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Abstract: Rheumatoid arthritis (RA) is a chronic autoimmune disorder characterized by joint inflammation, leading to
pain, swelling, stiffness, and joint damage. Mesenchymal stem cell-derived extracellular vesicles (MSC-EVs) hold significant
promise as therapeutic agents owing to their potent paracrine activities. This study investigated the anti-inflammatory ef-
fects of human umbilical cord-derived MSC (hUCSC)-EVs overexpressing miR-124 in collagen-induced arthritis (CIA).
hUCSCs were transfected with miR-124, and hUCSC-EVs were isolated and characterized. Arthritis was induced in mice
by collagen injection, followed by intravenous administration of miR-124 EVs, miR-control, or vehicle. Cytokine levels,
including interleukin (IL)-6, IL-1f, tumor necrosis factor (TNF)-a, IL-10, and transforming growth factor (TGF)-f3, were
measured in the joints using real-time PCR by enzyme-linked immunosorbent assay (ELISA). miR-124-hUCSC-EVs showed
enrichment of miR-124. In arthritic mice, intravenous treatment with miR-124 EVss significantly reduced the clinical score,
increased anti-inflammatory cytokines IL-10 and TGF-f, and lowered inflammatory cytokines IL-6, TNF-a, and IL-1f in
the joints. This study shows that miR-124 EV's have anti-inflammatory activity in arthritis by suppressing pro-inflammatory
cytokines through miR-124 overexpression. MSC-EV's overexpressed with inflammation-modulating miRNAs offer a
promising cell-free approach for treating inflammatory arthritis.
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INTRODUCTION anti-rheumatic drug (DMARD) therapy is added to
the treatment plan [3]. Currently, there is no cure for
RA, and treatments are aimed at relieving symptoms
and limiting joint damage. Stem cell-based therapies
have emerged as a promising approach for treating
RA due to their immunomodulatory and regenerative

properties [4].

Rheumatoid arthritis (RA) is characterized as a sys-
temic autoimmune condition linked to an enduring
inflammatory response that has the potential to harm
not only joints but also non-joint organs such as the
heart, kidneys, lungs, digestive system, eyes, skin, and
nervous system [1]. RA is a persistent inflammatory

condition observed globally and affecting about 5 out of
1000 adults. The prevalence of the disease is higher in
women, occurring 2 to 3 times more frequently than in
men, and it can manifest at any age [2]. The treatment
regimen employs the pyramid approach, commencing
with bed rest and nonsteroidal anti-inflammatory drugs.
As the disease advances, effective disease-modifying
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Mesenchymal stem cells (MSCs) are progenitor
cells characterized by self-renewal and multipotency,
possessing the capability to differentiate into various
cell types of mesodermal origin, such as chondrocytes,
osteocytes, and adipocytes [5,6]. MSC-based therapy
is a promising alternative to existing approaches in
regenerative medicine [7]. The proposed mechanism
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suggests that MSCs in tissue repair involve their para-
crine activity, achieved through the exocytosis of a
secretome that includes extracellular vesicles (EVs)
and released factors. This secretome comprises growth
factors and cytokines [8,9]. MSCs, in particular, have
shown efficacy in attenuating RA through their sec-
retome, which includes EVs [10]. However, the thera-
peutic potential of MSCs can be further enhanced by
genetic modification to overexpress anti-inflammatory
microRNAs (miRNAs) [11].

miRNAs are small non-coding RNA molecules
that regulate gene expression posttranscriptionally
[12,13]. Dysregulated miRNA expression is implicated
in various diseases, including RA [14]. Previous studies
indicate that miR-124 functions as an anti-inflammatory
miRNA by suppressing pro-inflammatory cytokines
such as interleukin-6 (IL-6) and tumor necrosis factor-
alpha (TNF-a) [15]. It achieves this by directly binding
to the 3" untranslated regions of the signal transducer
and activator of transcription 3 (STAT3), a crucial acti-
vator of IL-6, thus inhibiting the IL-6/STAT?3 signaling
pathway [16]. Moreover, miR-124 might indirectly
inhibit other cytokines by targeting downstream sig-
naling elements like nuclear factor-kappa B (NF-«B)
[17]. We investigated the anti-inflammatory effects
of EVs secreted from miR-124-overexpressed human
umbilical cord MSCs (hWUCSCs) (miR-124-EVs) in RA.

MATERIALS AND METHODS

Ethics statement

The study was approved by the ethical committee of
Henan Provincial Hospital of Traditional Chinese
Medicine (Second Affiliated Hospital of Henan
University of Traditional Chinese Medicine) with
certificate number 1439-01. The research was conducted
following the principles of the Declaration of Helsinki
and in compliance with local regulatory requirements.
Written informed consent was obtained from all par-
ticipants. All animal experiments were performed per
the ARRIVE guidelines and regulations.

hUCSC:s isolation and characterization

Three umbilical cords were obtained from healthy
pregnant women undergoing cesarean section. MSCs
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were isolated using the previously established protocol
[18]. The collected samples were placed in phosphate-
buffered saline (PBS) and transported to the laboratory,
where they underwent PBS washing and were cut into
5-cm?’ segments. These segments were longitudinally
sliced, removing blood vessels in the process. The pre-
pared segments were then transferred to 75-cm? flasks
and cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS) and antibiotics (100 U/mL penicillin and 100
ng/mL streptomycin). The flasks were incubated at
37°C in a humidified atmosphere with 5% CO, and
left undisturbed for 7 days. Following the initial week-
long incubation, the medium was changed for the first
time and subsequently every 3-4 days. After 2 weeks,
the supernatant was removed, and the adherent cells
were allowed to expand. The growth medium under-
went renewal every three days. To facilitate passaging,
cells were detached using trypsin/EDTA once cultures
reached 80% confluence, and subsequently, they were
replated in new flasks.

Before use in experiments, the multi-differentiation
potential of hUCSCs was evaluated by inducing their
differentiation into adipocytes and osteoblasts. To
induce adipogenesis, hUCSCs were cultured with
10 ng/mL insulin and 1x10"* M dexamethasone. For
osteogenic induction, hUCSCs were cultured with 50
ng/mL L-ascorbic acid-2 phosphate, 10 mM glycerol
2-phosphate disodium salt, and 1x10* M dexametha-
sone. After three weeks of culturing, the hUCSCs were
washed, fixed, and stained with Alizarin Red for 5 min
or with Oil Red O for 30 min to observe differentia-
tion. hUCSCs were examined using flow cytometry
to analyze distinct surface markers, showing positive
results for CD73 and CD90, and negative results for
CD34 and CD45.

Transfection of hUCSCs with miR-124

hUCSCs underwent transfection with either a mimic
negative control (mimic NC) or a miR-124 mimic
(GenePharma, Shanghai, China) using Lipofectamine
3000 (Thermo Fisher Scientific, Waltham, MA) fol-
lowing the manufacturer’s protocol. Namely, hUCSCs
at about 80% confluency were cultured in Opti-MEM
medium and incubated with Lipofectamine 3000
reagent for 72 h, together with either the miR-124
mimic or mimic NC.
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hUCSCs-derived miR-124 EV isolation and
characterization

EV's were obtained from the transfected hUCSCs by
ultracentrifugation following a previously outlined
method [19]. In brief, transfected hUCSCs were cul-
tured for 48 h in media containing EV-free FBS. EV-free
FBS was prepared through a series of centrifugation
steps at 4°C, including spins at 400 xg for 20 min,
20,000 xg for 30 min, and 110,000 xg for 7 h, followed
by filtration using a 0.22-pm filter [20]. The culture
medium was then collected and subjected to sequential
centrifugation steps: first at 300 xg for 10 min, then
at 2000 xg for 10 min, followed by 10,000 xg for 30
min, and finally at 100,000 xg for 70 min.

Anti-CD63 (1:1000) and anti-CD9 (1:2000) an-
tibodies were used to assess the isolated exosome by
Western blot analysis. Total proteins were extracted
using the radio-immunoprecipitation assay (RIPA) lysis
and extraction buffer (KeyGen Biotechnology, Nanjing,
China). Protein concentrations were determined using
the bicinchoninic acid (BCA) method. Equal protein
amounts were separated by sodium dodecyl sulfate
(SDS)- polyacrylamide-gel electrophoresis (PAGE),
transferred to polyvinylidene difluoride (PVDF) mem-
branes (EMD Millipore Corp., Burlington, MA), and
then incubated overnight at 4°C with primary antibod-
ies against CD9 and CD63 (Abcam, USA). Subsequently,
the membranes were blocked with bovine serum albu-
min (BSA) at a concentration of 5% (v/v) and incubated
with a horseradish peroxidase-conjugated anti-rabbit
IgG secondary antibody (Abcam, USA) for 120 min
at room temperature. Band intensities were analyzed
using Image-Pro Plus 6.0 software and standardized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
as a loading control.

Collagen-induced arthritis animal model and
treatment protocol

Thirty male, 7 to 10-week-old DBA/1 mice were housed
in a carefully controlled environment with a tempera-
ture set at 24°C. The mice were subjected to controlled
light/dark cycles and provided with sterile food and
water, creating a pathogen-free setting. For CIA induc-
tion, Hooke Kit™ Chicken Collagen/CFA Emulsion
(EK-0210) was used following the manufacturer’s
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protocol. In summary, mice were subjected to intrader-
mal immunization at the tail base with chicken type II
collagen (CII) emulsified in complete Freund’s adjuvant
(CFA). After 21 days, a secondary challenge involved
injecting CII in incomplete Freund’s adjuvant. Mice
were checked for signs of CIA every other day, starting
on day 14 after immunization. The CIA in mice was
scored using a scale of 0 to 16 (0 to 4 for each paw,
adding the scores for all 4 paws), using the following
criteria: 0 — normal paw; 1 - one toe inflamed and
swollen; 2 — mild swelling of entire paw; 3 — entire paw
inflamed and swollen; 4 - very inflamed and swollen
paw or ankylosed paw. For macroscopic assessment
of arthritis, the thickness of each affected hind paw
was measured daily with microcalipers (Kroeplin
GmbH, Schliichtern, Germany). After establishing
CIA, mice were randomly divided into three groups,
each comprising 10 mice. These groups included a
control group that received PBS, a miR-control EV-
treated group, and a miR-124-EV-treated group, with
each receiving a dose of 100 pg EVs. The treatment
was administered intravenously on day 14. The mice
were killed on day 42.

Splenocyte preparation

CIA mice were euthanized on the 42" day after disease
induction. The splenocytes were extracted using a
70-pm cell strainer. After red blood cell (RBC) lysis,
the splenocytes were cultured in RPMI-1640 media
supplemented with 10% FBS and 1% penicillin/strep-
tomycin.

Cytokine assay

Splenocytes were acquired and cultured at a density
of 2x10° cells per well in a 24-well culture plate. After
48 h of stimulation with 10 ug/mL chicken colla-
gen, supernatants containing secreted proteins were
retrieved from the wells. Cytokine concentrations,
including TNF-a, transforming growth factor-beta
(TGF-B), IL-6, IL-1f, and IL-10, in the supernatants
were measured using enzyme-linked immunosorbent
assay (ELISA) kits obtained from eBioscience in San
Diego, California. All assays were performed follow-
ing the manufacturer’s protocol, and for heightened
accuracy, each sample underwent testing in triplicate
measurements.
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RNA extraction and real-time PCR

hUCSC-EVs underwent RNA extraction using TRIzol
as per the manufacturer’s instructions. miR-124 expres-
sion was quantified by reverse-transcribing 1 ug of RNA
to cDNA with a MiRcute miRNA First-strand cDNA
synthesis kit. The ABI 7500 Real-Time PCR system and
MiRcute miRNA qPCR detection kit were utilized for
relative quantification via the 27*2“ method. To assess
the mRNA levels of cytokines, total RNA was extracted
from the joint tissue (articular cartilage). This was
achieved using TRIzol reagent following the manufac-
turer’s instructions. Subsequently, reverse transcription
from total RNA to cDNA and quantitative real-time
PCR were conducted using the Takara PrimeScript RT
Master Mix and SYBR Green Premix, respectively. The
results were analyzed by the 2-44“ method, presented
as fold changes, and normalized to GAPDH.

Statistical analysis
A comparison between groups displaying normal dis-

tribution was performed through one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test.
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The Kruskal-Wallis test was utilized for groups with
non-normal distribution. The data were presented as
mean values with standard deviations, and statistical
significance was assessed at P values <0.05. Graphical
representations were created using GraphPad Prism
8 software. The statistical analyses were carried out
using IBM SPSS Statistics.

RESULTS
Characterization of hUCSCs

Flow cytometric analysis identified specific cell surface
antigens expressed by hUCSCs, showing positivity for
CD73 and CD90 and absence of expression for CD34
and CD45. Furthermore, morphological examination
of hUCSC:s displayed a fibroblastic appearance with
an adherence characteristic. After adipogenic induc-
tion, Oil Red O staining demonstrated the formation
of lipid droplets in the cells after 21 days. Similarly,
osteogenesis was evaluated using Alizarin Red staining,
indicating the presence of calcium deposits following
a 21-day incubation (Fig. 1).

100 ] CD34 PE- CD34PE+| 100 CD4SFITC-

98.7% 1.27% 99.5% 0512%
~

CD45FITC+

100 J D73 PECYT- CD73PECY7+|  1gg ] CDIOAPC- CD90 APC+

5.25% 94.8% 1.89% 98.1%

Fig. 1. Characterization of hUCSCs. Flow cytometric analysis of hUCSCs revealed the absence of CD34 expression (A) and
CD45 (B) and the expression of CD73 (C) and CD90 (D). Morphologically, hUCSCs displayed a fibroblastic appearance with an
adherence characteristic (E). Osteogenesis was confirmed by Alizarin Red staining, indicating the presence of calcium deposits
(F). Adipogenic induction led to the formation of lipid droplets, as shown by Oil Red O staining (G). hUCSC - human umbilical

cord stem cell.
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underscore the effective encapsulation of
miR-124 into EVs released by hUCSCs.

EVs containing miR-124 decreased
the clinical score in CIA mice

The first clinical sign of CIA was observed
14 days after immunization. Our results

Fig. 2. hUCSCs package miR-124 into secreted EVs. A - Expressions of CD9
and CD63 in EVs derived from miR-124- or miR-con-transfected hUCSCs were
evaluated by Western blotting. B — Expression of miR-124 in EV's derived from
miR-124- or miR-con-transfected hUCSC was assessed by qRT-PCR. Values are
presented as means+SD. *** P<0.001. EVs — extracellular vesicles; hUCSC - hu-

man umbilical cord mesenchymal stem cell; miR - miRNA

showed that EVs containing miR-124
significantly lowered the clinical score
compared to control CIA mice (P=0.049).
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served (Fig. 3).
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Fig. 3. Comparison of the clinical score between miR-124-EV-, miR-con-EV-treated, and CIA
control mice (10 mice in each group). The data is presented as the meantstandard deviation

(SD). Statistical significance is denoted as *P<0.05.

Characterization of hUCSC-EVs

The hUCSCs were transfected with a miR-124 mimic
and a negative control. EVs were obtained from the
supernatants of these hUCSCs 72 h after transfection.
For the characterization of hUCSC-EVs, Western blot
analysis detected exosomal markers, including CD9
and CD63, confirming their EV nature. The results
indicated the presence of CD9 and CD63 in the EVs,
validating their successful isolation from transfected
hUCSCs (Fig. 2A).

hUCSCs packaged miR-124 into secreted EV's

As illustrated in Fig. 2B, the qRT-PCR outcomes re-
vealed a 3-fold increase in the expression levels of miR-
124 in EVs originating from hUCSCs transfected with
miR-124, in contrast to those derived from hUCSCs

ence of EVs containing miR-124
on immune cell functionality.
Following a 48 h incubation
period with chicken collagen,
the concentrations of pro-inflammatory cytokines
IL-6, IL-1B, and TNF-a, as well as anti-inflammatory
cytokines IL-10 and TGF- in the culture supernatant,
were measured using ELISA. EV's containing miR-124
significantly decreased the release of the pro-inflamma-
tory cytokines IL-6, IL-1f3, and TNF-a by splenocytes
compared to EVs not containing miR-124 (miR-con)
(P=0.042, P=0.026, and P=0.033, respectively) (Fig.
4). Additionally, miR-124 EV's significantly increased
the release of the anti-inflammatory cytokines IL-10
and TGF-P compared to miR-con EVs (P=0.011 and
P=0.03, respectively). Comparable results were noted
when assessing the groups treated with miR-124 EVs
and miR-con, in comparison to the control group (Fig.
5). These results demonstrate that miR-124 containing
EVs can influence splenocytes to shift their cytokine
profile from pro-inflammatory to anti-inflammatory.
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**P<0.01, and *P<0.05. hUCSC-EV - human umbilical cord mesenchymal stem cell-extracellular
vesicle, IL - interleukin, SD - standard deviation, TNF - tumor necrosis factor.
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Fig. 5. Release of anti-inflammatory cytokines by splenocytes (10 mice in
each group). The data is presented as the mean+standard deviation (SD).
Statistical significance is denoted as ***P<0.001, **P<0.01, and *P<0.05.
hUCSC-EV - human umbilical cord mesenchymal stem cell-extracellular
vesicle, IL - interleukin, SD - standard deviation, TGF - transforming
growth factor-beta.

EVs containing miR-124 played a regulatory
role in modulating the expression of pro-
inflammatory and anti-inflammatory cytokines
in joint tissue

EVs containing miR-124 significantly downregulated
the expression of the pro-inflammatory cytokines
IL-6, IL-1p, and TNF-a in joint tissue compared to
miR-con EVs (P=0.0018, P=0.015, and P=0.0019,
respectively). IL-6 expression was reduced by 32% at
the mRNA levels. IL-1f expression was decreased by
21% at the mRNA levels. TNF-a mRNA levels were
also downregulated by 25%. A notable decrease in the
mRNA expression levels of IL-6, IL-1p and TNF-a was

cytokines IL-10 and TGF-f com-
pared to miR-con EVs (P=0.0002
and P=0.003, respectively). IL-10
mRNA levels increased by 32%,
and TGF-p mRNA expression was
elevated by 19%. A noteworthy elevation in the mRNA
levels of IL-10 and TGF-f was evident in both miR-
124 EV- and miR-con EV-treated groups compared to
the control group; IL-10 mRNA increased by 75% and
TGF-B mRNA by 95%, and IL-10 mRNA increased
by 33% and TGF-p mRNA by 65% (Fig. 7). These
changes in cytokine profiles suggest miR-124 within
EVs plays an important role in shifting the profile of
cytokines towards an anti-inflammatory phenotype by
modulating both pro- and anti-inflammatory cytokine
expression at the transcriptional levels.

DISCUSSION

EVs enriched with miR-124 have been shown to have
anti-inflammatory effects in CIA [21]. These EVs play a
crucial role in the pathogenesis of RA and osteoarthritis
(OA), influencing processes such as extracellular matrix
degradation, cell-to-cell communication, and inflam-
mation modulation [22, 21]. In particular, miR-124a, a
key regulator of proliferation and monocyte chemoat-
tractant protein-1 (MCP-1) secretion, is significantly
decreased in RA synoviocytes, and its induction sup-
presses the production of cyclin-dependent kinase 2
(CDK-2) and MCP-1 proteins [23]. This suggests that
EVs enriched with miR-124 could potentially be used as
a therapeutic target for RA and OA. This study demon-
strates the potential therapeutic efficacy of EV's derived
from miR-124-modified hUCSCs in the treatment of
RA. The results showed that EVs containing miR-124
significantly decreased the clinical score in comparison
to control CIA mice. Also, miR-124 containing EVs
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Fig. 6. Variations in expression of proinflammatory cytokine genes in the joint tissue of (10
mice in each group). The data is presented as the mean+standard deviation (SD). Statistical
significance is indicated as ***P<0.001, **P<0.01, and *P<0.05. hUCSC - human umbilical cord
mesenchymal stem cell, EV - extracellular vesicle, IL - interleukin, SD - standard deviation,

TNF - tumor necrosis factor.
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their miR-124 cargo; loading EVs with miR-124
further enhances this protection and decreases

Fig. 7. Variations in expression of anti-inflammatory cytokine genes in the
joint tissue (10 mice in each group) were analyzed. The data is presented
as the mean#standard deviation (SD). Statistical significance is indicated
as ¥**P<0.001, **P<0.01, and *P<0.05. hUCSC - human umbilical cord
mesenchymal stem cell, EV - extracellular vesicle, IL - interleukin, SD -

standard deviation, TGF - transforming growth factor-beta.

exerts potent anti-inflammatory effects and regulates
cytokine expression in vitro using splenocytes and in
vivo in a mouse model of CIA.

The characterization of hUCSCs confirms that
they possess standard MSC properties. Isolation of
EVs from the supernatant of miR-124-transfected
hUCSCs revealed their encapsulation of efficient levels
of miR-124. This suggests Lipofectamine 3000 can
effectively load specific miRNAs into MSC-secreted
EVs for targeted delivery. Previous studies have also
reported successful miRNA packaging into EV's fol-
lowing MSC transfection [24,25].

arthritis severity in the CIA mouse model of RA.

The in vitro analysis of EV effects on sple-
nocytes provides insights into mechanisms
of action. miR-124 EVs significantly reduced
secretion of pro-inflammatory cytokines IL-
6, IL-1B, and TNF-a, while augmenting anti-
inflammatory IL-10 and TGF-f levels. This
modulation shifts the cytokine milieu from inflamma-
tory to regulatory. miR-124 is known to inhibit IL-6
and TNF-a production through binding to 3’UTRs of
the region of STAT3 and inhibits IL-6/STAT3 signaling
[26,27]. Additionally, miR-124 may indirectly suppress
other cytokines by targeting downstream signaling
components like NF-kB [26]. The ability of EVs to
markedly influence cytokine profiles in immune cells
establishes their therapeutic functionality.

At the tissue level, miR-124 EVs also downregu-
lated the expression of pro-inflammatory cytokines
and upregulated anti-inflammatory cytokines in ar-
thritic joints, mirroring splenocyte findings. Cytokine
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regulation can be attributed to the direct targeting of
mRNAs by miRNAs delivered via EV's into joint cells
[28]. The concerted in vitro and in vivo cytokine modu-
lation suggest that miR-124 EV-mediated suppression
of inflammation occurs through posttranscriptional
repression of multiple pro-inflammatory factors.

While MSC therapy holds promise for RA, chal-
lenges remain regarding safety, efficacy, and standard-
ization [29]. This study indicates that transfected MSCs
overexpressing anti-inflammatory miRNAs before EV
harvesting could help optimize their therapeutic activity.
Specifically, the immunomodulatory and regenerative
functions of MSCs can be augmented through genetic
modification to produce EV's enriched for potent anti-
rheumatic miRNAs like miR-124. Compared to direct
cell administration, EVs offer distinct advantages as
they are non-immunogenic, less oncogenic, and easier
to quality-control [30].

Some limitations exist, such as the inability to fully
characterize the miRNA and protein cargo in EVs.
Further investigations are warranted to identify all
relevant miR-124 targets and elucidate comprehensive
mechanisms of action. It is also unclear whether thera-
peutic benefits are sustained long-term post-treatment.
Larger animal studies of the dose response, ideal ad-
ministration protocols, and whether effects preclude
disease relapse would strengthen translational research.

CONCLUSIONS

This research demonstrates that EVs secreted from
miR-124-modified hUCSCs mitigate arthritis via
modulation of cytokine networks. Significant decreases
in pro-inflammatory cytokines and increases in anti-
inflammatory cytokines were observed in vitro and
in vivo. Together, the findings substantiate the anti-
inflammatory properties of miR-124 EVs and highlight
their potential as a cell-free therapeutic avenue for
RA. While further optimizations are required, these
results provide support for the continued development
of miRNA-loaded MSC-EV:s as tailored therapeutics
capable of systemically reprogramming dysregulated
immunity in inflammatory joint diseases.
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