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ABSTRACT

Localized scleroderma (LoSc) is an autoimmune disease that features extensive fibrosis of the skin. Due to its
severity and limited understanding, no effective treatments have been developed to date. Bone marrow
mesenchymal stem cells (BMSCs) derived extracellular vesicles (EVs) have been demonstrated promising ther-
apeutic effects on the LoSc mouse model in our previous study. However, identifying the targets and underlying
mechanisms of EVs remains a significant challenge for therapeutic applications. miR-143-3p, a critical and
abundant factor in BMSC-EVs identified through miRNA sequencing, mediates antifibrotic effects in a LoSc
mouse model and is significantly lacking in the dermis of LoSc patients. This microRNA inhibits myofibroblast
formation and collagen synthesis, contributing to the therapeutic effects of BMSC-EVs in the LoSc mouse model.
Moreover, miR-143-3p-reinforced BMSC-EVs demonstrated enhanced therapeutic efficacy compared to normal
BMSC-EVs, reducing dermal thickening, collagen deposition, fibroblast differentiation into myofibroblasts, and
promoting skin tissue remodeling. IGF1R, highly expressed in the skin of LoSc, was identified as a potential target
of miR-143-3p and was inhibited by miR-143-3p-reinforced EVs, thereby modulating the IGF1/IGF1R-AKT/
MAPK pathway. In conclusion, miR-143-3p-enriched EVs could be a more efficient candidate for treating
dermal fibrosis in LoSc.

1. Introduction

lacking systemic involvement. The clinical manifestations of LoSc are
divided into active and inactive lesions. The active lesions show an in-

Scleroderma, including localized scleroderma (LoSc) and systemic
sclerosis (SSc), is an autoimmune and fibrotic connective tissue disease
that has been linked to continuous activation of fibroblasts towards
myofibroblasts and excessive deposition of extracellular matrix (ECM)
[1,2]. SSc is a complex multisystem autoimmune disorder marked by
widespread microvascular damage, immune dysregulation, and exces-
sive collagen deposition, affecting the skin, blood vessels, and various
visceral organs. In contrast, LoSc is primarily confined to the skin and
subcutaneous tissues, presenting with inflammation and fibrosis but
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flammatory phase characterized by congestion and edema, and a pro-
gressive fibrosis phase, whereas the inactive lesions exhibit the phase of
atrophic or scarring [3,4]. LoSc and SSc currently have no curative
treatment due to the limited knowledge of complex pathogenic
mechanisms.

Generally, the differentiation of fibroblasts or epithelial cells into
myofibroblasts and the persistence of myofibroblasts are considered key
characteristics of pathological fibrosis and scleroderma [5,6]. Exposure
of the myofibroblasts to a dysregulated extracellular environment and
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abnormal ECM cues can lead to further collagen deposition and dermal
fibrosis [7,8]. Several have proposed that preventing the development of
myofibroblasts may be a useful strategy to retard the fibrotic process or
perhaps halt or reverse existing fibrosis. Therefore, inhibiting the dif-
ferentiation and survival of myofibroblasts has been the critical target
for treatment of scleroderma [9,10].

Several miRNAs, like miR-23a, miR-155, miR-29a, and so on, have
been reported to be helpful in fibrotic diseases by targeting specific
mRNAs and, as a result, proteins in target cells to improve fibrosis. And
let-7a, miR-7, miR-196a, miR-155, miR-483-5p, and miR-29a are mol-
ecules that influence the production and deposition of the ECM [11-13].
In addition, extracellular vesicles (EVs) are ideal drug delivery methods
because they can transport and preserve nucleic acids, traverse biolog-
ical barriers, and target cells [14]. For many cell types, intracellular
transport of EVs has been proven, and this enables the effective delivery
of miRNAs, which also serve as a major functional component of EVs and
are thought to play a significant role in their therapeutic action [15].
Therefore, we also pay special attention to investigating effective miR-
NAs that are abundantly expressed in EVs and pathologically reduced in
LoSc mouse model or patients. We consider that critical and therapeutic
miRNAs can be loaded into EVs in artificially high abundance to achieve
better therapeutic efficacy of LoSc.

Transplantation of multiple sources of mesenchymal stem cells
(MSC) has garnered significant attention as a potential approach for
treating tissue regeneration and autoimmune diseases, including
scleroderma [16]. Additionally, stem cell-derived EVs comprise an
essential component of intercellular exchange and have pleiotropic
functions [17]. MSCs-EVs, major paracrine factors and delivery vectors,
have been considered an attractive candidate and substantial alternative
to stem cell-based therapy in LoSc and SSc. In our previous study, topical
injection of BMSC or BMSCs-EVs are confirmed to reduce skin fibrosis
and ROS-induced apoptosis in the bleomycin (BLM) induced mouse LoSc
model [18-20]. Thus, the detailed components and mechanisms,
including the nucleic acids of BMSC-derived EVs, warrant further
investigation.

In continuation of our previous study, we carried out miRNA
sequencing of BMSC-EVs and identified the critical and functional
miRNAs of BMSC-EVs in the present study. miR-143-3p is decreased in
clinical skin tissue of patients with LoSc and the mouse LoSc model. The
BMSC-EVs with miR-143-3p reinforcement are confirmed to exert better
effects than normal EVs, relieving ECM deposition, fibroblast differen-
tiation into myofibroblasts, and epithelial cell activation in the
epidermis by regulating the IGF1/IGF1R-AKT/MAPK signaling
pathway. Our findings provide a novel and miRNA-modified EV delivery
system for patients with LoSc and a miRNA biomarker for the diagnosis
of scleroderma.

2. Methods
2.1. Ethics statement

For human ethics, the experiments were performed according to the
guidelines and approval of the human research ethics committee of the
Tongji Hospital of Tongji University (Approval No. K-2023-005). A total
of four donors were involved in this study. Written informed consent
was obtained from each involved patient. Admission criteria for
assessing patients: (1) Patients with LoSC are required to meet the
classification criteria for scleroderma established by the American Col-
lege of Rheumatology [21]; (2) have a stable disease and are not on
steroid, anti-fibrotic, or anti-scar therapy. The localized scleroderma
skin severity index (LoSSI) was used to assess disease severity for pa-
tients. The LoSSI was created to be basic, fast, and simple to score based
on information acquired from a brief assessment of a patient’s clinical
history and dermatological examination. The LoSSI is calculated by
summing 4 domain scores based on surface area score (SA), erythema
(ER), skin thickness score (ST), and new lesion/lesion extension (N/E),
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which were scored on four scales (0-3) [22,23].

For animal experiments, the C57BL/6 mice were purchased from
SLAC Laboratory Animal Co., Ltd. (Shanghai, China). All animal ex-
periments were approved by the Animal Welfare and Ethics Committee
of Tongji University and performed according to the proposal of the
Institute of Laboratory Animal Resources, Tongji University (Approval
No. TJAA09623101).

2.2. Analyses of single cell RNA sequencing

The expression matrix of single-cell RNA sequencing from the skin of
LoSc patients and normal controls was collected from the dataset
GSE195452 [24]. The merged matrix was prepared for clustering with
the R package Seurat (v4.1.0), following the common pipeline. The
DEGs of each celltypes were shown in Table S1. The functions of Seur-
atFeaturePlot, ggplot2DotPlot, and pheatmappheatmap were used to
demonstrate the expression of selected genes. The interactions between
clusters were determined by the R package CellChat (v1.5.0). The
CellChatnetVisual_chord_cell and CellChatnetVisual bubble were used
to visualize the interactions of ligand-receptors in the IGF signaling
pathway between clusters of fibroblasts and epithelial cells.

2.3. Mouse BMSCs isolation and culture

Isolation and culture of mouse BMSCs were performed according to
our previous study [25]. Briefly, the BMSCs were separated from the
femurs and tibias of 4-week-old mice and cultured in a cell culture plate.
Then, BMSCs were grown in the medium, which included a-MEM me-
dium (12571063, Thermo Fisher Scientific, USA), 15 % fetal bovine
serum (FBS; 10091148, Thermo Fisher Scientific, USA), and 1 x pen-
icillin-streptomycin solution (E607011, Sangon Biotech, China). The
BMSCs were passaged when they reached 80 % confluence. The typical
surface markers of BMSCs (P3) were analyzed by flow cytometry.

2.4. Isolation and identification of mouse BMSCs-derived EVs

The BMSC-derived EVs were isolated from the supernatants of
BMSCs by ultracentrifugation, as in our previous study [25,26]. When
the mouse BMSCs reached 80 % confluence, the culture medium was
replaced with a-MEM supplemented with 5 % EV-depleted FBS. The cell
supernatants were collected 48 h later and centrifuged at 300 g for 10
min to remove cell pellets. Then, the supernatants were centrifuged at
2000 g for 20 min and at 10,000 g for 30 min, and then filtered through a
0.22-uym sterilized filter (GSWP04700, Merck, Germany). Next, the
filtered supernatants were ultracentrifuged at 150,000 g for 2 h to
isolate the EVs. The pellet of EVs was suspended in PBS (phosphate
buffered saline) and re-ultracentrifuged again at 150,000 g for 2 h.
Finally, the pellet was resuspended in ice-cold PBS.

For the identification and detection of extracellular vesicles, the
protein concentration of EVs was measured with the BCA protein assay
kit (23227, Thermo Fisher Scientific, USA). Transmission electron mi-
croscopy (TEM; Tecnai 12, FEI, USA) was used to observe the
morphology of BMSC-EVs. The particle size of EVs was measured with a
NanoSight NS300 instrument (Malvern Instruments, UK). In addition,
the typical markers of EVs were identified by western blot.

2.5. Isolation and culture of mouse fibroblast

Mouse skin fibroblasts were isolated from the skin of embryonic mice
at the 18-day gestation period with the trypsin-EDTA solution
(25300062, Thermo Fisher Scientific, USA) and cultured in DMEM
(D0819, Sigma Aldrich, Germany) with 10 % FBS. The fibroblasts in
passage 3 were assigned for cellular assays.
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2.6. Establishment and treatment of the mouse LoSc model

To establish the murine LoSc model, the mice had their backs shaved,
followed by daily subcutaneous injections of 100 pL of BLM solution (1
mg/mL, R25001, Thermo Fisher Scientific, USA) into the shaved area (1
cm?) for four weeks. After that, the LoSc mice were randomly assigned
into groups and underwent the therapies listed below by subcutaneous
injection of each BMSC-EV. For the EVs-miR-NC or EVs-miR-143-3p
groups, the LoSc mice were treated with PBS (100 pL), EVs-miR-NC
(150 pg/100 pL), or EVs-miR-143-3p (150 pg/100 pL), respectively.
The mice were euthanized two weeks after the therapy with BMSC-EVs,
and the skin samples were collected from a 1 cm? shaved area for sub-
sequent analyses.

2.7. Transfection of miRNA mimics and inhibitors

The mouse skin fibroblasts were grown in cell culture plates and
incubated until the confluence reached 60-70 %. Then, the mouse fi-
broblasts were transfected with the miR-21a-5p mimic (5-UAG-
CUUAUCAGACUGAUGUUGA-3')/miR-21a-5p inhibitor (5-
AACAUCAGUCUGAUAAGCUAUU-3’), the miR-143-3p mimic (5-UGA-
GAUGAAGCACUGUAGCUC-3")/miR-143-3p inhibitor (5-GAGCUACA-
GUGCUUCAUCUCA-3"), and the control mimic and inhibitor (RiboBio,
China) at a dose of 20 nM using lipofectamine 3000 (L3000001, Thermo
Fisher Scientific, USA) for 8 h. Fresh serum-free media was added, and
the cells were cultivated for an additional 48 h. Eventually, cells were
gathered for RT-PCR and western blot analysis. All the cell experiments
were repeated three times.

2.8. Lentiviral transduction of mouse BMSCs

To construct mouse BMSCs with stably high/low expression of miR-
143-3p, the lentivirus system was applied as a modified routine in this
study [27]. Briefly, the lentiviruses expressing miR-143-3p, miR-143-3p
inhibitor, and control were produced from 293T with the lentiviral
system. The mouse BMSCs were incubated with miR-143-3p modified or
control lentiviruses, respectively, for 24 h and replaced with fresh me-
dium for another 48 h. The positive cells were screened with puromycin
(5 pg/mL; T2219, TargetMol, USA) for 24 h. Next, the level of
miR-143-3p in the BMSC and BMSC-EVs was determined with RT-PCR.

2.9. Histology and immunohistochemistry (IHC) analysis

The skin tissues were fixed with 4 % paraformaldehyde (E672002,
Sangon Biotech, China) solution and embedded in paraffin and analyzed
as in our previous study [25]. Briefly, the paraffin-embedded sections
were deparaffinized using xylene and decreasing concentrations of
ethanol. Next, the tissue sections were processed with hematoxylin and
eosin staining.

To detect the degree of skin fibrosis, randomly chosen portions of the
skin tissue sections were involved to measure dermal thickness and
subcutaneous adipose layer using ImageJ software (NIH, USA). For the
collagen analysis, the sections were stained with Masson’s trichrome
staining (BPDL023, SenBeiJia Biological Technology Co., Ltd, China),
and the distribution of collagen fibers was observed by a microscope
(Olympus, Japan).

The deparaffinized skin tissue sections were blocked with 5 % goat
serum (Sangon Biotech, China) for 1 h at room temperature and treated
with primary antibodies overnight at 4 °C (Table S2). Then, skin tissue
sections were incubated with the corresponding secondary antibodies
for 30 min at room temperature and visualized with diaminobenzidine
(DAB) solution under a microscope (Olympus, Japan).

2.10. Hydroxyproline measurement

The collagen content of skin tissue in different groups was measured
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with the hydroxyproline test kit (A030-2-1, JianCheng Bioengineering,
Nanjing, China). The hydroxyproline content of skin samples was
determined from the OD values (550 nm, iMark Microplate Absorbance
Reader, Bio-Rad, USA) using the formula below: (tested OD value - blank
OD value)/(standard OD value - blank OD value) x standard sample
concentration (5 pg/mL) x total hydrolysate volume (10 mL)/tissue wet
weight (mg).

2.11. Immunofluorescence

For cellular immunofluorescence, the cell slides were washed with
PBS and fixed with 4 % paraformaldehyde. The fixed cells were per-
meabilized with 0.03 % Triton X-100 (A600198, Sangon Biotech, China)
and then blocked with 5 % goat serum (Sangon Biotech, China) for 1 h.
The cell slides were incubated with primary antibodies and secondary
antibodies (Table S2). The nuclear was stained with DAPI Stain Solution
(E607303, Sangon Biotech, China). The representative images were
acquired using a fluorescence microscope (Olympus, Tokyo, Japan).

2.12. In situ hybridization (ISH)

The enhanced sensitive ISH detection kit (Bosterbio, Wuhan, China)
was applied to exactly localize the expression of miR-143-3p in skin
tissue of mouse and human. The deparaffinized sections of skin tissue
were digested in 3 % citric acid-diluted pepsin for 30 min at 37 °C and
hybridized with the digoxin-labeled miR-143-3p probe (Sangon Biotech,
China). After hybridization, the skin tissue sections were washed and
blocked in a blocking solution for 30 min at 37 °C. The alkaline
phosphatase-labeled mouse anti-digoxigenin was used to link the posi-
tive signals of miR-143-3p of the sections. Finally, 5-Bromo-4-Chloro-3-
Indolyl Phosphate (BCIP)/Nitro-Blue-Tetrazolium (NBT) were applied
to visualize the positive signal of miR-143-3p. The representative images
were acquired using a microscope (Olympus, Tokyo, Japan).

2.13. Western blot assay

The skin tissues, cell samples, and BMSC-EVs were lysed in the RIPA
buffer (TargetMol, USA) with protease and phosphatase inhibitors
(C0001 and C0004, TargetMol, USA) to obtain total proteins. Next, the
total protein was separated with 10 % SDS-PAGE and transferred to
PVDF membranes (IPFL85R, Merck, Germany). The blotted membrane
was blocked with 5 % BSA (A600903, Sangon Biotech, China) and
incubated with the primary antibodies and HRP-conjugated secondary
antibodies (Table S2). Finally, the images of target protein bands were
visualized using the ECL Western blotting substrate (32209, Thermo
Fisher Scientific, USA) with the Tanon chemiluminescence image
detection system (5200S, Tanon, China).

2.14. RNA extraction and quantitative real-time PCR

The total RNA of cells, skin tissues, and BMSC-EVs was extracted
using TRIzol reagent (9109, Takara, Japan), and cDNA was obtained by
PrimeScript RT Master Mix (RR036A, Takara, Japan). Quantitative real-
time PCR was analyzed using SYBR Green Realtime PCR Master Mix
(FP205-03, Tiangen, China) under the manufacturer’s instructions. For
the detection of the relative expression of miRNA, miRcute Plus miRNA
First-Strand c¢cDNA Kit (KR211-01, Tiangen, China) was utilized to
reverse transcribe the cDNA, and quantitative real-time PCR was per-
formed by the miRcute Plus miRNA qPCR Kit (FP411, Tiangen, China).
The primers (Sangon Biotech, China) used for our study are shown in
Table S3. The expression of detected gene was analyzed using the 2744t
method with normalization to the average expression of GAPDH (tissue
and cell) or U6 (miRNA).



J. Jin et al.

A

Journal of Autoimmunity 153 (2025) 103422

B C

2]
2 o8 8 *
g - a2 o v -
o v w =3 / = =
o B u gl .:1 & f‘\ﬁ? ¢'> < 1-57 4 2300-0 —
%, 2 2B EE EF N F 3 = 2 250.0-
& N e ) 5% § & & o = i T
%ty 3 2REERA IS &S oD 3 %2000 1
7 1 1 U
% % %%%esegsssg’j $7 81.01 <
%, %, '3 . N 2150.0--
éoe\ '{/(0\ % E 151
4./1,,\0’70, s 054 T o 1.0-
ey~ Uy 2 ole 3
-y, k: 8 0.5
pof: iy 7] [} é
- - & 0.0 T T 0.0 T I
S MW nww Control EVs Control EVs
Z g W nww D E
—pg i nw
¥ —aut D 2.5- * - -
w o 2. S 1.5
v 3 — > *
eV i (\\»\9 K 2
v O o g 201 — 2
o0 N & s ¢ 1.0
1.5 <
A\ W g E
&, 3 E 1.0 E os
& = o o
8 3 2 0.5 2
o L /ST F \ > © =
N N LN 2 ° =
VESNB TT © 0.0 . . © 0.0-
e Normal BLM Normal BLM
G * Ii *
- 1.2 ns % OControl . 1.5- CIControl o 15— — C1Control
4 ns (. SBC 4 ns ns mNG > oTe ns %k S_NC
K — CImimic ® * CImimic ; ns iL CImimic
s e it 3 [ z EN
nE: 1.0 1 Z 1.0 g 1.0
£
= E 5
3 - 7
L]
° 0.8~ . o 057 5 0.5
£ Z g
> L) s
E 3] : E
0.6 T T x 0.0 T T & 0.0 T T
miR-21a-5p miR-143-3p miR-21a-5p miR-143-3p miR-21a-5p miR-143-3p

Fig. 1. Identification of miR-143-3p as a key BMSC-EVs component for the treatment of scleroderma.

(A) miRNA profile analysis of mouse BMSC-EVs by high-throughput small RNA sequencing. The relative expression levels of highly expressed miRNAs in mouse
BMSC-EVs were shown by a heatmap. (B-C) RT-PCR analysis of the top 2 miRNAs in BMSC-EVs-treated mouse fibroblasts; PBS-treated fibroblasts served as controls
(n = 3). (D-E) RT-PCR analyzed the expression of a miR-21a-5p and miR-143-3p in skin tissues of bleomycin (BLM) induced mouse LoSc model after BMSC-EVs
treatment (n = 3). (F-H) RT-PCR analysis of mRNA expression of Coll, Fnl, and a-SMA in fibroblasts treated with the 2 miRNA mimics (miR-21a-5p, miR-143-
3p) or control mimics (miR-NC) (n = 3). Data are presented as mean + SD; *, P < 0.05.

2.15. Data preprocessing and screening of DEGs

The gene expression matrix of GSE165117 was downloaded and
examined using the limma package. DEGs have to meet the screening
requirements of |log fold change (log FC)| > 1 and an adjusted p-value of
0.05. The p-value was adjusted using the false discovery rate (FDR). The
target genes of miRNA-143-3p were predicted by several target gene
prediction programs, consisting of TargetScan (https://www.targetscan.
org/vert_80/), miRDB (http://mirdb.org/), starBase (http://starbase.sys
u.edu.cn/), and ENCORI (https://rnasysu.com/encori/). Only the 4
predicted mRNAs that appeared in these four programs were included
for subsequent analyses.

2.16. Dual-luciferase reporter gene assay

The 3’ untranslated regions (UTR) of Igf1r were PCR-amplified from
mouse genomic DNA, and primer sequences are as follows: Forward, 5'-

TCTAGGCGATCGCTCGAGGTTTTAATCACTGTAGAAAAGC-3’; Reverse,
5- TTGCGGCCAGCGGCCGCTGTAGGGGACCAGGTGAGGAGAA-3'.
Then, the complete Igflr 3'UTR was cloned into the psiCHECK-2 vector
(Promega, USA) as the wild-type (WT) by the ready-to-use seamless
cloning kit (B632219, Sangon, China). Then, the mutant type vectors
(MT) containing the mutations corresponding to the miR-143-3p bind-
ing target in the 3'UTR of Igflr were synthesized and cloned with the
seamless cloning kit. The WT or MT constructs were transfected sepa-
rately and co-transfected with NC-mimic or miR-143-3p mimics into
293T cells using lipofectamine 3000 (Thermo Fisher Scientific, USA).
After 48 h, the Renilla-Firefly luciferase activity was determined using a
dual luciferase reporter gene assay kit (11401ES76, Yeasen, China) ac-
cording to the manufacturer’s instructions.

2.17. Analyses of bulk RNA sequencing

To explore the expressions of IGF1 and IGF1R in LoSc patients and
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normal controls, we analyzed the bulk RNA sequencing dataset from
GSE166861 and GSE166863 [28,29]. The trim_galore software
(v0.6.10) was used to trim adapters of FastQ files that were downloaded
from the Sequence Read Archive (SRA). The cleaned RNA-seq reads
were aligned to hg38 with STAR (v2.7.11a). Then the gene counts were
derived from the number of uniquely aligned, unambiguous reads by the
software Subread:featureCount (v2.0.6). The expression matrix was
analyzed with the R package limma (v3.52.4) following the pipelines in
Ritchie et al. [30]. The R package ggplot2 (v3.4.3) was used to visualize
the expressions of IGF1 and IGFIR.

2.18. Statistical analysis

All data were analyzed using GraphPad Prism software (version 9.0,
USA). The unpaired Student’s t-test was used to compare data between
two groups. One-way analysis of variance (ANOVA) was performed for
the comparisons of multiple groups. All data are shown as mean +
standard deviation (SD). Results were considered statistically significant
at p-value <0.05.

3. Results

3.1. miR-143-3p functioned as a critical effector in BMSC-EVs mediated
antifibrotic effects

To screen the functional miRNAs of BMSC-EVs that can cure
scleroderma, as confirmed in our previous study, the mouse BMSC-EVs
were identified through miRNA sequencing and deposited in the NCBI
GEO database (GSE164965) [25]. As shown in Fig. 1A, the top 2
abundant miRNAs of the mouse BMSC-EVs were miR-21a-5p and
miR-143-3p, according to the miRNA-seq. Furthermore, the expression
levels of the 2 miRNAs were evaluated in mouse skin fibroblast cells that
were treated with the BMSC-EVs for 48 h. The results showed that the
levels of miR-21a-5p and miR-143-3p in the BMSC-EVs group were
significantly increased compared with those in the control (PBS) treated
group, confirming the ability of BMSC-EVs to transport their contained
miRNAs into fibroblasts (Fig. 1B and C). Notably, the expression of
miR-143-3p in the BMSC-EVs treatment group was more than 200 times
higher than that of the control group. Meanwhile, we detected the levels
of miR-21a-5p and miR-143-3p in the skin tissues of the BLM induced
LoSc mouse model. miR-143-3p was significantly decreased in the LoSc
mouse model compared to normal control mice, while this level of
miR-21a-5p was increased in the mouse LoSc model (Fig. 1D and E).

To investigate the cellular function of these 2 miRNAs on skin fi-
broblasts, the 2 miRNA mimics were transfected into fibroblasts of mice
in vitro, respectively. The expression of pro-fibrotic markers (Coll, Fni,
and a-SMA) in skin fibroblasts was evaluated with RT-PCR assays. The
results revealed that miR-143-3p significantly suppressed the mRNA
expression of Coll (P = 0.0231), Fnl (P = 0.0259), and a-SMA (P =
0.0328) in fibroblasts (Fig. 1F-H). In addition, miR-21a-5p did not
inhibit the expression of pro-fibrotic markers (Coll, Fnl, a-SMA) in fi-
broblasts. These results suggested that miR-143-3p, which was abundant
in BMSC-EVs, played an essential part in inhibiting the trans-
differentiation of fibroblasts to myofibroblasts and the synthesis of
collagen in fibroblasts.

3.2. The expression of miR-143-3p is downregulated in the patients with
LoSc

Since miR-143-3p is highly necessary for BMSC-EVs to treat the
mouse LoSc model and the sequences for hsa-miR-143-3p (UGAGAU-
GAAGCACUGUAGCUC; miRBase database) and mmu-miR-143-3p
(UGAGAUGAAGCACUGUAGCUC; miRBase database) are identical, we
therefore asked whether the expression of miR-143-3p in the skin tissues
of patients diagnosed with LoSc was decreased or not. Four patients
diagnosed as LoSc according to the current diagnostic approach were
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Table 1
The characteristic of LoSc patients.
Age Sex Course (month) Site of Specimen LoS-SI
1 29 Female 12 Back 3
2 5 Male 6 Right lower abdomen 4
3 4 Female 6 Right thigh 2
4 5 Male 8 Forehead 3

recruited (Table 1) [31]. Both active and inactive LoSc lesions were
included in this study. As shown in Fig. 2A, patient 1 shows active le-
sions, which have a white and waxy distribution area, while patient 2
shows chronic damage features, which show a raised waxy center with
moderate to severe skin thickening and hyperpigmentation changes in
the waxy center.

Next, analysis of morphology and collagen deposition was performed
on lesional punch biopsy specimens to confirm the characteristics of
LoSc. Both types of LoSc showed typical thickening of the dermis layer
(Fig. 2B) and collagen deposition (Fig. 2C). Moreover, RT-PCR revealed
that levels of a-SMA increased by about 2-fold compared to normal skin
tissue. (Fig. 2D). The expression of miR-143-3p in human LoSc tissue
was also investigated. miR-143-3p was significantly decreased in the
dermal layer of LoSc, as shown by RT-PCR (Fig. 2E). The histopathology
analysis showed extensive expression of a-SMA in the dermis of the
mouse LoSc model and the skin of LoSc patients (Fig. 2F). In situ hy-
bridization of skin tissue showed that a positive signal for miR-143-3p
was evident in normal dermal fibroblasts but not in the fibroblasts of
LoSc, which is consistent with the results of RT-PCR (Fig. 2G). Thus, we
inferred that miR-143-3p is necessary for maintaining skin homeostasis
and should be an important complementary factor in improving
scleroderma.

3.3. miR-143-3p inhibited myofibroblast formation and the synthesis of
collagen in mouse fibroblasts

We next sought to investigate whether miR-143-3p can regulate the
formation of myofibroblasts and the synthesis of collagen in fibroblasts
of mouse skin, which are considered a cell-based model of fibrosis study
[32]. Firstly, miR-143-3p mimics or inhibitors were applied to increase
or decrease the levels of miR-143-3p in the fibroblasts. As shown in
Fig. 3A and B, fibroblasts transfected with miR-143-3p mimics had
considerably lower relative protein levels of a-SMA compared to control
mimics. Consistently, inhibition of miR-143-3p with an inhibitor
significantly increases the expression of o-SMA. Moreover, the
non-stress fiber was significantly decreased with the overexpression of
miR-143-3p, while inhibition of miR-143-3p promoted the formation of
the stress fiber of a-SMA (Fig. 3C and D).

The ECM production marker Fnl and the levels of collagens were
used to analyze the activated level of myofibroblasts with these miR-
143-3p increased or inhibited treatments. The expression of Fnl was
suppressed after miR-143-3p overexpression, while inhibition of miR-
143-3p enhanced the protein expression of Fnl in the mouse fibro-
blasts (Fig. 3E). And overexpression of miR-143-3p significantly
decreased the content of hydroxyproline, a major component of the
protein collagen, in fibroblasts compared with the control group, while
inhibition of miR-143-3p expression did the opposite (Fig. 3F).

Returning to the issue that concerns us most, whether BMSC-EVs
contain miR-143-3p is vital for BMSC-EVs to regulate myofibroblast
formation and the synthesis of collagen in skin fibroblasts or not. As
shown in Fig. 3G, the expression of a-SMA could be efficiently reduced
by the BMSC-EVs, but administration of a miR-143-3p inhibitor rescued
a-SMA expression in the fibroblasts of mouse skin. BMSC-EVs treatment
also decreased the expression of ECM proteins (Fn1l) and the content of
collagen in fibroblasts, which were also significantly reversed by the
miR-143-3p inhibitor (Fig. 3H and I).

Together, these results indicate that miR-143-3p is essential for
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Fig. 2. miR-143-3p decreased in the dermal tissues of humans and mice with LoSc.

(A) Typical photographs of the lesions owing to localized scleroderma (LoSc) in patients. (B) H&E staining of representative skin sections from normal and lesion skin
samples. Scale bar: 100 pm. (C) Masson’s trichrome staining of the representative skin sections from normal and lesion skin samples. Scale bar: 100 pm. (D-E)
Quantification of a-SMA (D) and miR-143-3p (E) of the representative skin sections from normal and lesion skin samples. (F) Representative immunohistochemical
staining of a-SMA of the representative skin sections of normal and lesion skin samples from mice and patients. Scale bar: 100 pm. (G) In situ hybridization shows the
localization of miR-143-3p in skin samples of normal and LoSc from mice and patients. Scale bar: 100 pm.

BMSC-EVs to suppress myofibroblast formation and synthesis of
collagen in skin fibroblasts, as well as inhibit the fibrosis. It’s necessary
to enhance the expression of miR-143-3p in the BMSC to obtain the miR-
143-3p enriched EVs.

3.4. Characterization of EVs derived from miR-143-3p modified mouse
BMSCs

To specifically modify the contents of BMSC-EVs, we manipulated
the expression of miR-143-3p in mouse BMSCs by employing lentiviral
vectors containing miR-143-3p or miR-143-3p inhibitors, thereby either
increasing or decreasing the level of miR-143-3p in BMSC-EVs. The
characterization of EVs derived from these BMSCs is important for
subsequent studies. Firstly, the transfected BMSCs show similar
morphology to the control group, as seen in Fig. 4A. Next, EVs were

isolated from the supernatants of each BMSC with ultracentrifugation.
TEM (Transmission Electron Microscope) analysis revealed that all the
EVs from the above BMSCs showed typical bilayer membrane vesicles
(Fig. 4B). Additionally, the particle sizes of the EVs analyzed with NTA
(Nanoparticle Tracking Analysis) showed that the particle diameters of
normal EVs (mean = 137.5 nm, SD = 45.6 nm), NC-i-EVs (mean = 122
nm, SD = 34.1 nm), i-EVs (mean = 134.1 nm, SD = 43.2 nm), NC-OE-
EVs (mean = 141 nm, SD = 49.6 nm), and OE-EVs (mean = 121.9
nm, SD = 33.2 nm) (Fig. 4C).

Then, the levels of miR-143-3p in both BMSC and BMSC-EVs were
evaluated by RT-PCR. Firstly, compared with normal or control BMSCs,
miR-143-3p of BMSCs-i was significantly decreased by approximately
50 % (P = 0.0216), while BMSCs-miR-143-3p overexpressed exogenous
miR-143-3p genes approximately 10-fold higher than the control group
(P = 0.0062) (Fig. 4D). For the BMSC-EVs, the miR-143-3p was also
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Fig. 3. miR-143-3p inhibits myofibroblast formation and the synthesis of collagen in mouse fibroblasts

(A-B) a-SMA protein expression of mouse fibroblasts with miR-143-3p overexpression (miR-143-3p mimic) or knockdown (miR-143-3p inhibitor) was detected by
Western blot. (C-D) Immunofluorescence showing a-SMA levels and distribution of mouse fibroblasts with miR-143-3p overexpression or inhibition. Scale bar: 200
pm. (E) Fnl protein expression in fibroblasts with miR-143-3p overexpression or knockdown was detected by Western blot. (F) The collagen contents of fibroblasts
with miR-143-3p modified were quantified by hydroxyproline assay. (G) Immunofluorescence showing a-SMA protein expression and distribution of mouse fi-
broblasts treated with the BMSC-EVs or BMSC-EVs plus miR-143-3p-inhibitor. Scale bar: 200 pm. (H) The collagen contents of mouse fibroblasts treated with the
BMSC-EVs or BMSC-EVs plus miR-143-3p-inhibitor were quantified by hydroxyproline assay. (I) a-SMA and Fnl protein expression of fibroblasts treated with the
BMSC-EVs or BMSC-EVs plus miR-143-3p-inhibitor were detected by Western blot. Data are presented as mean + SD; *, P < 0.05; **, P < 0.01.



J. Jin et al.

Control
over expression
(NC-OE)

Control
inhibitor
(NC-i)

miR-143-3p
inhibitor
(i)

BMSCs

EVs

O
g
m

over expression

Journal of Autoimmunity 153 (2025) 103422

miR-143-3p Normal

(OE)

8 & 8

Particle concentration (E6/m) O
e 8

R e
(nm)

Control inhibitor (NC-i) miR-143-3p inhibitor (i)

S

Ry MY
(nm)

8
@
8
3

o &
2 8 8 &
g 8 8 38

Particle concentration (E6/m)
El
Particle concentration (E6/m)
o
s

0.4
SECDONEONINNO DS
(nm)

Control over expression miR-143-3p over expression
(NC-OE) (OE)

30.0-

g

5
g
g

&
o

Particle concentration (E6/m)
3

F
o
Particle concentration (E6/m)
8

0.
PEOPIBELPORELFS
(nm)

R ERE R R
(nm)

< 1.5- 5
% ns %
= 1 r *k
2 e & 10.01 e
2 1.04 g s
o 2
E E
£ o5 o 501
2 3 ns
s < 1
Z o0 & 9.0
) ES ~ (dd & &
‘@o & © 90‘0 0@9 CD63
T 7Y @ &
W &
? &
E
ns — 20.0- ;
Y —, g - Alix
- — r
= & 15.01
3 19 g CD9
o & 10.01
€ E )
2 0% £ 50 Calnexin
S -
14
0.0 0.0-
PREIEN ° &
e\éq"eo é& é ‘\Q& égp
<& &

Fig. 4. Characterization of extracellular vesicles derived from modified BMSCs

(A) Morphology of BMSCs cultured in medium after various lentivirus transfections. (B) Morphology of normal EVs, control-inhibitor (NC-i), miR-143-3p inhibitor
(i), control overexpression (NC-OE), and miR-143-3p overexpression (OE) observed by TEM. (C) Particle size distribution and concentration of the above five groups
of EVs were measured by the NanoSight NS300 system. (D-E) RT-PCR was used to detect the level of miR-143-3p in BMSCs (D)/BMSC-EVs (E) with miR-143-3p
modified or control. (F) Western blotting analysis of the surface markers of BMSC-EVs from the miR-143-3p modified BMSCs compared with cell extraction. Data

are presented as mean + SD; *, P < 0.05; **, P < 0.01.

decreased by approximately 50 %, compared to the normal or control
group. Finally, the miR-143-3p levels of BMSC-EVs with miR-143-3p
overexpression increase approximately 15-fold higher than the normal
or control group (P = 0.0356) (Fig. 4E). The surface markers CD9, CD63,
and ALIX were enriched in all the EVs compared to BMSCs, whereas
CALNEXIN, an endoplasmic reticulum-associated protein, was not
detected in these extracellular vesicles (Fig. 4F). These data lead to the
conclusion that miR-143-3p-modified EVs isolated from mouse BMSCs,
which were manually manipulated to increase or decrease miR-143-3p,
have the typical characteristics of EVs.

3.5. miR-143-3p-reinforced EVs reduced dermal thickening and fibrosis
in the mouse LoSc model

To study and evaluate the efficacy of miR-143-3p-modified BMSC-
EVs on LoSc in vivo, we applied the above miR-143-3p modified BMSC-
EVs to treat the mouse model. The mice in the LoSc model induced by
BLM were subcutaneously injected with the above miR-143-3p-modified
EVs. After two weeks of treatment, EVs with inhibition of miR-143-3p
did not significantly improve the disease status, including the dermal
thickness, did not show a recovery in the subcutaneous adipose layer,
and exhibited similar thickness compared with the PBS-treated group
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Fig. 5. miR-143-3p-modified EVs reduce dermal thickening and abnormal deposition of collagen in the mouse LoSc model.

(A) H&E staining of representative skin sections from mouse skin tissue treated with miR-143-3p modified BMSC-EVs for 14 days. Scale bar: 100 pm. (B) Masson’s
trichrome staining of the representative skin sections from mice treated with miR-143-3p-reinforced BMSC treatment or control for 14 days. Scale bar: 100 ym. (C-D)
The thicknesses of the dermis (C) and subcutaneous fat (D) were measured from the H&E-stained dermal morphology (n = 6; 3 slides were randomly selected from
each sample). (E) The collagen contents of dermis with miR-143-3p reinforced BMSC-EVs treatment were quantified by hydroxyproline assay (n = 8). (F) The
expression of Coll, Col3, and Fn1 in the skin tissues treated with miR-143-3p-reinforced BMSCs-EVs or control was quantified by RT-PCR (n = 3). (G) Representative
immunohistochemical staining of Timpl, Timp2, Mmp1, and Mmp2. Scale bar: 200 pm. (H) The expression of Timp1, Timp2, Mmp1, and Mmp2 in the skin tissues
treated with miR-143-3p-reinforced BMSCs-EVs or control was quantified by RT-PCR (n = 3). Data are presented as mean =+ SD; *, P < 0.05; **, P < 0.01; ***, P
< 0.001.
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Fig. 6. miR-143-3p-modified EVs treatment inhibits fibroblast differentiation into myofibroblasts in mouse LoSc model.

(A) The expression of Tgf-p1 and a-SMA in the fibroblasts of the dermis was detected by IHC staining. Scale bar 200 pm. (B) Quantitative analysis of Tgf-p1 or a-SMA-
positive cells in the sections (n = 3). (C) The mRNA levels of a-SMA and Tgf-$1 in the dermis were detected with RT-PCR (n = 3). (D-E) The expression of Coll, Fnl,
and a-SMA was detected by Western blot and quantified by Image J software (n = 3). (F) The expression of Coll, Fnl, and a-SMA in the mouse fibroblast treated with
Tgf-p1, miR-143-3p mimics, or a control was quantified by RT-PCR (n = 3). Data are presented as mean =+ SD; *, P < 0.05; **, P < 0.01.
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(Figs. SIA-D). These results showed that EVs-i-miR-143-3p treatment
does not reverse dermal thickening or subcutaneous adipose layer
thinning.

Furthermore, we examine whether EVs-OE-miR-143-3p exert a more
powerful anti-fibrosis effect on the BLM-induced LoSc mouse model than
normal EVs. Two weeks after the subcutaneous injection of BMSC-EVs
(EVs-NC or EVs-OE) treatments, compared to the normal mouse skin,
PBS-treated mice showed that the dermis layer had significant thick-
ening (P = 0.0003), the subcutaneous adipose layer was almost non-
existent, and the dermal architecture was disrupted (Fig. 5A). Both
EVs-NC (P = 0.0005) and EVs-OE-miR-143-3p (P = 0.0004) can
decrease the thickened dermis layer, and EVs with miR-143-3p-
reinforced exert a better therapeutic effect than EVs-mir-NC (P =
0.004) (Fig. 5C and D).

Overall, these results revealed that miR-143-3p-modified EVs exer-
ted a more powerful effect than EVs-mir-NC and that miR-143-3p
strengthened the capability of EVs to improve BLM-induced dermal
damage and fibrosis.

3.6. miR-143-3p-reinforced EVs reduce abnormal deposition of ECM of
the dermis in LoSc mice

The deposition of ECM in the dermis is considered an atypical
characteristic of scleroderma. Masson’s trichrome staining was used to
determine whether miR-143-3p modified BMSC-EVs were able to
regulate the accumulation of excessive ECM components. As shown in
Fig. 5B, BLM-induced LoSc skin showed an abundance of collagen and a
dense ECM structure in the dermis, but both EVs-NC and EVs-OE-mir-
143-3p greatly reduced ECM deposition. And EVs-OE-mir-143-3p exer-
ted a better effect than EVs- NC. Consistently, the EVs-NC (P = 0.0123)
and EVs-OE-mir-143-3p (P = 0.0058) treatments significantly reduced
the hydroxyproline content, which was enhanced in the BLM induced
mouse model, and the EVs-OE-mir-143-3p group had an even lower
hydroxyproline content than the EVs-NC group (P = 0.0278) (Fig. 5E).
Furthermore, Coll (P = 0.0328), Col3 (P = 0.0078), and Fnl (P =
0.0245) mRNA expression levels were greatly increased in PBS-treated
LoSc mice but were significantly decreased in mice treated with either
EVs-NC (P = 0.0267) or EVs-OE-mir-143-3p (P = 0.0318). Additionally,
EVs-OE-mir-143-3p treatment had a stronger impact than EVs-NC (P =
0.0159) (Fig. 5F).

For the inhibition of miR-143-3p of BMSC-EVs, the ECM and collagen
of EVs-i-miR-143-3p were significantly higher than the EVs-NC treated
tissues and similar to the PBS treated tissues (Figs. SIE-G). In addition,
the expression of Fnl was not improved in the EVs-i-miR-143-3p group
compared to the control group. EVs-i-miR-143-3p greatly enhanced the
expression of Fnl compared with that in the EVs-NC group (P = 0.0251).

The balance of matrix metalloproteinases (MMPs) and tissue inhib-
itor of metalloproteinase (TIMPs) is essential in maintaining collagen
homeostasis. The imbalance between these two proteins leads to ECM
and collagen deposition, and ultimately skin fibrosis [33,34]. As shown
in Fig. 5G, the expression of MMP1 (P = 0.0319), MMP2 (P = 0.0158),
TIMP1 (P = 0.0219), and TIMP2 (P = 0.0317) increased in the
PBS-treated group compared with the normal group, but both EVs-NC
and EVs-OE-mir-143-3p greatly reduced the levels of MMP1 (P =
0.0109), MMP2 (P = 0.0158), TIMP1 (P = 0.0225), and TIMP2 (P =
0.0106). And EVs-mir-143-3p showed a stronger ability to reduce the
expression of MMP1 (P = 0.0356), MMP2 (P = 0.0145), TIMP1 (P =
0.0238), and TIMP2 (P = 0.0219). Consistent with immunohistochem-
ical staining, the mRNA levels of the groups showed similar trends
(Fig. 5H). Moreover, the ratio of MMP1/TIMP1 (P = 0.0265) and
MMP2/TIMP2 (P = 0.0264) decreased in the PBS treated group
compared with the normal group. EVs-OE-miR-143-3p showed an even
stronger ability to enhance the ratio of MMP1/TIMP1 (P = 0.0195) and
MMP2/TIMP2 (P = 0.0313), suggesting higher matrix remodeling
activity.

Taken together, these results revealed that miR-143-3p-reinforced
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BMSC-EVs exerted more powerful effects by decreasing BLM-induced
abnormal deposition of ECM and collagen density and improving cuta-
neous structural remodeling than normal BMSC-EVs.

3.7. miR-143-3p-reinforced EVs treatment inhibits fibroblast
differentiation into myofibroblasts

Fibroblast activation and fibroblast-to-myofibroblast differentiation
with TGFf signaling pathway activation are typical features in the
development of BLM-induced fibrosis in mouse LoSc models. In the
mouse model, the number of Tgf-B1-positive cells was significantly
decreased in the EVs-NC groups compared to the PBS-treated (P =
0.0053) but similar in the EVs-i-miR-143-3p and PBS-treated groups (P
= 0.0871) (Figs. S2A and C). Similar observations were obtained by RT-
PCR analysis of Tgf-#1 mRNA expression (Figure S2E). In addition, the
expression of a-SMA was also examined. As shown in Figs. S2B and D,
EVs-i-miR-143-3p did not decrease the number of a-SMA-positive cells,
in contrast to EVs-NC. And the results of RT-PCR were consistent with
those of immunohistochemistry observations (Figure S2F).

We further examined whether miR-143-3p overexpression could
further enhance the ability of BMSC-EVs to inhibit fibroblast differen-
tiation into myofibroblasts in vivo. As shown in Fig. 6A and B, there was
significantly more accumulation of Tgf-p1l-positive cells in the dermis
layer in the LoSc mice than in the normal mice (P = 0.0058), but both
EVs-mir-NC (P = 0.0078) and EVs-mir-143-3p (P = 0.0211) greatly
reduced the number of TGF-pl-positive cells. And EVs-mir-143-3p
showed an even stronger ability to reduce Tgf-pl-positive cells. In
addition, the number of a-SMA + myofibroblasts was significantly
enhanced in the BLM treated mice (P = 0.0376), but decreased in both
the EVs-mir-NC (P = 0.0276) and EVs-mir-143-3p (P = 0.0072) treat-
ment groups. The EVs-OE-mir-143-3p group showed fewer a-SMA +
myofibroblasts than the EVs-NC groups (P = 0.0063). Consistent with
immunohistochemical staining, the mRNA expression of Tgf-f1 and
a-SMA in the BLM induced mouse model was significantly higher than
that in normal mice and was reduced after EVs-NC or EVs-OE-mir-143-
3p treatment (Fig. 6C). In this experiment, EVs-OE-mir-143-3p per-
formed better than EVs-NC.

These results demonstrated that subcutaneous injection of miR-143-
3p-reinforced EVs exerted powerful effects by preventing myofibroblast
formation in the dermis. These results suggested that miR-143-3p played
a key role in BMSC-EVs inhibiting fibroblast differentiation into
myofibroblasts.

3.8. miR-143-3p agomir treatment inhibits differentiation of fibroblasts to
myofibroblasts and abnormal deposition of collagen in the LoSc model

The above results suggested that miR-143-3p might be a promising
therapeutic target for the treatment of patients with scleroderma. We
therefore sought to validate the therapeutic effect of miR-143-3p in vivo.
miR-143-4p agomir-treated mice showed thinner dermal layer thickness
(P = 0.0218) and a thicker subcutaneous adipose layer (P = 0.0124)
than those of the agomir-NC group. In addition, compared with the
agomir-NC group, miR-143-4p agomir improved the dermal architecture
of mice (Figs. S3A, C, and D). miR-143-4p agomir significantly
decreased ECM deposition compared with that in the agomir-NC group
(Figure S3B). Consistently, miR-143-4p agomir suppressed the expres-
sion of the fibrotic markers Coll (P = 0.0127) and Fnl (P = 0.0226)
(Figure S3E). RT-PCR also confirmed these observations by detecting
fibrosis-related markers. These findings were further supported by RT-
PCR that identified fibrosis-related markers (Fig. S3F). These results
revealed that miR-143-3p can improve BLM-induced dermal fibrosis and
damage.

Furthermore, we evaluated the expression of key fibrotic factors,
including Tgf-p1 and a-SMA. As shown in Figs. S4A-B, miR-143-3p
agomir greatly reduced the number of Tgf-Bl-positive cells (P =
0.0302) and a-SMA-positive myofibroblasts (P = 0.0187) in the dermis
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Fig. 7. miR-143-3p inhibits IgfIr by targeting the mRNA 3-UTR of IgfIr.

Journal of Autoimmunity 153 (2025) 103422

(A) Candidate target genes of miR-143-3p were predicted by intersecting outputs from four online databases (TargetScan, miRTarBase, ENCORI, and microRNA.org)
and DEGs of mouse LoSc skin tissues treated with BMSC-EVs. (B-C) The heatmap and violin plot showed the expression of the 4 hub genes in the mouse LoSc model
treated with BMSC-EVs or control (P < 0.05; n = 3). (D) Luciferase reporter assays of HEK293 cells with transfection of WT/MUT-psiCHECK-Igf1r along with miR-
143-3p mimic or NC-mimic as indicated to confirm the interaction of miR-143-3p and Igfr1r (n = 6). (E-F) The expression of miR-143-3p (E) and IgfIr (F) in the
fibroblasts treated with miR-143-3p mimics or inhibitors was detected by RT-PCR (n = 3). (G-H) The protein level of Igf1r in the mouse fibroblasts treated with miR-
143-3p mimics or inhibitors was detected by Western blot (n = 3). (I) Representative immunohistochemical staining shows the localization of Igflr in skin tissues of
mouse LoSc with miR-143-3p reinforced BMSC-EVs treatment. Scale bar: 200 pm. (J) Quantitative analysis of the Igflr positive cells in the mouse skin tissues (n = 3).
(K) The expression of IgfIr in the skin tissue was detected by RT-PCR (n = 3). (L-M) Relative expression levels of Igflr protein in mouse skin tissues (n = 3). Data are

presented as mean + SD; *, P < 0.05; **, P < 0.01.

layer compared with that in the agomir-NC group. The mRNA expression
of Tgf-B1 and a-SMA is consistent with immunohistochemical staining
results (Figure S4 C). These results revealed that miR-143-3p suppressed
fibroblast differentiation into myofibroblasts by decreasing the expres-
sion of Tgf-pl in the dermis and validated the therapeutic benefits of
miR-143-3p-reinforced.

3.9. miR-143-3p target the mRNA 3-UTR of IGFIR

To gain insight into the potential target and mechanism of miR-143-
3p of the BMSC-EVs regulation of fibrosis in fibroblasts, high-throughput
RNA-seq was applied to analyze the skin tissues of LoSc mice with or
without BMSC-EVs treatment. The DEGs of the two groups were
screened as a dataset for potential targeting genes of BMSC-EVs (Fold-
Change >1.2, P < 0.05) (GSE165117). Additionally, four public data-
bases (including TargetScan, miRDB, starBase, and ENCORI) for target
gene prediction of miRNAs were applied to efficiently screen the
possible targets of miR-143-3p. Four target genes were identified from
the intersection of four online databases and DEGs, including IgfIr,
Larpl, Otud4, and Plagl2 (Fig. 7A). And the relative expression of the
four genes in the mouse LoSc skin tissues, which were treated with the
BMSC-EVs or a control, is shown in Fig. 7B. The levels of Igflr that had
been elevated in the BLM-induced LoSc model were considerably
reduced after BMSC-EVs treatment (P = 0.0387) (Fig. 7C). Therefore, we
infer that Igflr may be a key target of miR-143-3p mediated regulation
of fibrosis in scleroderma.

We further applied the dual-luciferase reporter gene assay to confirm
the interaction of miR-143-3p and Igflr. Firstly, the presence of a
binding site (3-UTR of Igflr) for miR-143-3p in the Igflr gene was
predicted with TargetScan (Fig. 7D). According to binding-site predic-
tion, we generated wild-type (WT) and mutant (MUT) mRNA of Igflr in
the 3-UTR sequences containing the binding site of miR-143-3p. The
luciferase activity of wild-type sequences was markedly decreased by co-
transfection with miR-143-3p mimics (P = 0.0062), but there was
almost no change in the mutant sequence, suggesting that the 3'-UTR of
Igflr mRNA is a binding site and target of miR-143-3p.

Next, we evaluated whether miR-143-3p moderates the protein and
mRNA expression of Igflr in mouse skin fibroblasts upon transfection
with miR-143-3p mimics or inhibitors. The protein (P = 0.0162) and
mRNA (P = 0.0381) expression of Igflr were significantly decreased
after miR-143-3p mimic transfection (Fig. 7E-G). By contrast, inhibitors
were transfected into the mouse skin fibroblast to reduce the level of
miR-143-3p, and the mRNA (P = 0.0372) and protein (P = 0.0264)
levels of Igflr were found to be increased (Fig. 7F and H). These results
show that miR-143-3p binds to the 3-UTR of Igflr to inhibit the
expression of Igf1r.

We also confirmed the expression of Igflr in the mouse LoSc model
with miR-143-3p reinforced BMSC-EVs or BMSC-EVs treatments. The
expression of Igflr and the Igflr-positive cells in the mouse dermis was
downregulated compared with that in the normal and control (EVs-miR-
NC) groups (Fig. 7I-K). The level of Igflr in mRNA and protein of the
dermis was also consistent with that of immunohistochemistry by
Western blot and RT-PCR (Fig. 7L and M). Taken together, these data
determined that miR-143-3p of BMSC-EVs targeted the Igflr of fibro-
blasts of the dermis to decrease the level of Igflr in the LoSc mouse
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model.

3.10. miR-143-3p-modifed EVs alleviate skin fibrosis by targeting IGF1-
IGFIR

We further study the potential mechanism of IGF1R inhibition in the
development and treatment of scleroderma. The public RNA sequencing
datasets, which include 10 normal tissues and 28 LoSc tissues, were first
involved in this study [28,29]. The expression of IGF1R in the skin of
LoSc patients significantly increased compared to the normal skin (P =
0.0094) (Fig. 8A). In line with this analysis, the expression of IGF1R in
the skin tissues of LoSc patients involved in our study was increased
compared to normal skin tissues (Fig. 8B). There was also a significant
rise in the level of IGF1R mRNA in the LoSc skin tissues (P = 0.0285, n =
4) (Fig. 8Q).

We further analyzed the single-cell sequencing datasets
(GSE195452), which include 56 healthy controls and 97 LoSc patients at
different stages of LoSc [24]. The cell types include fibroblast cell,
pericyte cell, epithelial cell, endothelial cell, T cell, myeloid cell, B cell,
and mast cell, were revealed with a UMAP plot (Fig. 8D). The markers of
these cell types were shown in Fig. 8E, and the fibroblasts were featured
with DCN and COL1Al (Fig. 8E). Then, the fibroblast cells were
sub-clustered into 13 clusters with UMAP (Fig. 8F). Interestingly, the
Fib_11 (sub-cluster 11 of fibroblast) clusters show a high proportion in
the early stages (Fig. 8G). And Fib_11 clusters expressed the IGF1,
IGFBP4, IGFBP7, FOS, and ACTA2 (a-SMA) (Fig. 8H). The distribution of
IGF1 and IGFIR in the 13 sub-clusters of fibroblasts during the 4 stages
was shown in Fig. 8I. In the early stage, IGF1 was relatively high
enrichment in Fib_11. And the IGF1R positive cells were distributed in
all sub-clusters of fibroblasts. GO analysis of the feature genes of Fib_11
reveals that the Fib_11 cluster is characterized by cell activation, MAPK
cascade, intracellular cytoskeleton organization, etc. (Fig. 8J). Thus, we
consider that IGF1-IGF1R have an important role in fibroblast activation
to promote the development of scleroderma.

3.11. miR-143-3p-modifed EVs alleviate skin fibrosis by targeting IGF1R/
MAPK pathway of dermis

The activated myofibroblasts were from the fibroblast and epithelial
cells with an endothelial-to-mesenchymal transition. In Fig. 8B, the
epidermis layer was also positive for IGF1R staining compared to the
control tissues of LoSc patients. Thus, we analyze the epithelial cell
cluster of Fig. 8D of the single-cell RNA sequencing datasets. The
epithelial cells were subclustered into 11 clusters (Fig. 9A). The IGF1R-
positive cells were highly enriched in the cluster 3 (Fig. 9B and C). GO
analysis of the feature genes of Epi_3 reveals that the Epi_3 cluster is
characterized by MAPK cascade, epithelial to mesenchymal transition,
epithelial cell proliferation, etc. (Fig. 9D). The Fib_11 from fibroblasts
and Epi_3 from epithelial cells show stronger interactions based on the
IGF signaling pathway (Fig. 9E). Moreover, the pairs of ligand-receptor
analyzed confirmed that the Fib_11 from and Epi_3 were relative to the
IGF1-IGF1R function and showed the role of IGF1R in the epidermis of
the skin (Fig. 9F).

The IGF1/IGF1R signaling pathway was reported to regulate cell
growth and differentiation by the AKT/MAPK signaling pathway.
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Fig. 8. The highly expression of IGFIR in fibroblast of LoSc patients.

(A) The expression of IGF1 and IGFIR in the skin of LoSc patients based on the RNA sequencing dataset from GSE166861 and GSE166863. IGF1R: Log2FC =
2.586155914; P value = 0.0094. (B) Representative IHC staining of IGF1R in representative skin sections of normal and lesion skin samples from LoSc patients. Scale
bar: 100 pm. (C) Quantification of IGFIR in human skin tissues with LoSc by RT-PCR. (D) The UMAP plot showed cell types in the skin of LoSc patients and normals
based on the single cell RNA sequencing dataset from GSE195452. (E) Markers labeling cell types in the UMAP plot. Cell types: Fib indicates fibroblast cell; Peri
indicates pericyte cell; Epi indicates epithelial cell; Endo indicates endothelial cell. T indicates T cell; Mye indicates myeloid cell; B indicates B cell. Mast indicates
mast cell. (F) The UMAP plot showed clusters of fibroblast cells in Figure D. (G) The proportion of different stages of LoSc disease in fibroblast clusters. (H) The
feature genes in each cluster of fibroblasts. (I) The expressions of IGF1 and IGFIR in fibroblast cells from different stages of LoSc patients and normal controls. (J) The
(jO plot shows the characteristic genes of the Fib_11 cluster.
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Fig. 9. miR-143-3p inhibits IGF1R-AKT/MAPK pathway.

(A) The UMAP plot showed clusters of epithelial cells in the skins of LoSc patients and normal controls. (B) The expression of IGF1R in epithelial cells from LoSc
patients and normal controls. (C) The expression of IGF1R in each cluster of epithelial cells. (D) The GO plot shows the characteristic genes of the Epi_3 cluster. (E)
The chord diagram showed the interactions in the IGF signaling pathway between all clusters of fibroblast and epithelial cells. (F) The pairs of ligand-receptors in the
IGF signaling pathway between clusters of fibroblast and epithelial cells. (G) Representative immunohistochemical staining of phospho-AKT, phospho-ERK1/2, and
phospho-P38. (H-I) The expression and phosphorylation levels of AKT, ERK1/2, and P38 in the BMSC-EVs treated skin tissues in the mouse LoSc model (n = 3). Data
are presented as mean + SD; *, P < 0.05; **, P < 0.01.
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Analysis of the mouse LoSc tissues treated with BMSC-EVs by immu-
nohistochemistry assays revealed that the BLM treatment enhanced the
relative levels of phosphorylated AKT, phosphorylated ERK1/2, and
phosphorylated P38 (Fig. 9G). These phosphorylations of AKT, ERK1/2,
and P38 were partially inhibited by the administration of BMSC-EVs
and, in greater part, blocked by the miR-143-3p reinforced BMSC-EVs
(Fig. 9H and I). In conclusion, these results demonstrated that miR-
143-3p-reinforced EVs attenuated the activation of AKT/MAPK
signaling pathways via inhibiting the IGF1-IGF1R pathway in dermal
fibrosis.

4. Discussion

Localized scleroderma (LoSc), featuring excessive fibrosis of skin,
remains a formidable clinical challenge and has limited therapeutic
options [35,36]. The mice induced with subcutaneous injection of BLM
were used as skin disease models of LoSc because the pathological
changes in dermis, such as greater dermal thickness and collagen
buildup, are comparable to those seen in LoSc patients [37]. Previously,
we reported that the BMSC-EVs can treat the skin thickening and
deposition of ECM in the BLM induced mouse LoSc model. In addition,
Chen et al. also indicated that treatment with BMSC-EVs restores the
osteopenic phenotype of tight-skin mutant mice scleroderma model
through the transmission of miR-151-5p [38]. miRNAs of BMSC-EVs,
which inhibit myofibroblast formation by downregulating the expres-
sion of TGF-f1 in the dermis, are believed to be important in their
therapeutic effect on LoSc [39]. In the present study, miR-21a-5p sup-
plementation shows no treatment on the LoSc model, which is consistent
with the report that miR-21a-5p inhibition can alleviate systemic scle-
rosis by targeting STAT3 signaling by Jin-Sil Park et al. recently [40].
Here, we present miR-143-3p, a highly abundant miRNA of the mouse
BMSC-EVs, which plays a key role in the therapeutic effects of the
BMSC-EVs on dermis fibrosis and skin structural remodeling in the
mouse LoSc model.

The surface protein CD47 enables EVs to evade the mononuclear
phagocytic system. Furthermore, EVs can efficiently transfer nucleic
acids across biological barriers to target cells [14]. Engineering MSCs
with specific enriched miRNAs can enhance the functional effects of
their EVs on target cells and organs. For instance, miR-29a-3p-modified
exosomes derived from umbilical cord stem cells have been shown to
promote tendon repair [41]. Similarly, engineered ADSCs can deliver
miR-181-5p to damaged liver cells, effectively attenuating liver fibrosis
[42]. Our study indicated that miR-143-3p of BMSC-EVs can be trans-
ported into fibroblasts and significantly inhibited myofibroblast for-
mation and synthesis of collagen. Even though upregulation of
miR-143-3p reported to be associated with fibrosis and abnormal ECM
metabolic pathological processes in the organs, including the heart and
cornea [43,44]. However, in the fibroblast of the skin, increasing
miR-143-3p can prevent hypertrophic scarring by reducing ECM
production-associated protein expression by targeting CTGF [45,46].
These reports were consistent with our findings in the skin of LoSc. We
demonstrated that the supplementation of miR-143-3p with EVs or
agomir can improve the dermis structure and status, including the
deposition of ECM, in the dermis of the LoSc model.

IGF1 integrates with IGF1R, a type 2 tyrosine kinase transmembrane
receptor, to activate the epithelial-mesenchymal transition of epithelial
cells and the proliferation and differentiation of fibroblasts into myofi-
broblasts and increases synthesis of collagen and extracellular matrix in
myofibroblasts [47-50]. Blockade of the IGF1/IGF1R pathway by an
IGF1R antibody induces fibroblast apoptosis and subsequent resolution
of pulmonary fibrosis [47,48]. Regulation of myofibroblast differentia-
tion in human embryonic lung fibroblasts through modulating ERK1/2
and p38 pathways, and these signal pathways may therefore represent
an attractive treatment modality in pulmonary fibrosis [51]. Reinforced
miR-143-3p attenuated ECM protein deposition and reduced the
expression of type I collagen and fibronectin in airway smooth muscle
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cells [52]. We raised IGF1R as a target in miR-143-3p-mediated regu-
lation of fibrosis and ECM protein deposition in the dermis. And IGF1R
activation by IGFBPs plays a pathogenic role in the development of
autoimmune diseases [53]. miR-143-3p-reinforced EVs improve
BLM-induced dermal damage and abnormalities by inhibiting IGF1R
expression and disrupting IGF1R-mediated AKT/MAPK signaling path-
ways. Bleomycin induction activates the AKT and MAPK signaling
pathways of dermal fibroblasts. miR-143-3p-reinforced EVs improved
skin fibrosis and tissue remodeling via the modulation of the AKT/MAPK
signaling pathway by targeting IGF1R. As an autoimmune disease, LoSc
involves a complex interplay of multiple biological and physiological
factors in its onset and progression. Similarly, BMSC-EVs are rich in
diverse nucleic acids and proteins with essential cellular functions.
Therefore, we propose that the miR-143-3p-IGF1R axis plays a pivotal
role in BMSC-EV-based treatment for LoSc. Moreover,
miR-143-3p-modified EVs warrant further investigation in the context of
the IGF1-IGF1R axis, supported by additional evidence.

In conclusion, miR-143-3p mediates the therapeutic effect of BMSC-
EVs in LoSc. miR-143-3p is important in regulating various cellular
processes and balancing numerous factors whose expression is altered in
LoSc. miR-143-3p-reinforced EVs exerted a more powerful effect than
normal EVs to inhibit dermal fibrosis and improve skin tissue remod-
eling. These effects were mainly obtained via the modulation of the
AKT/MAPK signaling pathway by targeting IGF1R. In the future, the
pharmacology and toxicology of the EVs deserve further investigation to
promote the application of BMSC-EVs in the clinical treatment of LoSc.
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