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ARTICLE INFO ABSTRACT

Keywords: Ligamentum flavum (LF) hypertrophy (LFH) has been recognised as one of the key contributors to lumbar spinal
Ligamentum flavum hypertrophy stenosis. Currently, no effective methods are available to ameliorate this hypertrophy. In this study, human
Fibrosis

umbilical cord mesenchymal stromal cell-derived extracellular vesicles (hWUCMSC-EVs) were introduced for the
first time as promising vehicles for drug delivery to treat LFH. The downregulation of miR-146a-5p and miR-221-
3p expressions in human LF tissues negatively correlated with increased LF thickness. The hUCMSC-EVs enriched
with these two miRNAs significantly suppressed LFH in vivo and notably ameliorated the progression of trans-
forming growth factor p1(TGF-p1)-induced fibrosis in vitro after delivering these two miRNAs to mouse LF cells.
The results further demonstrated that miR-146a-5p and miR-221-3p directly bonded to the 3’-UTR regions of
SMAD4 mRNA, thereby inhibiting the TGF-p/SMAD4 signalling pathway. Therefore, this translational study
determined the effectiveness of a hUCMSC-EVs-based approach for the treatment of LFH and revealed the critical
target of miR-146a-5p and miR-221-3p. Our findings provide new insights into promising therapeutics using a
hUCMSC-EVs-based delivery system for patients with lumbar spinal stenosis.

Umbilical cord mesenchymal stromal cells
Extracellular vesicle

miR-146a-5p

miR-221-3p

1. Introduction tears, loss of disk height, and degenerative changes of the facet joint and

ligamentum flavum (LF) have been determined to contribute to the

Lumbar spinal stenosis (LSS) is one of the most common spinal dis-
eases in the elderly worldwide. The prevalence rates of relative and
absolute stenoses increase with age, reaching 47.2% and 19.4%,
respectively, in the 60-to-69-year-old group [1]. The typical symptoms
of LSS are intermittent claudication, back and leg pains, and limb
numbness, which lead to severe disability in daily life and negative
impacts on quality of life [2,3]. Intervertebral disk dehydration, annular

progression of LSS [4]. LF hypertrophy (LFH) has been found to be one
of the key contributors [5,6].

LF is an elastic connective tissue consisting of approximately 80%
elastic fibres and 20% collagen fibres [6]. After the onset of hypertro-
phy, histopathological findings indicate that the elastic fibres are
reduced and torn, with irregular arrangement, and that the collagen
fibres are significantly proliferated, intercalating between the broken

Abbreviations: LF, Ligamentum flavum; LFH, Ligamentum flavum hypertrophy; hUCMSC-EVs, human umbilical cord mesenchymal stromal cell-derived extra-
cellular vesicles; TGF-p1, transforming growth factor-f1; LSS, Lumbar spinal stenosis; ECM, extracellular matrix; SMAD, mothers against the decapentaplegic ho-

molog; MRI, magnetic resonance imaging.
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and reduced elastic fibres. The loss of elastic fibres and increase of
collagen fibres in LF, that is, fibrotic changes, have been identified as the
main pathological characteristics of LFH [6]. The repeated micro-injury
caused by mechanical stress would induce chronic inflammation and the
development of LF fibrosis, ultimately resulting in LFH. Increasing evi-
dence has shown that inflammation is one of the most central events in
fibrosis [7,8]. As a profibrotic cytokine, transforming growth factor f1
(TGF-p1) has been found to be associated with fibrosis in many organs
and tissues [9,10]. Previous studies have found markedly upregulated
TGF-B1 expression levels in the hypertrophied LF of LSS patients [11,
12]. The increased synthesis of extracellular matrix (ECM) proteins after
stimulation by TGF-1 expression in LF cells [13] was observed, eluci-
dating that the formation and accumulation of inflammatory cytokines
are important pathological mechanisms of LF fibrosis.

The great properties of human umbilical cord mesenchymal stromal
cells (hUCMSCs) make these cells a very effective tool in tissue repair
and regeneration [14-16]. As a potential candidate for the treatment of
fibrotic diseases, they have been successfully proven to suppress carti-
lage inflammation and to inhibit pulmonary, liver, and renal fibroses
[17-19]. However, no data are available to investigate the role of
hUCMSGCs in preventing or ameliorating the development of LFH.

Recent studies have shown that most of the therapeutic benefits of
MSCs come from the release of paracrine soluble factors [20], and
extracellular vesicles (EVs) play a crucial role as natural carriers in
intercellular communication [21]. As promising vehicles for drug de-
livery, MSC-derived EVs have been shown to possess attractive potential
for the treatment of various diseases [19,22]. EVs contain proteins,
mRNA, and miRNA, which can transfer functions between cells and
affect protein expression in targeted cells [23]. Owing to their low
tumorigenicity, immunogenicity, and ease of management, EVs could be
a much safer therapeutic strategy paradigm than their parent cells in the
treatment of fibrotic diseases. But whether the hUCMSC-EVs are able to
prevent LFH is still unclear. Hence, the primary aim of this study was to
determine the therapeutic potential of hUCMSC-EVs in the treatment of
LFH.

The bioengineered EVs with the aim to improve the therapeutic ef-
fect have been increasingly explored; both the exogenous loading with
the desired therapeutic cargo packaged into EVs by various manipula-
tions such as co-incubation, electroporation and sonication, and the
endogenous loading with genetically modifying the parental cell to
upregulate/downregulate the target RNA or protein are efficient stra-
tegies for bioengineering EVs [24]. For instance, the engineered exo-
some achieved by co-incubation with 5-FU and miR-21 inhibitor by
electroporation could effectively reverse drug resistance and signifi-
cantly enhanced the cytotoxicity in 5-FU-resistant colon cancer cells
[25]; recently, it was reported that the bone-targeted engineered exo-
somes (secreted by MSCs derived from human induced pluripotent stem
cells) possessed the anti-osteoporosis effects after loading the siRNA of
the Shn3 gene [26]. As one of the important cargoes in EVs, miRNAs are
a class of endogenous small non-coding RNAs responsible for the
post-transcriptional regulation of gene expressions [27]. Several
microRNAs have been proven to be involved in the pathogenesis of LFH.
In specimens from patients with hypertrophied LF, the miR-21 expres-
sion level increased, whereas the miR-221 expression level decreased
[28,29]. Overexpression of miR-21 in LF cells could increase inflam-
matory cytokines level and collagen deposition [28]. Also, it was found
that miR-155 could regulate the TGF-p pathway by directly targeting
mothers against the decapentaplegic homolog (SMAD), eventually pro-
moting LF fibrosis [30]. However, it is still unclear whether the specific
microRNAs involved in the development of LFH could be loaded in the
EVs as a new therapeutic strategy for LFH. Hence, the secondary aim was
to confirm the roles of the engineered miRNAs obtained from
hUCMSC-EVs in the progression of LFH and their underlying mecha-
nisms of action.

Therefore, in this study, we firstly evaluated whether specific miR-
NAs were significantly changed in hypertrophied LF specimens. We
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found that miR-146a-5p and miR-221-3p were significantly down-
regulated in hypertrophied LF, but they could be enriched in the EVs
harvested from hUCMSCs. After engineering EVs, the therapeutic po-
tential in the treatment of LFH was determined using a bipedal standing
mouse model and an induced fibrosis model of LF cells. Furthermore, the
underlying mechanism, especially the TGF-p/SMAD4 pathway, was
primarily investigated. This study would shed new light into the
hUCMSC-EVs -based therapy for LFH, and unravel the therapeutic tar-
gets as well as the underlying signal pathway, offering the translational
application in clinical practice.

2. Materials and methods
2.1. Ethical issues

This study was conducted according to the Declaration of Helsinki
and it was approved by the institutional review board of the First
Affiliated Hospital of Nanjing Medical University (2018-SR-182). All
human LF specimens were harvested in the Department of Orthopedics
of the First Affiliated Hospital of Nanjing Medical University. Written
informed consent was obtained from all patients. The animal study was
approved by the Institutional Animal Care and Use Committee of
Nanjing Medical University (IACUC-1709021).

2.2. Human LF tissue collection

LF tissue samples were collected from the interlaminar region of L4/
L5 of nineteen patients who were diagnosed with LSS and subsequently
underwent decompressive laminectomy and lumbar interbody fusion
(LFH group). Twenty-two patients who were diagnosed with lumbar
disk herniation and subsequently underwent interlaminar fenestration
were assigned to the control group. None of the patients from the LFH
group and the control group were diagnosed with rheumatism or auto-
immune diseases. The sociodemographic and clinical characteristics of
the patients were described in Table 1 and Table S1. All LF specimens
were collected for histological staining and RNA extraction.

2.3. LF thickness measurement

Before surgery, all patients received lumbar magnetic resonance
imaging (MRI) scanning. The LF thickness was measured on axial T1-
weighted MRI scans at the facet joint level [31]. Using the Picture
Archiving and Communication System, the thickness of the LF was
measured by two independent surgeons, and the average value of their
measurements was considered as the final thickness.

2.4. Characterisation of hUCMSC-EVs

The hUCMSCs were purchased from Haixing Biosciences (Suzhou,
Jiangsu, China). The identification of hUCMSCs is described in the
supplementary materials. To prepare the hUCMSC-EVs, the cells were
cultured with serum-free medium for 24 h at 37 °C and 5% CO,. The
culture supernatants were collected and centrifuged at 300xg for 10 min
to remove cells; the supernatant was centrifuged at 2000 xg for 20 min
and filtered using a 0.45 pm filter to remove cell debris. The filtered
supernatant was collected and ultracentrifuged at 100,000xg at 4 °C for

Table 1

Sociodemographic and clinical characteristics of the patients.
Index Control group HLF group P-value
Number of patients 22 19 -
Age (years) 71.18 + 9.62 71.84 + 10.64 0.84
Male/female 10/9 6/13 0.19
Level L4/5 L4/5 -
LF thickness (mm) 3.021 + 0.45 6.565 + 1.24 <0.01
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90 min. The pellet was washed twice with PBS, followed by a second
ultracentrifugation, and resuspended in PBS for further use.

A transmission electron microscope (JEM-1200EX, EOL Ltd., Tokyo,
Japan) was used to determine the vesicle shape and size distribution.
Zetasizer Nno ZS (Malvern Instruments Ltd., Malvern, UK) was used to
measure the particle size distribution of the hUCMSC-EVs. NanoSight
NS300 (Malvern Instruments Ltd., Malvern, UK) was used to quantify
the number of hUCMSC-EVs by nanoparticle transport analysis in
accordance with the operating instructions. Surface markers, including
EV markers (CD63, CD73, and CD90) and the hUCMSCs marker (cal-
reticulin), were analysed with Western blot.

2.5. hUCMSC-EVs uptake experiment

The hUCMSC-EVs were labelled with CM-Dil (red), ultracentrifuged
at 100,000xg for 1 h to remove excess dye, and washed twice. Cell
nuclei were stained with DAPI (4',6-diamidino-2-phenylindole). All re-
agents used were purchased from Invitrogen (Shanghai, China). A Nikon
Eclipse Ti confocal laser scanning microscope was used to obtain images
of EVs uptake.

2.6. Establishment of the mouse LFH model

Eight-week-old male mice (C57BL/6 background) with body weights
ranging from 23 to 27 g were used in this study and housed at the
Experimental Animal Center of Nanjing Medical University under a 12
h/12 hlight/dark cycle. Food and water were provided to the animals ad
libitum in their cages. Taking advantage of the hydrophobicity of the
mice [32], the LFH model was established by inducing the mice to adopt
a bipedal standing (BS) position for 6 h per day and to engage in free
activity for 2 h at an interval. To verify the validity of the mouse LFH
model, the LF area, the ratio of the elastic fibres to the collagen fibres,
and the expression levels of Col-I, a-SMA, and Col-IIl were quantified
after 10 weeks. Mice without any treatment were served as control. Two
weeks after the bipedal standing model experiment, all the mice with
LFH were randomly divided into 6 groups: (1) BS group (6 mice/group);
(2) BS&EVs group (mice that received local injections of EVs [200 pg,
200 pl] after full exposure to LF as determined on microscopic exami-
nation, 6 mice/group); (3) BS&EVs-146a-inh group (mice that received
local injections of EVs [200 pg, 200 pl] derived from hUCMSCs trans-
fected with the miR-146a-5p inhibitor, 6 mice/group); (4)
BS&EVs-221-inh group (mice that received local injections of EVs [200
pg, 200 pl] derived from hUCMSCs transfected with the miR-221-3p
inhibitor; 6 mice/group); (5) BS&EVs-both-inh group (mice that
received local injections of EVs [200 pg, 200 pl] derived from hUCMSCs
transfected with both miRNA inhibitors, 6 mice/group); and (6)
BS&EVs&OE SMAD4 group (mice that received local injections of
hUCMSGC-EVs [200 pg, 200 pl] and AAV2-SMAD4 [2.5 pl, 1.25 x 10'2
vg/ml], 6 mice/group). After general anaesthesia, a 0.6-cm incision was
made to expose the LF in the interlaminar region of L5/L6. EV or saline
injections in the LF were performed using microliter micro-syringes
(Hamilton, Switzerland) under microscopic guidance. The injection
procedure was repeated every 2 weeks (injection time points: 1, 3, 5, 7,
and 9 weeks after the bipedal standing experiment). After 10 weeks of
modelling, all the mice were sacrificed, and samples from the intact
L5/L6 vertebrae were harvested and used for the other experiments.

2.7. Isolation and culture of mouse LF cells

The 8-week-old male C57BL/6 mice, with body weights ranging from
23 to 27 g, were sacrificed under anaesthesia. Under aseptic conditions,
the LF was carefully cut into 1-3 mm? sections and digested sequentially
in 0.2% type I collagenase diluted in a complete culture medium,
including Dulbecco’s modified Eagle’s medium (Gibco, Shanghai,
China) supplemented with 10% foetal bovine serum, penicillin/strep-
tomycin, and 250 ng/mL amphotericin B (Gibco, Shanghai, China).
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After digestion for 17-24 h, the entire mixture was filtered through a 70-
pm cell filter (Falcon, BD Biosciences, NJ, USA) and then placed in a
100-mm dish with a complete culture medium. At 80%-90% con-
fluency, the cells were passaged using trypsin, seeded in various culture
plates, and maintained in the incubator with 5% CO5 at 37 °C. All ex-
periments were performed using LF cells at passages 2—4.

2.8. Cell viability assessment

The LF cells were cultured in a 96-well multiplate at 5 x 103 cells per
well, followed by incubation with a complete culture medium in the
absence or presence of various concentrations of hUCMSC-EVs or TGF-
B1 for 24, 48, and 72 h after cell attachment. Cell Counting Kit-8 was
applied to measure the absorbance at the 24, 48, and 72 h time points
using SpectraMaxM (Molecular Devices, Shanghai, China), according to
the manufacturer’s instructions.

2.9. Protein extraction and western blot

Proteins were harvested from human LF tissues, mouse LF tissues,
and cultured mouse LF cells using a protein extraction kit (Thermo,
Massachusetts, USA). Each concentration was detected with a bicin-
choninic acid protein assay kit (Beyotime, Shanghai, China). Western
blot was performed in accordance with the procedure described in a
previous study [33]. The same amount of total protein sample was
separated using sodium dodecyl sulphate polyacrylamide gel electro-
phoresis and transferred to polyvinylidene fluoride membranes. After
the membranes were blocked with a 5% skim milk solution and then
incubated with disparate primary antibodies at 4 °C overnight, the
membranes were incubated with species-matched second antibodies.
Immunoreactive bands were visualised using an enhanced chem-
iluminescence Western blot detection kit (Beyotime, Shanghai, China)
and analysed using the ImageJ software (NIH, USA). Table S2 presents a
list of the primary and secondary antibodies used.

2.10. RNA isolation and analysis

Total RNAs from human LF tissues, mouse LF tissues, and cultured
mouse LF cells were isolated using the Trizol reagent (Invitrogen) and
reverse transcribed into complementary DNA using the HiScript III RT
SuperMix for quantitative PCR (qPCR; R302-01, Vazyme, Nanjing,
China), following the manufacturer’s description. For miRNA, cDNA and
quantitative reverse transcription PCR (qRT-PCR) syntheses were per-
formed using the All-in-One miRNA gqRT-PCR Detection Kit (GeneCo-
poeia, Rockville, MD, USA), following the manufacturer’s protocol.
Next, QPCR was conducted using ChamQ SYBR qPCR Master Mix (Low
ROX Premixed; Q331-02, Vazyme) for mRNA and 2 x All-in-One qPCR
Mix (GeneCopoeia) for miRNA based on the LightCycler96 PCR system
(Roche, Inc., Switzerland). The mRNA quantification of qPCR was nor-
malised to GAPDH expression, and the miRNA quantification was nor-
malised to U48 expression. The comparative 2-AACT method was used
in the analysis. Table S3 presents a list of RT-qPCR primer sequences.

2.11. Histopathology and immunohistochemistry

The human and mouse LF samples collected were fixed in a 4%
paraformaldehyde solution overnight at 4 °C; decalcified in an EDTA
(ethylene diamine tetra-acetic acid)-glycerol solution for 14-21 days at
4 °C; successively dehydrated, hyalinised, and embedded in paraffin;
and then sliced into 5-pm-thick sections for histological staining. The
dewaxed and rehydrated sections were subjected to haematoxylin-eosin
(H&E; Jiancheng, Nanjing, China) or EVG staining (Baso, Zhuhai,
China), in accordance with the manufacturer’s instructions. For immu-
nohistochemical (IHC) staining, the sections were incubated overnight
at 4 °C using the primary antibodies listed in Table S2. The sections were
washed with PBS three times and successively incubated with biotin-
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conjugated secondary antibodies for an hour, Elite ABC (Vector, USA)
for an hour, and diaminobenzidine (Vector) at room temperature. After
counterstaining with haematoxylin, the sections were observed under a
microscope.

All the images were photographed using the Leica LAS-X software,
under the Leica DMi8 microscope. The IHC staining images were ana-
lysed with Image Pro Plus. In accordance with the previously described
method [32], quantitative analyses of the LF areas and the ratio of the
elastic fibres to the collagen fibres in mice or human LF samples were
performed using the ImageJ software (NIH).

2.12. Immunofluorescence

The immunofluorescence (IF) assay was performed as previously
described [33]. After washing with PBS, the LF cells were fixed with 4%
paraformaldehyde and permeabilised with 0.5% Triton X-100 (T8787,
Sigma-Aldrich, USA) for 30 min. After that, the cells were blocked with
5% bovine serum albumin (BSA, Sigma, USA) at room temperature for 1
h and incubated overnight at 4 °C with the specific antibodies listed in
Table S2. After rinsing with PBS for three times, the appropriate Alexa
Fluor 488-labelled secondary antibodies were used at room tempera-
ture, avoiding light, and the nucleus was dyed with DAPI (South-
ernBiotech, Alabama, USA). Images were acquired using the Leica DMi8
fluorescent microscope with the Leica LAS-X software and analysed with
the ImageJ software (NIH).

2.13. RNA sequencing and analysis

EVs were isolated using Cell Culture Media Exosome Purification kits
(Norgen, CAN), and RNA was extracted using the Exosomal RNA Isola-
tion Kit (Norgen), according to the manufacturer’s instructions. The
RNA quality was determined using Bioanalyzer 2100 with the RNA 6000
Nano LabChip Kit (Agilent, CA, USA). Approximately 10 ng of total RNA
was used to prepare a small RNA library in accordance with the protocol
for TruSeq Small RNA Sample Prep kits (Illumina, San Diego, CA, USA).
Single-end sequencing (1 x 50 bp) was then performed using the Illu-
mina Hiseq2500 at the LC-BIO (Hangzhou, China), following the ven-
dor’s recommended protocol. We utilized 2 algorithms (TargetScan 7.2
and miRanda 3.3a) to predict the genes targeted by the differentially
expressed miRNAs; the VennDiagram was used to represent the common
target genes predicted by both algorithms. Functional enrichment of GO
(GeneOntology) terms (http://www.geneontology.org/) and KEEG
(Kyoto Encyclopedia of Genes and Genomes) (http://www.genome.jp/
kegg/) analyses were then performed to annotate these differentially
expressed miRNA targets.

2.14. Cell transfection with miRNA mimics/inhibitor, Cy5-labelled
miRNA mimics and plasmid

Hsa-miR-146a-5p and hsa-miR-221-3p mimics/mimics-negative
control (NC) and their inhibitors/inhibitor-NC and Cy5-labelled miRNAs
were synthesised and purified by GeneCopoeia. To prepare the engi-
neered EVs, the hUCMSCs were plated onto 10-cm dishes; after 70-80%
confluence, hUCMSCs were transfected with miR-146a-5p/miR-221-3p
inhibitor or NC inhibitor (GeneCopoeia, Rockville, MD, USA) at a con-
centration of 50 nM using Lipofectamine 3000 in Opti-MEM (Invi-
trogen), and the cell culture medium was changed 6 h after transfection.
All cell transfections were done according to the manufacturer’s in-
structions. After 48 h transfection, the cell serum-free medium was used
for 24 h; then the EVs were extracted according to previous description.
The inhibition efficiency of miRNA in the EVs was detected by RT-qPCR.

A plasmid containing SMAD4 expression gene and control vector
plasmids were produced by GeneChem (Shanghai, China). Mouse LF
cells were transfected with plasmid DNA using X-treme GENE HP DNA
Transfection Reagent (6366236001; Roche, Shanghai, China) and
miRNA  mimics/mimics =~ NC/inhibitors/inhibitor = NC  using

142

Bioactive Materials 19 (2023) 139-154

Lipofectamine 3000 in Opti-MEM (Invitrogen) according to the manu-
facturer’s instructions.

Cy5-labelled miRNAs were transfected into hUCMSCs using Lip-
ofectamine 3000 (Invitrogen), which was performed in agreement with
as described above. hUCMSCs containing Cy5-miRNA were co-cultured
with LF cells, and images were acquired with the Leica DMi8 fluorescent
microscope and analysed with the ImageJ software.

2.15. Luciferase activity assay

The mouse LF cells were plated (5 x 10* cells per well) in 24-well
plates overnight and then transfected with SMAD4 wild-type 3'UTR or
mutant 3'UTR luciferase reporter vector and mimic-NC, miR-146a-5p
mimic, miR-221-3p mimic, inhibitor-NC, miR-146a-5p inhibitor, or
miR-221-3p inhibitor by using Lipofectamine 3000 (Invitrogen). Thirty-
six hours after transfection, luciferase activity was detected using dual-
luciferase luciferase reporter assay reagents (Promega Corp., Madison,
Wisconsin, USA).

2.16. Adeno-associated virus gene transfer

The adeno-associated virus vector resulted in long-term, robust
transgene expressions, with minimal toxicity, low immunogenicity,
broad tropism, and ease of production in several animal models [34].
AAV2-mediated SMAD4 overexpression and vectors were produced by
GeneChem (Shanghai, China). AAV2-SMAD4 was used for LF injection
in the animal experiment.

2.17. Statistical analyses

All statistical analyses were performed using GraphPad Prism
Version 7.0 (La Jolla, CA, USA). The results are shown as mean =+
standard deviation (SD). The Student t-test or one-way analysis of
variance (ANOVA) was employed for comparisons between groups. The
Pearson r correlation coefficient was used to analyse the correlation
between the miRNA expression levels and the LF thicknesses in the
human tissue samples. The miRNA differential expression level based on
normalised deep-sequencing counts was analysed by selectively using
the Fisher exact test, chi-square 2 x 2 test, chi-squared N x N test,
Student t-test, or ANOVA. P values < 0.05 were considered statistically
significant.

3. Results

3.1. Development of LFH is strongly correlated with the decrease of miR-
146a-5p and miR-221-3p

To investigate the correlation between miR-146a-5p and miR-221-3p
expression levels and LF thickness, we measured the LF thickness on MRI
scans and detected the expressions of miR-146a-5p and miR-221-3p
using RT-qPCR. As shown in Fig. 1A, the representative MRI scans
confirmed that LFH with a LF thickness of >5 mm affected most of the
spinal canal and resulted in severe dural sac compression. Nevertheless,
the normal LF did not compress the dural sac, and its thickness was <5
mm. In detail, as listed in Table 1 and Fig. 1B, the mean LF thickness in
the LFH group was 6.565 + 1.243 mm, much higher than that in the
control group (3.021 + 0.448 mm). The results of the H&E and EVG
staining showed that in the LFH group, the elastic fibres decreased and
the collagen fibres increased. The elastic fibres stained blue-black (EVG
staining) were uneven, fragmented, irregularly arranged, disorganised,
and partially absent. By contrast, in the control group, the elastic fibres
were abundant and arrayed in a regular order, and the collagen fibres
were few (Fig. 1C). The ratio of the elastic fibres to the collagen fibres in
the LFH group was significantly higher than that in the control group
(1.56-fold, P < 0.05; Fig. 1D). In addition, the RT-qPCR results showed
that the miR-146a-5p and miR-221-3p expression levels in the LFH
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Fig. 1. MiR-146a-5p and miR-221-3p
negatively correlate with LF thickness
in humans. (A) LF thickness measure-
ment on representative coronal and
sagittal T2-weighted MRI scans of pa-
tients diagnosed with lumbar disk her-
niation (LDH) and lumbar spinal
stenosis (LSS). (B) Results of the quan-
titative analysis of LF thickness between
the control and LFH groups. (C) Repre-
sentative image of the H&E staining
(scale bar: 200 pm) and EVG staining
(scale bar: 200 pm) of the LF specimens
from the control and LFH groups. (D)
Results of the quantitative analysis of
the ratio of the elastic fibre area to the
collagen fibre area. (E) Results of the
RT-qPCR analysis of the miRNA ex-
pressions of miR-146a-5p and miR-221-
3p in the LF specimens of the control
and LFH groups. (F) Results of the cor-
relation analysis between miR-146a-5p
and miR-221-3p expression levels and
LF thickness (n = 20). Data are pre-
sented as mean + SD, *P < 0.05, **P <
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group were significantly lower than those in the control group (1.97-
fold, P < 0.01; 2.73-fold, P < 0.01; Fig. 1E). Furthermore, the miR-146a-
5p and miR-221-3p expression levels negatively correlated with LF
thickness (r= —0.6803, r = —0.7748, P < 0.01; Fig. 1F). Taken together,
our data indicated that miR-146a-5p and miR-221-3p strongly corre-
lated with the development of LFH.

3.2. MiR-146a-5p and miR-221-3p are enriched in hUCMSC-EVs

To identify and validate the miRNA expression profiles in EVs, the
miRNAs in the EVs were screened using miRNA-seq. The hUCMSCs and
hUCMSC-EVs were isolated and identified using optical microscopy,
flow cytometry, transmission electron microscopy, nanoparticle
tracking analysis, and Western blot analysis (Fig. S1). As shown in
Fig. 2A and B, the top five most abundant miRNAs, namely miR-21-5p,
miR-146a-5p, miR-221-3p, miR-143-3p, and let-7i-5p, accounted for
approximately 60.47% of the total miRNA reads. The miR-221-3p and
miR-146a-5p expression levels were highest in the hUCMSCs and
hUCMSC-EVs groups, as determined by RT-qPCR (Fig. 2C).

To determine whether TGF-1 could induce mouse LF cell fibrosis,
we stimulated LF cells with different TGF-p1 concentrations for 3 days.
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As shown in Fig. S2, TGF-p1 significantly increased the viability of the LF
cells in a time- and dose-dependent manner and activated ECM forma-
tion in the LF cells in a dose-dependent manner, effectively inducing the
fibrosis of LF cells. Hence, we used 10 ng/ml TGF-p1 as the working
concentration and 24 h as the stimulation duration in this study. We
further measured the expression levels of the top five miRNAs in LF cells
in the presence or absence of TGF-p1 and hUCMSC-EVs. Treatment with
hUCMSC-EVs significantly increased the miR-146a-5p and miR-221-3p
expression levels by 5.22- and 8.32-fold, respectively (P < 0.01;
Fig. 2D). Thus, these data suggested that miR-146a-5p and miR-221-3p
enriched in hUCMSC-EVs might play critical roles in the therapeutic
effect of hUCMSC-EVs on TGF-f1-induced LF cell fibrosis.

3.3. hUCMSC-EVs suppress LFH in mice and ameliorate fibrosis in LF
cells

To investigate whether hUCMSC-EVs ameliorate the fibrosis of
mouse LF cells in vitro, we stimulated passage 2-3 LF cells in the pres-
ence or absence of TGF-f1 and hUCMSC-EVs for 3 days. First, CM-Dil
(red fluorescent lipophilic dye) was used to verify the internalisation
ability of purified EVs. After the LF cells were incubated with the CM-
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Fig. 2. MiR-146a-5p and miR-221-3p are enriched in hUCMSC-EVs. (A) Heat map of the top 10 most abundant miRNAs in hUCMSC-EVs by miRNA-seq. (B) Relative
percentage of miRNAs in total miRNA reads. (C) Results of the RT-PCR analysis of the top five most abundant miRNAs in hUCMSCs and hUCMSC-EVs (n = 3). (D)
Results of the RT-PCR analysis of the top five miRNAs in LF cells in the presence or absence of TGF-p1 and hUCMSC-EVs (n = 3). Data are presented as mean =+ SD. *P
< 0.05, **P < 0.01, compared with the control group. *P < 0.05, **P < 0.01, compared with the TGF-p1 group.

Dil-labelled hUCMSC-EVs, red fluorescence was observed in the cyto-
plasm of the LF cells, which indicated that the hUCMSC-EVs could be
internalised by LF cells (Fig. 3A). To investigate the effect of hUCMSC-
EVs on cell proliferation, LF cells were stimulated with TGF-$1 (10
ng/ml) and different concentrations of hUCMSC-EVs (0, 25, 50, and 100
pg/ml) for 24, 48, and 72 h. No significant differences were found in any
of the treatment groups before incubation with TGF-p1 and hUCMSC-
EVs. As shown in Fig. 3B, suppression of cell viability was observed in
the 50 and 100 pg/ml hUCMSC-EVs group at 24 h, in the 50 and 100 pg/
ml hUCMSC-EVs groups at 48 h, and in all three groups at 72 h. We thus
used 100 pg/ml hUCMSC-EVs as the working concentration and 24 h as
the treatment duration for the following studies. The OD value of 100
pg/ml hUCMSC-EVs group at 24 h was 0.75 + 0.03, which was much
lower than that of 0 pg/ml hUCMSC-EVs group.

Subsequently, RT-qPCR, western blot, and IF were performed to
analyse the expression levels of fibrosis markers (Col-I, a-SMA, and Col-
II) in the presence or absence of TGF-p1 and hUCMSC-EVs for 24 h.
These results indicated that the messenger RNA (mRNA) and protein
expression levels of Col-I, a-SMA, and Col-Ill were significantly
increased in the TGF-f1 group compared with the control group but
obviously decreased in the hUCMSC-EV group compared with the TGF-
Bl group (Fig. 3C-F). Taken together, these data confirmed that
hUCMSC-EVs ameliorated the TGF-p1-induced LF cell fibrosis.

To investigate the effects of hUCMSCs and their EVs on the pro-
gression of LFH in vivo, a local injection of hUCMSCs or hUCMSC-EVs
was used in the LFH group. No significant heterotopic ossification,
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infection or necrosis of the ligamentum flavum and surrounding muscle
tissue were observed. The histological results indicated that in the 10-
week bipedal standing mice, the average LF area was notably
increased (1.67-fold, P < 0.01), the ratio of the elastic fibres to the
collagen fibres was decreased (1.97-fold, P < 0.01), and the expression
levels of Col-I, a-SMA, and Col-III were obviously increased as compared
with those in the control group. These data indicated the high validity of
the LFH mouse model. In the hUCMSCs and hUCMSC-EV groups
(Fig. 4A-D), the average LF area and Col-I, a-SMA, and Col-III expression
levels sharply decreased, and the ratio of the elastic fibres to the collagen
fibres markedly increased compared with those in the LFH group. The
Western blot analysis revealed that the expression levels of Col-1, a-SMA,
and Col-III were significantly increased in the LFH group compared with
the control group but were obviously decreased in the hUCMSCs and
hUCMSC-EV groups compared with the LFH group, consistent with the
IHC results (Fig. 4E and F). Taken together, these data confirmed that
the hUCMSCs and hUCMSC-EVs effectively suppressed LFH formation in
the bipedal standing mouse model.

3.4. MiR-146a-5p and miR-221-3p could be delivered into LF cells via
EVs and ameliorate TGF-f1-induced fibrosis

To further investigate whether miR-146a-5p and miR-221-3p could
be delivered to LF cells, LF cells were co-cultured with hUCMSCs
(Fig. 5A). The Cy5-labelled miR-146a-5p and miR-221-3p were first
transfected into the hUCMSCs in the presence or absence of GW4869 (an
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Fig. 3. hUCMSC-EVs attenuate LF cell fibrosis. (A)
Representative immunofluorescence images of CM-
Dil (red)-labelled hUCMSC-EVs internalised by LF
cells, the nuclei of which were stained with DAPI
(blue). Scale bar: 20 pm. (B) Growth curves of LF cells
at different hUCMSC-EVs concentrations (0, 25, 50,
and 100 pg/ml) measured with the CCK8 assay at 24,
48, and 72 h (*P < 0.05, 0 pg/ml vs. 25 pg/ml; *P <
0.05, 0 pg/ml vs. 50 pg/ml; P < 0.05, 0 pg/ml vs.
100 pg/ml). (C) Results of the RT-qPCR analysis of
the mRNA expressions of the fibrosis markers (Col-I,
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a-SMA, and Col-III) in the presence or absence of
TGF-p1l and hUCMSC-EVs (n = 3). (D, E) Results of
the Western blot analysis of the protein expressions of
the fibrosis markers (Col-I, a-SMA, and Col-III) in the
presence or absence of TGF-p1 and hUCMSC-EVs (n
= 3). (F) Representative immunofluorescence images
of the fibrosis markers (Col-I, a-SMA, and Col-III) in
the presence or absence of TGF-$1 and hUCMSC-EVs
(n 3). Data are presented as mean + SD, *P <
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inhibitor of EVs biogenesis/release) for 24 h. Subsequently, the LF cells
were co-cultured with hUCMSCs using a transwell dish with a 0.4-pm
pore size. After 48 h of co-culture, Cy5-positive LFs were detected using
IF staining. The results showed that the fluorescence intensity in the
control group was much higher than that in the GW4869 group, which
confirmed that miR-146a-5p and miR-221-3p were transferred from
hUCMSGCs into LF cells via EVs (Fig. 5B and C). Thus, these data indi-
cated that miR-146a-5p and miR-221-3p could be delivered into LF cells
via EVs.

F
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TGF-B1+EVs

To further investigate the exact effects of miR-146a-5p and miR-221-
3p enriched in the hUCMSC-EVs, the LF cells were stimulated with TGF-
1 (10 ng/ml) and various modified hUCMSC-EVs for 24 h. The
hUCMSCs-EVs secreted from the hUCMSCs after being transfected with
miR-146a-5p and miR-221-3p inhibitors were collected. RT-qPCR
revealed that the miR-146a-5p and miR-221-3p expression levels were
significantly decreased in the hUCMSC-EVs secreted from the hUCMSCs
after being transfected with miR-146a-5p and miR-221-3p inhibitors,
when compared with the expression levels in the hUCMSC-EVs secreted
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Fig. 4. hUCMSCs and their EVs suppress LFH in bipedal standing mice. (A) Representative image of the H&E staining (scale bar: 20 pm), EVG staining (scale bar: 10
pm), and immunohistochemistry staining of Col-I, a-SMA, and Col-III (scale bar: 5 pm) in LF specimens treated with hUCMSCs or their EVs in bipedal standing mice
(n = 3). (B) Results of the quantitative analysis of the LF area. (C) Quantitative analysis of the ratio of the elastic fibre area to the collagen fibres area. (D) Results of
the quantitative analysis of the Col-I-, a-SMA-, and Col-III-positive areas (n = 3). (E, F) Western blot analysis of the protein expressions of the fibrosis markers (Col-1,
a-SMA, and Col-III; n = 3). Data are presented as mean =+ SD. *P < 0.05, **P < 0.01, compared with the control group. #P < 0.05, *#P < 0.01, compared with the

TGF-p1 group.

from the hUCMSCs without any modification (4.49-fold, P < 0.01; 3.97-
fold, P < 0.01; Fig. 5D). RT-qPCR, Western blot, and IF were performed
to analyse the expression levels of the fibrosis markers (Col-I, a-SMA,
and Col-Il) in the presence or absence of TGF-f1 and the modified
hUCMSC-EVs. As illustrated in Fig. 5E-H, the results indicated that in-
hibition of miR-146a-5p and/or miR-221-3p in the EVs partially or
almost completely diminished the therapeutic effect of hUCMSC-EVs on
TGF-B1-induced LF cell fibrosis. Hence, these data confirmed that miR-
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146a-5p and miR-221-3p played critical roles in the therapeutic effect of
hUCMSC-EVs on TGF-f1-induced LF cell fibrosis.

3.5. hUCMSC-EVs ameliorate LFH via inhibiting TGF-$/SMAD4
signaling

The potential targets of miR-146a-5p and miR-221-3p were pre-
dicted by in silico analysis using miRWalk (http://mirwalk.umm.uni-he


http://mirwalk.umm.uni-heidelberg.de/

C. Ma et al. Bioactive Materials 19 (2023) 139-154

Control GW4869

DAPI CY5-labled-miRNA Merge DAPI CY5-labled-miRNA Merge

(@)

Il Control
GW4869

=)
S

Fluorescence Intensity (A.U.)

miR-146a-5p  miR-221-3p

O
m

Il EVs from hUCMSC NC-inh

EVs from hUCMSC miRNA-inh 39 @ -t
8 157 .g o . Il Control
[}
g *k *ke g’- - TGF-B']
g 107 5 Bl TGF-B1+EVs
< % Bl TGF-B1+EVs-NC-inh
£ o E BN TGF-B1+EVs-146a-inh
2 2 B TGF-B1+EVs-221-inh
b 5 TGF-B1+EVs-both-inh
@ 0.0- T T e
miR-146a-5p miR-221-3p Col-l Col-lll a-SMA
Col-l | o e —— — — | c
9 20-
0 #
Col-lil | —— ._.._—| 2 -
5154 — L‘
a-SMA | — — — — | X
.E 104 # ﬁ! 8&
GAPDH [ wip W e - - | 8101 Mw L -
orpt = + + + + + e i 0
* . 5 8& 8& B
EVs - = = = = c = ]
EVs-146a-inh == - - + - - E B
" O .
EVs-221-inh = = - - + - o Col-1 Col-II a-SMA
EVs-both-inh - - - - - +
Control TGF-p1 TGF-B1+EVs TGF-B1+EVs-146a-inh  TGF-B1+EVs-221-inh AGERIEEVS

-both-inh

Col-l

Col-lll

Fig. 5. MiR-146a-5p and miR-221-3p could be delivered into LF cells via EVs and ameliorate TGF-p1-induced fibrosis. (A) Schematic diagram of the hUCMSC and LF
cell co-culture system. (B) Representative immunofluorescence images of the Cy5-labelled miR-146 a-5p and miR-221-3p transfected into the hUCMSCs treated in
the presence or absence of GW4869 (scale bar: 25 pm). (C) The results of the quantitative analysis of the average fluorescence intensity (n = 3) are also shown. (D)
Results of the RT-qPCR analysis of miR-146a-5p and miR-221-3p expressions after the transfection of hUCMSCs with NC, miR-146a-5p, and miR-221-3p inhibitors.
(E) Results of the RT-qPCR analysis of the mRNA expressions of the fibrosis markers (Col-I, a-SMA, and Col-III) in the presence or absence of TGF-$1 and various
modified hUCMSC-EVs (n = 3). (F, G) Western blot analysis of the protein expressions of the fibrosis markers (Col-I, a-SMA, and Col-III) in the presence or absence of
TGF-p1 and various modified hUCMSC-EVs (n = 3). (H) Representative immunofluorescence images of the fibrosis markers (Col-I, a-SMA, and Col-III) in the presence
or absence of TGF-p1 and various modified hUCMSC-EVs (n = 3). Data are presented as mean + SD. *P < 0.05, **P < 0.01, compared with the control group. *P <
0.05, *#P < 0.01, compared with the TGF-p1 group. P < 0.05, “P < 0.01, compared with the TGF-p1+EV group.
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idelberg.de/) and TargetScan (http://www.targetscan.org/vert 72/). As
shown in Fig. 6A, the Venn diagram predicted that miR-146a-5p and
miR-221-3p had 56 common targets with different algorithms. Analysis
of the miRNA targets by GO revealed that 56 identified target genes were
involved in diverse biological processes, including regulation of bio-
logical processes, biological regulation, regulation of cellular processes,
protein binding, and metabolic processes (Fig. 6B). The pathway anal-
ysis indicated that the 56 targets were involved in six Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways with significant false
discovery rate-adjusted P values, including the Hippo and TGF-p sig-
nalling pathways (Fig. 6C). Among the 56 candidates, SMAD4 was
selected for further analysis because of its relatively high target pre-
diction score according to its two complementary structures with both
miRNAs and GO and KEGG pathway enrichment in the bioinformatic
analysis. Next, mimic-NC, miR-146a-5p mimics, miR-221-3p mimics,
inhibitor-NC, miR-146a-5p inhibitor, or miR-221-3p inhibitor was
transfected into the LF cells. As illustrated in Fig. 6D-F, the results
showed that the SMAD4 protein expression level was markedly
increased in the miR-146a-5p and miR-221-3p inhibitor-transfected LF
cells but was decreased in the miR-146a-5p and miR-221-3p mimics-
transfected LF cells. In addition, the co-transfection of both miRNAs
mimics or inhibitors presented a stronger effect than when they were
used alone. Nevertheless, the SMAD4 mRNA expression level showed no
significant change, which suggested that miR-146a-5p and miR-221-3p
could regulate SMAD4 expression at the post-transcriptional level in LF
cells.

After exposure of LF cells to TGF-p1, SMAD4 protein expression was
markedly increased compared with that in the control group but was
obviously decreased in the TGF-p1&EVs group compared with the TGF-
B1 group. The protein expression levels were obviously increased in the
TGF-f1&EVs-146a-inh, TGF-p1&EVs-221-inh, and TGF-pl1&EVs-both-
inh groups compared with the TGF-p1&EVs-NC-inh group. In addition,
the EVs co-transfected with both miRNA inhibitors presented a much
stronger increase than when transfected with a single inhibitor. No
significant difference was observed between the TGF-f1&EVs and TGF-
B1&EVs-NC-inh groups (Fig. 6G and H). The results indicated that the
inhibition of miR-146a-5p and/or miR-221-3p in the EVs partially or
almost completely impaired the down-regulation effect of hUCMSC-EVs
on SMAD4 protein expression in LF cells.

Wild-type or miRNA binding-site mutant SMAD4 3'UTR-driven
luciferase vector and both miRNA mimics/inhibitors/mimics NC/in-
hibitor NC were co-transfected into the LF cells to further identify
whether miR-146a-5p and miR-221-3p could directly bind to the
SMAD4 region. Compared with the control group, the overexpression of
miR-146a-5p or miR-221-3p significantly suppressed the luciferase ac-
tivity of wild-type SMAD4 3'UTR, while inhibition of miR-146a-5p or
miR-221-3p enhanced luciferase activity. Nevertheless, the suppression
and enhancement could be reversed by the mutant miR-146a-5p or miR-
221-3p binding site of SMAD4 3'UTR (Fig. 6I and J). All these results
indicated that miR-146a-5p and miR-221-3p directly targeted SMAD4 in
LF cells.

To identify the role of SMAD4 in hUCMSC-EVs-mediated LF cell
fibrosis, overexpressed SMAD4 and control vector plasmids (control
vectors) were transfected into the LF cells. Upregulation of the SMAD4
plasmid was detected using Western blot. As shown in Fig. 6K, the
SMAD4 protein expression was remarkably increased in a dose-
dependent manner. Next, RT-qPCR, western blot, and IF were per-
formed to analyse the expression levels of the fibrosis markers (Col-I,
a-SMA, and Col-III) in the presence or absence of TGF-$1, hUCMSC-EVs,
and SMAD4 overexpression. As illustrated in Fig. 6L-O, SMAD4 over-
expression abolished the therapeutic effect of hUCMSC-EVs on TGF-p1-
induced LF cell fibrosis, indicating that SMAD4 was involved in
hUCMSC-EVs-mediated LF cell fibrosis. Thus, these data further
confirmed that SMAD4 was the target of miR-146a-5p and miR-221-3p
in hUCMSC-EVs and that SMAD4 overexpression could block the ther-
apeutic effect of hUCMSC-EVs on the amelioration of TGF-p1-induced LF
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cell fibrosis.

To identify the role of SMAD4 and miR-146a-5p- and miR-221-3p-
enriched hUCMSC-EVs in the progression of LFH in vivo, hUCMSC-EVs
with or without modifications or AAV2-SMAD4 were injected into the
LF cells of bipedal standing mice. The previous data presented in Fig. 4
showed that hUCMSC-EVs could suppress LFH formation in the bipedal
standing mouse model. Compared with the BS&EVs group, the BS&EVs-
146a-inh, BS&EVs-221-inh, BS&EVs-both-inh, and BS&EVs&OE SMAD4
groups showed significantly increased average LF areas (1.27-, 1.22-,
1.36-, and 1.37-fold, respectively; P < 0.01). The ratios of the elastic
fibres to the collagen fibres were decreased (0.78-, 0.85-, 0.61-, and
0.67-fold, respectively; P < 0.01), and the expression levels of Col-I
(1.58-, 1.61-, 1.97-, and 2.00-fold, P < 0.01), a-SMA (1.24-, 1.26-,
1.41-, and 1.47-fold, respectively; P < 0.01), and Col-III (1.55-, 1.51-,
2.1-, and 2.18-fold, respectively; P < 0.01) were significantly increased.
In addition, the EVs derived from the hUCMSCs co-transfected with both
miRNA inhibitors presented a much stronger effect than when co-
transfected with only one inhibitor (Fig. 7A-D). The RT-qPCR and
Western blot analysis revealed that the mRNA and protein expression
levels of Col-I, a-SMA, and Col-III exhibited the same tendency, consis-
tent with the results of the IHC analysis (Fig. 7E, F, G). These results
indicated that the inhibition of miR-146a-5p or miR-221-3p in the EVs
partially diminished the therapeutic effect of hUCMSC-EVs via the
suppression of LFH. If these two miRNAs expression in the EVs were
inhibited simultaneously or SMAD4 was overexpressed in LF, the ther-
apeutic effect of hUCMSC-EVs on LFH in vivo was almost abolished.
Therefore, all these data demonstrated that hUCMSC-EVs suppressed
LFH by inhibiting TGF-$/SMAD4 signalling through the activation of
miR-146a-5p and miR-221-3p in the bipedal standing mice.

4. Discussion

In this study, the therapeutic potential of a hUCMSC-EVs/miRNA-
based strategy for the treatment of LFH and the underlying mecha-
nism were primarily investigated. First, from the specimens of patients
with LSS, we found that the miR-146a-5p and miR-221-3p expression
levels were sharply downregulated and negatively correlated with LF
thickness, which suggested that both miRNAs are key molecules in the
development of LFH. As miR-146a-5p and miR-221-3p were the top two
abundant miRNAs in hUCMSC-EVs, these findings thus encouraged us to
employ the hUCMSC-EVs as a delivering system for the treatment of
LFH. By using a bipedal standing mouse model, we demonstrated that
hUCMSC-EVs enriched with miR-146a-5p and miR-221-3p suppressed
LFH in vivo and ameliorated the progression of TGF-p1-induced fibrosis
in mouse LF cells; these two findings provided important clues that miR-
146a-5p and miR-221-3p were probably critical targets for the thera-
peutic effect of hUCMSC-EVs on the progression of LFH. Thus, the un-
derlying mechanism was further investigated. We demonstrated that
hUCMSC-EVs enriched with miR-146a-5p and miR-221-3p could be
delivered to LF cells to reduce the risk of TGF-pl-induced fibrosis.
Furthermore, by using the loss/gain-of-function method, we revealed
that SMAD4 was the direct target of miR-146a-5p and miR-221-3p and
that the downregulation of SMAD4 could prevent the proliferation and
excessive deposition of connective tissue in the extracellular matrix.

As summarised in Fig. 8, our findings indicated that hUCMSC-EVs
could be used as a delivering system to ameliorate LFH by inhibiting
the TGF-p/SMAD4 signalling through the activities of miR-146a-5p and
miR-221-3p. To the best of our knowledge, this is the first translational
study to determine the effectiveness of a hUCMSC-EVs-based approach
for the treatment of LFH. Despite several studies regarding the modu-
lation effect of miR-146a-5p on fibrosis could be found, this is the first
one to determine that the miR-146a-5p and miR-221-3p delivered by
engineered EVs could be administrated locally to suppress LFH in a
mouse model and these two miRNAs have synergistic effect in the
amelioration of LFH. This work further indicated that hUCMSC-EVs-
based delivery system is a promising therapy for the patients with
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Fig. 6. hUCMSC-EVs ameliorate TGF-p1-induced LF cell fibrosis
by inhibiting TGF-p/SMAD4 signalling through the activities of
miR-146a-5p and miR-221-3p. (A) A Venn diagram predicting all
common targets of miRNAs with different algorithms. (B) Result
of the Gene Ontology analysis of the putative target genes of
miR-146a-5p and miR-221-3p. (C) Results of the Kyoto Ency-
clopedia of Genes and Genomes pathway analysis of the putative
target genes of miR-146a-5p and miR-221-3p. (D) Results of the
RT-qPCR analysis of the mRNA expression of SMAD4 in LF cells
after transfection of miR-146a-5p and miR-221-3p mimics/
mimics NC and their inhibitors/inhibitor NC (n = 3). (E, F) Re-
sults of the Western blot analysis of the protein expression of
SMAD4 in LF cells after transfection of miR-146a-5p and miR-
221-3p mimics/mimics NC and their inhibitors/inhibitor NC
(n = 3). (G, H) Results of the Western blot analysis of the protein
expression of SMAD4 in the presence or absence of TGF-$1 and
various modified hUCMSC-EVs (n = 3). (I) Result of the bio-
informatic analysis of the predicted binding site of miR-146a-5p
and miR-221-3p targeting the 3'-UTR of SMAD4 in TargetScan
(http://www.targetscan.org/vert 72/). (J) Luciferase activities
detected using a dual-luciferase reporter assay system after
mimic-NC, miR-146a-5p mimic, miR-221-3p mimic, inhibitor-
NC, miR-146a-5p inhibitor, or miR-221-3p inhibitor and
plasmid containing the wild-type or mutant 3'-UTR of SMAD4
were co-transfected into LF cells (n = 3). (K) Results of the
Western blot analysis of the protein expression of SMAD4 with
different amounts of transfected plasmid DNA (n = 3). (L) Results
of the RT-qPCR analysis of the mRNA expressions of the fibrosis
markers (Col-I, a-SMA, and Col-III) in the presence or absence of
TGF-p1, hUCMSC-EVs, and SMAD4 overexpression (n = 3). (M,
N) Results of the Western blot analysis of the protein expressions
of the fibrosis markers (Col-I, a-SMA, and Col-III) in the presence
or absence of TGF-p1, hUCMSC-EVs, and SMAD4 overexpression
(n = 3). (O) Representative immunofluorescence images of the
fibrosis markers (Col-I, a-SMA, and Col-III) in the presence or
absence of TGF-p1, hUCMSC-EVs, and SMAD4 overexpression (n
= 3). Data are presented as mean + SD. *P < 0.05, **P < 0.01,
compared with the control group. P < 0.05, **P < 0.01,
compared with the TGF-p1 group. “P < 0.05, **P < 0.01,
compared with the TGF-p1+EVs group.
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Fig. 7. hUCMSC-EVs suppress LFH by inhibiting TGF-
B/SMAD4 signalling through the activities of miR-146a-5p
and miR-221-3p in bipedal standing (BS) mice. (A) Repre-
sentative image of H&E staining (scale bar: 20 pm), EVG
staining (scale bar: 10 pm), and immunohistochemistry
staining of Col-I, a-SMA, and Col-III (scale bar: 5 pm) in LF
specimens treated with hUCMSC-EVs with or without various
modifications or AAV2-SMAD4 in bipedal standing mice (n =
3). Results of the quantitative analysis of the (B) LF area, (C)
ratio of the elastic fibre area to the collagen fibre area, and
(D) Col-I-, a-SMA-, and Col-IlI-positive areas. (E) Results of
the RT-gPCR analysis of the mRNA expressions of the fibrosis
markers (Col-I, a-SMA, and Col-IIT; n = 3). (F, G) Results of
the Western blot analysis of the protein expressions of the
fibrosis markers (Col-I, a-SMA, and Col-III; n = 3). Data are
presented as mean + SD. *P < 0.05, **P < 0.01, compared
with the control group; #p < 0.05, **P < 0.01, compared
with the BS group; and *P < 0.05, “*P < 0.01, compared
with the BS + EVs group.



C. Ma et al.

miR-146a-5p
miR-221-3p

LF thickness LF thickness

Bioactive Materials 19 (2023) 139-154

s
— alis

hUCMSC

LF cells

.

Proliferation

Collagen deposition

Fig. 8. Schematic diagram illustrating the proposed mechanism of the therapeutic ability of hUCMSCs-EVs on the progression of ligamentum flavum hypertrophy.
hUCMSC-EVs could suppress LFH in bipedal standing mice in vivo and attenuate the progression of LF cell fibrosis induced by TGF-$1. Moreover, miR-146a-5p and
miR-221-3p enriched in hUCMSC-EVs could be delivered to LF cells to prevent proliferation and excessive deposition of connective tissue in the extracellular matrix

via direct targeting of SMADA4, resulting in the attenuation of LFH.

lumbar spinal stenosis, offering the translational application in clinical
practice.

MSCs and their derived secretomes have been extensively used as
promising tools for the treatment of degenerative and inflammatory
diseases [35]. Our study found no significant difference between the BS
+ MSC and BS + EVs groups and this result was consistent with a pre-
vious study [36], in which the adipose stem cells (ASC)-or
ASC-EV-injected group exhibited similar results in the osteoporosis
mouse model. Compared with MSCs, EVs have the following advantages.
First, the use of EVs avoids the potential tumorigenic properties of MSCs,
as unmodified MSCs may exhibit chromosomal abnormalities, leading to
the formation of malignant tumours [37]. Second, EVs have lower
immunogenicity than MSCs [38]. Third, EVs are highly stable and
suitable for long-term storage without the addition of toxic cry-
opreservatives [38]. Finally, EVs possess considerable plasticity, as they
can be artificially modified to alter therapeutic efficiency. In our work,
after transfection of miR-221-3p and miR-146a-5p inhibitors into MSCs,
the expressions of miR-221-3p and miR-146a-5p in EVs extracted from
the supernatant were significantly reduced, leading to partial impair-
ment of the fibrosis-inhibiting potential of hUCMSC-EVs. Additionally,
hUCMSC-EVs acted as emerging innovative nano-sized drug delivery
systems which played an important role in the progression of pulmo-
nary, myocardial and liver fibroses [18,39,40]. Importantly,
UCMSC-derived exosomes were more prominent than bone marrow
MSC-derived exosomes for tissue damage repair [41]. Thus, in this
study, hUCMSCs were selected as the source of EVs.

The pathological mechanism underlying LFH has not yet been fully
understood. Many studies have revealed that the accumulation and
formation of inflammation-related fibrosis tissue are closely related to
LFH [42]. Moreover, the expression levels of TGF-p1 and collagen types
L, I and V in LF cells were notably elevated in patients with LSS. Our
data also showed that TGF-p1 could effectively promote the expression
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of Col-I, a-SMA, and Col-Ill and result in LF cell fibrosis in a
dose-dependent manner. According to previous literatures [11,43-45],
10 miRNAs relative to fibrosis were selected as candidates; the RT-qPCR
validation of these candidates partially matched the results reported in a
previous study [46]. Since the amelioration of LFH after the EV injection
was found, we hypothesised that the miRNAs enriched in the EVs would
take responsibility for this amelioration. We performed RNA sequencing
and bioinformatic analysis to identify the composition and function of
hUCMSC-EVs. The highest expression miRNA was miR-21-5p, but this
result was not reproduced by RT-qPCR analysis, despite miR-21-5p
being enriched in hUCMSCs and hUCMSC-EVs. It was reported that
miR-21 may positively correlate with LFH [28], however, this finding
was controversial, as this correction was not found by other authors
[46]. In our study, we did not observe a significant difference in
miR-21-5p expression in human LF specimens between the LFH group
and the control group, which was consistent with a previous study [46].
Moreover, the decreased expression of miR-21-5p in fibrotic LF cells did
not correspond with the findings in human LF specimens. Thus,
miR-21-5p was not the major candidate miRNA requiring further
investigation in this study.

Our study showed that miR-146a-5p and miR-221-3p expressions
were downregulated in the LF tissues of patients with LSS and both
miRNAs negatively correlated with LF thickness. Furthermore, we
measured the expression levels of the top five miRNAs in mouse LF cells
in the presence or absence of TGF-$1 and hUCMSC-EVs. Compared with
the control group, miR-146a-5p and miR-221-3p expression levels were
significantly decreased in the TGF-pl treatment group, which was
consistent with the result in human LF tissue validation. MiR-146a-5p
and miR-221-3p have been found to be involved in cell differentiation,
proliferation and apoptosis, and they can modulate the inflammatory
response and participate in several pathophysiological processes
[47-51]. MiR-146a-5p has been demonstrated to reduce hepatic fibrosis
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[52], inhibit the expression of fibrosis-related markers in irradiated and
TGF-p1-stimulated LX2 cells (human hepatic stellate cell line), reduce
skeletal muscle fibrosis after injury, and attenuate cisplatin-induced
renal fibrosis [44,45,53]. Therefore, miR-221-3p and miR-146a-5p as
majorly investigated molecules might be implicated in the progression
of LFH, suggesting that upregulation of the expressions of both miRNAs
could be a promising strategy for the treatment of LFH.

No data are currently available to reveal the therapeutic effects of
EVs on LFH. In our study, we observed that EVs as bioactive materials
could attenuate the progression of fibrosis in LF cells and suppress LFH.
Moreover, EVs with miR-146a-5p or miR-221-3p knockdown only
partially impaired the fibrosis-inhibiting effects of hUCMSC-EVs on LF
cells. However, EVs with both knockdown miRNAs further impaired the
fibrosis-inhibiting effects of hUCMSC-EVs. Nevertheless, many more
experiments are needed to determine whether other miRNAs, IncRNAs,
proteins or lipids also suppress LF fibrosis.

Notably, EVs could be internalised by LF cells and transport miR-
146a-5p and miR-221-3p; this result was consistent with the previous
study where hUCMSC-EVs could be internalised by HK-2 cells (human
renal tubular epithelial cell line) and transport miR-125b-5p [54]. EVs
are able to transfer intraluminal cargo, including proteins, lipids and
regulatory RNA between cells, which play an important role in cell-cell
communication. EVs could be taken up by recipient cells in a variety of
mechanisms, including direct fusion, clathrin/caveolin-dependent
endocytosis, macropinocytosis, phagocytosis and lipid raft-mediated
endocytosis. EV uptake is a highly specific process that only occurs
when cells and EV share the right combination of ligand and receptor
[55]. However, the mechanism by which EVs enter recipient LF cells
needs further investigation.

EVs are natural carriers as therapeutic delivery systems and they
offer many advantages due to their low immunogenicity and toxicity,
biodegradability and biostability, possible intrinsic homing and ability
to cross various body barriers; their unique structure, made of a hy-
drophobic lipid bilayer and a hydrophilic core, allows the loading of a
multitude of different cargoes [56]. Our study has demonstrated that
hUCMSC-EVs could ameliorate LFH, but the accumulation after local
administration and clearance in vivo needs to be investigated further.
Additionally, the progression of LFH commonly experiences complex
and lengthy multiple phases; it is difficult to retain unconjugated or free
EVs in the LF site for an extended time. Several studies have reported
that a bioactive-injectable self-healing anti-inflammatory hydrogel with
ultralong EV release synergistically enhances the motor functional re-
covery of spinal cord injury because the hydrogel can retain the EVs in
the injured site for a controlled release after administration [57]. Syn-
thetic poly (D, 1-lactide)-b-poly (ethylene glycol)-b-poly (D, r-lactide)
(PDLLA-PEG-PDLLA; PLEL) triblock copolymer gels carrying EVs with
circRNA3503 overexpression were found to promote chondrocyte
renewal and alleviate the progressive loss of chondrocytes [58].
Therefore, it is necessary to develop an innovative and biocompatible
biomaterial as a sustained release carrier for EVs with the aim of effi-
cient retention and sustained release in the LF area and to ameliorate
LFH.

We acknowledge that several limitations exist in this study. First, we
only detected miR-146a-5p and miR-221-3p expressions in 20 human LF
specimens, a data base with a larger size is needed to further validate our
major findings. Second, whether other molecules play roles in the pro-
gression of LFH remains uncertain, and this warrants further investiga-
tion. Third, in our study, we used loss/gain of function by AAV, mimics,
or inhibitor transfection to evaluate the therapeutic effect of EVs.
However, genetically modified animal models will provide much better
information for further understanding of the underlying mechanism.
Fourth, local injection of EVs was used to treat LFH, but the distribution
of EVs in the mouse LF is still unclear; additionally, the easy diffusion,
short duration and pain of injection site would limit its application in
clinics. Future studies will be very meaningful to use the bioactive ma-
terials to load these engineering EVs and to optimize the therapeutic
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system for LFH. Last but not the least, an investigation to clarify whether
hUCMSC-EVs can ameliorate the progression of fibrosis in human LF
cells will be valuable.

5. Conclusion

Collectively, our study demonstrates that hUCMSC-EVs could be
used as a bioactive material to ameliorate the progression of fibrosis in
LF cells and suppressed LFH by delivering miR-146a-5p and miR-221-
3p, and that both miRNAs directly bonded to the 3'-UTR regions of
SMAD4 mRNA, which led to the inhibition of the TGF-$/SMAD4 sig-
nalling pathway. Our findings not only provided new insights into the
promising potential of hUCMSC-EVs/miRNA-based therapy but also
demonstrated that miR-146a-5p/miR-221-3p and SMAD4 are critical
therapeutic targets in the treatment of LFH. This work would signifi-
cantly enhance the translational application of hUCMSC-EVs-based
therapeutics for LSS.
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