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Background: Mesenchymal stem cell-derived exosomes (MSC-exo) have been shown to have significant potential in wound healing 
and scar relief processes. According to reports, TNFSF13 and HSPG2 are associated with various fibrotic diseases. The aim of this 
study is to investigate how TNFSF13 and HSPG2 affect the formation of hypertrophic scar (HS) and the mechanism by which 
exosomes regulate HS.
Methods: Immunohistochemistry, qRT-PCR, Western blot, and immunofluorescence were performed to measure TNFSF13 expres-
sion in HS skin tissues and hypertrophic scar fibroblast (HSF). HSF were treated with recombinant TNFSF13 protein and TNFSF13 
siRNAs to probe the effect of TNFSF13 on the activity of HSF. The CCK-8, EdU, Transwell, and Western blot were used to 
investigate the role of TNFSF13 in viability, proliferation and inflammation. The influence of MSC-exo on the proliferation and 
function of HSF was determined by scratch and Western blot.
Results: TNFSF13 was dramatically up-regulated in HS skin tissues and HSF. Recombinant TNFSF13 protein increased cell viability, 
proliferation, migration, fibrosis, inflammation, and the binding between TNFSF13 and HSPG2 of HSF. The opposite results were 
obtained in TNFSF13 siRNAs transferred HSF. Furthermore, TNFSF13 activated the nuclear factor-κB (NF-κB) signaling pathway. 
Silencing of HSPG2 and inhibition of NF-κB remarkably eliminated the promoting effects of TNFSF13 on cell viability, proliferation, 
migration, fibrosis and inflammation of HSF. MSC-exo reduced α-SMA and COL1A1 inhibited the proliferation and migration of HSF 
by inhibiting TNFSF13 and HSPG2.
Conclusion: TNFSF13 activates NF-κB signaling pathway by interacting with HSPG2, which regulates the proliferation, migration, 
fibrosis and inflammatory response of HSF. Through the above mechanisms, knocking out TNFSF13 can inhibit the proliferation, 
migration, fibrosis and inflammatory response of HSF, whereas MSC-exo could reverse this process. These results suggest that MSC- 
exo alleviates HS by inhibiting the fibroblasts via TNFSF-13/HSPG2 signaling pathway.
Keywords: TNFSF13, HSPG2, hypertrophic scar(HS), MSC-exo, fibroblasts

Introduction
Hypertrophic scar (HS) is a fibroproliferative disease caused by abnormal skin tissue repair after burns, lacerations, and 
surgical trauma.1–3 It is currently believed that wound repair is a complex dynamic process in which multiple repair cells, 
growth factors and extracellular matrix interact, in which fibroblasts play a pivotal role.4 Fibroblasts fill tissue defects by 
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proliferating, synthesizing and secreting a large amount of ECM. However, under the action of certain cytokines, 
excessive proliferation and secretion of fibroblasts lead to abnormal deposition of ECM, which can form HS.5 HS are 
often accompanied by erythema, bumps, itching, and pain, leading to organ dysfunction and motor loss at different 
degrees, making HS an increasingly serious social health problem.6–8 Currently, the treatment for HS includes surgical 
excision, laser therapy, radiation therapy, pressure therapy and medication. The surgical incision is an invasive procedure 
that may result in new scarring,9–11 and intradermal injection is usually accompanied by adverse reactions. However, the 
results remain unsatisfactory due to individual differences.12 Thus, it is important to investigate the pathogenesis of HS 
and search new therapeutic strategies for HS.

Mesenchymal stem cells (MSC), a type of pluripotent stem cell, can self-renew and differentiate into other cells. The 
characteristics make them widely used in tissue engineering and regenerative medicine.13 Despite the advantages of MSC, 
their clinical application has resulted in a variety of side effects, including immune response, short life, neoplasm formation, 
obstruction of small vessels, low homing properties, and ethical issues.14 Exosomes (EXOs) are the smallest extracellular 
vesicles,15 just 30–150 nm in diameter, contain protein, mRNA, microRNA and other biological information.16 They are found 
in biological fluids such as milk, saliva, urine, semen, serum, bile, lymph, plasma, amniotic fluid, and cerebrospinal fluid.17,18 

MSC are the principal sources from which EXOs are isolated.15 Owing to no immune rejection, greater stability, no tumorigenesis, 
no vascular obstruction, and an intrinsic homing property, EXOs have enormous potential as desirable drug/gene delivery vectors 
in the field of disease treatment and tissue repair.19 Recently, significant contributions to wound healing and scar attenuation 
through exosome derived from mesenchymal stem cells (MSC-exo) have been described. Some researchers confirmed that MSC- 
Exo has anti-inflammatory and immunomodulatory properties and can be used for inflammatory diseases, skin injuries, and skin 
scar formation.20,21 H. Kim et al showed that exosomes derived from alternatively activated M2 Mφs can promote cutaneous 
wound repair.22 Wang et al reported in diabetic mice, exosomes from adipose-derived stem cells promoted collagen deposition, 
which increased in the late stage of wound healing.23 In our study, we attempted to further reveal the effect of MSC-exo on HS.

TNFSF13 (a member of the tumor necrosis factor superfamily 13), also known as the A proliferation-inducing ligand 
(APRIL), is a type II transmembrane protein composed of a short N-terminal, variable-length transmembrane region, and 
an extracellular C-terminal in the cell.24 It is a trimeric protein, and its precursor is secreted into the cytoplasm after 
cleavage by furin protease. As a ligand for TNFRSF17/BCMA, TNFSF13 has been found to be important for B cell 
development, autoimmunity, and cancer. TNFSF13 was also found to be a potential fibrogenic molecule and involved in 
fibroblast recruitment of macrophages. In spinal cord injury (SCI), TNFSF13 gene deletion reduced the area of fibrosis 
scar.25 So we speculate that TNFSF13 may play a role in regulating the formation and development of HS.

HSPG2, encoded by HSPG2 gene, is a major component of vascular basal membrane.26 A recent report suggested 
HSPG2 on target cell surfaces can act as receptors for exosome uptake.27 Other studies have showed that HSPG2 is 
associated with several fibrotic processes, such as liver fibrosis and connective tissue proliferative tumors.28,29 Shu et al 
found that HSPG2 deficient mice showed decreased production of TGF-β in mouse skin.30 In addition, the targeted 
binding of HSPG2 to TNFSF13 is involved in regulating atherosclerosis.31 However, as for the association of HSPG2 
and TNFSF13 with exosomes, it remains unclear.

In our previous research, we confirmed exosomes have potential in the field of scar alleviation: MSC-exo deliver 
miR-138-5p to target SIRT1 and inhibit the growth and protein expression of human skin fibroblasts, then attenuate HS.32 

However, we further explore whether other genes can also target fibroblasts and the role of MSC-exo in the formation of 
HS. Thus, our present study investigated the functional changes of hypertrophic scar fibroblast (HSF) under influence of 
TNFSF13, HSPG2 and MSC-Exo through the HSF model in vitro.

Materials and Methods
Ethical Statement
The human subject protocol was approved by the Biomedical Research Ethics Committee of Shandong Provincial Hospital 
(NSFC: NO.2019-182). All clinical samples were obtained from previously untreated patients with HS at Shandong Provincial 
Hospital (Shandong, China). Informed consent was obtained from all participants in accordance with the World Medical 
Association Declaration of Helsinki.
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Human Specimen Collection
The skin tissues of 12 patients with HS were enrolled in this study, and 12 normal skin tissues matched with age and sex were used 
as controls. The 12 HS tissues were collected from HS patients undergoing scar resection. The 12 normal skin tissues were 
collected from plastic surgery patients. We obtained tissue from HS patients both at their scar sites and normal skin. All enrolled 
patients signed written informed consent and the study was approved by the Ethics Committee of our hospital.

Immunohistochemistry
The HS and normal tissues were fixed with 4% paraformaldehyde, dehydrated with graded ethanol, embedded in paraffin, 
and then cut into 5 μm-thick sections. After dewaxing with xylene and hydrating with gradient alcohol, sections were 
heated in microwave oven for antigen repair and then incubated with 3% H2O2 for 15 min to remove endogenous 
peroxidase activity. Subsequently, sections were blocked with goat serum for 1 h to prevent non-specific binding. After 
incubation with primary antibodies (TNFSF13, ab189263, Abcam, Cambridge, UK; Heparan sulfate proteoglycan 2 
(HSPG2), ab23418, Abcam, Cambridge, UK; p65, 10745-1-AP, Proteintech, Chicago, USA) overnight at 4 °C, sections 
were incubated with secondary antibodies (PR30011, Proteintech, Chicago, USA); ab6789, Abcam, Cambridge, UK) for 
2 h. The diaminobenzidine was used for color developing. After counterstaining with hematoxylin, sections were 
dehydrated and vitrified, and finally sealed by resinene. The results were analyzed using ImageJ software.

Isolation and Culture of Fibroblasts
After the excess subcutaneous fat was removed from skin tissue, the skin tissue was digested with disperse enzyme II 
(ST2339, Beyotime, Shanghai, China) for 6–8 h to separate the dermis from the epidermis. The dermis was repeatedly 
cleaned in PBS and cut into small pieces, then incubated in type I collagenase (1 mg/mL, ST2294, Beyotime, Shanghai, 
China) at 37°C for 6 h. After filtration through a 200-mesh screen, the isolated cells were placed in a DMEM-F12 
medium (11320033, Thermo Fisher Scientific, Waltham, MA, USA) containing 10% FBS and 1% penicillin-streptomycin 
solution (PB180120, Procell, Wuhan, China). All experiments were conducted using third - to fifth-generation cells.

The Isolation of MSC-Exo
All of these processes have been conducted in our previous study.32 Here, we use bone marrow mesenchymal stem cells. 
The cell-conditioned medium was collected from approximately 70% confluent MSC (Cyagen, Guangzhou, China) at 
a concentration of 6×105 cells/well grown in 100-mm cell culture dishes with 10mL human MSC basal medium 
containing FBS depleted of bovine serum extracellular vesicles (JKF1001-100, QIAGEN, Shandong, China) in each 
dish by 48~36 h. About 1000mL of cell supernatant was collected, and 100mL of cell supernatant was firstly centrifuged 
at 2000 ×g for 15 min to remove dead cells. Next, the supernatant was centrifuged at 10,000 ×g for 30 min to remove 
impurities. Then, the supernatant was centrifuged at 120,000 ×g for 70 min using a Ti70 rotor (Optima XPN-100 
Ultracentrifuge, Beckman Coulter, Kraemer Boulevard Brea, USA). All centrifugation steps were performed at 4°C. 
Eventually, exosomes were isolated from the collected medium by differential ultracentrifugation.

Cell Immunofluorescence
The expression of TNFSF13 and p-p65 in HSF was detected by the immunofluorescence. HSF were seeded on the glass 
coverslips and incubated in culture dishes for 24 h. Then, HSF were fixed with 4% paraformaldehyde at 25 °C for 15 
min. After blocking with goat serum at 25 °C for 1 h, HSF were incubated with primary antibodies (TNFSF13, 
ab189263, Abcam, Cambridge, UK; p-p65, 3033T, Cell Signaling Technology, Boston, USA) at 4°C overnight, and 
then incubated with secondary antibody (ab150077, Abcam, Cambridge, UK) at 25 °C for 2h. After counterstaining with 
DAPI at 25 °C for 5 min, the results were observed under a laser confocal microscope (ZEISS, Oberkochen, Germany).

Cell Treatment and Transfection
The recombinant human TNFSF13 protein (Sino Biological, Beijing, China) at the dose of 10, 30, and 100 ng/mL was used to treat 
HSF for 24 h to overexpress TNFSF13. The Nuclear factor-κB (NF-κB) inhibitor, pyrrolidine dithiocarbamate (PDTC, 1 mM, 
Shanghai yuanye Bio-Technology Co., Ltd), was used to treat HSF for 24 h for inhibiting the NF-kB signaling pathway.
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The siRNAs targeting TNFSF13 (si-TNFSF13-1 and si-TNFSF13-2) and its scrambled control were purchased from RibiBio. 
si-HSPG2 and its negative control (si-NC) were also from RibiBio. The si-TNFSF13-1/-2 and scrambled siRNA were transfected 
into HSF by the Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA). The sequences were as follows:

si-TNFSF12-1, 5’-GCCAGCCTCATCTCCTTTCTT-3’;
si-TNFSF13-2, 5’-GCTCTGCTGACCCAACAAACA-3’;
Scrambled siRNA, 5’-GCCTCCAACCTAACGACTGAA-3’;
si-HSPG2,5’-GGCATACGATGGCTTGTCTCT-3’;
si-NC, 5’-GCGTTGCCAAGTCGTTCAGTT-3’.

CCK-8 Assay
The cell viability of HSF was detected by CCK-8 kit (C0038, Beyotime, Shanghai, China). HSF were seeded into 96- 
well plate (3×103 cells/well) and incubated for 24, 48, and 72 h. The 10 μL CCK-8 solution (Elabscience, Wuhan, China) 
was added into each well. After incubation for 1 h, the absorbance at 450 nm was detected by a microplate reader.

EdU Staining
The proliferation of HSF was measured by using the EdU cell proliferation kit (C0075S, Beyotime, Shanghai, China). 
After incubation for 24 h in 24-well plates, HSF were incubated with EdU solution and then fixed with 4% paraformal-
dehyde for 15 min at 25 °C. After incubation with PBS contained 0.3% Triton X-100 for 15 min, HSF were washed with 
PBS. Subsequently, HSF were incubated with DAPI for 10 min. The proportion of EdU-positive cells was observed 
under a laser confocal microscope (ZEISS, Oberkochen, Germany).

Transwell Migration Assay
The migration of HSF was evaluated by Transwell assay. HSF were seeded in the upper chamber (Millipore, Darmstadt, 
Germany) with serum-free medium. The lower chamber was added in medium contained 10% FBS. After of 24 h incubation, 
the cells in upper chamber were removed with cotton ball. The cells on the lower chamber were fixed with 4% paraformaldehyde 
and stained with 0.5% crystal violet. The migrated cells were calculated under an optical microscope.

qRT-PCR
The total RNA was extracted form skin tissues and HSF by using the Trizol reagent (R0016, Beyotime, Shanghai, China). The 
first-strand cDNA was synthesized using HiScript II Reverse Transcriptase (R223-01, Vazyme, Nanjing, China) and then mRNA 
expression was analyzed by qRT-PCR using ChamQ SYBR qPCR Master Mix (Q311-02, Vazyme, Nanjing, China). The relative 
mRNA expression of genes was analyzed by 2−ΔΔCt. The sequences of primers are supplied as Table 1.

Western Blot
Total protein was isolated from skin tissues and HSF by using the RIPA Lysis Buffer (P0013, Beyotime, Shanghai, China) and the 
concentration was evaluated by BCA Kit (CW0014S, CWBIO). Protein samples were separated by using 10% SDS-PAGE and 
then transferred onto the PVDF membranes. After blocking with 5% non-fat milk at 25 °C for 1 h, membranes were incubated 
with primary antibodies at 4 °C overnight, followed by incubation with secondary antibody (ab205718, Abcam, Cambridge, UK) 
at 25 °C for 2 h. The protein bands were visualized using the ECL kit (P0018, Beyotime, Shanghai, China) and analyzed using 
ImageJ software. The primary antibodies including TNFSF13 (ab189263, Abcam, Cambridge, UK), GAPDH (10494-1-AP, 
Proteintech, Chicago, USA), α-SMA (14395-1-AP, Proteintech, Chicago, USA), Fibronectin (ab2413, Abcam, Cambridge, UK), 
Collagen I (72026T, Cell Signaling Technology, Boston, USA), IL-1β (16806-1-AP, Proteintech, Chicago, USA), TNF-α (17590- 
1-AP, Proteintech, Chicago, USA), TGF-β1 (215715, Abcam, Cambridge, UK), HSPG2 (19675-1-AP, Proteintech, Chicago, 
USA), p65 (10745-1-AP, Proteintech, Chicago, USA), p-p65 (3033T, Cell Signaling Technology, Boston, USA).

The Identification of MSC-Exo
All of these processes have been conducted in our previous study.32 About 10μL of isolated exosomes were resuspended in 
200μL PBS, the morphology of isolated exosomes was immediately visualized by transmission electron microscope (TEM; 
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HT7800, Hitachi), and the distribution of size was analyzed by nanoparticle tracking analysis (NTA; Particle Metrix, 
ZetaView PMX110). Meanwhile, immunoblotting was performed to detect the expression of known exosomal markers 
CD9, CD81, and TSG101. Exosome diluted in culture medium was passed through a 0.22-μm filter to keep sterilized before 
the experiment started. The extra exosome precipitation was redissolved with PBS and stored at −80°C for standby.

Bioinformatic Analysis
The interaction relationship between TNFSF13 and HSPG2 was plotted by the genemania. The downstream genes of 
TNFSF13 were enriched by String to analyze the downstream signaling pathways regulated by TNFSF13.

Statistical Analysis
The data in this study was presented as mean ± SD and analyzed by GraphPad Prism 7.0. The difference between two 
groups was analyzed by Student’s t-test. The differences among multiple groups were analyzed by one way-ANOVA 
followed by post hoc Bonferroni’s test. P <0.05 was considered as significant.

Results
The Expression of TNFSF13 in Skin Tissues of Patients with HS
The expression of TNFSF13 in tissues of normal skin (NS) and HS was measured by IHC, qRT-PCR, and Western blot. 
The IHC results showed that TNFSF13 expression in HS skin tissues was significantly higher than NS and was mainly 
expressed in the dermis (Figure 1A). The data of Figure 1B and C also showed that TNFSF13 mRNA and protein 

Table 1 Primary Sequences for PCR

Genes Primary Sequences

TNFSF13 CAGAGCCTCAGGAGAGAGGT

GCAGGACAGAGTGCTGCT

α-SMA ACTGCCTTGGTGTGTGACAA

CACCATCACCCCCTGATGTC

FN1 CTGGGTCTCCTCCCAGAGAA

GGGGAAGCTCGTCTGTCTTT

COL1A1 CCCCGAGGCTCTGAAGGT

GCAATACCAGGAGCACCATTG

IL-1β TTCGAGGCACAAGGCACAA

TGGCTGCTTCAGACACTTGAG

TNF-α CCCCAGGGACCTCTCTCTAA

GCTTGAGGGTTTGCTACAACA

TGF-β1 GGAAATTGAGGGCTTTCGCC

CCGGTAGTGAACCCGTTGAT

HSPG2 CCTGACGGCCACTTCTACC

GCATTGTCACATTCACACCCTT

β-actin ACAGAGCCTCGCCTTTGCC

GATATCATCATCCATGGTGAGCTGG
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expression were markedly increased in HS skin tissues compared with NS skin tissues. Subsequently, the HSF and NSF 
were isolated from NS and HS skin tissues, respectively. Cell immunofluorescence was performed to evaluate intracel-
lular TNFSF13 expression. TNFSF13 expression was relatively higher in HSF than in NSF, and TNFSF13 was mainly 
expressed in cytoplasm (Figure 1D).

The Function of TNFSF13 on the Proliferation and Migration of HSF
Different doses of recombinant TNFSF13 proteins and TNFSF13 siRNAs were used to treat HSF to detect the role of 
TNFSF13 on HSF. The CCK-8 data showed that recombinant TNFSF13 protein markedly increased the cell viability of 
HSF, while TNFSF13 siRNAs markedly decreased the viability of HSF (Figure 2A and B). EdU staining showed that the 
EdU-positive cells were markedly increased in HSF after recombinant TNFSF13 protein treatment (Figure 2C). 
Oppositely, TNFSF13 siRNAs remarkably reduced the number of EdU-positive cells (Figure 2D). Besides, the migrated 
cells were significantly increased by recombinant TNFSF13 protein treatment, while markedly decreased by TNFSF13 
siRNAs (Figure 2E and F).

Figure 1 The expression of TNFSF13 in skin tissues of patients with HS. (A) The TNFSF13 expression in normal and HS skin tissues was detected by immunohistochemical 
staining. (B) The TNFSF13 expression in normal and HS skin tissues was detected by qRT-PCR. (C) The TNFSF13 expression in normal and HS skin tissues was detected by 
Western blot. (D) The TNFSF13 expression in NSF and HSF was detected by cell immunofluorescence. **P<0.01.

https://doi.org/10.2147/IJN.S433510                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2023:18 7052

Zhang et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 2 The function of TNFSF13 on the proliferation and migration of HSF. The cell viability of HSF (A) after treatment with different doses of TNFSF13 and (B) 
transfection with TNFSF13 siRNAs was detected by CCK-8 assay. The proliferation of HSF (C) after treatment with different doses of TNFSF13 and (D) transfection with 
TNFSF13 siRNAs was detected by EdU staining. The cell migration of HSF (E) after treatment with different doses of TNFSF13 and (F) transfection with TNFSF13 siRNAs 
was detected by Transwell assay. *P<0.05, **P<0.01.
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The Function of TNFSF13 on the Fibrosis and Inflammation of HSF
Then, the expression of fibrosis-associated genes and proteins was evaluated by qRT-PCR and Western blot. The data 
showed that recombinant TNFSF13 protein treatment dramatically increased the expression of α-SMA, FN1, and 
COL1A1 in HSF (Figure 3A and B). On the contrary, TNFSF13 siRNAs significantly reduced the expression of α- 
SMA, FN1, and COL1A1 in HSF (Figure 3C and D). The levels of the expression of inflammation cytokines IL-1β, 
TNF-α, and TGF-β1 in HSF were markedly raised by recombinant TNFSF13 protein, while decreased by TNFSF13 
siRNAs (Figure 3E–H).

Binding of TNFSF13 and HSPG2 in HSF Activates NF-κB Signaling Pathway
TNFSF13 and HSPG2 have been widely reported as ligand–receptor relationships. The interaction between TNFSF13 
and HSPG2 was plotted by genemania (Figure 4A). Subsequently, the downstream signaling pathways of TNFSF13 on 
HSF were analyzed by using String. The analysis showed that NF-κB signaling pathway was the downstream signaling 
pathway of TNFSF13 in HSF (Figure 4B). The addition of TNFSF13 significantly promoted the phosphorylation of p65, 

Figure 3 The function of TNFSF13 on the fibrosis and inflammation of HSF. The expression of fibrosis-associated genes α-SMA, FN1, and COL1A1 in HSF (A) after treatment 
with different doses of TNFSF13 and (C) transfection with TNFSF13 siRNAs were detected by qRT-PCR. The expression of fibrosis-associated proteins α-SMA, Fibronectin, 
and Collagen I in HSF (B) after treatment with different doses of TNFSF13 and (D) transfection with TNFSF13 siRNAs were detected by Western blot. The expression of 
inflammation cytokines IL-1β, TNF-α, and TGF-β1 in HSF (E) after treatment with different doses of TNFSF13 and (G) transfection with TNFSF13 siRNAs were detected by 
qRT-PCR. The expression of inflammation cytokines IL-1β, TNF-α, and TGF-β1 in HSF (F) after treatment with different doses of TNFSF13 and (H) transfection with 
TNFSF13 siRNAs were detected by Western blot. *P<0.05, **P<0.01.
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while TNFSF13 siRNAs inhibited the phosphorylation of p65 (Figure 4C and D). Additionally, the immunofluorescence 
showed a large number of p-p65 nuclear translocations in recombinant TNFSF13 protein-treated HSF (Figure 4E). 
However, silencing of HSPG2 markedly inhibited the nuclear translocation of p-p65.

The Expression of HSPG2 and p65 in Skin Tissues of Patients with HS
The expression of HSPG2 and p65 in skin tissues of NS and HS was then evaluated by IHC. The expression of HSPG2 
and p65 in HS tissues was markedly increased compared with NS skin tissues (Figure 5A). HSPG2 mRNA expression in 
NS skin tissues was dramatically increased in comparison with HS skin tissues (Figure 5B). Additionally, the protein 
expression of HSPG2 and p-p65/p65 in skin tissues was detected by Western blot. The levels of HSPG2 and p-p65/p65 
were remarkably higher in HS tissues than that in NS skin tissues (Figure 5C and D).

Figure 4 Binding of TNFSF13 and HSPG2 in HSF activates NF-κB signaling pathway. (A) The interaction between TNFSF13 and HSPG2 was analyzed by genemania. (B) The 
interaction between TNFSF13 and HSPG2 was confirmed by CO-IP assay. The downstream signaling pathways of TNFSF13 were analyzed by String. (C/D) The protein 
expression and phosphorylation of p65 after treatment with different doses of TNFSF13 and transfection with TNFSF13 siRNAs was detected by Western blot. (E) The 
nuclear translocation of p-p65 was detected by cell immunofluorescence.
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Inhibition of HSPG2 and NF-κB Reverses the Effects of TNFSF13 on HSF Proliferation 
and Migration
To verify the regulatory relationship between HSPG2, NF-κB and TNFSF13 in HS, HSPG2 was silenced by siRNA 
transfection and NF-κB signaling was inhibited using PDTC in HSF. TNFSF13 treatment remarkably increased the 
cell viability of HSF. However, the effect of TNFSF13 on cell viability of HSF was obviously eliminated by both si- 
HSPG2 and PDTC (Figure 6A and B). The EdU results showed that TNFSF13 treatment significantly promoted 
proliferation of HSF. However, si-HSPG2 and PDTC dramatically eliminated the promoting effect of TNFSF13 on 
proliferation of HSF (Figure 6C and D). The Transwell assay suggested that TNFSF13 treatment markedly enhanced 
the migration ability of HSF. Compared with TNFSF13 group, the migration in si-HSPG2 and PDTC treated groups 
was significantly decreased (Figure 6E and F).

Figure 5 The expression of HSPG and p65 in skin tissues of patients with HS. (A) The expression of HSPG2 and p65 in skin tissues of NS and HS was detected by 
immunohistochemical staining. (B) The expression of HSPG2 in skin tissues of NS and HS was detected by qRT-PCR. The protein expression of (C) HSPG2 and (D) p65, and 
p-p65 was detected by Western blot. **P<0.01.
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Figure 6 Inhibition of HSPG2 and NF-κB reverses the effects of TNFSF13 on HSF proliferation and migration. The cell viability of HSF after (A) transfection with si-HSPG2 
or (B) co-treatment with TNFSF13 and PDTC was detected by CCK-8 assay. The proliferation of HSF after (C) transfection with si-HSPG2 or (D) co-treatment with 
TNFSF13 and PDTC was detected by EdU staining. The cell migration of HSF after (E) transfection with si-HSPG2 or (F) co-treatment with TNFSF13 and PDTC was 
detected by Transwell assay. **P<0.01.
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Inhibition of HSPG2 and NF-κB Reverses the Effects of TNFSF13 on HSF Fibrosis and 
Inflammation
The data showed that TNFSF13 treatment significantly increased the mRNA levels of α-SMA, FN1, and COL1A1 in HSF 
(Figure 7A and C). The Western blot data showed that TNFSF13 treatment markedly raised the protein levels of α-SMA, 
Fibronectin, and Collagen I of HSF (Figure 7B and D). Significantly, the promoting effect of TNFSF13 on fibrosis- 
associated genes was eliminated by si-HSPG2 and PDTC. The mRNA levels of α-SMA, FN1, and COL1A1 and protein 
levels of α-SMA, Fibronectin, and Collagen I in si-HSPG2 and PDTC treated groups were remarkably decreased in 
comparison with TNFSF13 group (Figure 7A–D). The data in Figure 7E–H showed that TNFSF13 treatment markedly 
increased the levels of inflammation cytokines IL-1β, TNF-α, and TGF-β1 in HSF. Obviously, both si-HSPG2 and PDTC 
suppressed the promoted effect of TNFSF13 on inflammation cytokines. The levels of inflammation cytokines in si- 
HSPG2 and PDTC treated groups were dramatically decreased compared with TNFSF13 group (Figure 7E–H).

Figure 7 Inhibition of HSPG2 and NF-kB reverses the effects of TNFSF13 on HSF fibrosis and inflammation. The expression of fibrosis-associated genes α-SMA, FN1, and 
COL1A1 in HSF after (A) transfection with si-HSPG2 or (C) co-treatment with TNFSF13 and PDTC were detected by qRT-PCR. The expression of fibrosis-associated 
proteins α-SMA, Fibronectin, and Collagen I in HSF after (B) transfection with si-HSPG2 or (D) co-treatment with TNFSF13 and PDTC were detected by Western blot. The 
expression of inflammation cytokines IL-1β, TNF-α, and TGF-β1 in HSF after (E) transfection with si-HSPG2 or (G) co-treatment with TNFSF13 and PDTC were detected by 
qRT-PCR. The expression of inflammation cytokines IL-1β, TNF-α, and TGF-β1 in HSF after (F) transfection with si-HSPG2 or (H) co-treatment with TNFSF13 and PDTC 
were detected by Western blot. *P<0.05, **P<0.01.
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MSC-Exo Inhibits the Proliferation and Migration of HSF by Inhibiting TNFSF13 and 
HSPG2
To explore whether MSC-exo could influence the biological behaviors of HSF, we conducted scratch and Western blot to 
measure the proliferation and migration of HSF. Scratch assay showed that TNFSF13 significantly promoted the 
migration of HSF, whereas MSC-exo showed an obvious effect on inhibiting the migration of HSF. TNFSF13+ MSC- 
exo together partly promoted the migration of HSF compared with MSC-exo only, but partly inhibited the migration of 
HSF compared with TNFSF13 only (Figure 8A and B). To test whether MSC-exo could inhibit collagen deposition and 
the expression of profibrotic protein of HSF, Western blot analysis was performed to evaluate the expression levels of α- 
SMA and COL1A1 in different groups of HSF. The data demonstrated that MSC-exo significantly inhibited the 
expression levels of α-SMA and COL1A1 (Figure 8C–E).

Discussion
HS is a common complication during wound healing.33 In the process of wound healing, fibroblasts were transformed 
into myofibroblasts with strong α-SMA expression and abnormal proliferation, with vigorous collagen secretion and 
disordered arrangement, leading to the formation of HS.34 Moreover, immune cells play an important role in the process 
of wound healing, which are recruited to accumulate in the injured area under the action of chemokines, and secrete 
a variety of inflammatory cytokines, inducing more immune cells to participate in the inflammatory reaction at the 
injured area. In addition, the cytokines secreted by these immune cells can promote the proliferation and migration of 
fibroblasts and produce new ECM.35 Although the immune cells and mechanisms involved in wound repair have been 
extensively studied, the principles of regulating the biological activity of fibroblasts are only partially understood.36 The 
present study demonstrated that TNFSF13 interacting with HSPG2 to activate NF-κB pathway could promote the 
proliferation, migration, fibrosis, and inflammation of HSF, whereas MSC-exo could inhibit the effect of TNFSF13 on 
fibroblasts.
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Figure 8 Effect of MSC-exo on the proliferation and migration of HSF. (A and B) Scratch analysis of the migration of HSF transfected with control, TNFSF13, MSC-exo and 
TNFSF13+MSC-exo at 0-, 24h, graph showed the relative closed wound area of HSF. (C–E) Western blot analysis of α-SMA and COL1A1 in HSF stimulated with PBS, MSC- 
exo, MSC-exo+TNFSF13, MSC-exo+HSPG2, MSC-exo+TNFSF13+HSPG2, TNFSF13+HSPG2, TNFSF13, HSPG2 for 48h, graph showed the relative band density to 
GAPDH. Every experiment was repeated at least three times, and the data was shown as mean ± SEM (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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TNFSF13, which has been identified as proinflammatory mediator, participates in various innate and adaptive 
immunity processes.37 It has been reported TNFSF13 can regulate cell proliferation, cell death, development, survival, 
immunity, and various diseases, play broad biological roles in immunity system. A previous study demonstrated that 
expression of TNFSF13 was increased at 14 days after spinal cord injury, leading to form the fibrotic scar.25 In another 
study, TNFSF13 is highly expressed in tumor cells and fibroblasts in a cohort of patients with non–small cell lung cancer 
(NSCLC) were analyzed by quantitative real-time polymerase-chain reaction.38 Our group has pioneered work implicat-
ing the TNFSF13 in HSF. We believe targeting this superfamily remains key to improve efficacy and selectivity of 
currently available therapies for HS. In our study, TNFSF13 was up-regulated in HS skin tissues and HSF (Figure 1). The 
proliferation and migration of HSF were markedly increased by addition of recombinant TNFSF13 protein while 
suppressed by TNFSF13 siRNAs (Figure 2). Furthermore, recombinant TNFSF13 protein increased the expression of 
fibrosis associated proteins α-SMA, fibronectin and fibrous collagen protein collagen I in HSF. TNFSF13 siRNAs 
markedly inhibited the expression of these genes and proteins. Additionally, the levels of inflammation cytokines IL- 
1β, TNF-α, and TGF-β1 were also raised by recombinant TNFSF13 protein and reduced by TNFSF13 siRNAs (Figure 3). 
These findings suggested that TNFSF13 promoted the proliferation and migration of HSF and the accumulation of ECM, 
thus promoting HS development.

HSPG receptor is a kind of biological macromolecule widely existing in cell membrane and cell matrix, which is 
mainly composed of a core protein linked to heparin sulfate sugar chain through Covalent bond. HSPG plays an 
important role in a series of processes such as cell proliferation, differentiation, invasion, and metastasis. In Zhou’s 
study, wound healing was delayed, granulation tissue formation was reduced in HSPG knockdown mice.39 Moreover, 
Chen et al investigated that HSPG was overexpressed in the fibroblasts from the scar area of patients with chronic fibrotic 
disorder diffuse scleroderma (diffuse systemic sclerosis), and the adhesion and contraction ability of fibroblasts was 
significantly weakened by blocking its cellular HSPG activity. Ultimately, it was found that HSPG reduce scar formation 
in chronic fibrosis.40 Based on this, we speculate that TNFSF13 may regulate HSPG signal pathway mediate the 
formation of HS. In this study, we plotted the interaction between TNFSF13 and HSPG2 using genemania 
(Figure 4A). Moreover, HSPG2 was highly expressed in HS skin tissue and HSF (Figure 5). The results showed that 
the proliferation and migration of HSF promoted by TNFSF13 recombinant protein, as well as the elevated levels of 
fibrosis-related proteins and inflammatory cytokines were significantly inhibited by silencing of HSPG2 (Figure 6). These 
data showed that TNFSF13 interacted with HSPG2 to regulate HSF proliferation, migration, fibrosis, and inflammation.

NF-κB is a family of dimer transcription factors critical for coordinating inflammation, immunity, cell proliferation, 
and survival.41,42 TNFSF13 has been shown to be involved in a variety of physiological developments by mediating the 
NF-κB signaling pathway.43,44 TNFSF13 induced cisplatin resistance in gastric cancer cells by activating the NF-κB 
pathway. TNFSF13 is involved in mitochondrial and endoplasmic reticulum stress-induced memory plasma cell death 
through NF-κB signaling.45 Pyrrolidine dithiocarbamate (PDTC) is a type of NF- κ B signal pathway inhibitor, which can 
block the degradation of IκB to inhibit NF- κ B signal pathway activation, while inhibiting NF- κB Transferring into the 
nucleus, thereby blocking the action of NF- κB signal pathway.46 The current study revealed that the phosphorylation of 
p65 was remarkably increased in HS skin tissues and HSF (Figure 5A). After treatment with NF-κB inhibitor PDTC, the 
proliferation and migration were markedly inhibited, the expression of fibrosis-related genes α-SMA, fibronectin, 
collagen I and inflammation cytokines were also reduced (Figure 7). These results suggested that the regulatory effect 
of TNFSF13 on HSF was achieved by the NF-κB signaling pathway.

MSC, a subgroup of heterogeneous non-hematopoietic fibroblast-like cells, have high differentiation potential and 
immune regulatory function. And they are mainly obtained from various tissues including bone marrow, umbilical cord, 
amniotic fluid, dental pulp, fat tissues, menstrual blood.47 EXOs, with the diameter of 30 to 150 nm, are nanoscale 
vesicles secreted by cells through exocytosis, especially MSC, which contain proteins, lipids, nucleic acids and other 
biological information.48 Lots of studies showed that exosomes can be used as nanocarriers to transport functional cargos 
(such as growth factor, cytokine, miRNA, etc.) to regulate the activity of recipient cells, and to deliver active factors or 
small molecules to recipient cells.49 As an alternative in more bio-stable material, one of the most important applications 
for exosomes is drug delivery systems. Rezakhani et al reported that crab haemolymph exosomes have antioxidant 
properties, carrying anticancer drugs and other drugs, which can inhibit the proliferation of mouse breast cancer cells.50 
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Rashidi et al investigated that Milk-derived exosomes delivering miRNA-320, 375, and Let-7 can be used to treat 
necrotizing enterocolitis by reducing the expression of interleukin 6 and tumor necrosis factor-alpha.51 MSC-exo is also 
applied in wound healing and tissue repair as well as scar attenuation. In a previous study showed that MSC-exo could 
promote neovascularization via the PI3K/AKT pathway and enhance skin wound recovery in the diabetic skin wound 
animal model.52 We investigated MSC-exo could inhibit the proliferation and migration of HSF by downregulating 
SIRT1 via miR-138-5p to alleviate HS.32 In our present study, MSC-exo could suppress the migration and protein 
expression of HSF by inhibiting TNFSF13 and HSPG2 (Figure 8).

Here, we described a process by which MSC-exo regulates migration of HSF and the expression levels of down-
stream inflammatory and profibrotic proteins in HSF, including α-SMA and COL1A1, by inhibiting TNFSF13 and 
HSPG2.

Conclusion
This study confirmed that TNFSF13 is up-regulated in HS tissue and HSF. TNFSF13 regulated the proliferation, 
migration, fibrosis and inflammation of HSF by interacting with HSPG2 to activate NF-κB pathway. Whereas MSC- 
exo reduced the expression levels of α-SMA and COL1A1 and inhibited the proliferation, migration, fibrosis and 
inflammatory reaction of HSF. These results suggest that MSC-exo alleviates HS by inhibiting the fibroblasts via 
TNFSF-13/HSPG2 signaling pathway.
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