were as fol-
lows: sense1, 5’-​G​U​C​C​U​U​G​U​A​A​C​A​A​G​C​U​U​A​A​T​T-3’; 
antisense1, 5’-​U​U​A​A​G​C​U​U​G​U​U​U​A​C​A​A​G​G​A​C​T​T-3’; 
sense2, 5’-​C​C​G​C​A​G​G​G​U​A​A​C​A​A​A​U​G​A​U​T​T-3’; anti-
sense2, 5’-​A​U​C​A​U​U​U​G​U​U​U​A​C​C​C​U​G​C​G​G​G​T​T-3’; 
sense3, 5’-​G​U​G​U​C​G​A​A​G​A​A​G​G​C​A​U​G​A​A​T​T-3’; and 
antisense3 5’-​U​U​C​A​U​G​C​C​U​U​C​U​U​C​U​U​C​G​A​C​A​C​T​
T-3’. The sequences of the negative control (NC) siRNAs 
used were as follows: sense 5’- ​U​U​C​U​C​C​G​A​A​C​G​U​G​U​C​
A​C​G​U​T​T-3’ and antisense 5’-​A​C​G​U​G​A​C​A​C​G​U​U​C​G​G​
G​A​G​A​A​T​T-3’.

Exosome tracing
NIH/3T3 cells were seeded in 24-well plates, and when 
the cell confluence reached approximately 80%, four 
groups of exosomes labelled with DIO (Invitrogen, USA) 
were separately added and incubated for 24 h. The cyto-
skeleton was stained with rhodamine-labelled phalloidin 
(ABclonal, China). After 4′,6-diamidino-2-phenylindole 

(DAPI) staining, images were captured via fluorescence 
microscopy.

Cell migration
NIH/3T3 cells (2 × 10⁵) were plated in 6-well plates, and 
when the cell confluence reached 100%, wounds with 
smooth edges were generated by scratching with 200 µL 
pipette tips. Serum-free DMEM supplemented with exo-
somes (50 µg/mL) or PBS was added to the wells. Wound 
healing was observed at 0, 6, 12, and 24  h. The degree 
of healing was calculated with the following formula: 
Healing area = (A0-An )/A0 *100, where A0 is the initial 
scratch area and An  is the scratch area at the measure-
ment time point.

Animals
The animal experiments were approved by the Animal 
Ethics Committee of Qilu Hospital, Shandong University 
(IACUC Issue No. DWLL-2023-092). BALB/c mice were 
purchased from SPF Biotechnology Co., Ltd. (Beijing). 
The mice were housed in a controlled environment with 
a 12 h light/dark cycle at a temperature of 22–25 °C and 
55% ± 5% humidity. Eight-week-old BALB/c mice were 
fasted for 12  h and then injected with streptozotocin 
(STZ, 150  mg/kg, Aladdin, China) to establish a type 1 
diabetes mellitus (T1DM) model. Diabetes was defined as 
a fasting glucose level ≥ 16.7 mmol/L in two consecutive 
measurements. For generation of stable diabetic mice, 
the mice were reared for 4 weeks, and blood glucose 
was measured again before wound formation. The mice 
were anaesthetised with isoflurane, and a circular wound 
with a diameter of 8  mm was created on their backs. 
Twenty mice were randomly divided into four groups: 
the CTRL group, DM group, DM + CTRL-Exo group and 
DM + CHIR-Exo group. The mice were injected with exo-
somes (200 µg of exosomes in 200 µL of PBS) or 200 µL of 
PBS at 4 points around the wound (injections once every 
7 days). Wound healing was recorded on days 0, 3, 7, 10, 
and 14 by capturing images with the same camera, and a 
metal ruler was placed next to the wound to indicate the 
wound size. The wound healing area in the photographs 
was quantified using ImageJ.

Histology
Skin tissues were fixed with 4% paraformaldehyde for 
72  h, embedded in paraffin, and sectioned at a thick-
ness of 5 μm. Sections were deparaffinized, hydrated, and 
stained with haematoxylin-eosin (H&E) and Masson’s tri-
chrome staining kits (Servicebio, China).

Immunohistochemistry
Sections were deparaffinized, hydrated and subjected to 
antigen retrieval using citrate buffer (pH = 6; Servicebio, 
China). Then, the cells were treated with 3% hydrogen 
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peroxide to inactivate endogenous peroxidases for 
15 min and blocked at room temperature for 30 min in 
a protein-blocking solution (10% normal goat serum). 
Primary antibodies were added, and the samples were 
incubated at 4 °C overnight. The sections were then incu-
bated with secondary antibodies at room temperature for 
60  min and stained with 3,3′‐diaminobenzidine (DAB) 
solution (Genetech, GK600505, China). Images were cap-
tured using a microscope (Olympus BX53, Japan). The 
positively stained area was analysed using Image-Pro Plus 
software. Primary antibodies against the following tar-
get proteins were used: COL1 (1:100, ABclonal A22090), 
COL3 (1:500, Proteintech 22734-1-AP), CD31 (1:2000, 
Abcam ab182981), and IL-1β (1:100, Abcam ab283818).

Immunofluorescence
The cells were cultured on a microscope cover glass. 
After fixation in 4% paraformaldehyde and permeabiliza-
tion in 0.1% Triton X-100, nonspecific binding sites were 
blocked. Primary antibodies were added, and the sam-
ples were incubated overnight at 4  °C. Then, secondary 
antibodies, including DyLight 594-conjugated goat anti-
mouse IgG (1:400; Abbkine, China) or DyLight 488-con-
jugated goat anti-rabbit IgG (1:400; Abbkine, China), 
were added and incubated at 37  °C for 1 h. Then, DAPI 
staining was performed. Images were captured using an 
LSM980 confocal scanning microscope (Zeiss, Jena, Ger-
many). Primary antibodies against the following target 
proteins were used: SNAP25 (1:100; Proteintech 60159-
1-Ig), VAMP3 (1:100; Proteintech 10702-1-AP), LAMP2 
(1:200; ABclonal a22482), CD63 (1:200; Proteintech 
25682-1-AP), and Rab7a (1:200; ABclonal a12308).

Statistical analysis
All the data are presented as the mean ± SEM. Differences 
between the groups were evaluated using an unpaired 
Student’s t test or one-way ANOVA followed by Tukey’s 
test via GraphPad Prism 8 software (8.4.2). p < 0.05 was 
considered to indicate a statistically significant difference.

Results
The characteristics of hucMSCs and Exosomes remained 
unchanged after Wnt signalling priming
Before examining the impact of the Wnt signalling path-
way on the production and cargo loading of exosomes, 
we had to verify that the properties of hucMSCs and 
exosomes after Wnt signalling priming were unaltered. 
In this study, 2 Wnt agonists (CHIR99021 and CP21R7) 
and 1 inhibitor (XAV939) were tested. After treatment, 
the ability of the pretreated hucMSCs to differentiate 
into adipocytes or osteocytes did not significantly change 
compared to that of the untreated hucMSCs, suggesting 
that altered Wnt signalling had no obvious effect on the 
differentiation potential of MSCs (Fig.  1A). In addition, 

flow cytometry analysis revealed that the hucMSCs sub-
jected to different treatments exhibited comparable nega-
tive CD34 and HLA-DR expression and positive CD105 
and CD73 expression, suggesting that these procedures 
did not significantly change the surface marker profile of 
the MSCs (Fig. 1B). Furthermore, to evaluate cell senes-
cence, we cultured hucMSCs with or without CHIR99021 
pretreatment for 7 continuous passages. By the 7th pas-
sage, the β-galactosidase-positive area was significantly 
reduced by priming with CHIR99021 compared to that 
in the untreated hucMSCs, suggesting that CHIR99021 
delayed the senescence of hucMSCs (Figure S1A).

Exosomes were then isolated from hucMSCs that 
were subjected to different pretreatment procedures and 
characterized via Western blotting analysis. The results 
revealed the presence of TSG101, CD63, and CD9 in the 
exosomes from all four groups, while calnexin, which is 
a negative marker of exosomes, was absent (Fig.  1C). 
TEM analysis confirmed the characteristic double-mem-
brane structure that is commonly observed in exosomes 
(Fig.  1D). Finally, the size distribution of the exosome 
particles was determined using NTA analysis, and the 
results indicated an average particle size of approximately 
130  nm in the exosomes of all four groups (Fig.  1E). 
These findings collectively indicated that the adminis-
tration of Wnt signalling pathway agonists or inhibitors 
does not exert any discernible effect on the characteris-
tics of MSCs or the inherent properties of the secreted 
exosomes.

Wnt agonist treatment increased hucMSC exosome 
production
Subsequently, we investigated the potential impact of 
the Wnt signalling pathway on exosome production in 
hucMSCs. Previous studies demonstrated a positive cor-
relation between exosome content and AChE levels in 
culture supernatants [24]. Therefore, we initially quan-
tified the AChE concentration in the MSC supernatant 
as an indicator of exosome content. To ensure accurate 
comparisons, we normalized the results according to 
the total protein content. A 1.5-fold increase in AChE 
levels was observed in the groups treated with Wnt sig-
nalling pathway agonists, whereas inhibition of this path-
way led to a decrease in exosome secretion (Fig. 2A). To 
further verify this trend, we employed NTA to quantify 
the exosome size and number. The exosome number 
was normalized according to the number of MSCs. The 
NTA results proved that treatment with Wnt agonists 
resulted in a similar 1.5-fold increase in exosome secre-
tion (Fig. 2C). Notably, this increase in secretion did not 
significantly influence the particle size of the exosomes 
(Fig.  2B). We also found that the effect of the agonist 
CHIR99021 was slightly more pronounced than that 
of CP21R7 after the results were normalized to the cell 



Page 6 of 16Wang et al. Journal of Nanobiotechnology          (2024) 22:373 

number, but the difference was not statistically significant 
(Fig.  2B-C). Additionally, we utilized TEM to visualize 
the intracellular content of the MVBs and intraluminal 
vesicles (ILVs). Our observations revealed an increase 
in the intracellular MVBs and ILVs following treatment 
with a Wnt signalling pathway agonist (Fig.  2D-F). Col-
lectively, the above results suggested that Wnt signalling 
pathway agonists can increase the content of MVBs and 
ILVs within hucMSCs and increase exosome secretion 
by approximately 1.5-fold. Nevertheless, considering the 
consistency of the results, we chose CHIR99021 as the 
Wnt agonist for use in the subsequent proteomic, tran-
scriptomic and functional validation experiments.

CHIR99021 increased exosome secretion by promoting 
SNAP25-dependent exocytosis
Our aforementioned results suggested that Wnt signal-
ling pathway agonists can increase exosome production 
by 1.5-fold. Previous studies revealed that exosome for-
mation is affected mainly through the following three key 

processes: MVB and ILV production, lysosome-mediated 
degradation, and exocytosis.

To investigate the underlying mechanisms driving this 
enhanced secretion, we conducted transcriptomic analy-
sis of hucMSCs treated with or without CHIR99021. Dif-
ferentially up- and downregulated genes were revealed 
by volcano plot analysis (Fig.  3A). Subsequent Gene 
Ontology (GO) analysis indicated that the differentially 
expressed genes were enriched in the term “extracel-
lular exosomes” (Fig.  3B). Furthermore, KEGG analysis 
revealed potential enrichment in the “synaptic vesicle 
cycle” pathway, which is a crucial pathway involved in 
cytosolic exocytosis (Fig.  3C). By conducting a cluster-
ing heatmap analysis of the 35 genes associated with 
the synaptic vesicle cycle, we found that 24 genes were 
upregulated in the CHIR99021 group. Notably, one of 
the upregulated genes was SNAP25, an essential con-
stituent of the soluble N-ethylmaleimide-sensitive fac-
tor attachment protein receptor (SNARE) complex that 
plays a critical role in exocytosis processes (Fig.  3D). 
To validate this result, we conducted Western blotting 

Fig. 1  The characteristics of hucMSCs and exosomes remained unchanged after Wnt signalling priming. (A) Alizarin red and oil red O staining after treat-
ment of hucMSCs with Wnt agonists or inhibitors (B) Flow cytometry identification of hucMSCs maker after treatment of hucMSCs with Wnt agonists or 
inhibitors. (C) Western blot analysis of exosome marker from different pretreated hucMSCs. (D) Exosome transmission electron microscopy. (E) Exosome 
NTA assay
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analysis and observed a similar upregulation of SNAP25 
protein expression induced by CHIR99021. Addition-
ally, CHIR99021 upregulated the expression of exocy-
tosis regulatory proteins, namely, Rab27a and Rab7a. 
Rab27a promotes the accumulation and transport of 
MVBs to the plasma membrane, while Rab7a mediates 
MBV maturation and transport and endosome-lysosome 
fusion. Conversely, treatment with the Wnt signalling 

inhibitor XAV939 had the opposite effect (Fig.  3E). 
Notably, no changes were observed in the protein lev-
els of other SNARE complex components, including 
STXBP1 VAMP2 and VAMP3, in the expression of the 
ESCRT components ALIX and TSG101 or in the lyso-
some marker LAMP2 (Figure S1B). Taken together, these 
results demonstrated that Wnt signalling regulates the 
exocytosis of hucMSCs.

Fig. 2  Wnt agonist treatment increased hucMSC exosome production. (A) ELISA detection of AChE in hucMSC supernatants from different treatment 
groups (B) Exosome particle size distribution. (C) Quantification of different treatment groups of exosomes by NTA. (D-F) Representative TEM images of 
hucMSCs and the quantitation analysis on the MVBs and ILVs after hucMSCs were treated with Wnt agonists or inhibitors. Data are represented as mean 
± SEM. *P < 0.05, **P < 0.01
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Fig. 3 (See legend on next page.)
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Next, we utilized TEM and confocal microscopy to 
visualize the intracellular localization and content of 
MVBs and ILVs. Considering that SNAP25 interacts 
with its ligand VAMP3 to trigger membrane fusion and 
exosome release, we first examined the colocalization of 
SNAP25 and VAMP3. SNAP25 and VAMP3 were signifi-
cantly colocalized near the plasma membrane in the Wnt 
agonist-treated group (Fig. 3F), suggesting that the Wnt 
agonist increased SNAP25-mediated membrane fusion. 
Additionally, RAB7a, which mediates MBV maturation 
and transportation, exhibited increased fluorescence 
enrichment at the cytosolic membrane after agonist 
treatment (Figure S1C). Regarding lysosome-mediated 
degradation, the colocalization of the lysosome marker 
LAMP2 with the MVB marker CD63 was reduced after 
Wnt agonist treatment, suggesting that the lysosome-
mediated degradation of MVBs might be suppressed by 
the Wnt agonist (Fig.  3G). These findings were consis-
tent with our TEM results, which showed an increase 
in the number of intracellular MVBs and ILVs after ago-
nist priming (Fig.  2D-F). No significant changes were 
observed in the levels of exosome synthesis-related pro-
teins, such as ALIX and TSG101 (Figure S1B). The Wnt 
agonists may have increased the MVB and ILV contents 
by suppressing lysosome-mediated degradation. How-
ever, we cannot exclude the possibility that Wnt agonists 
might regulate the generation of MVBs and ILVs through 
mechanisms that are independent of ALIX and TSG101, 
which needs further verification. We will only focus on 
the mechanism validated by transcriptomics, namely, the 
SNAP25-mediated exocytosis pathway.

To demonstrate whether the regulatory effect of Wnt 
agonists on exocytosis is SNAP dependent, we used 
siRNA to knock down SNAP25 (Fig.  3H). Given the 
consistent results observed in Fig.  2 between the AChE 
level analysis and NTA, we measured AChE levels as 
an indicator of exosome content. Notably, suppression 
of SNAP25 expression resulted in a significant reduc-
tion in AChE levels, and the pro-exocytosis effects of the 
Wnt agonists were nearly abolished (Fig. 3I). These find-
ings suggested that Wnt signalling pathway agonists can 
potentially facilitate exosome release, and the underlying 
mechanism is partially dependent on SNAP25.

CHIR99021 enhanced the loading of wound healing-
related proteins into exosomes
Based on the above results, Wnt agonists, particularly 
CHIR99021, significantly increased SNAP25-mediated 
exosome secretion. However, importantly, an increase in 
exosome production alone cannot guarantee therapeu-
tic efficacy. Therefore, we aimed to explore the impact 
of Wnt agonists on the cargo content of exosomes by 
conducting proteomics analysis of exosomes that were 
released by hucMSCs with or without CHIR99021 
treatment (referred to as CHIR-Exos and CTRL-Exos, 
respectively). The volcano plot shows the differentially 
upregulated and downregulated proteins in response to 
CHIR99021 treatment (Fig.  4A). GO analysis revealed 
that the proteins exhibiting altered expression were 
enriched in two biological processes, namely, “posi-
tive regulation of cell migration” and “wound healing” 
(Fig. 4B). A clustered heatmap of the proteins enriched in 
these processes highlighted the upregulation of TGFβ2, 
TGFβ3, AGO2, CCAR1 and HMGB1, which are known 
to promote wound healing and cell migration (Fig.  4C-
D). Transcriptomic analysis of hucMSCs revealed similar 
results, with differentially expressed mRNAs clustering 
in the TGFβ pathway and PI3K-Akt pathway, both of 
which play important roles in regulating wound heal-
ing (Fig.  4E-F). These results indicated that CHIR99021 
treatment could alter the contents of exosomes and pro-
mote the enrichment of proteins that are associated with 
wound healing and cell migration.

CHIR-Exos promoted diabetic cutaneous wound healing 
more strongly than untreated hucMSC exosomes
To further confirm whether the CHIR-Exos could pro-
mote wound healing in vivo, we established a full-thick-
ness cutaneous wound model in diabetic mice (Fig. 5A). 
Subsequent imaging on days 0, 3, 7, 10, and 14 revealed 
that CHIR-Exos significantly accelerated the healing of 
diabetic wounds, surpassing the healing rate induced by 
control exosomes (referred to as CTRL-Exos). Notably, 
the CHIR-Exo group achieved near-complete wound clo-
sure by the 14th day of observation (Fig. 5B-D).

Histological analysis of skin sections from wounds on 
day 14 revealed a notable increase in the epidermal layer 
in the CTRL-Exo treatment groups. Remarkably, this 
increase was even more pronounced in the CHIR-Exo 

(See figure on previous page.)
Fig. 3  CHIR99021 increased exosome secretion by promoting SNAP25-dependent exocytosis. (A) Volcano plot showing differential gene expression of 
hucMSCs in the CHIR99021-treated group versus the control group. (B) GO enrichment analysis of hucMSCs in CHIR99021-treated group versus control 
group. (C) KEGG enrichment analysis of hucMSCs in CHIR99021-treated group versus control group. (D) Heatmap of gene clustering of hucMSCs tran-
scriptomics in synaptic vesicle cycle between CHIR99021-treated and control groups. (E) Western blot analysis of β-catenin, Rab27a, Rab7, SNAP25 in 
hucMSCs treated with Wnt signaling pathway agonists and inhibitors. (F) Co-location of SNAP25 with VAMP3 was observed using immunofluorescence 
after treatment of hucMSCs with Wnt signaling pathway agonists and inhibitors. (G) Co-location of LAMP2 with CD63 was observed using immunofluo-
rescence after treatment of hucMSCs with Wnt signaling pathway agonists and inhibitors. (H) Western blot analysis of SNAP25 knockdown efficiency. (I) 
After knocking down of SNAP25, hucMSCs were treated with Wnt signaling pathway agonists for 48 h, supernatants were collected, and AChE concentra-
tion was analysis by ELISA. Data are represented as mean ± SEM. *P < 0.05, **P < 0.01
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Fig. 4  CHIR99021 enhanced the loading of wound healing-related proteins into exosomes. (A) Volcano plot showing differential protein of exosome 
between CHIR99021-treated and control groups. (B) GO enrichment analysis between CHIR99021 treatment group and control group. (C-D) Heat-
map showing differential protein between CHIR99021 treatment group and control group. (E-F) Heatmap of hucMSCs transcriptomics clustering in 
CHIR99021-treated group vs. control group
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Fig. 5  CHIR-Exos promoted diabetic cutaneous wound healing more strongly than untreated hucMSC exosomes. (A) Flow chart of the animal experi-
ment. (n = 5 in each group) (B) Skin wound healing in 4 groups of mice on days 0, 3, 7, 10 and 14. (C) Pattern diagrams of skin healing in the 4 groups 
of mice, with coloured areas showing the area of unhealed wounds at different observation times. (D) Statistics on the percentage of wound healing 
area of mice. (E-F) H&E staining to observe the epidermal thickness of the skin at the wound in each group of mice. (G-K) Masson staining and im-
munohistochemical analysis of collagen deposition, IL-1β, CD31 expression in the skin of mice in each group. Data are represented as mean ± SEM. 
*P < 0.05, **P < 0.01
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treatment group, in which the cells were arranged in a 
more normal pattern (Fig.  5E-F). Since Exos have been 
reported to engage in and enhance nearly all stages of 
wound healing [25], immunohistochemical staining 
and Masson staining were performed to assess collagen 
deposition, the inflammatory response, and angiogen-
esis in wounds. The results indicated that the deposition 
of both collagen I and collagen III was enhanced in the 
wounds of the CHIR-Exo group, and this change was 
accompanied by significantly reduced IL1β expression 
and enhanced angiogenesis at the wound site (Fig.  5G-
K). These findings indicated that the administration of 
CHIR-Exos could enhance collagen deposition, suppress 
the inflammatory response and facilitate angiogenesis 
in diabetic wounds, thereby promoting the process of 
wound healing.

CHIR-Exos promoted fibroblast migration and proliferation 
and suppressed apoptosis in vitro
We further verified the pro-healing effects of CHIR-Exos 
in the NIH/3T3 cell line. Different exosome treatments 
were administered to stimulate cell migration, validat-
ing the effects of exosomes from various groups on this 
process. The uptake of all three types of exosomes by 
HIN/3T3 cells was confirmed (Figure S1D). Notably, both 
the CTRL-Exos and CHIR-Exos significantly promoted 
HIN/3T3 cell migration, with the CHIR-Exos exhibit-
ing a stronger effect than the CTRL-Exos. Conversely, 
XAV939-pretreated exosomes (referred to as XAV-Exos) 
exerted the weakest promotion of cell migration (Fig. 6A-
B). Annexin V/PI staining demonstrated that the CHIR-
Exos inhibited apoptosis (Fig.  6C), while the cell cycle 
assay revealed that these exosomes also increased the 
proportion of cells in the S and G2 phases, thereby pro-
moting cell proliferation (Fig.  6D). Consistent with the 
Annexin V/PI staining results, CHIR-Exo treatment also 
decreased the protein level of cleaved caspase 3 (Fig. 6F) 
as well as the activation of the PI3K/AKT signalling path-
way and the P38MAPK signalling pathway. KEGG anal-
ysis revealed similar results; namely, the differentially 
expressed proteins in the CHIR-Exos were significantly 
enriched in the PI3K/AKT signalling pathway and cell 
adhesion molecules (Fig.  6E). These findings indicated 
that the CHIR-Exos promoted cell migration, suppressed 
oxidative stress-induced apoptosis, and prevented cell 
cycle arrest in vitro.

Discussion.
MSCs are a promising therapy for various diseases 

ranging from diabetes to wound healing [26, 27]. Exo-
somes are small EVs with a size of 30–150 nm and exert 
most of the therapeutic effects of MSCs. Exosomes 
transport a diverse range of molecules, including pro-
teins, mRNAs, miRNAs, and lipids, and thus play crucial 
roles in various biological processes, such as intercellular 

communication, immunomodulation, tumour metasta-
sis and tissue regeneration [28–30]. However, the poor 
scalability of their production has limited the large-
scale application of MSC-derived exosomes in the clinic. 
Therefore, various approaches have been developed to 
increase their production and reduce their heterogene-
ity [31]. These approaches range from new cell culture 
devices to priming procedures, and most efforts have 
focused on 3 key approaches: improving MVB/ILV pro-
duction, preventing degradation, and promoting exocy-
tosis. Exosomes, which originate from early endosomes, 
undergo gradual maturation to form MVBs that contain 
numerous ILVs. Ultimately, mature MVBs either fuse 
with lysosomes for degradation or fuse with the plasma 
membrane, which results in their release into the extra-
cellular space through exocytosis as exosomes [32, 33].

In this study, we used the Wnt agonist CHIR99021 to 
prime hucMSCs with the aim of enhancing the produc-
tion of exosomes as well as their therapeutic efficacy. 
Our results indicated that pretreatment with CHIR99021 
resulted in a significant increase in exosome secretion 
by hucMSCs, and exosome secretion in this group was 
approximately 1.5 times greater than that in the con-
trol group. This increase in exosome production was 
achieved without any changes in the characteristics of the 
hucMSCs or the size of the exosome particles. Further-
more, treatment with CHIR99021 enhanced the intracel-
lular MVB and ILV contents in hucMSCs and promoted 
the exocytosis of MVBs. This process was partly medi-
ated by SNAP25.

Several previous studies have suggested that activa-
tion of the Wnt signalling pathway can facilitate exo-
cytosis in certain cell types, but their numbers are few, 
and the underlying mechanism is unclear. Zhang et al. 
discovered that the activation of β-catenin accelerated 
the assembly of the ESCRT complex and facilitated the 
exocytosis of 50-nm gold particles [19]. According to 
reports by Sorrenson et al., β-catenin promoted insulin 
secretion independently of its transcriptional coactiva-
tor TCF7L2; instead, β-catenin somehow facilitated the 
remodelling of actin and regulated the movement of 
insulin secretory vesicles towards the plasma membrane 
[20]. Sándor et al. reported that Wnt pathway activation 
was coupled with greater EV release in multiple organ-
oid models [21], while Lu et al. suggested that Wnt sig-
nalling pathway agonists might exert the opposite effects 
on EV secretion [22]. In our study, a significant increase 
in exosome exocytosis was observed in hucMSCs after 
the Wnt signalling pathway was activated. Further tran-
scriptomics led us to focus on cytosolic exocytosis and 
SNAP25, which is a crucial component of the SNARE 
complex. Through the siRNA-mediated knockdown of 
SNAP25, the CHIR99021-induced increase in exosomal 
exocytosis was partially abolished, confirming that Wnt 
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Fig. 6  CHIR-Exos promoted fibroblast migration and proliferation and suppressed apoptosis in vitro. (A-B). Migration of NIH/3T3 cells at 0, 6, 12, and 24 h 
in scratch assay. (C) Apoptosis was detected in each group using Annexin5/PI staining, and the histogram showed the percentage of both Annexin5 (+) 
PI (−) and Annexin5 (+) PI (+) cells. (D) Cell cycle was detected using PI staining. (E) KEGG enrichment analysis of exosome between CHIR99021-treated 
and control groups. (F) Western blot analysis of AKT, p-AKT, p38, p-p38, caspase3 and cleaved-caspase3 in each group. Data are represented as mean ± 
SEM. *P < 0.05, **P < 0.01
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agonists might partly rely on SNAP25 to facilitate exo-
cytosis. These results proved that CHIR99021 could be 
a safe approach for enhancing exocytosis by hucMSCs, 
thus effectively increasing exosome production. For 
MVB/ILV production, we observed an increase in the 
MVB and ILV contents by TEM. Wnt signalling may pro-
mote exosome exocytosis and biogenesis; however, the 
expression levels of the core proteins of the ESCRT com-
plex, namely, ALIX and TSG101, did not significantly 
change after CHIR99021 treatment. Combined with the 
decrease in LAMP2-CD63 costaining observed by confo-
cal microscopy, these findings suggested that Wnt ago-
nists increase the MVB and ILV contents by suppressing 
lysosome-mediated degradation. However, we cannot 
exclude the possibility that Wnt agonists might regulate 
the generation of MVBs and ILVs through mechanisms 
that are independent of ALIX and TSG101 protein syn-
thesis. Other possible pathways include ESCRT-indepen-
dent pathways, which are facilitated by the generation 
of ceramide or phosphatidic acid or by lipid raft forma-
tion in a Rab31-flotillin-dependent manner [34]. We will 
explore this topic in our future research.

Next, we explored the effect of CHIR99021 on exo-
some cargo loading and clinical applications. Proteomic 
analysis was used to identify the proteins whose levels 
were altered after Wnt signalling activation, and the pro-
teins that were significantly upregulated in CHIR99021-
treated exosomes were associated with pro-healing and 
cell migration processes. Previous research has demon-
strated that activation of the nonclassical Wnt pathway 
induces the aggregation of IL-6, VEGF, and MMP2 into 
EVs in melanoma cells. Another study reported that acti-
vation of the classical Wnt pathway also promoted the 
aggregation of miRNAs into exosomes [35]. In our inves-
tigation, we observed an increase in the aggregation of 
TGFβ2, TGFβ3, AGO2, CCAR1, and other pro-healing 
proteins into exosomes following activation of the clas-
sical Wnt pathway. These findings collectively suggested 
that Wnt signalling has an impact on the sorting of EV 
contents. However, the specific mechanism underlying 
this phenomenon is not fully understood and warrants 
further exploration. For clinical applications, we used a 
full-thickness cutaneous wound model in diabetic mice, 
as well as NIH/3T3 fibroblasts, to observe whether the 
enhanced exosomes had better efficacy. Consistent with 
previous reports [25, 36, 37], control exosomes from 
untreated hucMSCs significantly accelerated the wound 
healing procedure, and our CHIR-Exos were even more 
effective: compared with control exosomes, CHIR-
Exos significantly accelerated the wound healing rate, 
enhanced local collagen deposition, promoted angio-
genesis, and reduced chronic inflammation in diabetic 
mice. Subsequent in vitro experiments confirmed that 
the CHIR-Exos promoted wound healing by facilitating 

cell migration, inhibiting oxidative stress-induced apop-
tosis, and preventing cell cycle arrest. All of these results 
suggested that pretreatment with CHIR99021 not only 
promoted hucMSC-derived Exo production but also 
improved the therapeutic efficacy of these particles, thus 
providing a potential approach for clinical application.

In summary, our findings indicated that CHIR99021 
could be a safe approach for facilitating exosomal secre-
tion by hucMSCs and augmenting the loading of pro-
healing proteins into exosomes to promote diabetic 
wound healing. However, before we apply these results 
to biopharmaceutical development and commercial mass 
production, several challenges need to be addressed. 
First, although we found that CHIR99021 delayed the 
passage-induced senescence of hucMSCs, the possibility 
that exosome cargoes change during continuous subcul-
ture still existed. Therefore, exosomal proteomic compar-
isons are necessary after continuous passaging. Second, 
the influence of the Wnt signalling pathway on exosomal 
protein cargo loading and its specific mechanism remain 
unclear and warrant further exploration. Finally, the pre-
cise impact of CHIR99021 on ILV production and its 
underlying mechanism remain unclear, so further inves-
tigations are necessary, particularly regarding the poten-
tial involvement of the ESCRT-independent pathway. We 
hope to address these limitations in our future research.

Conclusion
In this study, we investigated the potential of a Wnt 
agonist for priming hucMSCs to enhance exosome 
secretion and improve therapeutic efficacy in diabetic 
wound healing. Pretreatment with the Wnt agonist 
CHIR99021 significantly enhanced exosome secretion 
by hucMSCs. Mechanistically, CHIR99021 promoted 
exosome secretion by facilitating exocytosis of MVBs, 
which was partially mediated by SNAP25. Further-
more, CHIR99021-primed exosomes exhibited notably 
enriched levels of proteins associated with cell migration 
and wound healing. Consequently, compared with the 
administration of exosomes from untreated hucMSCs, 
the administration of these exosomes led to a significant 
improvement in diabetic wound closure. In conclusion, 
these findings demonstrated that CHIR99021 pretreat-
ment effectively enhances both exosome production and 
cargo loading in hucMSCs, leading to exosomes with 
superior therapeutic potential for diabetic wound heal-
ing. This strategy offers a promising, safe, and cost-effec-
tive approach to optimize Exo-based therapy for diabetic 
ulcers, paving the way for further clinical translation.
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