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A B S T R A C T   

Objective: Rheumatoid arthritis (RA) is an autoimmune disease characterized by chronic joint inflammation, with 
synovial fibroblasts (SFs) playing a pivotal role in its pathogenesis. Dysregulation of microRNA (miRNA) 
expression in SFs contributes to RA development. Exosomes (Exos) have emerged as effective carriers for ther
apeutic molecules, facilitating miRNA transfer between cells. This study explores the therapeutic potential of 
Exos derived from human umbilical cord mesenchymal stem cells (hUCMSCs), loaded with miR-451a, to 
modulate ATF2 expression, aiming to address RA in both in vivo and in vitro settings. 
Methods: In this study, hUCMSC and RA SFs were isolated and identified, and hUCMSC-Exos were extracted and 
characterized. The influence of hUCMSC-Exos on RA SFs was detected. And hUCMSC-Exos targeting RA SFs was 
traced. HUCMSCKD-AGO2 was prepared by knocking down AGO2 in hUCMSC. HUCMSCKD-AGO2-Exos was 
extracted and characterized, and their influence on RA SFs was detected. The miRNA profiles before and after 
hUCMSC-Exos intervention in RA SFs were mapped to identify differential miRNAs. RT-qPCR was used to verify 
the differential miRNAs, with hsa-miR-451a finally selected as the target gene. The effect of miR-451a on SFs was 
detected. The latent binding of miR-451a to activating transcription factor 2 (ATF2) was analyzed. The effect of 
hUCMSC-ExosmiR-451a on SFs was detected, and the expression of miR-451a and ATF2 was measured by RT-PCR. 
In vivo, hUCMSC-ExosmiR-451a was injected into the ankle joint of CIA rats, and arthritis index, joint imaging and 
synovial pathology were assessed. The expression of miR-451a and ATF2 in synovial tissue was detected. Finally, 
the safety of hUCMSC-ExosmiR-451a in CIA rats was evaluated. 
Results: This study revealed that hUCMSC-Exos can inhibit RA SFs proliferation, migration and invasion through 
miRNAs. High throughput sequencing detected 13 miRNAs that could be transmitted from hUCMSCs to RA SFs 
via hUCMSC-Exos. miR-451a inhibited RA SFs proliferation, migration and invasion by regulating ATF2. 
hUCMSC-Exos loaded with miR-451a targeted ATF2 to inhibit RA SFs proliferation, migration and invasion, and 
improve joint inflammation and imaging findings in CIA rats. 
Conclusions: This study demonstrates that miR-451a carried by hUCMSC-Exos can play a role in inhibiting RA SFs 
biological traits and improving arthritis in CIA rats by inhibiting ATF2. The findings suggest a promising 
treatment for RA and provide insights into the mechanism of action of hUCMSC-Exos in RA. Future research 
directions will continue to explore the potential in this field.   

1. Introduction 

Rheumatoid arthritis (RA) is an autoimmune disease characterized 
by chronic synovial proliferation and progressive joint destruction. The 

typical pathological changes of RA are abnormal synovial hyperplasia 
and destruction of cartilage and bone. Synovial fibroblasts (SFs) in RA 
patients play a central role in the formation and chronicization of RA 
joint inflammation and cartilage degradation [1]. RA SFs have been in a 
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state of chronic activation, and obstacles to the growth regulatory 
mechanism lead to “tumor-like growth” of cells, excessive proliferation, 
inhibition of apoptosis, and aggressiveness. At the same time, RA SFs 
migrate and produce matrix degrading enzymes, such as matrix metal
loproteinases (MMPs) and cathepsin. These enzymes secrete a series of 
inflammatory factors such as tumor necrosis factor-α (TNF-α), inter
leukin (IL) -1β, IL-6, and chemokines Interferon-induced protein 10, 
stromal cell-derived factor-1, monocyte chemoattraetant protein-1 
[2,3], and cause chronic persistent arthritis. Receptor activator of nu
clear factor kappa-B ligand (RANKL) binds to receptor activator of nu
clear factor kappa-B on osteoclast precursor cells to directly induce bone 
destruction. Therefore, the search for safe and effective treatment stra
tegies for RA, focusing on SFs as therapeutic targets to block synovial 
hyperplasia and bone erosion, has become an urgent problem to be 
solved. Therefore, research on safe and effective treatment strategies for 
RA has become an urgent problem to be solved in order to relieve the 
burden it brings to patients, families, and society. 

MicroRNAs (miRNAs) are a class of endogenous evolutionarily 
conserved small molecule single-stranded non-coding RNAs [4]. Their 
main function is to negatively regulate the expression of target genes by 
inhibiting transcription or direct cleavage of mRNA. Abnormal expres
sion of miRNA is closely related to the occurrence and development of 
diseases and plays an important regulatory role in various stages of 
immune cell maturation and immune homeostasis. Therefore, miRNA is 
becoming a new target for studying the mechanism of RA and its 
treatment. miRNAs are known to be involved in the regulation of almost 
all biological processes, including the inflammatory response of RA, the 
proliferation of SFs, and the production of cytokines. In addition to their 
regulatory function, miRNAs can be transmitted in the form of Exosoms 
(Exos) transport. Mesenchymal stem cell-derived Exos (MSC-Exos) are a 
form of extracellular vesicles produced by MSCs. MSC-Exos have a 
diameter of 40–100 nm and contain a rich array of biological informa
tion transfer media including proteins, mRNA, miRNA, and other bio
logically active substances. MSC-Exos retain the functions of MSCs and 
have advantages that MSCs lack, making them a potential strategy for 
stem cell treatment of diseases. MSC-Exos can transmit miRNA and 
“reprogram” target genes, thereby regulating behaviors such as prolif
eration, differentiation, and apoptosis of target cells [5,6]. This form of 
miRNA transport is a novel mechanism of cell communication. The 
discovery of the mechanism of directional transport of miRNA in or
ganisms, combined with the efficient delivery mode of Exos and their 
structural characteristics of easy preservation and regulation, provides 
new possibilities for therapeutic and transformational applications [7]. 
Moreover, it offers new ideas for targeted therapy using miRNA. 
Therefore, the miRNA contained in MSC-Exos may be the key molecular 
mechanism underlying the various biological effects of MSC-Exos. 

This study explores the therapeutic potential of exosomes derived 
from hUCMSCs with the aim of addressing RA both in vivo and in vitro. 
This research contributed to the growing body of evidence supporting 
the potential utility of hUCMSC-Exos in the treatment of RA and the 
promising prospects of miRNA-targeted therapy. 

2. Materials and methods 

2.1. Ethics statement 

Signed informed consent was obtained from all participants prior to 
enrolment in the study. The study followed the tenets of the Declaration 
of Helsinki and was approved by the Ethical Committee of the Shanxi 
Bethune Hospital (ethical approval code: 2018LL007). 

2.2. Isolation, culture, and identification of hUCMSCs 

The umbilical cord tissue of healthy full-term newborns was washed 
with PBS under sterile conditions. The umbilical vein and umbilical 
artery were then removed, followed by the removal of the Huatong gum 

tissue. Subsequently, the tissue was cut into blocks of approximately 0.5 
cm3 in size. The culture method employed was tissue adherence, with 
the addition of serum-free medium. The cells were then incubated in a 
37 ◦C and 5 % CO2 incubator for a period of 20–25 days. Once the cells 
reached 80 % confluency, they were passaged at a 1:3 ratio. The P3 
generation hUCMSCs with 80 % confluency were selected. These cells 
were digested with trypsin without EDTA, the digestion was terminated, 
and then centrifuged and resuspended. After counting, two tubes of 
single-cell suspensions with a concentration of 1 × 10^6/mL were pre
pared. These were divided into a blank control group and a test sample 
group. After filtration and centrifugation, the supernatant was dis
carded, and the cells were gently resuspended by tapping the bottom of 
the tube. A 100 μL single-cell suspension containing PE or FITC-labeled 
murine anti-human monoclonal antibodies CD105, CD73, CD90, CD45, 
CD34, HLA-DR (Abcam, USA) was added to the cell suspensions. The 
cells were incubated in the dark for 30 min. Subsequently, 3 mL of PBS 
was added for washing, followed by centrifugation at 1500 rpm for 5 
min. The supernatant was discarded, and the cells were resuspended in 
200 μL of PBS. The cells were then filtered through a mesh, gently 
tapped at the bottom of the tube to ensure uniformity, and both the 
blank control group and the test sample group were analyzed using the 
flow cytometry (ACEA, USA). 

To assess the multipotent differentiation potential of hUCMSCs, the 
cells were were transferred into a 6-well plate and cultured separately in 
osteogenic induction medium (OriCell, China), adipogenic induction 
medium (Transgen, China), and chondrogenic induction medium 
(Transgen, China) for a period of 21 days. These distinct culture media 
were employed to facilitate differentiation towards osteogenic, adipo
genic, and chondrogenic lineages, respectively. Alizarin Red staining 
was performed to assess the osteogenic potential of the cells. For the 
analysis of adipogenic potential, Oil Red O staining was conducted. To 
evaluate the chondrogenic potential, Methylaniline Blue staining was 
performed. 

2.3. Preparation and characterization of hUCMSC-Exos 

The hUCMSCs were cultured in FBS-free media for 72 h before col
lecting the medium. After culturing, the exosomes from the supernatant 
were separated through gradient ultra-high-speed centrifugation at 4 ◦C. 
The centrifugation process involved multiple steps, starting with a 
centrifugation rate of 300g and a duration of 10 min. This was followed 
by centrifugation at 2000g for 10 min, then at 10,000g for 30 min, and 
finally at 100,000g for 70 min. The separated Exos were suspended in 
PBS. To conduct TEM analysis, start by gently resuspending the micro
vesicle pellet in a suitable buffer or medium, ensuring proper dilution of 
the Exos. Apply a small drop of 10 μL of the resuspended sample onto a 
carbon-coated TEM grid, specifically choosing a copper mesh for sample 
loading. Allow the sample to settle for 5 min, ensuring that any excess 
liquid is absorbed using filter paper. For negative staining, add 20 μL of 
0.2 % aqueous phosphotungstic acid, allowing it to settle for 5 min 
before absorbing any excess stain with filter paper. Allow the grid to air- 
dry under an incandescent lamp, or use a gentle stream of nitrogen to 
remove any remaining liquid. Once the grid is dry, ensure proper 
alignment and place it in the TEM sample holder. Then, insert the grid 
into the transmission electron microscopy (TEM) (JEOL, Japan) and 
adjust the imaging parameters for optimal visualization of the micro
vesicles. Finally, capture the electron micrographs by exposing the 
sample to a focused electron beam, completing the TEM analysis. Exos 
were diluted 1:20 with PBS and thoroughly mixed by pipetting, then 
analyzed using nanoparticle tracking analysis (NTA) (Particle Metrix, 
Germany). Ensure that the loaded cuvette or capillary is thoroughly 
mixed by pipetting and properly aligned with the laser beam. Once the 
instrument is ready, allow it to capture the data by analyzing the 
Brownian motion of particles. For nanoparticle size analysis, Exos were 
diluted 1:50 with PBS, mixed well by pipetting, and analyzed using the 
system from Malvern, UK. The protein concentration of the Exos was 
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determined using the BCA Protein Concentration Assay Kit (Solarbio, 
China). Finally, the antigen phenotypes of the Exos surface proteins, 
including CD9, CD63 and TSG101 (Abcam, USA) were detected using 
Western blot. 

2.4. Isolation, culture, and identification of RA SFs 

Synovial tissue was collected from RA patients undergoing arthros
copy or arthroplasty under sterile conditions. The collected tissue was 
rinsed with PBS and then cut into approximately 1 mm3 pieces. Subse
quently, the synovial tissue was trypsinized with 0.25 % trypsin/EDTA 
(Solarbio, China) for 1 h. After trypsinization, the tissue was incubated 
in complete medium, which consisted of Dulbecco’s Modified Eagle 
Medium (DMEM) (Gibco, USA) supplemented with 10 % fetal bovine 
serum (FBS) (Gibco, USA) and 1 % antibiotic–antimycotic solution 
(Solarbio, China), in a 5 % CO2 incubator at 37 ◦C for 21 days. Once the 
RA SFs reached 80 % confluency, they were trypsinized, centrifuged, 
and then passaged at a 1:2 ratio. To identify specific cell surface 
markers, a single cell suspension of RA SFs was prepared and labeled 
with PE or FITC-labeled murine anti-human monoclonal antibodies 
targeting cadherin 11 (CDH 11) (Abcam, USA), Podoplanin (PDPN) 
(Abcam, USA), and CD68 (Abcam, USA). Flow cytometry was used to 
detect these labeled antibodies in a 100 μL cell suspension. 

2.5. HUCMSC-Exos targets RA SFs 

HUCMSC-Exos were labeled with RNA SelectTMGreen Fluorescent 
Cell Stain (Thermo Fisher Scientific Inc., USA) working solution and 
incubated at 37 ◦C for 20 min, protected from light. Then hUCMSC-Exos 
residual dye was removed using Exo Spin Columns. HUCMSC-Exos and 
RA SFs were incubated together for 24 h, also under protection from 
light. Afterward, Hoechst 33342 was added and incubated in the dark 
for 10 min. The film was then cleaned and sealed, and the fluorescence 
was observed. 

2.6. Effects of hUCMSC-Exos on the biological function of RA SFs 

Real-time cell analysis (RTCA) (Agilent Technology, USA) was used 
to detect the effects of hUCMSC-Exos on the proliferation, migration, 
and invasion of RA SFs. For cell proliferation assays, the impedance 
change caused by proliferating cells was measured in real-time by mi
croelectronic biosensors. RA SF suspension (3 × 103 cells/well) was 
seeded into E-Plate 16 (Roche, Switzerland), and hUCMSC-Exos (0 μg/ 
mL, 30 μg/mL, 90 μg/mL, 150 μg/mL) was added 6 h later. To observe 
the cell migration and invasion experiments were conducted using the C- 
Plate 16 (Roche, Switzerland). In the migration experiments, the lower 
chamber of C-Plate 16 was filled with medium containing 15 % FBS, 
while the upper chamber was filled with a suspension of RA SFs pre
pared with different concentrations of hUCMSC-Exos serum-free me
dium (2.5 × 103 cells/well). The movement of RA SFs through a 
microporous membrane was monitored by a biosensor at the bottom of 
the lower chamber containing 15 % FBS in the medium for 48 h. As for 
invasion experiments, the C-Plate 16 was pre-coated with a 1:40 dilution 
of matrigel and monitored for 72 h. The electrode impedance was dis
played as a proliferation, migration, or invasion index. 

2.7. Effects of miRNAs in hUCMSC-Exos on the biological function of RA 
SFs 

2.7.1. Preparation of hUCMSCKD-AGO2 

The experiment started with seeding a 100 μL hUCMSCs cell sus
pension (5 × 104 cells/mL) in 96-well plates, resulting in approximately 
20 % cell confluency after 24 hoursours. The experiment was then 
divided into four groups: Group A as the blank control group, Group B as 
the negative control with the addition of complete medium, Group C 
with the addition of infection enhancement fluid HitransG A 

(Genechem, China) to complete medium, and Group D with the addition 
of infection enhancement fluid HitransG P (Genechem, China) to com
plete medium. To determine the optimal infection conditions for 
transfection, the viral infection plural number was calculated using the 
equation MOI = (viral titer × virus volume) / number of cells. Lentivirus 
(LV) was added to the complete medium, creating four different gradi
ents of MOI (1, 10, 50, 100) in the infection group. After incubating for 
16 h at 37 ◦C and 5 % CO2, the medium was changed and infected for 72 
h. The fluorescence expression was observed to determine the effec
tiveness of the infection conditions for transfection. The construction of 
hUCMSCKD-AGO2 consisted of four groups: KD1 group infected hUCMSCs 
with LV-AGO2-RNAi (85384-1): gcACAGCCAGTAATCGAGTTT, KD2 
group infected hUCMSCs with LV-AGO2-RNAi (85385-11): cgGCAA
GAAGAGATTAGCAAAA, KD3 group infected hUCMSCs with LV-AGO2- 
RNAi (85386-11): caATCAAATTACAGGCCAATT, and the negative 
control (NC) group infected hUCMSCs with the negative control viral 
vector (RNAi-NC-LV) (TTCTCCGAACGTGTCACGT). The cell status of 
each group was ensured to be good during the transfection process. After 
16 h of infection, the cells from each well were collected and transferred 
to T25 flasks, with the addition of an appropriate amount of complete 
medium. The fluorescence rate was observed 72 h after infection to 
determine the positive infection rate. 

2.7.2. AGO2 gene and protein expression in hUCMSCKD-AGO2 

The total RNA and isopropanol precipitated RNA in hUCMSCKD-AGO2 

and hUCMSCNC were extracted using TRIzol reagent (Thermo Fisher 
Scientific Inc., USA). The expression of AGO2 was analyzed by RT-PCR. 
The concentration and quality of the extracted RNA were determined by 
Nanodrop2000/2000C spectrophotometer analysis ((Thermo Fisher 
Scientific Inc., USA)) after adding RNase-free water (TAKARA, Japan) to 
the precipitation until completely dissolved. To analyze mRNA expres
sion levels and DNA synthesis, the phosphoglyceraldehyde dehydroge
nase gene (GAPDH) was used as an internal control for each sample 
experiment. The primer sequences for GAPDH and AGO2 were used for 
RT-PCR: GAPDH: F5′-TGACTTCAACAGGACACCCA-3′, R5′- 
CACCCTGTTGCTGTAGCCAAA-3′; AGO2: F5′-TCCACCTA
GACCCGACTTT-3′, R5′-GTTCCACGATTTCCCTGTT-3′. For Western 
blotting analysis of AGO2 in hUCMSCsKD-AGO2, the proteins were sepa
rated on a 10 % sodium dodecyl sulfate–polyacrylamide gel electro
phoresis gel and transferred to a polyvinylidene fluoride membrane 
(Millipore, USA). The membrane was blocked in 5 % fat-free dry milk for 
2 h and then incubated overnight with antibodies to Anti-AGO2 (San
taCruz, USA) diluted at 1:1000. After that, the membrane was incubated 
with goat anti-rabbit IgG-HRP (SantaCruz, USA) (1:2000) for 2 h. 

2.7.3. Preparation and characterization of hUCMSCKD-AGO2-Exos 
Exos were separated by gradient ultracentrifugation, followed by 

visualization through TEM. The size of Exos particles was detected using 
NTA and nanoparticle size analysis. The protein concentration of Exos 
was determined using the BCA Protein Concentration Assay Kit (Solar
bio, China). The antigen phenotypes of Exos surface, including CD9, 
CD63, and TSG101(Abcam, USA), were detected using the Western blot 
method. 

2.7.4. Effects of hUCMSCKD-AGO2-Exos on the biological function of RA SFs 
RA SFs were respectively co-cultured with 150 μg/mL hUCMSCKD- 

AGO2-Exos and 150 μg/mL hUCMSCNC-Exos. RASFs proliferation and 
migration experiments were detected using RTCA, and invasive ability 
was assessed using transwell. 

2.7.5. Differences in miRNAs before and after the intervention of hUCMSC- 
Exos in RA SFs 

The P3 generation RA SFs in 6 patients were used to screen for dif
ferential miRNAs before and after hUCMSC-Exos intervention.The RASF 
after the hUCMSC-Exos intervention was labeled RA SFExo. The RASF 
before the hUCMSC-Exos intervention was labeled RA SFCtrl. Total RNA 
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was extracted using the mirVana miRNA Isolation Kit (Ambion) 
following the manufacturer’s protocol. The Nanodrop 2000 (Thermo 
Fisher Scientific Inc., USA) was used to quantify the total RNA, while the 
RNA integrity was assessed using the Agilent 2100 Bioanalyzer (Agilent 
Technology, USA). For small RNA library construction, 1 ug of total RNA 
from each sample was utilized with the TruSeg Small RNA Sample Prep 
Kits (Illumina, USA). The manufacturer’s recommendations were fol
lowed, involving ligation of adapters to the total RNA, reverse tran
scription of the adapter-ligated RNA to cDNA, and PCR amplification. 
The small RNA library was isolated and purified, and library quality was 
assessed on the Agilent Bioanalyzer 2100 system with DNA High 
Sensitivity Chips. Subsequently, the libraries underwent sequencing 
with the Illumina HiSeq X Ten platform, generating 150 bp paired-end 
reads. We conducted the small RNA sequencing and analysis. The base 
calling process converted the basic reads into sequence data, and low- 
quality reads were filtered out. Reads with 5′ primer contaminants and 
poly(A) were removed as well. Additionally, reads without ’adapter and 
insert tag, those shorter than 15 nt or longer than 41 nt, were discarded 
to obtain clean reads. Primary analysis involved determining the length 
distribution of the clean sequences in the reference genome. The non- 
coding RNAs were annotated as rRNAs, tRNAs, and small nuclear 
RNAs (snRNAs), among others. The annotation process involved align
ing the RNAs with fam v.10.1 (https://www.sanger.ac.uk/softw 
are/Rfam). Known miRNAs were identified by aligning against the 
miRBase v22 database (https://www.mirbase.org/) for subsequent 
analysis of their expression patterns. Additionally, unannotated reads 
were analyzed using mirdeep2 to predict novel miRNAs. The corre
sponding miRNA star sequence and miRNA mature sequence were also 
identified based on the hairpin structure of a pre-miRNA and the miR
Base database. Differentially expressed miRNAs were calculated and 
filtered using a threshold of P value < 0.05, along with the p value 
calculated using the DEG algorithm for experiments with biological 
replicates and the Audic Claverie statistic for experiments without bio
logical replicates. The software miRBase, TargetScan, miRTarBase were 
used to predict the targets of differentially expressed miRNAs. Finally, 
GO enrichment and KEGG pathway enrichment analyses of differentially 
expressed miRNA-target-Gene were performed using R based on the 
hypergeometric distribution. 

2.7.6. hUCMSC-Exos regulated the transmission of miRNAs between 
hUCMSCs and RASFs 

Chemically defined media (CdM) with or without GW4869 (Med
ChemExpress, USA) (CdMGW4869 or CdMMSC) was collected after incu
bating hUCMSC for 24 h. The miRNAs of RA SF were extracted following 
the intervention of CdMGW4869, CdMMSC and 150ug/mL hUCMSC-Exos 
in RA SF for 48 h. The concentration and purity of miRNA were detec
ted. cDNA was synthesized using a reverse transcriptase kit (Thermo 
Fisher Scientific Inc., USA). We designed miRNA primers using the 

tailing method, with only forward sequences (Table 1). RT-qPCR 
amplification was performed using the SYBR Green Master Mix kit 
(MedChemExpress, USA) with cDNA as a template. Each sample was set 
up with 3 complex wells with 20 μL of reaction system. U6 was used as 
an internal reference. The relative expression level of target miRNA in 
RA SF was calculated and analyzed by the relative quantitative 2 − ΔΔCt 
method, in comparison with the control group. 

2.7.7. Effect of miR-451a on RA SFs 
The miR-451a mimics plasmid and NC mimics plasmid were used to 

construct RA SFmiR-451a and RA SFNC, respectively. (miR-451a mimics:F 
5′-AAACCGTTACCATTACTGAGTT-3′、NC mimics:F 5′-TTCTCCGAACG 
TGTCACGT-3′). GP-transfectect-Mate transfection reagent was used for 
initial transfection, and after 4–6 h, we replaced the transfection reagent 
with a complete medium. mRNA expression was detected after 24–72 h. 
The target gene for miR-451a, ATF2, was identified through miRBase, 
TargetScan, and miRTarBase. 

To determine the interaction between luciferase reporter genes, we 
first synthesized a luciferase reporter plasmid (Promega, USA) by 
inserting the ATF2 fragment carrying the miR451a binding site. This 
plasmid was labeled as ATF2 wild-type (wt). Additionally, we synthe
sized another luciferase reporter plasmid, labeled as ATF2 mut, which 
contained a mutated miR-451a binding site. We then used Lipofect
amine 2000 reagent (Invitrogen, USA) to transfect the cells. After 48 h, 
we evaluated luciferase activity using the dual luciferase reporter assay 
system (Promega, USA). 

The expression levels of miR-451a and target gene ATF2 in RA SFmiR- 

451a were measured using the RT-qPCR method (ATF2: F5′- 
GGTCATGGTAGCGGATTGGTTAGG-3′, R5′-GTAGTGGATGTGGCTGGCT 
GTTG-3′, GAPDH: F5′-CTTTGGTATCGTGGAAGGACTC-3′, R5′-GTA
GAGGCAGGGATGATGTTCT-3′). Western blot analyzed the ATF2 pro
tein in RA SFmiR-451a. We assessed the proliferation of RA SFmiR-451a 

using the CCK8 method and the migration ability using the cell scratch 
experiment. The invasion of RA SFmiR-451 a was evaluated through the 
Transwell experiments. 

2.8. Preparation of hUCMSC-ExosmiR-451a 

As described in the exosomal RNA loading kit (Echo biotech, China), 
we loaded miR-451a into hUCMSCs. Firstly, 1 mL ETP solution was 
added to the dry powder of the Exo transporter (ETP). Sequentially, miR- 
451a, hUCMSCs-Exo, and ETP were added, and the final reaction solu
tion was adjusted to a volume of 600 μL. The reaction solution was then 
incubated at 37 ◦C in the dark for 2 h, with continuous shaking at 150 
rpm. Next, the incubated sample was transferred to an ultrafiltration 
tube to remove free oligonucleic acids. It was then washed twice with 
Washing Buffer, resulting in the obtainment of miR-451a loaded Exos 
from hUCMSCs (hUCMSC-ExosmiR-451a). 

2.9. Effect of hUCMSC-ExosmiR-451a on RA SFs 

150 μg/mL hUCMSC-Exos were incubated with RA SF for 48 h, and 
labeled as Exos group. 150 μg/mL hUCMSC-ExosmiR-451a were incubated 
with RA SF for 48 h, and labeled as ExosmiR-451a group. RT-qPCR 
detected miR-451a and ATF2 expression levels in RA SFs.Western blot 
analyzed the ATF2 protein in RA SFs. The proliferation ability of RA SFs 
was detected by CCK8 method. The migration of RA SFs was detected by 
cell scratch experiment, and the invasion of RA SF was detected by 
Transwell experiment. 

2.10. Effect of hUCMSC-ExosmiR-451a on CIA rats 

The female Wistar rats, aged 6–8 weeks and weighing 180–200 g, 
were obtained from the experimental animal center of Shanxi Provincial 
People’s Hospital. The rats were subsequently housed in the Shanxi 
Bethune Animal Center in conditions that were maintained at a 

Table 1 
Sequence of U6 and miRNAs.  

Primers Accession Sequence（5′-3′） 

U6  F:5′-GCTCGCTTCGGCAGCACATATAC-3′ 
U6  R:5′-CGAATTTGCGTGTCATCCTTGCG-3′ 
hsa-miR-7-5p MIMAT0000252 F:5′-AAGAGCGTTGGAAGACTAGTGATT-3′ 
hsa-miR-181b-5p MIMAT0000257 F:5′-ACACTACGAACATTCATTGCTGTC-3′ 
hsa-miR-186-5p MIMAT0000456 F:5′-AAGCGACCCAAAGAATTCTCCTT-3′ 
hsa-miR-146a-5p MIMAT0000449 F:5′-AGCTGGACTGAGAACTGAATTCC-3′ 
hsa-miR-155-5p MIMAT0000646 F:5′-AAGCGCCTTTAATGCTAATCGTG-3′ 
hsa-miR-222-3p MIMAT0000279 F:5′-ACACTACGAGCTACATCTGGCT-3′ 
hsa-miR-320-3p  F:5′-AACACGCAAAAGCTGGGTTGA-3′ 
hsa-miR-1193 MIMAT0015049 F:5′-ACGAGAACGGGATGGTAGACC-3′ 
hsa-miR-1307-3p MIMAT0005951 F:5′-TATAGACTCGGCGTGGCGTC-3′ 
hsa-miR-3529-3p MIMAT0022741 F:5′-AGCGCCTAACAACAAAATCACTAG-3′ 
hsa-miR-451a MIMAT0001631 F:5′-AGGCGCATAAACCGTTACCATT-3′ 
hsa-miR-382-5p MIMAT0000737 F:5′-AACAAGGAAGTTGTTCGTGG-3′ 
hsa-miR-27a-5p MIMAT0004501 F:5′-AAGCACAGGTAGCTGCT-3′  
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controlled temperature of 20 degrees Celsius, a relative humidity of 50 
%, and a photoperiod of 8 h.All experiments were conducted in accor
dance with the guidelines of the animal protection and use committee of 
Shanxi Medical University. 

The rats were segregated into the normal group (n = 6) and the CIA 
model group (n = 18). Rat models of CIA were generated through im
munization with type II collagen. Briefly, upon anesthesia with iso
flurane, the rats were injected with mixed emulsions containing 0.1 mL 
of complete Fresno adjuvant and 400 μg of bovine type II collagen 
(SigmaAldrich, USA) on the dorsa, the root of the tail.The rats in the 
blank group were similarly administered physiological saline. After 2 
weeks, CIA model rats were intraperitoneally administered a 0.2 mL 
emulsion containing 1 mg/mL bovine type II collagen for booster im
munization. The blank group was administered the same amount of 
physiological saline. The thirty-two CIA rats were randomly assigned to 
four groups: CIA control group (CIA group, n = 6), hUCMSCs-Exos 
intervention group (hUCMSCs-Exos group, n = 6) and hUCMSCs-Exos
miR-451a intervention group (BMSC group, n = 6). In the hUCMSCs-Exos 
intervention group,hUCMSCs-Exos were transplanted into the ankle 
joint cavities of each rat once after booster immunization. In the 
hUCMSCs-ExosmiR-451a intervention group, hUCMSCs-ExosmiR-451a were 
transplanted into the ankle joint cavities of each rat once after booster 
immunization.The normal group and CIA model group,as the control 
groups,were similarly administered an equal volume of normal saline at 
the same time point. Each group was housed separately throughout the 
study. 

To evaluate joint inflammation and joint destruction in CIA model 
rats in the CIA group, hUCMSCs-Exos group and hUCMSCs-ExosmiR-451a 

group, assessment of arthritis index (AI), imaging, and pathological 
analysis were performed. Joint inflammation was assessed via AI weekly 
from primary immunization to 5 weeks after intervention at eight time 
points. AI was graded on a scale of 0–4: 0 = no evidence of hyperemia 
and/or inflammation; 1 = hyperemia with minor or no paw swelling; 2 
= swelling confined predominantly to the ankle region, with modest 
hyperemia; 3 = increased paw swelling and hyperemia of the ankle and 
metatarsal regions; and 4 = maximal paw swelling and hyperemia 
involving the ankle, metatarsal, and tarsal regions. The scores of four 
hind paws were combined to obtain the AI for each rat, with a maximum 
possible score of 16. Micro-computed tomographic (micro-CT) assess
ment (SCANCO Medical AG, Switzerland) of joint destruction were 
conducted on 1 month after intervention independently by two experi
enced physicians in a blinded manner. For histological analysis, rats 
were euthanized via cervical dislocation. Organ tissues include synovial 
tissue, heart tissue, liver tissue, spleen tissue, lung tissue, kidney tissue 
were randomly harvested, embedded in paraffin, sectioned, and stained 
with hematoxylin and eosin.The expression of miR-451a and ATF2 in 
synovial tissue was detected by RT-PCR. Western blot analyzed the 
expression of ATF2 protein in synovial tissue. We used a fully automated 
biochemical analyzer (Thermo Fisher Scientific, USA) and biochemistry 
detection kit (ZECEN Biotech,China) to measure the levels of alanine 
transferase (ALT), aspartate transferase (AST), alkaline phosphatase 
(ALP), total protein (TP), albumin (ALB), urea nitrogen (BUN), uric acid 
(UA), and creatine kinase (CK) in rat blood. 

2.11. Statistical analysis 

GraphPad Prism 8.0 was used to perform statistical analysis. All data 
are expressed as the mean standard deviation and were evaluated by 
analysis of variance (ANOVA). Non-normally distributed data are 
expressed as the median(quartile spacing). Kruskal-Wallis and Wilcoxon 
rank sum tests were used to evaluate data from intergroup overall 
comparisons and sample pairs,respectively. P values 0.05 were consid
ered statistically significant. 

3. Results 

3.1. Characterization of hUCMSCs, hUCMSC-Exos and RA SFs, and the 
effect of hUCMSC-Exos on RA SFs 

HUCMSCs cultured by substrate adhesion displayed a long spindle- 
like morphology (Fig. 1a). Flow cytometry analyses of the surface an
tigen phenotype of hUCMSCs revealed the expression of CD105, CD73, 
CD90, but not CD45, CD34, CD31 (Fig. 1b). Moreover, upon culturing in 
an induction medium, hUCMSCs possessed osteogenic (Fig. 1c), adipo
genic (Fig. 1d) and chondrogenic differentiation (Fig. 1e) potentials in 
vitro. 

TEM revealed that hUCMSC-Exos were oval phospholipid bilayer- 
bound structures with diameters in the range of 30–150 nm (Fig. 1f). 
NTA showed that the diameter distribution of hUCMSC-Exos was a 
single peak, the median particle diameter was 122 nm, and the con
centration was 9.2 × 106 particles/mL (Fig. 1g). Highly sensitive 
nanoparticle size analyses indicated the particle size distributions of 
hUCMSC-Exos as single peaks, with peak value 122 nm (Fig. 1h). The 
protein concentrations of hUCMSC-Exos were 1.384 µg/µL. Western blot 
confirmed the expression of CD9, CD63 and TSG101 in hUCMSC-Exos. 
(Fig. 1i). RA SFs cultured by substrate adhesion displayed a fibroblast- 
like morphology (Fig. 1j). Flow cytometry analyses of the surface anti
gen phenotype of RA SFs revealed the expression of PDPN and CDH-11, 
but not CD68 (Fig. 1k). 

The hUCMSC-Exos delivered RNA to RA SFs. Subsequent to mixing 
and 24 h incubation of green fluorescent-labeled RNA-containing 
hUCMSC-Exos and RA SFs, it was observed that the blue-stained nuclei 
of RA SFs had accumulated green fluorescence. This indicates that RA 
SFs can uptake the RNA of hUCMSC-Exos (Fig. 1l). hUCMSC-Exos in
hibits the RA SFs phenotype. After 6 h of inoculation, all RA SFs adhered 
to the substrate. The cell index proliferation curve flattened after 25 h. 
hUCMSC-Exos inhibited the proliferation of RA SFs at different times, 
with 150 mg/mL being the most effective (Fig. 1m). The cell migration 
curve shows hUCMSC-Exos inhibited the migration of RA SFs at different 
times, with 150 mg/mL being the most effective (Fig. 1n). hUCMSC-Exos 
inhibited the invasion of RA SFs, with 150 mg/mL being the most 
effective (Fig. 1o). 

3.2. Effects of miRNAs in hUCMSC-Exos on RA SFs 

3.2.1. Preparation of hUCMSCKD-AGO2 

hUCMSCs were infected with LV-AGO2-RNAi (85384-1), LV-AGO2- 
RNAi (85385-11), LV-AGO2-RNAi (85386-11), RNAi-NC-LV, respec
tively (Fig. 2a). 

The expression abundance of AGO2 in hUCMSCs was high, and the 
average value of △Ct was 9.73. RT-PCR determined the highest 
knockdown efficiency of the AGO2 in hUCMSCsKD3-AGO2 (P < 0.0001) 
(Fig. 2b). Western blot analysis determined the lowest level of AGO2 
expression in hUCMSCsKD3-AGO2(Fig. 2c).We prepared hUCMSCsKD-AGO2 

from LV-AGO2-RNAi (85386-11) infected with hUCMSCs. The expres
sion abundance of mature miRNAs is regulated by the transcribed AGO2 
protein, and a decrease in AGO2 results in diminished expression and 
activity of mature miRNAs [8]. 

3.2.2. Characterization of hUCMSCKD-AGO2-Exos and hUCMSCNC-Exos 
TEM showed hUCMSCNC-Exos and hUCMSCKD-AGO2-Exos are mem

branous vesicles with a diameter of 30–150 nm, with complete 
morphology and typical cup-tray morphology (Fig. 2d). NTA showed 
that the diameter distribution of hUCMSCNC-Exos was a single peak, the 
median particle diameter was 119 nm, and the concentration was 9.9 ×
106 particles/mL. The diameter distribution of hUCMSCKD-AGO2-Exos 
was a single peak, the median particle diameter was 111 nm, and the 
concentration was 9.3 × 106 particles/mL (Fig. 2e). Highly sensitive 
nanoparticle size analyses determined the particle size distributions of 
hUCMSCNC-Exos and hUCMSCKD-AGO2-Exos as single peaks.The peak 
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Fig. 1. Characterization of hUCMSCs, hUCMSC-Exos and RA SFs, and the effect of hUCMSC-Exos on RA-SFs. (a) hUCMSCs exhibited a long spindle-like morphology 
(40×). (b) Flow cytometry results showed that hUCMSCs were positive for CD105, CD73, CD90, while negative for CD45, CD34, CD31. (c) Osteogenic differentiation 
of hUCMSCs indicated by Alizarin Red staining (40×). (d) Oil red O staining of hUCMSCs after induction of adipogenic differentiation (40×). (e) Chondrogenic 
differentiation of hUCMSCs indicated by toluidine blue staining (100×). (f) Transmission electron microscopy of isolated hUCMSC-Exos (20,000×). (g) NTA 
determined the size distribution of hUCMSC-Exos.the median diameter of the particles (115 nm) and their concentration (9.2 × 106 particles/mL). (h)Highly sensitive 
nanoparticle size analyses determined the particle size distributions of hUCMSC-Exos. (i) Western blot analysis showed that hUCMSC-Exos express CD9, CD63 and 
TSG101. (j) RA SFs exhibited a fibroblast-like morphology (40×). (k) Flow cytometry results showed that RA SFs were positive for PDPN and CDH-11, while negative 
for CD68. (l) RA SFs took up the RNA of hUCMSC-Exos. (m) hUCMSC-Exos inhibited the proliferation of RA SFs, with 150 mg/mL being the most effective. (n) 
hUCMSC-Exos inhibited the migration of RA SFs, with 150 mg/mL being the most effective. (o) hUCMSC-Exos inhibited the invasion of RA SFs, with 150 mg/mL 
being the most effective. * P＜0.05, ** P＜0.01, *** P＜0.001, **** P＜0.0001. 

L. Mi et al.                                                                                                                                                                                                                                       



International Immunopharmacology 127 (2024) 111365

7

value of hUCMSCNC-Exos is 91.3 nm. The peak value of hUCMSCKD-AGO2- 
Exos is 104 nm (Fig. 2f). Western blot analysis showed that hUCMSCNC- 
Exos and hUCMSCKD-AGO2-Exos express CD9, CD63 and TSG101 
(Fig. 2g). The protein concentrations of hUCMSCNC-Exos and 
hUCMSCKD-AGO2-Exos were 1.133 µg/µL and 1.038 µg/µL, respectively. 

3.2.3. Effects of miRNAs in hUCMSC-Exos on the biological function of RA 
SFs 

The inhibitory effect of hUCMSCKD-AGO2-Exos on the proliferation (P 
< 0.001) and migration (P < 0.001) of RA SFs was found to be weaker 
compared to hUCMSCNC-Exos. Moreover, both hUCMSCKD-AGO2-Exos 
and hUCMSCNC-Exos demonstrated the ability to suppress the 

Fig. 2. Effects of miRNAs in hUCMSC-Exos on RA SFs. (a) hUCMSCs were infected with LV-AGO2-RNAi (85384-1), LV-AGO2-RNAi (85385-11), LV-AGO2-RNAi 
(85386-11), RNAi-NC-LV, respectively (100×). (b) RT-PCR determined the highest knockdown efficiency of the AGO2 in hUCMSCsKD3-AGO2. (c) Western blot 
analysis determined the lowest level of AGO2 expression in hUCMSCsKD3-AGO2. (d) TEM of isolated hUCMSCNC-Exos and hUCMSCKD-AGO2-Exos. (20,000×). (e) NTA 
determined the size distribution of hUCMSCNC-Exos and hUCMSCKD-AGO2-Exos. (f) Highly sensitive nanoparticle size analyses determined the particle size distri
butions of hUCMSCNC-Exos and hUCMSCKD-AGO2-Exos. (g) Western blot analysis showed that hUCMSCNC-Exos and hUCMSCKD-AGO2-Exos express CD9, CD63 and 
TSG101. (h) At the same time, hUCMSCKD-AGO2-Exos has a weaker inhibitory effect on on the proliferation of RASFs than hUCMSCNC-Exos. (i) Compared to 
hUCMSCNC-Exos, hUCMSCKD-AGO2-Exos has a weaker inhibitory effect on the migration of RASFs at the same time. (j) At 48 h, hUCMSCKD-AGO2-Exos had a weaker 
inhibitory effect on RASFs invasion than hUCMSCNC-Exos. * P＜0.05, ** p＜0.01, *** p＜0.001,**** p＜0.0001. 
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proliferation (P < 0.001, P < 0.0001) and migration (P < 0.001, P <
0.0001) of RA SFs (Fig. 2h, Fig. 2i). After 48 h of intervention, it was 
observed that the hUCMSCNC-Exos group and the hUCMSCKD-AGO2-Exos 
group exhibited fewer RASF cells passing through the Transwell cham
ber in comparison to the hUCMSC-Exos group (P < 0.0001, P < 0.001). 

Additionally, the hUCMSCKD-AGO2-Exos group displayed a lesser number 
of RASF cells passing through the Transwell chamber compared to the 
hUCMSCNC-Exos group (P < 0.01) (Fig. 2j). These findings suggest that 
the inhibitory effect of hUCMSCKD-AGO2-Exos on the proliferation, 
migration, and invasion of RA SFs is lower than that of hUCMSCNC-Exos. 

Fig. 3. Small RNA-seq for RA SFCrtl and RA SFExo, target genes for differential miRNAs and GO/KEGG analysis of target genes (a) The differential miRNAs were 
selected in RA SFExo and RA SFCtrl. (b) The clustering heatmap of differentially expressed miRNAs displayed significant differences in miRNAs between RA SFExo and 
RA SFCtrl. (c) There are 13 significantly different miRNAs by intersecting the upregulated miRNAs in RA SFExo with all the miRNAs detected in hUCMSC-Exos. (d) 
1749 intersecting target genes of 13 significantly different miRNAs were predicted. (e) (f) (g) GO analysis of target genes. BP: biological process, CC: cellular 
component, MF: molecular function. (h) KEGG analysis of target genes. 
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It can be inferred that miRNAs present in hUCMSC-Exos may have an 
impact on the proliferation, migration, and invasion of RA SFs. 

3.2.4. Differences in miRNAs before and after the intervention of hUCMSC- 
Exos in RA SFs 

The expression of miRNAs in RA SFExo and RA SFCtrl was quantified. 
Then, 139 differential miRNAs were selected based on | log2FC |>0 and 
P < 0.05 (Fig. 3a). The clustering heatmap of differentially expressed 
miRNAs displayed significant differences in miRNAs between RA SFExo 

and RA SFCtrl, demonstrating good reproducibility in the intra-group 
samples, except for RA SFExo2 and RA SFCtrl 2 (Fig. 3b). We identified 
13 significantly different miRNAs by intersecting the upregulated miR
NAs in RA SFExo with all the miRNAs detected in hUCMSC-Exos (Fig. 3c). 
These miRNAs can be effectively transmitted to RA SFs through 
hUCMSC-Exos. To predict their target genes, we utilized miRBase, Tar
getScan, and miRTarBase, resulting in 1749 intersecting genes (Fig. 3d). 

Furthermore, the Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analyses were used to 
evaluate the intersecting genes. The top 20 participants in the Biological 
Process (BP) category were identified, which included post
transcriptional gene silencing by RNA miRNA (Fig. 3e). Additionally, 
the top 20 participants in the Cellular Component (CC) category were 
determined to include extracellular Exos (Fig. 3f). Finally, the top 20 
participants in the Molecular Function (MF) category were found to 
have protein serine/threonine kinase activity (Fig. 3g). KEGG pathway 
enrichment analyses showed that pathways for signaling these target 
genes include:ErbB signaling pathway PI3K-Akt signaling pathway, B 
cell receptor signaling pathway, FoxO signaling pathway, NF-kappa B 
signaling pathway, T cell receptor signaling pathway, HIF-1 signaling 
pathway, AMPK signaling pathway [9], Chemokine signaling pathway, 
Rap1 signaling pathway, Estrogen signaling pathway mTOR signaling 
pathway, MAPK signaling pathway, TGF-beta signaling pathway, 
Adherens junction, cAMP signaling pathway, Toll-like receptor signaling 
pathway, TNF signaling pathway, p53 signaling pathway, VEGF 
signaling pathway, Ferroptosis, Hedgehog signaling pathway, Wnt 
signaling pathway, Osteoclast differentiation and Jak-STAT signaling 
pathway et al. (Fig. 3h).Most of these have been reported to be associ
ated with RA, suggesting that these miRNAs may improve RA through 
these pathways. 

3.2.5. UCMSC-Exos regulated the transmission of miRNAs between 
hUCMSCs and RASFs 

After hUCMSC-Exos treatment, CdMGW4869 intervention, and 
CdMMSC intervention in RA SF for 48 h, RT-qPCR detected that the 13 
miRNAs screened by sequencing were significantly upregulated in RA SF 
in the hUCMSC-Exos group (P < 0.0001) and CdMGW4869 group 
(Fig. 4a). Among these miRNAs, miR-146a exhibited the largest varia
tion, followed by miR-451a. 

3.2.6. Effect of miR-451a on RA SFs 
Through TargetScan, the potential binding site of ATF2 was identi

fied (Fig. 4b). The luciferase assay was conducted to directly assess the 
binding between miR-451a and ATF2. It was found that the pMiR re
porter vector, which contained the miR-451a binding site of firefly 
luciferase and the 3′-UTR sequence corresponding to ATF2, caused a 
decrease in luciferase activity in cells transduced by miR-451a (P <
0.0001) (Fig. 4c). These findings indicate a direct binding between these 
two target genes. Furthermore, the targeted mutation at the binding site 
effectively eliminated the impact of miR-451a on luciferase activity. 
This suggests that miR-451a directly binds to the 3′-UTR of ATF2. 

The transfection efficiency of miR-451a mimics and NC mimics in RA 
SF was assessed using RT-PCR after 24 h. The results showed a signifi
cant upregulation of miR-451a expression in RASFmiR-451a compared to 
the control group RA SF (P < 0.0001) (Fig. 4d), accompanied by a sig
nificant reduction in ATF2 expression (P < 0.001) (Fig. 4e). Addition
ally, there was a decrease in the expression of ATF2 protein in RASFmiR- 

451a (P < 0.01) (Fig. 4f). These findings indicate that miR-451a can 
negatively regulate the mRNA expression level of ATF2 in RA SF. 

CCK-8 assay was used to assess the proliferation of RASFmiR-451a, 
revealing that RASFmiR-451a had a lower proliferation rate compared to 
RASFNC and control group RA SF (P < 0.0001) (Fig. 4g). The migration 
ability of rasfmiR-451a was assessed using a cell scratch assay, which 
showed that the scratch healing was slower in the RASFmiR-451a. And the 
migration value was significantly reduced in the RASFmiR-451a (P <
0.0001) (Fig. 4h). The invasion of RASFmiR-451a was analyzed using a 
tranwell assay, which demonstrated that the number of cells that 
penetrated the tranwell chamber membrane was significantly lower in 
RASFmiR-451a compared to the control group (P < 0.0001) (Fig. 4i). 
These results indicate that miR-451a may inhibit the proliferation, 
migration, and invasion of RASF. 

3.3. Effect of hUCMSC-ExosmiR-451a on RA SFs 

The expression level of miR-451a was significantly increased in the 
RA SFs of ExosmiR-451a group (P < 0.0001) (Fig. 4j), while the expression 
of ATF2 was significantly decreased (P < 0.001) (Fig. 4k). In the Exos 
group, miR-451a expression was increased, but it was lower than that of 
the ExosmiR-451a group (P < 0.0001) (Fig. 4j). Additionally, there was a 
decrease in the expression of ATF2 protein in ExosmiR-451a group (P <
0.001), and lower than that in Exos group (P < 0.05) (Fig. 4l). These 
results suggest that hUCMSC-ExosmiR-451a may regulate the level of ATF2 
by upregulating the level of miR-451a in RA SF. Compared to the control 
group, both 150 μg/mL hUCMSC-ExosmiR-451a and hUCMSC-Exos were 
able to inhibit proliferation (P < 0.0001, P < 0.0001) (Fig. 4m), 
migration (P < 0.05, P < 0.001) (Fig. 4n), and invasion (P < 0.0001, P <
0.0001) of RA SFs (Fig. 4-o). However, 150 μg/mL hUCMSC-ExosmiR-451a 

showed the most significant inhibitory effect on proliferation (P < 0.05) 
(Fig. 4m), migration (P < 0.05) (Fig. 4n), and invasion (P < 0.0001) (o) 
of RA SFs than hUCMSC-Exos. These findings suggest that hUCMSC- 
ExosmiR-451a may regulate the mRNA level of ATF2 by upregulating the 
level of miR-451a in RA SFs, thereby inhibiting the proliferation, 
migration, and invasion of RA SFs. 

3.4. Effect of hUCMSC-ExosmiR-451a on CIA rats 

Rats weighing 180–200 g were selected for the experiment to un
dergo two immune modeling processes and receive two treatments. On 
the 45th day, the required samples were collected. (Fig. 5a) After the 
initial immunization, the CIA rats exhibited a significant increase in the 
systemic performance score, which was characterized by the presence of 
single or two ear nodules and redness, as well as swelling of nasal hoof 
tissue, nodules at the tail, and swelling of front and rear toes. The sys
temic performance of CIA rats worsened after the second immunization. 
However, following the two interventions, the total score of systemic 
performance in the hUCMSC-ExosmiR-451a intervention group and 
hUCMSC-Exos intervention group gradually decreased (Fig. 5b). 
Notably, the swelling of the front and rear toes showed improvement, 
while the other symptoms were slightly alleviated. Compared to the 
normal control group, the rate of weight growth in each group of rats 
slowed down after the primary immunization. After the secondary im
munization, the rats in each group exhibited different changes in weight 
(Fig. 5c). However, there was no significant difference in weight among 
the groups at 45 days (P > 0.05) (Fig. 5d). One week after the initial 
immunization, the arthritis index of rats significantly increased. Rats 
with an arthritis index greater than 6 points were selected for the 
experiment. With re-immunization, the arthritis index continued to in
crease, but the rate of increase decreased compared to the previous 
round. Following the intervention, the arthritis index gradually 
decreased (Fig. 5e). The arthritis index of rats in the CIA model group at 
45 days remained high, indicating a significant difference compared to 
the normal control group (p < 0.0001). However, the arthritis index 
decreased in both the hUCMSC-ExosmiR-451a group and the hUCMSCs- 
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Fig. 4. The regulatory role of hUCMSC-Exos in the transfer of miRNAs between hUCMSCs and RA SFs (a) RT-qPCR confirmed the miRNAs that were upregulated in 
RA SFs after intervention with hUCMSC-Exos, which intersected with the miRNAs in hUCMSC-Exos. (b) The predicted binding site of miR-451a within the 3′-UTR of 
ATF2. The mutated binding site is also shown. (c) RA SFs were transfected with ATF2-wt or ATF2-mut in combination with miR-451a mimic or NC mimic; 48 h later, 
the luciferase activity was quantified. (d) RT-qPCR determined that the expression of miR-451a in RA SFsmiR-451a was significantly upregulated. (e) RT-qPCR 
determined that the expression of ATF2 in RA SFsmiR-451a was significantly reduced. (f) Western blot analysis determined that the expression of ATF2 protein in 
RA SFsmiR-451a. (g) The CCK-8 assay revealed a reduced proliferative capacity of RA SFmiR-451a. (h) The cell scratch assay showed reduced migration of RA SFsmiR-451a. 
(i) The invasive ability of RA SFsmiR-451a was decreased by Tranwell method. (j) RT-qPCR determined that the expression of miR-451a upregulated in RA SFs after the 
intervention of ExosmiR-451a. (k) RT-qPCR determined that the expression of ATF2 was significantly reduced in RA SFs after the intervention of ExosmiR-451a. (l) 
Western blot analysis determined that the expression of ATF2 protein in RA SFs after the intervention of ExosmiR-451a. (m) The CCK-8 assay revealed a reduced 
proliferative capacity of RA SFs after the intervention of ExosmiR-451a. (n) The cell scratch assay showed reduced migration of RA SFs after the intervention of ExosmiR- 

451a. (o) The invasive ability of RA SFs after the intervention of ExosmiR-451a were decreased by Tranwell method. * P＜0.05, ** p＜0.01, *** p＜0.001,**** p 
＜0.0001. 

L. Mi et al.                                                                                                                                                                                                                                       



International Immunopharmacology 127 (2024) 111365

11

Fig. 5. Effects of hUCMSC-ExosmiR-451a on CIA rats. (a) In vivo experiments involve the establishment of the CIA rat model, followed by treatment through ankle joint 
cavity injections, and finally, samples are collected for analysis. (b) Changes in systemic performance of rats during the experiment. (c) Changes in weight of each rat 
group during the experimental process. (d) On day 45, no significant weight differences were observed among the rat groups. (e) Changes in arthritis index of rats 
during the experiment. (f) On day 45, the arthritis index in the CIA rats remained high. The arthritis index for the hUCMSC-ExosmiR-451a group was lower compared to 
the hUCMSCs-Exos group. (g) On day 45, the CIA rats displayed severe cartilage and bone degradation. After receiving injections of hUCMSC-ExosmiR-451a or 
hUCMSC-Exos, the bone destruction in the CIA rats was mitigated to a certain extent. The CIA rats exhibited severe synovitis. After receiving injections of hUCMSC- 
ExosmiR-451a or hUCMSC-Exos, the synovitis in the CIA rats was alleviated. (h)(i)(j) Expression of miR-451a, ATF2 and ATF2 in the synovial tissue of different rat 
groups. In CIA rats treated with hUCMSC-ExosmiR-451a, miR-451a expression increased, leading to the downregulation of ATF2. (k)(l) hUCMSC-ExosmiR-451a or 
hUCMSC-Exos had good biosafety in CIA rats. No significant differences were observed in organ histopathology and biochemical indicators. * P＜0.05, ** p＜0.01, 
*** p＜0.001,**** p＜0.0001. 
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Exos group (p < 0.05, p < 0.01), with the arthritis index of the hUCMSC- 
ExosmiR-451a group being lower than that of the hUCMSCs-Exos group (p 
< 0.0001) (Fig. 5f). 

On the 45th day, severe cartilage and bone destruction were 
observed in the CIA rats. The bone hollowing observed on the micro-CT 
image indicates the extent of severe bone damage (Fig. 5g). However, 
the treatment with hUCMSC-ExosmiR-451a, hUCMSC-Exos alleviated the 
degree of bone destruction in CIA rats. Specifically, the bone loss in the 
ankle joint was milder in the treated mice compared to the control mice. 
These findings demonstrated that the use of hUCMSC-Exos and 
hUCMSC-ExosmiR-451a had a positive effect on improving the bone 
destruction caused by collagen-induced arthritis. 

Compared with the normal control group, the CIA model group 
exhibited obvious lesion degrees in the synovial tissue, characterized by 
a large number of inflammatory cell infiltrations and even the formation 
of panis around the synovium. However, after the injection of hUCMSC- 
ExosmiR-451a and hUCMSC-Exos, the inflammatory cell infiltration in the 
synovial tissue of CIA rats decreased (Fig. 5g). The expression of miR- 
451a in the synovial tissue of CIA rats after the injection of hUCMSC- 
ExosmiR-451a and hUCMSC-Exos was increased (P < 0.05, P < 0.001) 
(Fig. 5h). Additionally, Atf2 and Atf2 in the synovial tissue of CIA rats 
was downregulated in the hUCMSC-ExosmiR-451a group (Fig. 5i)(Fig. 5j). 
No significant changes in organ pathology (Fig. 5k), biochemical indexes 
(Fig. 5l), and healthy rats were observed after injecting hUCMSC-Exos
miR-451a and hUCMSC-Exos, suggesting their better biosafety. 

4. Discussion 

This study primarily focused on assessing the effectiveness of 
hUCMSC-Exos in treating RA. It is believed that hUCMSC-Exos modify 
the biological characteristics of RA SF by transmitting miR-451a, which 
further validates its efficacy in CIA rats. 

Synovial fibroblasts (SFs) play a core role in the erosion and 
destruction of cartilage and bone tissue in RA joints. They are an 
important component of the synovial membrane. SFs exhibit charac
teristics such as excessive proliferation, invasion, and migration. They 
also have enhanced ability to secrete inflammatory factors and inhibit 
apoptosis. The pro-inflammatory phenotype of SFs is maintained by 
multiple surface molecules on their membrane in RA [10]. The cultured 
RA SFs expresses PDPN and CDH-11, with PDPN being linked to invasive 
cell growth and inflammatory factor secretion [11]. CDH-11, on the 
other hand, plays a role in regulating SF inflammatory response, pro
moting SF migration, and contributing to cartilage erosion [12]. 

Epigenetic modification in RA SFs plays a crucial role in the devel
opment and progression of RA. miRNAs, which are non-coding RNAs, 
are involved in post-transcriptional gene regulation. Abnormalities in 
the expression profile of miRNAs have been observed in RA patients. 
These dysregulated miRNAs participate in the pathogenesis of RA by 
regulating mRNA translation, inhibiting protein expression, and influ
encing various cellular processes. In RA SFs, the expression of miR-106b, 
miR-143, miR-145, miR-203, miR-221, and miR-483-3p is upregulated. 
Specifically, miR-106b is highly expressed not only in RA SFs but also in 
their derived Exos. Exos derived from RA SFs can deliver miR-106b to 
chondrocytes, where it targets PDK4, resulting in the inhibition of 
chondrocyte proliferation, migration, and acceleration of chondrocyte 
apoptosis [13]. MiR-143 and miR-145 target insulin-like growth factor 
binding protein 5 (IGFBP5) and signaling protein 3A (SEMA3A), 
respectively, in RA SFs, thereby affecting the biological function of these 
cells [14]. On the other hand, miR-203 is overexpressed in RA SF due to 
DNA methylation control, leading to increased expression of MMPs and 
IL-6 [15]. The expression of miR-221 is also upregulated in RA SFs, and 
its secretion is associated with the release of inflammatory factors such 
as TNF-α, IL-6, and IL-1β. Knocking down miR-221 in RA SFs results in 
decreased migration and invasion abilities [16,17]. In an inflammatory- 
stimulated RA model, miR-221-3p expression was found to be upregu
lated in SFs, potentially targeting the Wnt and BMP signaling pathways, 

thereby influencing bone loss [18] and compensatory bone formation 
[19]. Furthermore, upregulation of miR-483-3p promotes cell prolifer
ation and inhibits apoptosis by targeting IGF-1. Exos derived from 
inflammatory-induced RA SFs contain differentially expressed miRNAs, 
such as miR-1307-3p targeting NDRG and inhibiting osteoclast-related 
gene expression [20], and miR-323a-5p targeting CD6 to weaken T 
cell activation signals [21]. On the other hand, some miRNAs are 
downregulated in RA SFs, impacting their biological characteristics. For 
instance, miR-23b inhibition by the NF-κB signaling pathway regulates 
joint inflammation [22]. Downregulation of miR-27a-3p expression 
promotes an increased apoptosis rate, inhibits cell proliferation, and 
reduces the secretion of IL-1β, IL-6, and TNF-α in RA SFs [23]. Similarly, 
downregulation of miR-29a in RA SFs inhibits their proliferation and 
induces apoptosis by targeting signal transduction and transcription 
activator 3 (STAT3), thereby suppressing the expression of inflamma
tory cytokines [24]. Additionally, decreased expression of miR-29c-3p 
upregulates COL1A1 and reduces FOXO1, thus promoting the prolifer
ation, migration, and invasion of RA SFs [25]. 

The expression of miR-34a-5p in RA SFs is relatively low. Up- 
regulation of miR-34a-5p directly targets X-box binding protein 1 
(XBP1) [26]and inhibits the proliferation of SFs [27]. It also inhibits the 
secretion of TNF-α and IL-6 in SFs. Conversely, miR-137 is down
regulated in RA SFs and negatively correlated with inflammatory factors 
[28]. When miR-137 is upregulated, it inhibits the growth, migration, 
and invasion of HSF-RA. Additionally, it promotes cell apoptosis. In 
patients with rheumatoid arthritis, the levels of miR-150-5p in serum, 
synovial tissue, and SFs are significantly reduced [29]. Simultaneously, 
the levels of MMP14 and VEGF are increased. Its expression is associated 
with the activation state of RA SFs and inhibits the migration of RA SFs. 
On the other hand, miR-199a-3p [30], miR-449 [31], and miR-431-5p 
[32] are downregulated in RA SFs. These miRNAs promote cell prolif
eration and inhibit cell apoptosis by targeting RB1, HDAC1, and XIAP, 
respectively. 

Taken together, these findings suggest that there is a miRNA 
imbalance in RA patients. Correcting these miRNA imbalances through 
exogenous miRNA intervention or regulation of endogenous miRNA 
expression may restore the biological dysfunction of RA SFs. 

MSCs have immunomodulatory and differentiation effects.[33] At 
present research has proven the role of MSCs in various diseases and has 
therapeutic potential [34]. However MSCs may lead to abnormal dif
ferentiation tumor formation and induce anti donor immune responses. 
[35] One of the mechanisms of action of MSCs is their secretion of 
paracrine factors in the form of extracellular vesicles (EVs) in the tissue 
microenvironment. Exos is the smallest extracellular vesicle derived 
from MSC with low immunogenicity [36]. Exos is more effective less 
toxic and more stable than parental cells. Exos transfers various nucleic 
acids proteins and lipids from mother cells to receptor cells thereby 
participating in chronic inflammation and immune processes. At present 
MSC-Exo has become a new research hotspot in the medical field. 
Among them miRNAs have high abundance inherent stability and ease 
of sampling. The role of Exos miRNA has received widespread attention 
[37]. 

Exos, which promote direct intracellular transfer of miRNA between 
cells, have the potential to be a therapeutic strategy for RA. In vitro 
experiments have demonstrated effective transfection of miR-150-5p 
into BM-MSCs and subsequent delivery to RA SFs through EVs. By tar
geting MMP14 and VEGF, miR-150-5p was able to reverse pro- 
inflammatory factor-induced migration and invasion of RA SF, as well 
as downregulate tube formation in HUVEC. Furthermore, in vivo ex
periments using BM-MSCs-EV demonstrated that miR-150-5p can 
reduce posterior paw thickness and clinical arthritis scores in CIA mice 
[24] Overexpressing miRNA-124a in MSC-EV led to the inhibition of 
proliferation and migration of MH7A [38]. Additionally, it was observed 
that this overexpression also promoted apoptosis in these cells. More
over, the use of miR-320a mimic, which targets CXCL9a in MSC-EV, was 
found to significantly inhibit the activation, migration, and invasion of 
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RA SFs [39], while also alleviating miR-34a in CIA. Furthermore, the 
study revealed that miR-34a can inhibit proliferation and activity of RA 
SF by inhibiting cyclin I and activating the ATM/ATR/p53 signaling 
pathway, ultimately inducing apoptosis in RA SFs [40]. Another inter
esting finding was that miR-205-5p present in BMSC-EV targets MDM2, 
leading to the inhibition of IL-1 β-induced inflammation and inflam
matory response in RA SFs of CIA mice [41]. Moreover, it was observed 
that miR-140-3p in HUCMSCs EV inhibits proliferation of RA SFs and 
promotes their apoptosis by downregulating serum- and glucose- 
dependent kinase 1 (SGK1), thus alleviating joint injury in RA rats [42]. 

This study identified 13 differential miRNAs that were upregulated 
in RA SFs following intervention with hUCMSC-Exos. These miRNAs 
were found to be enriched in hUCMSC-Exos, suggesting their potential 
involvement in the delivery of hUCMSC-Exos to RA SFs. Among these 
miRNAs, miR-146a exhibited the most pronounced changes. MiR-146a 
is a crucial epigenetic regulator of the innate immune response and its 
reduced expression in RA SFs leads to dysregulation of tumor necrosis 
factor (TNF) receptor correlated factor 6 (TRAF6), increased prolifera
tion of RA SFs, and consequent joint destruction in TNF-driven arthritis 
models. Furthermore, the depletion of miR-146a enhances the ability of 
RA SFs to support osteoclastogenesis by influencing the balance between 
RANKL and osteoprotegerin (OPG), [43] both of which are key regula
tors of bone destruction. MiR-146a also targets the transcription factor 
STAT1, which is involved in interferon-gamma (IFN-γ) signaling and 
improves the inhibitory pathway of regulatory T cells (Treg cells).By 
downregulating STAT1 and limiting inflammation, miR-146a plays a 
crucial role in reducing pathogenic IFN-γ-mediated Th1 responses. [44] 
Moreover, MSC-derived Exos transduced with miR-146a significantly 
increase the expression of Treg cells in CIA mice, promoting an anti- 
inflammatory response by enhancing the secretion of IL-10 and TGF-β. 
[45] Additionally, miR-146a-transduced MSC-derived Exos lead to a 
notable reduction in IFNγ mRNA expression levels in CIA mice. [46]In 
conclusion, the significance of miR-146a in the context of RA has been 
widely recognized and investigated. 

This study primarily investigated miR-451a, the second-most abun
dant microRNA after miR-146a. MiR-146a is known to be upregulated in 
RA SFs following hUCMSC-Exos intervention and is highly enriched in 
hUCMSC-Exos. However, the detailed exploration of miR-451a in the 
context of RA remains limited. 

MiR-451a is associated with cell proliferation and migration, and is 
considered a tumor suppressor. miR-451a can reduce the invasiveness of 
colorectal cancer cells [47], inhibiting the proliferation and migration of 
glioma cells by targeting CAB39 and downregulating LKB1/AMPK signal 
transduction [48]. miR-451a exerts anti-tumor effects in melanoma by 
delaying cell migration and invasion. To verify whether miR-451a af
fects the biological characteristics of RA SF, a RA SFs model with miR- 
451a overexpression was constructed. It was found that miR-451a 
overexpression can inhibit the proliferation, migration, and invasion 
of RA SFs. 

MiR-451a has been detected as the most enriched miRNA in many 
EVs of different cell types [49]. TargetScan predicted that miR-451a 
targets and regulates AFT2, a transcription factor belonging to the 
DNA binding protein leucine zipper family. The aberrant activation of 
ATF2 facilitates the proliferation and migration of invasive cancer cells 
[50,51]. ATF2 participates in the process of RA chronic inflammation 
[52]. Upregulation of ATF2 expression and phosphorylation in RA sy
novial tissue promotes the migration and invasion of RA SF [53]. 
Binding of miR-451 to 3 ’- UTR of ATF2 transcript to promote its 
degradation [54]. Using a dual luciferase gene reporting system, we 
verified the regulatory relationship between miR-451a and ATF2. With 
RT qPCR, we found that overexpression of miR-451a in RA SFs had a 
significant downregulating effect on the mRNA level of ATF2. This 
confirmed the negative regulation of ATF2 expression by miR-451a in 
RA SFs, thereby impacting the proliferation, migration, and invasion of 
RA SFs. 

Exos, as natural nanocarriers, have the potential to be used as 

therapeutic agents for various diseases. Specifically, adipose stem cell 
Exos (ADSC-Exos) loaded with gold nanoparticles (GNPs) hydrogel can 
regulate macrophage immunity by delivering miR-451a. This regulation 
of macrophage immunity then effectively modulates bone immune 
metabolism, ultimately promoting bone tissue healing [55]. Further
more, ExosmiR-451a has demonstrated its role as a tumor suppressor 
within hepatocellular carcinoma (HCC) cell lines and human umbilical 
vein endothelial cells. It induces apoptosis in these cell lines and inhibits 
human umbilical vein endothelial cell migration, tube formation, and 
vascular permeability [56]. Additionally, miR-451a, when loaded in 
Exos derived from hUCMSCs, can also limit the epithelial-mesenchymal 
transformation of HCC cells by targeting lyagin metalloproteinase 10 
[57]. 

In our study, we found that Exos loaded with miR-451a could 
effectively inhibit the proliferation, migration, and invasion of RA SFs by 
targeting ATF2. Notably, the inhibitory effect of miR-451a-loaded Exos 
was found to be stronger than that of natural Exos. Moreover, in CIA 
rats, Exos loaded with miR-451a improved joint inflammation by tar
geting synovial tissue Atf2, resulting in alleviation of joint pathological 
synovitis and improved imaging findings. Importantly, Exos loaded with 
miR-451a demonstrated good biosecurity. 

5. Conclusion 

This study reveals several significant findings. Firstly, hUCMSC-Exos 
were found to inhibit the proliferation, migration, and invasion of RA 
SFs. This effect was achieved by transmitting miR-451a, which targeted 
ATF2 and regulated its expression. Additionally, in a rat model, 
hUCMSC-Exos were proven to improve joint inflammation and alleviate 
joint pathological synovitis, as well as imaging manifestations. It is 
worth noting that engineered Exos not only maintained their innate 
immunomodulatory components but also reprogrammed the synovial 
microenvironment. Altogether, these results strongly support the tar
geted anti-inflammatory therapeutic effects of engineered Exos. 
Furthermore, this study offers unique insights into the treatment of RA 
and presents an effective strategy with broad prospects for future 
biomedical applications and clinical translation. 
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