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Background: In osteoarthritis (OA), articular homeostasis is regulated by
microRNA-140 that inhibits ADAMTS-5, an enzyme that cleaves aggrecan and
stimulates the synthesis of other inflammatory mediators. This study aims to
evaluate the expression of microRNA-140 in extracellular vesicles (EVs) derived
from equine synovial-membrane-derived mesenchymal stem cells (eqSMMSCs)
cultured in monolayer (2D) and three-dimensional (3D) culture models under an
in vitro inflammatory environment.

Methods: Four experimental groups of eqSMMSC cultures were defined for
isolation of the EVs. The 2D and 3D control groups were cultured in a
conventional cell culture medium, while the 2D-OA and 3D-OA treatment
groups were exposed to an OA-like medium containing IL-1β and TNFα. The
culture media samples were collected at 24 h, 72 h, and 120 h time points for EV
isolation and characterization using nanoparticle tracking analysis (NTA) and
transmission electron microscopy (TEM). Reverse transcription quantitative
polymerase chain reaction was employed to assess the expressions of
microRNA-140 in both the cells and EVs. All statistical analyses were
conducted at the 5% significance level.

Results: Encapsulation of the eqSMMSCs protected the cells from the
inflammatory media compared to the monolayer cultures. EVs were found in
higher concentrations in the 3D-OA cultures. Additionally, higher expressions of
microRNA-140 were observed in the cells of the 3D-OA group at 24 and 72 h,
whereas microRNA-140 expressions in the EVs were higher in the 3D group at
72 h and in the 2D-OA group at 120 h (p < 0.001). However, the 3D-OA culture
showed higher expression of the mRNA Adamts5 in the EVs at 120 h.

Conclusion: The responses of the eqSMMSCs to inflammatory stimuli involve
intracellular expression of microRNA-140 and its subsequent transportation via

OPEN ACCESS

EDITED BY

Piergiorgio Gentile,
Newcastle University, United Kingdom

REVIEWED BY

Annachiara Scalzone,
Center for Advanced Biomaterials for
Healthcare (IIT), Italy
Jayesh Dudhia,
Royal Veterinary College (RVC),
United Kingdom

*CORRESPONDENCE

João Pedro Hübbe Pfeifer,
joaopedropfeifer@gmail.com

Ana Liz Garcia Alves,
ana.liz@unesp.br

RECEIVED 12 April 2024
ACCEPTED 17 July 2024
PUBLISHED 07 August 2024

CITATION

Pfeifer JPH, Stievani FdC, Fernandes CJdC,
Rosa GdS, Apolonio EVP, Rossi MC,
Zambuzzi WF and Alves ALG (2024) Influence of
inflammation on the expression of microRNA-
140 in extracellular vesicles from 2D and 3D
culture models of synovial-membrane-derived
stem cells.
Front. Bioeng. Biotechnol. 12:1416694.
doi: 10.3389/fbioe.2024.1416694

COPYRIGHT

© 2024 Pfeifer, Stievani, Fernandes, Rosa,
Apolonio, Rossi, Zambuzzi and Alves. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Bioengineering and Biotechnology frontiersin.org01

TYPE Original Research
PUBLISHED 07 August 2024
DOI 10.3389/fbioe.2024.1416694

https://www.frontiersin.org/articles/10.3389/fbioe.2024.1416694/full
https://www.frontiersin.org/articles/10.3389/fbioe.2024.1416694/full
https://www.frontiersin.org/articles/10.3389/fbioe.2024.1416694/full
https://www.frontiersin.org/articles/10.3389/fbioe.2024.1416694/full
https://www.frontiersin.org/articles/10.3389/fbioe.2024.1416694/full
https://www.frontiersin.org/articles/10.3389/fbioe.2024.1416694/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2024.1416694&domain=pdf&date_stamp=2024-08-07
mailto:joaopedropfeifer@gmail.com
mailto:joaopedropfeifer@gmail.com
mailto:ana.liz@unesp.br
mailto:ana.liz@unesp.br
https://doi.org/10.3389/fbioe.2024.1416694
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2024.1416694


the EVs, with quicker responses observed in the 3D than 2D cultures. This study
sheds light on the behaviors of stem cells in restoring homeostasis in osteoarthritic
joints.
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Introduction

Several studies have described the action mechanisms and
functions of mesenchymal stem cells (MSCs), including their
paracrine actions and capability for differentiation (Carvalho
et al., 2014; Caplan, 2017; Li et al., 2017), thereby establishing
their potential as a source of bioactive factors for tissue repair
(Cassano et al., 2018a; Lange-Consiglio et al., 2018a; Park et al.,
2019; Ragni et al., 2020). The paracrine actions of MSCs involve
mechanisms mediated by extracellular vesicles (EVs) that are
released into the extracellular space and subsequently internalized
by the target cells. These EVs act as carriers of functional molecules
that exert paracrine effects (Ratajczak et al., 2006; Camussi et al.,
2010; Lange-Consiglio et al., 2018a). This mechanism provides
avenues for drug-delivery research by leveraging the natural
capabilities of EVs to encapsulate molecules and their tropism to
reach the affected sites (Crivelli et al., 2017).

MicroRNAs are small fragments of endogenous RNAs
transported in the EVs. Despite being non-coding components,
microRNAs play crucial roles in regulating the expressions of
various genes involved in cell regulation and homeostasis (Miyaki
and Asahara, 2012). Cell communications are often mediated
through the delivery of microRNAs encapsulated in EVs to
influence mRNA expressions in the target cells (Kosaka et al.,
2010; Pegtel et al., 2010). This mechanism is observed across
multiple diseases in various species, including humans and horses
(Lange-Consiglio et al., 2018a; Qiu et al., 2018; Ragni et al., 2020).
Scientific findings related to musculoskeletal disorders in
experimental animal models, such as the equine (McIlwraith
et al., 2012) and ovine species, can be transversely applied to
human health. These animal models are particularly relevant for
studying human orthopedic conditions, including osteoarthritis
(OA), given that OA occurs naturally in these species (Kuyinu
et al., 2016; Ribitsch et al., 2020).

OA is a multifactorial joint disease with a high incidence in both
humans and horses (Frisbie et al., 2002). At the molecular level,
osteoarthritic joints exhibit downregulation of certain microRNAs,
which contribute to the progression and perpetuation of this disease
(Iliopoulos et al., 2008; Miyaki and Asahara, 2012; Mobasheri et al.,
2017; Budd et al., 2018). MicroRNA-140 exerts direct effects on
articular homeostasis, demonstrating tissue-specific expressions and
functions across various species like humans, horses, and mice
(Iliopoulos et al., 2008; Miyaki et al., 2009; Nakamura et al.,
2011; Buechli et al., 2013; van der Kolk et al., 2015; Yin et al.,
2017). In the osteoarthritic microenvironment, there is a
downregulation of microRNA-140 expression compared to
healthy cartilage (Miyaki et al., 2009; Tardif et al., 2009; Zhang
et al., 2021); this downregulation is attributed to an increase in the
expression of the target mRNA Adamts5 (a disintegrin and

metalloprotease with thrombospondin type 5) (Miyaki et al.,
2010). Adamts5 is a precursor of aggrecanase-2 or ADAMTS5, a
metalloproteinase that plays a significant role in promoting
signaling to inflammatory enzymes and proteins like IL-1β,
thereby contributing to cartilage degradation (Kobayashi et al.,
2013; Sandy et al., 2015). ADAMTS5 directly cleaves aggrecan,
which is the molecule responsible for maintaining binding within
the collagen network (Glasson et al., 2005).

According to Miyaki et al. (2009), stimulation with IL-1β leads
to negative regulation of microRNA-140 and positive regulation of
ADAMTS5. Conversely, transfection of microRNA-140 in
chondrocytes not only enhances aggrecan synthesis but also
suppresses ADAMTS5 expression induced by IL-1β (Miyaki
et al., 2009). This evidence strongly supports that ADAMTS5 is a
direct target of microRNA-140, indicating its pivotal
chondroprotective role in cartilage metabolism (Miyaki et al.,
2010; Karlsen et al., 2016; Tao et al., 2017; Yin et al., 2017; Duan
et al., 2020; He et al., 2020). Cell-based therapies and regenerative
medicine have been employed extensively to restore articular
homeostasis. Bioengineering techniques play crucial roles in
creating optimal conditions for the cells to perform their
biological functions effectively. For instance, MSCs intended for
use in chondral repair demonstrate improved proliferation and
chondrogenic differentiation when cultured in three-dimensional
(3D) sodium alginate scaffolds, which not only mimic the in vivo
environment more closely but also allow enhanced molecular
communication facilitated by the porosity of the alginate capsules
(Santos et al., 2018; Santos et al., 2019).

MSCs sourced from various tissues offer strategies for treating
different diseases in tissue engineering and regenerative medicine.
Among these, adipose-tissue-derived MSCs (ADMSCs) and bone-
marrow-derivedMSCs (BMMSCs) are widely used owing to their easy
availability and isolation. However, MSCs exhibit epigenetic memory,
making it crucial to consider using cells from tissues closely related to
the specific target of treatment or study, as this can significantly
influence cellular signaling and functional properties (Walewska et al.,
2023). Synovial-membrane-derived mesenchymal stem cells
(SMMSCs) constitute another source that can be easily obtained
through arthroscopy (Baboolal et al., 2018) and are promising for
treating joint diseases. Studies have explored the use of these cells in
OAmodels, including in rodents and equines for orthopedic research
(Estakhri et al., 2020; Santos et al., 2023). In vitro studies have
demonstrated that SMMSCs exhibit superior potential for
chondrogenic differentiation compared to other cell sources
(Yoshimura et al., 2007). Another critical aspect of SMMSCs is
that when they are cultured in a 3D environment such as an
alginate hydrogel, their potential for chondrogenic differentiation is
enhanced, as shown in several studies (Sun et al., 2011; Lee and
Mooney, 2012; Lee et al., 2013; Santos et al., 2018).
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Therefore, studies investigating the responses of cells under
different culture methods in an inflammatory environment
provide crucial data and significantly contribute to the field of
regenerative medicine. Understanding how such cells behave
under these conditions is essential for developing effective
therapeutic strategies aimed at treating inflammatory and
degenerative conditions like OA. Such research can inform the
optimization of culture techniques and development of targeted
therapies that harness the regenerative potential of MSCs.

Methods

The aim of this study was to characterize the EVs secreted by
equine SMMSCs (eqSMMSCs) under two different culture methods
and to evaluate the expressions of microRNA-140 within these
vesicles for assessing the impacts of an inflammatory medium on
these parameters. The present study was conducted in accordance
with the principles of ethics and animal welfare in experimentation
and has received approval from the Ethics Committee on Animal
Use (CEUA) of the School of Veterinary Medicine and Animal
Science of UNESP, Brazil (protocol number 187/2019).
Additionally, the recommendations of the International Society
for Extracellular Vesicles (Welsh et al., 2024) were adhered to
throughout this study.

Experimental design

The SMMSCs used in this study were obtained from our
laboratory’s cell storage. These cells were derived from a 1.5-
year-old quarter horse healthy donor without any clinical or
infectious conditions relevant to the research objectives. Prior to
this study, the SMMSCs were characterized for immunophenotype
and trilineage differentiation capabilities, as described in a
previously published work from our laboratory (Rosa et al., 2020).

For this study, two control and two treatment groups were
defined. The control groups consisted of eqSMMSCs cultured in a
monolayer (2D) and eqSMMSCs encapsulated in sodium alginate
beads (3D), both of which were cultured in a conventional medium
containing DMEM-F12/glutamax +10% fetal bovine serum (FBS)
+1% antibiotic–antimycotic (penicillin + streptomycin +
amphotericin B) (#10565018, #12657029, and #15240062,
respectively, Gibco, Grand Island, NY, United States). The other
two groups were subjected to an inflammatory medium termed
“OA-like”; these groups included eqSMMSCs cultured in a
monolayer (2D-OA) and eqSMMSCs encapsulated in sodium
alginate beads (3D-OA), both of which were exposed to the OA-
like medium containing IL-1β and TNFα.

All eqSMMSCs were initially cultured in a monolayer using
culture flasks until reaching 80% confluency. The cells intended for
the 3D and 3D-OA groups were subsequently encapsulated and
incubated for 12 h to allow adaptation to the new 3D organization
before introduction of the corresponding experimental medium.
Each experimental group was cultured in triplicate at each time
point to ensure robustness and reliability of the results. For the 24-h
and 72-h time points in each group, 1.5 mL of the medium was used
per well. At the 120-h time point, 1 mL of the medium was added

after 72 h of cell culturing to ensure adequate nutrition without
changing the medium.

Samples of the culture medium were collected from all
experimental groups at 24 h, 72 h, and 120 h after initial
exposure, and the EVs were isolated from these media. The
remaining cells at each time point were lysed directly on the
culture plate for the 2D or 3D groups sodium alginate capsules
were first dissolved by incubating in 4% sodium citrate for 20 min
at 37°C; after dissolution, the cells were washed with phosphate
buffer solution (PBS), centrifuged to collect the cell pellets, and
then lysed using QIAzol lysis reagent (#217004, Qiagen,
Germantown, MD, United States) following the manufacturer
protocols. Following lysis, the samples from both the 2D and
3D groups were stored for subsequent analyses using reverse
transcription quantitative polymerase chain reaction (RT-
qPCR), as depicted in Figure 1.

Depletion of EVs in FBS

FBS (#12657029, Gibco, Grand Island, NY, United States) and
buffer solution were filtered with a 0.22-μm mesh and
ultracentrifuged to remove the eventual xenogenic or
contaminant EVs. Here, an ultracentrifuge was used (Sorvall
Ultra Pro 80, DuPont, Wilmington, DE, United States) with a
rotor for 30-mL tubes (T865 Sorvall, DuPont, Wilmington, DE,
United States). The centrifugation was performed overnight at
120,000×g and 4°C to produce EV-free FBS (FBSevfree) that was
stored at −20°C. The transmission electron microscopy (TEM)
images of FBSevfree are shown in Supplementary Data S1.

Encapsulation and experimental culture
of eqSMMSCs

The cells were trypsinized at 80% confluence (Trypsin-EDTA
0.25%, #25200072, Gibco, Grand Island, NY, United States); after
counting, 5 × 106 cells were resuspended in 0.84 mL of 1.5% sodium
alginate (#W201502. Sigma-Aldrich, Saint Louis, MO,
United States) and placed in a 10 mL syringe attached to an
infusion pump. The solution was dripped into 1.2 M CaCl2 and
maintained for 20 min to allow alginate crosslinking. The newly
formed capsules were placed in a 6-well plate. Each well received five
capsules containing approximately 5 × 104 cells each (2.5 × 105 cells/
well), which was the same number of starting cells/well as the 2D
groups. The cell number and viability were not measured at any time
point for the 3D and 2D cultures.

Each group was plated in triplicate, and all cultures were washed
with PBS to remove any remaining media or CaCl2, followed by an
adaptation time of 12 h in a culture medium containing DMEM-
F12/glutamax +10% FBSevfree + 1% antibiotic–antimycotic
(penicillin + streptomycin + amphotericin B), which had the
same constitution as the medium used in the 2D and 3D groups
subsequently. The OA-like medium was composed of DMEM-F12/
glutamax +10% FBSevfree + 1% antibiotic–antimycotic +10 ng/mL
IL-1β (Sylvester et al., 2012) (#PHC0814. Gibco, Grand Island, NY,
United States) and 0.25 ng/mL TNFα (Westacott et al., 2000)
(#PHC3015L. Gibco, Grand Island, NY, United States).
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Isolation of the EVs

Isolation protocols were performed using the Total Exosome
Isolation kit (from cell culture media) (#44783559, Invitrogen,
Carlsbad, CA, United States) according to the manufacturer’s
instructions. Briefly, the sample media were centrifuged at
2,000×g for 30 min at 4°C, and the supernatants were placed
in RNase-free tubes before mixing with the isolation solution in
the ratio of 0.5:1 mL. The samples were homogenized and
incubated overnight at 4°C in a stirrer plate. After centrifuging
at 10,000×g for 1 h at 4°C, the supernatants were removed and the
pellets containing the EVs were recovered with 200 μL of PBS.
The samples were then stored at −80°C until analysis.

Morphological characterizations of the EVs

The samples were fixed in nickel grids (Lässer et al., 2012), and
the EVs were characterized according to their morphologies and
sizes/concentrations by TEM (Philips CM200, 160 kV, filament
LaB6). The mean size and concentration were determined by
nanoparticle tracking analysis (NTA) using the NanoSight
(NS300, Malvern Panalytical, ENG) equipment.

Expression of microRNA

Quantitative analyses of microRNA-140 in the EVs and
eqSMMSCs were performed by RT-qPCR, and all analyses

were carried out following manufacturer recommendations.
Total DNA extraction was performed with the miRNeasy
Mini kit (#217004, Qiagen, Germantown, MD, United States).
The cDNA reverse transcription of each sample was performed
using the TaqMan MicroRNA Assay Reverse Transcription kit
(#4366596, Applied Biosystems, Foster City, CA, United States),
and microRNA-140 was detected using the TaqMan Fast
Advanced Master Mix reaction kit (#4444556, Applied
Biosystems, Foster City, CA, United States) and a TaqMan
microRNA Assay probe (mmu-mir-140-5p, a commercial
sequence homologous to the equine microRNA-140 eca-mir-
140-5p (Buechli et al., 2013), confirmed by mirbase.org)
(#assayID001187, Applied Biosystems, Foster City, CA,
United States). The gene U6 snRNA TaqMan microRNA
Assay (#assayID001973, Applied Biosystems, Foster City, CA,
United States) was used as the internal control for normalization
of the differences between the samples. The obtained data were
analyzed using the 2−ΔΔCT method (Livak and Schmittgen, 2001),
and all steps were executed using the QuantStudio 3 (Applied
Biosystems, Foster City, CA, United States) equipment.

Gene expression

Quantitative analyses of CD9, CD63, CD81, and Adamts5
within the EVs were performed by RT-qPCR from a pool of
triplicate results of each group at each time point. The primers
were obtained from Exxtend Biotecnologia (Paulínia, SP, BRA)
and are described in Supplementary Data S2. Extraction of the

FIGURE 1
Study design. First, equine synovial-membrane-derived mesenchymal stem cells were cultured in a monolayer until reaching 80% confluency, after
which they were counted for encapsulation (upper image of the encapsulation diagram) for the 3D groups; the remaining cells were counted for the 2D
groups. Initially, all groups received a total of 2.5 × 105 cells/well. A conventional cell culture medium was used in groups 2D and 3D; for groups 2D-OA
and 3D-OA, we used an inflammatory cell culturemedium (10 ng/mL of IL-1β and 0.25 ng/mL of TNF-α). For extracellular vesicle (EV) isolation, were
define 24, 72, and 120 h as the experimental time points. The EVs were characterized for their morphologies, sizes, concentrations, and tetraspanin
expressions. We also performed analyses of the microRNA-140 expressions on eqSMMSCs and EVs as well as expression of Adamts5 on the EVs.
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DNA from the EVs for RT-qPCR was performed using Qiazol
with the miRNeasy Mini kit (#217004, Qiagen, Germantown,
MD, United States). The cDNA reverse transcription was
performed with the high-capacity cDNA reverse transcription
kit (#4368813 Applied Biosystems, Foster City, CA,
United States). The GAPDH gene was used as the internal
control for normalizing the differences among the samples,
and the data were analyzed using the 2−ΔΔCT method (Livak
and Schmittgen, 2001). All steps were executed using the
QuantStudio 3 equipment.

Statistical analysis

Data on the microRNA expressions, gene expressions, sizes,
and concentrations of the EVs were subjected to normality
testing using the Kolmogorov–Smirnov test. The parametric
data were analyzed using one-way ANOVA, while the non-
parametric data were analyzed using the Kruskal–Wallis test.
Tukey’s multiple comparisons test was used to compare the
groups showing statistical differences. Additionally,
Friedman’s repeated measures test was used to compare
different time points within each group. Correlation analysis
between the microRNA values of cells and EVs was conducted
using Pearson’s correlation test (P), followed by linear regression
to obtain the adjusted R-squared value. All statistical analyses
were performed using GraphPad Prism software at the 5%
significance level.

Results

Cell encapsulation

Several differences were noted among the cell cultures
(Figure 2). Cells from the 2D group maintained a fibroblastic
morphology and high confluence, whereas cells from the 2D-OA
group showed retraction of the filopodial bundles after 24 h, losing
the fibroblastic morphology and adopting a cuboidal shape with low
confluence at the subsequent time points, indicating cell death. The
cells of the 3D group remained within the alginate capsules after
24 h, showing initially low rates of migration/proliferation that
increased to a large value at 120 h, as demonstrated by the
attachment of the cells to the well surface. Similarly, the 3D-OA
group showed higher cell confluence and attachment at 120 h.

Isolation of the EVs

The method of isolation was successful in all groups and time
points, as observed in the TEM (Figure 3) and NTA (Figure 4)
results. Analyses of the concentration and size of the EVs
demonstrated variations between groups and time points
(Table 1, 2, respectively). The concentration of EVs in the 3D
group was similar to that for the 3D-OA group at 24 h but
higher than those of the 2D and 2D-OA groups. The 3D-OA
group was statistically similar to the 2D group but had higher
value than the 2D-OA group, which presented with the lowest

FIGURE 2
Comparisons between the cell cultures at the corresponding moments of conditioned medium collection. The boxed corners indicate the areas.
(A–D) 24 h, (E–H) 72 h, and (I–L) 120 h. The green arrows indicate the fibroblastic morphologies of the eqSMMSCs (A,C,E). The black arrows in
(B,D,F,G,H,J,L) indicate the borders of the alginate hydrogel capsules, and the white dotted lines indicate the capsule borders in (J,L). In (B–D), the yellow
arrows indicate cell migration from the capsule to the plate and subsequent adherence to the plate, showing fibroblasticmorphology; in (F,G,H,J,L),
we observe adherence of the plate cells that migrated and/or proliferated as well as adherence of the eqSMMSCs under the capsule to the plate. The
white arrows in (I,K) indicate areas of repelled eqSMMSCs, given the high confluence. Cells with loss of the fibroblastic morphology (black arrowheads)
are indicated in (G,K). Magnification ×5 and scale bar 200 µm.
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concentration of EVs among all groups. Group 3D-OA presented
with a statistically higher concentration of EVs compared to all
groups at 72 h (p = 0.006) and 120 h (p < 0.001). Comparing the time
points for the 3D-OA group, there were no differences at the 24 h
and 72 h time points, but a significant increase in concentration was
observed at 120 h (p = 0.037).

Although the 2D group showed the second highest
concentration of EVs, there were no statistical differences with
the other groups at 24 h and 120 h. Interestingly, a moderate but
significant decrease of approximately 25% in the concentration of
EVs was observed at 72 h in the 2D group, whereas the 3D group
demonstrated a severely decreased concentration of EVs at 72 h
(approximately 50%), which was statistically lower than its value
at the 24 h time point (p < 0.001). On the other hand, the 2D-OA
group showed similar results at all time points (p = 0.210).
Comparison of the mean EV sizes at 24 h revealed smaller
EVs in groups 3D and 3D-OA, which were statistically
different from that of the 2D-OA group (p = 0.006). At 72 h,
group 2D showed larger EVs, which was statistically different
from all the other groups (p = 0.001). At 120 h, the 3D-OA group
showed smaller EV sizes, and all groups presented with
significant differences (p < 0.001), with larger sizes of EVs in
both the control groups.

Considering each group individually, the 2D group showed an
increase of approximately 44% in the mean EV size between 24 h
and 72 h, followed by a slight decrease at 120 h. At the 24 h time
point, statistical differences were observed with the other time points
for this group (p = 0.006). The 3D group showed a progressive
enhancement of approximately 27% in the mean EV size through
the experimental time points, presenting statistical differences from

24 h to 120 h (p = 0.010). The 2D-OA and 3D-OA groups showed
decreasing mean EV sizes through the time points ( 12% and 11%,
respectively), without any statistical significance (p = 0.182 and p =
0.316, respectively).

Gene expressions for characterization of
the EVs

Relative mRNA expressions of the tetraspanins CD9, CD63, and
CD81 versus normalized control GAPDH were heterogeneously
observed in all groups at all time points, confirming the
feasibility of EV characterization.

CD9
The expression of CD9 was higher at 24 h in the 3D-OA group

compared to all other groups. This expression decreased
significantly at 72 h, at which point there were no statistical
differences among the groups. At 120 h, the 2D group
maintained its expression, whereas the 3D and 2D-OA groups
showed decreased expressions compared to the other groups. At
this time point, CD9 expression in the 3D-OA group decreased
significantly, differing from those of the 3D (p = 0.0165) and 2D-OA
(p = 0.0343) groups (Figure 5A). Considering each group in
isolation, there was a pattern of decrease in CD9 expression
through time. Groups 2D and 3D did not present differences
through time, whereas the treatment groups 2D-OA and 3D-OA
showed statistical differences between 24 h and 120 h (p = 0.027 and
p < 0.001, respectively). These individual group results are shown in
Supplementary Data S3.

FIGURE 3
Transmission electron microscopy. The images correspond to (A–D) 24 h, (E–H) 72 h, and (I–L) 120 h. Small EVs are indicated by the yellow
arrowheads, and the lipid bilayers of the EVs are observed in (A,D,G,H,K,L). Scale bar 100 nm.
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CD63
At 24 h, the 2D group demonstrated a significantly higher

expression of CD63 compared to the 2D-OA group (p = 0.0292).
The higher expression in the 2D group was significantly superior to

all the groups at 72 h. Even though the 2D group maintained a high
expression of CD63 at 120 h, the 3D-OA group presented a
significant increase over the other groups (p < 0.0001)
(Figure 5B). The mean CD63 expressions within the groups

FIGURE 4
Nanoparticle tracking analysis showing the concentration and average size at each time point.

TABLE 1 Nanoparticle tracking analysis. EV concentration is in terms of particles/mL × 1011. The data are presented as mean ± SD.

Groups Time points p value

24 h 72 h 120 h

2D 1.24 ± 0.09 bA 0.90 ± 0.17 bB 1.27 ± 0.02 bA 0.046

3D 1.64 ± 0.02 aA 0.93 ± 0.06 bB 0.82 ± 0.08 cB <0.001

2D-OA 0.81 ± 0.13 cA 1.03 ± 0.16 bA 0.86 ± 0.12 cA 0.210

3D-OA 1.46 ± 0.22 abB 1.36 ± 0.03 aB 1.79 ± 0.07 aA 0.037

p value <0.001 0.006 <0.001
a,b,A,B,cMean values followed by the same lowercase letters along the columns and uppercase letters along the rows did not statistically differ based on Tukey’s test (p > 0.05).
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showed minimal variations through time. However, the treated
groups showed progressively increased expressions, with
differences between 24 h and 120 h in the 2D-OA group (p =
0.028), whereas the expression of the 3D-OA group at the 120 h time
point was significantly higher than those at 24 h and 72 h (p = 0.001).
These individual group results are shown in Supplementary Data S4.

CD81
The 2D-OA and 3D-OA treatment groups showed higher

expressions at 24 h compared to the control groups, with the
highest expression occurring in the 3D-OA group compared to
the 2D-OA group. Significant decreases were observed at 72 h in the
2D-OA and 3D-OA groups, whereas both control groups had

TABLE 2 Nanoparticle tracking analysis of mean EV sizes (nm) for different groups and culture models. The data are presented as mean ± SD.

Groups Time points p value

24 h 72 h 120 h

2D 180.97 ± 17.37 abB 272.53 ± 16.70 aA 268.33 ± 16.06 aA 0.006

3D 160.37 ± 1.14 bB 198.43 ± 23.5 bA 219.53 ± 15.10 bA 0.010

2D-OA 214.17 ± 17.69 aA 196.10 ± 20.05 bA 188.13 ± 3.63 cA 0.182

3D-OA 174.77 ± 7.65 bA 167.27 ± 18.73 bA 155.40 ± 1.76 dA 0.316

p value 0.006 0.001 <0.001
a,b,c,d,A,BMean values followed by the same lowercase letters along the columns and uppercase letters along the rows did not statistically differ based on Tukey’s test (p > 0.05).

FIGURE 5
EV characterization by the relative gene expressions of tetraspanins CD9, CD63, and CD81, with normalization of GAPDH. p values: p ≤ 0.05*, p ≤
0.01**, p ≤ 0.001***, and p ≤ 0.0001****.

Frontiers in Bioengineering and Biotechnology frontiersin.org08

Pfeifer et al. 10.3389/fbioe.2024.1416694

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1416694


maintained expressions. Furthermore, the 2D group showed a
statistically higher expression than the 2D-OA (p = 0.0025) and
3D-OA (p = 0.0042) groups, and there was a difference between the
3D and 2D-OA (p = 0.0451) groups. Group 2D was significantly
different from all groups at 120 h, and there was higher expression in
the 3D-OA group compared to the 2D-OA (p = 0.0455) group
(Figure 5C). Individually, the CD81 expressions varied only in the
2D-OA and 3D-OA groups between 24 and 72 h (both p < 0.001).
These individual group results are shown in Supplementary Data S5.

Expression of microRNA-140

The expressions of microRNA-140 between eqSMMSCs and
EVs were observed at different levels in all groups at all time points,
predominantly in groups 2D-OA, 3D, and 3D-OA (Figure 6).

eqSMMSCs
The expression of microRNA-140 varied with time, with a 7.5-

fold increased expression in the 3D-OA group than the control
groups 2D (p = 0.0001) and 3D (p < 0.0001) as well as a 7-fold
increase compared to group 2D-OA (p < 0.0001) at 24 h. At 72 h, the
3D-OA group maintained a higher expression compared to the
other groups, which was 14-fold higher than the 2D (p < 0.0001) and
3D (p < 0.0001) groups as well as 15-fold higher than the 2D-OA
group (p < 0.0001). At 120 h, however, decreases in expressions were
noted in all the groups, with similar expressions for all groups. At

this time point, the 3D group presented a slight increase over the
other groups, with 1.2-fold higher values than the 2D (p = 0.0014)
and 2D-OA (p = 0.0005) groups as well as 1.7-fold higher value than
the 3D-OA (p < 0.0001) group (Figure 6A). Independently,
differences were observed in the 2D-OA group between 24 h and
72 h (p = 0.029), and the 3D-OA group showed differences between
72 h and 120 h (p = 0.006), with no differences being observed in the
control groups. These individual group results are shown in
Supplementary Data S6.

EVs
Relative expressions of the microRNA-140 in the EVs presented

differences from the cell expressions, with the values being lower in
the EVs. Differences were observed between the groups at 24 h, with
the lowest expression occurring in the 3D group, with was 0.7-fold
lower than those of the 2D (p = 0.0174) and 2D-OA (p = 0.0187)
values. At 72 h, while the 2D, 2D-OA, and 3D-OA groups
demonstrated lower expressions of microRNA-140, group 3D
showed a significant increase of approximately five times in its
expression. There was a significant difference in the 3D group when
compared to all other groups (p < 0.0001). At 120 h, group 3D
showed a discrete decrease in its expression, whereas the 2D-OA
group showed a significant increase and statistical differences with
all other groups (p < 0.0001); this was 15 times higher than that of
the 3D (p = 0.0006) group and 20 times higher than those of the 2D
and 3D-OA (p < 0.0001) groups (Figure 6B). Considering each
group in isolation, only the treatment groups presented statistically

FIGURE 6
Analysis of microRNA-140 relative expressions in eqSMMSCs and EVs, with normalization of GAPDH. (A) shows the expression of eqSMMSCs and (B)
shows EV expressions at different time points. p values: p ≤ 0.05*, p ≤ 0.01**, p ≤ 0.001***, and p ≤ 0.0001****.
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significant increases between 72 h and 120 h (2D-OA with p =
0.006 and 3D-OAwith p < 0.001). These individual group results are
shown in Supplementary Data S7. No further differences
were observed.

Correlation of microRNA-140 in eqSMMSCs
and EVs

Negative correlations were observed at 24 h in the 2D (EVs versus
cells; p = −0.851), 3D (EVs versus cells; p = −0.958), and 2D-OA (EVs
versus cells; p = −0.823) groups. The analysis of groups at the
remaining time points revealed positive correlations for the 3D-
OA group at 72 h and 120 h (p = 0.616 and p = 0.791,
respectively) time points, where it was possible to observe
concomitant decreases in the expressions of microRNA-140 in
both cells and EVs (Figure 7).

Gene expression of Adamts5 within the EVs

Results of the Adamts5 gene expressions are shown in
Supplementary Data S8 and Figure 8. A significant difference (p =
0.0144) was observed at 24 h between the control and treatment
groups. At 72 h, the expression was maintained in the 2D group but
decreased in the 3D and significantly increased in the 3D-OA groups,
with 2-times higher expression than the 3D (p = 0.0051) and 2.3-times
higher expression than the 2D-OA (p = 0.0027) groups. At 120 h, the
3D-OA group showed a notable increase in Adamts5 gene expression
compared to the other groups (p < 0.0003), with 2-times increase
compared to the 2D-OA (p = 0.0136), 10.5 times increase than the 2D

(p = 0.0006), and 11 times increase than the 3D (p = 0.0004) groups.
Individually, only the treatment groups showed differences over time.
Group 2D-OA and 3D-OA showed increased expressions at 120 h
than at 24 h and 72 h (p = 0.010 and p = 0.006, respectively).

Discussion

Several factors, including the environment and experimental model,
can influence the release of EVs and their contents during signaling by
the SMMSCs. In the context of our study, we observed no significant
signs of cell damage or death in the 3D-OA group, suggesting that these
cells were resilient to the inflammatory environment (Sun et al., 2011).
This resilience could be attributed to twomain factors, namely, the three-
dimensional organization of the MSCs in the sodium alginate scaffold
(which potentially enhances their paracrine functions by mimicking
natural cell arrangements to facilitate cellular interactions) and the
physical barrier provided by the scaffold itself (which may protect
cells from inflammatory proteins and other detrimental factors
present in the OA-like medium) (Lee and Mooney, 2012).

The gradual and indirect exposure of the cells to the
inflammatory environment may have prompted their ability to
become primed and adapt to the conditions of OA (Barrachina
et al., 2017; Cassano et al., 2018b; Lange-Consiglio et al., 2020). This
adaptation could potentially explain the superior outcomes observed
in the 3D-OA group. Furthermore, alginate has the capability to
bind low-molecular-weight substances, such as cytokines (Lee and
Mooney, 2012), which could reduce their concentration in the
medium and facilitate cell priming.

FIGURE 7
Analysis of the data correlation coefficient for microRNA-140 expressions between eqSMMSCs and EVs for the different groups at different times.
R-squared values are related to data dispersion and quality of the sample N. P is the Pearson’s correlation coefficient.
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The fluctuation in the EV concentrations may be a result of
various interactions among the cells, scaffolds, and culture medium in
the three-dimensional cultures or from high cell confluence in the 2D
monolayer group. Inflammatory conditions, such as those simulated
in this study, significantly impact cell behaviors and secretion profiles.
Moreover, the EVs serve as crucial carriers of intercellular
communications (Zech et al., 2012; Mulcahy et al., 2014; Van Niel
et al., 2018) and are continuously produced and absorbed within a
normal cell population. Their production and release are intricately
linked to cellular responses and environmental cues, underscoring
their importance in cell signaling and regulatory mechanisms.

Higher concentrations of EVs were initially observed in the three-
dimensional groups, which is consistent with findings from an earlier
study comparing monolayer and spheroid cultures of murine
colorectal cancer cells (Hwang et al., 2019). Inflammation appears
to play a pivotal role in EV production, as demonstrated in a study by
Viñuela-Berni et al. (2015), which reported increased levels of EVs in
urine and blood samples from patients with lupus or rheumatoid
arthritis; this study also showed that EVs stimulated the release of
TNF-α and IL-1 in vitro. MSCs also show increased EV production
when exposed to media containing IFN-γ (Ragni et al., 2020).
Similarly, cytokines used in the OA-like medium (IL-1β and TNF-
α) may have influenced the concentration of EVs in the 3D-OA group.

High cell confluence in the monolayer culture may have also
contributed to the increase in EVs over time, as the cells continue to
proliferate within a confined and limited culture area. In contrast,
the absence of protective and attenuating mechanisms in the 2D-OA
group likely resulted in cell death and a subsequent decrease in EVs
over time compared to the control 2D group. This occurred despite
the fact that the combination of IL-1β and TNF-α at the
concentrations used in this study is considered optimal for an
in vitro experimental model of OA (Johnson et al., 2016).

It is plausible that the sizes of the EVs were overestimated in this
study owing to the precipitation method used, which tends to form
EV aggregates. This can result in overestimation when analyzing EV
size by NTA (Klymiuk et al., 2019). Our findings on the EV sizes are
aligned with those reported by Patel et al., who also investigated
various EV isolation methods (Patel et al., 2019). Therefore, the
mean size obtained through NTA may not correspond with the
results from TEM, where the EVs typically appeared to be around
100 nm in size. This discrepancy suggests the possibility of EV
aggregation during the precipitation process.

The presence of transmembrane proteins such as CD9, CD63,
and CD81 is crucial for accurately characterizing the EVs and
confirming the contents of the samples (Welsh et al., 2024).
Tetraspanins like CD9 and CD81 play roles in selecting the cargo
molecules transported by EVs, and they are involved in regulating
the endosomal sorting complex required for transport (ESCRT)
machinery (Chairoungdua et al., 2010). On the other hand, CD63 is
directly associated with the synthesis of EVs, which may occur
through ESCRT-independent pathways (Van Niel et al., 2018).

According to the International Society of Extracellular Vesicles,
the presence of tetraspanins such as CD9, CD63, and CD81 should
ideally be confirmed using methods like ELISA, colorimetric
analysis, or flow cytometry. These techniques utilize beads or
cytometers capable of detecting nanoparticles (Welsh et al.,
2024). However, gene expression analysis can also provide
valuable insights into the presence and expression levels of
tetraspanins. It has been observed that gene expression analysis
can reveal heterogeneous expression patterns of tetraspanins among
different experimental groups over time. The influence of the OA-
like medium should indeed be considered, as evidenced by the
higher expressions of CD9 and CD81 observed in the 3D-OA and
2D-OA groups. This suggests that the inflammatory medium may
have induced a significant increase in the selection of cargo
molecules within the EVs via CD9 and CD81. These tetraspanins
are known to play crucial roles in regulating the cargo and biogenesis
of EVs, potentially modulating the cellular environment through
the eqSMMSCs.

CD63 is known to be involved in the biogenesis of EVs,
particularly in the process where intraluminal vesicles are formed
within multivesicular bodies (MVBs) before being released as
exosomes (Van Niel et al., 2018). The higher expression of
CD63 observed in the 3D-OA group at 120 h may indeed be
related to the smaller size of the EVs observed in the NTA. This
finding is aligned with the results of the study by Edgar et al. (2014),
which noted a correlation between CD63 expression and formation
of small intraluminal vesicles, often referred to as pre-exosomes. The
higher expression of CD63 in the 3D-OA group suggests an active
process of EV formation, potentially leading to the production of
smaller EVs, as detected by the NTA. These insights underscore the
dynamic nature of EV biogenesis and regulatory roles played by
tetraspanins like CD63 in responding to inflammatory conditions,
such as those simulated in the OA-like medium.

FIGURE 8
Adamts5 relative gene expression analysis in EVs with normalization of GAPDH. p values: p ≤ 0.05*, p ≤ 0.01**, and p ≤ 0.001***.
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The expressions of microRNA-140 in both the EVs and
eqSMMSCs are indicative of paracrine signaling, reflecting its
crucial role in maintaining articular homeostasis (Miyaki et al.,
2009; Tardif et al., 2009; Miyaki et al., 2010; Karlsen et al., 2016; Tao
et al., 2017; Yin et al., 2017). The results from both control groups in
our study exhibited normal microRNA-140 expressions, which are
aligned with previous findings in healthy joints (Yin et al., 2017).
This consistency suggests that under normal physiological
conditions, microRNA-140 is appropriately regulated and
contributes to the maintenance of joint health and function.

Yin et al. (2017) demonstrated an inverse relationship between
the expression of microRNA-140 in human synovial fluid and
severity of OA, reporting a relative expression (fold-change) of
0.36 in mild cases, 0.173 in moderate cases, and 0.036 in severe
cases, compared to 1.08 in the control group. In our study, we
observed 7-fold and 14-fold increases in the relative expressions of
microRNA-140 in eqSMMSCs from the 3D-OA group at 24 h and
72 h, respectively, after exposure to an inflammatory environment.
These findings suggest that modulation of the microRNA-140
expressions in the eqSMMSCs under inflammatory conditions
may parallel observations in human OA.

The increase in the expression of microRNA-140 observed at
120 h in the 3D group may indeed be influenced by the extended
culture period, as suggested by Lange-Consiglio et al. (2018b). Their
study demonstrated alterations in the microRNA profiles of
amniotic stem cell cultures beyond 96 h, indicating potential
phenotypic changes and senescence. Additionally, chondrogenesis
induced by the alginate scaffold (Santos et al., 2018) might have
contributed to the observed changes in microRNA expression in our
study. It is known that microRNA-140 can be activated by the
transcription factor SRY-box 9 (SOX9), and there is a positive
correlation between microRNA-140 expression and SOX9 during
embryonic chondrogenesis and chondrogenic differentiation of
MSCs (Nakamura et al., 2011; Nakamura et al., 2012; Buechli
et al., 2013; Tao et al., 2017). Therefore, the combination of
extended culture duration and chondrogenic induction by the
scaffold could have synergistically influenced the expressions of
microRNA-140 in our experimental setup.

The high expression of microRNA-140 observed in the MSCs of
the 3D-OA group contrasted with its discrete expression within the
EVs, suggesting that MSCs synthesizedmicroRNA-140 robustly while
only a small portion of it was transported via the EVs. This
discrepancy may reflect the selective packaging mechanisms or
regulatory processes within the cells, where not all synthesized
microRNAs are encapsulated into EVs for extracellular
communication. Conversely, the delayed response in microRNA-
140 expression observed in the 2D-OA group could be attributed
to initial cell damage caused by direct contact with the inflammatory
medium. This damage may have temporarily disrupted cellular
processes, including the synthesis and release of microRNAs via
the EVs. Overall, our results suggest that the microRNA-140
production is mobilized in response to inflammatory conditions in
an effort to restore homeostasis. This is supported by the observation
that both groups exposed to the inflammatory medium (2D-OA and
3D-OA) expressed microRNA-140 in the MSCs as well as in EVs.

The finding that both MSCs and EVs expressed microRNA-140
under inflammatory conditions is contrary to the initial observations
by Miyaki et al. (2009), who reported downregulation of microRNA-

140 and upregulation of ADAMTS5 in chondrocytes treated with IL-
1β. However, an important subsequent step in their study
demonstrated that transfection of microRNA-140 effectively
suppressed the expression of ADAMTS5 in chondrocytes exposed
to IL-1β, thereby reinforcing the regulatory role of microRNA-140 in
chondral metabolism. Importantly, while inflammatory stimuli like
IL-1β can initially downregulate endogenous microRNA-140, the
cellular responses may involve compensatory mechanisms to
restore its expression. This could explain why we observed
increased microRNA-140 expressions in the MSCs and EVs under
inflammatory conditions in our study, potentially reflecting cellular
responses to counterbalance inflammation and restore homeostasis.

The mechanical protection provided by the sodium alginate
capsules and observed expressions of microRNA-140 in the 3D-OA
group are aligned with findings by He et al. (2020), who reported a
positive influence of the exosomes secreted by BMMSCs on in vitro
cartilage repair models. In their study, chondrocytes that internalized
exosomes via endocytosis showed reduced detrimental effects of IL-1β
on cell proliferation and migration. Similarly, our results demonstrate
lower deleterious impacts of the inflammatory medium on cells
cultured in three-dimensional environments.

While the expression of Adamts5 was not specifically assessed in
the MSCs in our study, its presence in the EVs from both control
groups suggests that the cells indeed expressed this gene.
ADAMTS5 is a physiological enzyme involved in the
maintenance of tissue balance between catabolism and anabolism,
and it is normally released under homeostasis conditions. For
instance, chondrocytes have been observed to express
significantly more ADAMTS5 than BMMSCs during early
chondrogenic differentiation (Boeuf et al., 2012). Additionally,
the expression of ADAMTS5 can vary across different species,
cell types, and experimental conditions (Fosang et al., 2008).
However, dysregulated expression of Adamts5 can lead to a
catabolic state, disrupting tissue homeostasis. The higher
expressions observed in both control groups after exposure to
inflammatory stimuli reinforce the association between
inflammation and synthesis of ADAMTS5, particularly under
prolonged exposure to inflammatory cytokines.

The characterizations and comparisons of EV synthesis and
microRNA-140 expression in both 2D and 3D cell cultures
represent significant achievements. These findings contribute to
our understanding of the roles of MSCs in the treatment of
inflammatory injuries, such as OA. Overall, these findings pave the
path for further research and development of MSC-based therapies
targeted at inflammatory injuries, including OA. They underscore the
importance of the culturemethods and environment in harnessing the
therapeutic potentials of MSC-derived EVs and microRNAs.

Future studies focusing on the paracrine signaling pathways of
SMMSCs in OA, particularly through their secretion of EVs,
expression of microRNAs, and activation of enzymes, hold
promise in the development of novel targeted therapies aimed at
halting OA progression or restoring functional cartilage surfaces.

Conclusion

Overall, our findings validate the efficacy of the experimental
model for isolating EVs and studying microRNA-140 expressions.
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Importantly, inflammation significantly influences various aspects
of cell behaviors, including morphology, proliferation, and gene
expression profiles, in eqSMMSCs. Depending on the stimulus and
cell culture conditions, eqSMMSCs synthesize EVs containing
different concentrations of microRNA-140 in response. Despite
the limitation of this study that considers only one cell donor
and therefore lacks biological replication, we highlight that cells
cultured in a 3D scaffold of sodium alginate exhibit prompt
responses to inflammatory stimuli by upregulating microRNA-
140, indicating their roles in seeking to restore homeostasis
within the environment. In contrast, cells in the monolayer
culture demonstrate delayed responses, underscoring the
potential protective effects conferred by the 3D scaffold.

The discrepancies observed between the results from different
culture models emphasize the necessity of exploring experimental
methods that are closer to the in vivo physiological conditions. This
approach is crucial for advancing both animal and human studies of
OA toward clinical applications.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The animal study was approved by Ethics Committee on Animal
Use (CEUA) of the School of Veterinary Medicine and Animal
Science of UNESP, Brazil. The study was conducted in accordance
with the local legislation and institutional requirements.

Author contributions

JH: conceptualization, data curation, formal analysis, funding
acquisition, investigation, methodology, project administration,
resources, software, supervision, validation, visualization,
writing–original draft, and writing–review and editing. FS: data
curation, investigation, and writing–review and editing. CF: data
curation, formal analysis, investigation, and writing–review and
editing. GR: data curation, investigation, and writing–review and
editing. EA: data curation, investigation, and writing–review and
editing. MR: data curation, formal analysis, investigation, and
writing–review and editing. WZ: data curation, investigation, and
writing–review and editing. AA: conceptualization, funding
acquisition, project administration, resources, supervision, and
writing–review and editing.

Funding

The authors declare that financial support was received for the
research, authorship, and/or publication of this article. This study
was funded by the São Paulo Research Foundation (FAPESP; grant
numbers: 2019/05558-6 and 2017/14460-4).

Acknowledgments

The authors thank the São Paulo Research Foundation (FAPESP;
grant number: 2019/05558-6 and 2017/14460-4), Coordination for
the Improvement of Higher Education Personnel (CAPES funding
code 001 and CAPES PRInt), and National Council for Scientific and
Technological Development (CNPq grant number: 312421/2018-4),
for funding this research project. The authors also thank Professor
WFZ (Coordinator of Laboratory of Bioassays andCellular Dynamics,
Department of Chemical and Biological Sciences, Institute of
Biosciences, São Paulo State University - UNESP) for providing
the qPCR equipment as well as funding and assisting the gene
expression assays.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations or those of the publisher, editors, and reviewers.
Any product that may be evaluated in this article or claim that
may be made by its manufacturer is not guaranteed or endorsed by
the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2024.1416694/
full#supplementary-material

SUPPLEMENTARY DATA S1
Transmission electron microscopy of FBSevfree.

SUPPLEMENTARY DATA S2
Sequences of the target and internal control primers for the gene
expressions, and cycle conditions (45) of the RT-qPCR.

SUPPLEMENTARY DATA S3
CD9 expressions on the EVs. The data are presented in terms of mean±SD.

SUPPLEMENTARY DATA S4
CD63 expressions on the EVs. The data are presented in terms of mean±SD.

SUPPLEMENTARY DATA S5
CD81 expressions on the EVs. The data are presented in terms of mean±SD.

SUPPLEMENTARY DATA S6
eqSMMSCmicroRNA-140 expression. The data are presented in terms of the
median as well as 25th and 75th percentiles.

SUPPLEMENTARY DATA S7
Expression of microRNA-140 in the EVs. The data are presented in terms of
the median as well as 25th and 75th percentiles.

SUPPLEMENTARY DATA S8
Relative gene expression of Adamts5 in the EVs. The data are presented in
terms of the mean±SD.

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Pfeifer et al. 10.3389/fbioe.2024.1416694

https://www.frontiersin.org/articles/10.3389/fbioe.2024.1416694/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2024.1416694/full#supplementary-material
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1416694


References

Baboolal, T. G., Khalil-Khan, A., Theodorides, A. A., Wall, O., Jones, E., and
McGonagle, D. (2018). A novel arthroscopic technique for intraoperative
mobilization of synovial mesenchymal stem cells. Am. J. Sports Med. 46, 3532–3540.
doi:10.1177/0363546518803757

Barrachina, L., Remacha, A. R., Romero, A., Vázquez, F. J., Albareda, J., Prades, M.,
et al. (2017). Priming equine bone marrow-derived mesenchymal stem cells with
proinflammatory cytokines: implications in immunomodulation-immunogenicity
balance, cell viability, and differentiation potential. Stem Cells Dev. 26, 15–24.
doi:10.1089/scd.2016.0209

Boeuf, S., Graf, F., Fischer, J., Moradi, B., Little, C. B., and Richter, W. (2012).
Regulation of aggrecanases from the ADAMTS family and aggrecan neoepitope
formation during in vitro chondrogenesis of human mesenchymal stem cells. Eur.
Cells Mater 23, 320–332. doi:10.22203/ecm.v023a25

Budd, E., Nalesso, G., and Mobasheri, A. (2018). Extracellular genomic biomarkers of
osteoarthritis. Expert Rev. Mol. Diagn 18, 55–74. doi:10.1080/14737159.2018.1415757

Buechli, M. E., LaMarre, J., and Koch, T. G. (2013). MicroRNA-140 expression during
chondrogenic differentiation of equine cord blood-derived mesenchymal stromal cells.
Stem Cells Dev. 22, 1288–1296. doi:10.1089/scd.2012.0411

Camussi, G., Deregibus, M. C., Bruno, S., Cantaluppi, V., and Biancone, L. (2010).
Exosomes/microvesicles as a mechanism of cell-to-cell communication. Kidney Int. 78,
838–848. doi:10.1038/ki.2010.278

Caplan, A. I. (2017). Mesenchymal stem cells: time to change the name!. Stem Cells
Transl. Med. 6, 1445–1451. doi:10.1002/sctm.17-0051

Carvalho, A. M., Yamada, A. L. M., Golim, M. A., Álvarez, L. E. C., Hussni, C. A., and
Alves, A. L. G. (2014). Evaluation of mesenchymal stem cell migration after equine
tendonitis therapy. Equine Vet. J. 46, 635–638. doi:10.1111/evj.12173

Cassano, J. M., Schnabel, L. V., Goodale, M. B., and Fortier, L. A. (2018a). The
immunomodulatory function of equine MSCs is enhanced by priming through an
inflammatory microenvironment or TLR3 ligand. Vet. Immunol. Immunopathol. 195,
33–39. doi:10.1016/j.vetimm.2017.10.003

Cassano, J. M., Schnabel, L. V., Goodale, M. B., and Fortier, L. A. (2018b).
Inflammatory licensed equine MSCs are chondroprotective and exhibit enhanced
immunomodulation in an inflammatory environment. Stem Cell Res Ther. Stem
Cell Res. Ther. 9, 1–13. doi:10.1186/s13287-018-0840-2

Chairoungdua, A., Smith, D. L., Pochard, P., Hull, M., and Caplan, M. J. (2010).
Exosome release of β-catenin: a novel mechanism that antagonizesWnt signaling. J. Cell
Biol. 190, 1079–1091. doi:10.1083/jcb.201002049

Crivelli, B., Chlapanidas, T., Perteghella, S., Lucarelli, E., Pascucci, L., Brini, A. T., et al.
(2017). Mesenchymal stem/stromal cell extracellular vesicles: from active principle to
next generation drug delivery system. J. Control Release 262, 104–117. doi:10.1016/j.
jconrel.2017.07.023

Duan, L., Liang, Y., Xu, X., Xiao, Y., andWang, D. (2020). Recent progress on the role
of miR-140 in cartilage matrix remodelling and its implications for osteoarthritis
treatment. Arthritis Res. Ther. 22, 194–199. doi:10.1186/s13075-020-02290-0

Edgar, J. R., Eden, E. R., and Futter, C. E. (2014). Hrs- and CD63-dependent
competing mechanisms make different sized endosomal intraluminal vesicles. Traffic
15, 197–211. doi:10.1111/tra.12139

Estakhri, F., Panjehshahin, M. R., Tanideh, N., Gheisari, R., Mahmoodzadeh, A.,
Azarpira, N., et al. (2020). The effect of kaempferol and apigenin on allogenic synovial
membrane-derived stem cells therapy in knee osteoarthritic male rats. Knee 27,
817–832. doi:10.1016/j.knee.2020.03.005

Fosang, A. J., Rogerson, F. M., East, C. J., and Stanton, H. (2008). ADAMTS-5: the
story so far. Eur. Cells Mater 15, 11–26. doi:10.22203/ecm.v015a02

Frisbie, D. D., Ghivizzani, S. C., Robbins, P. D., Evans, C. H., and McIlwraith, C. W.
(2002). Treatment of experimental equine osteoarthritis by in vivo delivery of the equine
interleukin-1 receptor antagonist gene. Gene Ther. 9, 12–20. doi:10.1038/sj.gt.3301608

Glasson, S. S., Askew, R., Sheppard, B., Carito, B., Blanchet, T., Ma, H. L., et al. (2005).
Deletion of active ADAMTS5 prevents cartilage degradation in a murine model of
osteoarthritis. Nature 434, 644–648. doi:10.1038/nature03369

He, L., He, T., Xing, J., Zhou, Q., Fan, L., Liu, C., et al. (2020). Bone marrow
mesenchymal stem cell-derived exosomes protect cartilage damage and relieve knee
osteoarthritis pain in a rat model of osteoarthritis. Stem Cell Res. Ther. 11, 276. doi:10.
1186/s13287-020-01781-w

Hwang, W. L., Lan, H. Y., Cheng, W. C., Huang, S. C., and Yang, M. H. (2019).
Tumor stem-like cell-derived exosomal RNAs prime neutrophils for facilitating
tumorigenesis of colon cancer. J. Hematol. Oncol. 12, 10–17. doi:10.1186/s13045-
019-0699-4

Iliopoulos, D., Malizos, K. N., Oikonomou, P., and Tsezou, A. (2008). Integrative
MicroRNA and proteomic approaches identify novel osteoarthritis genes and their
collaborative metabolic and inflammatory networks. PLoS One 3, e3740. doi:10.1371/
journal.pone.0003740

Johnson, C. I., Argyle, D. J., and Clements, D. N. (2016). In vitromodels for the study
of osteoarthritis. Vet. J. 209, 40–49. doi:10.1016/j.tvjl.2015.07.011

Karlsen, T. A., de Souza, G. A., Ødegaard, B., Engebretsen, L., and Brinchmann, J. E.
(2016). microRNA-140 inhibits inflammation and stimulates chondrogenesis in a
model of interleukin 1β-induced osteoarthritis. Mol. Ther. - Nucleic Acids 5, e373.
doi:10.1038/mtna.2016.64

Klymiuk, M. C., Balz, N., Elashry, M. I., Heimann, M., Wenisch, S., and Arnhold, S.
(2019). Exosomes isolation and identification from equine mesenchymal stem cells.
BMC Vet. Res. 15, 42–49. doi:10.1186/s12917-019-1789-9

Kobayashi, H., Hirata, M., Saito, T., Itoh, S., Chung, U. I., and Kawaguchi, H. (2013).
Transcriptional induction of ADAMTS5 protein by nuclear factor-κB (NF-κB) family
member RelA/p65 in chondrocytes during osteoarthritis development. J. Biol. Chem.
288, 28620–28629. doi:10.1074/jbc.M113.452169

Kosaka, N., Iguchi, H., Yoshioka, Y., Takeshita, F., Matsuki, Y., and Ochiya, T. (2010).
Secretory mechanisms and intercellular transfer of microRNAs in living cells. J. Biol.
Chem. 285, 17442–17452. doi:10.1074/jbc.m110.107821

Kuyinu, E. L., Narayanan, G., Nair, L. S., and Laurencin, C. T. (2016). Animal models
of osteoarthritis: classification, update, and measurement of outcomes. J. Orthop. Surg.
Res. 11, 19–27. doi:10.1186/s13018-016-0346-5

Lange-Consiglio, A., Lazzari, B., Perrini, C., Pizzi, F., Stella, A., Cremonesi, F., et al.
(2018a). MicroRNAs of equine amniotic mesenchymal cell-derived microvesicles and
their involvement in anti-inflammatory processes. Cell Transpl. 27, 45–54. doi:10.1177/
0963689717724796

Lange-Consiglio, A., Lazzari, B., Pizzi, F., Stella, A., Girani, A., Quintè, A., et al.
(2018b). Different culture times affect MicroRNA cargo in equine amniotic
mesenchymal cells and their microvesicles. Tissue Eng. - Part C Methods. 24,
596–604. doi:10.1089/ten.tec.2018.0205

Lange-Consiglio, A., Romele, P., Magatti, M., Silini, A., Idda, A., Martino, N. A.,
et al. (2020). Priming with inflammatory cytokines is not a prerequisite to
increase immune-suppressive effects and responsiveness of equine amniotic
mesenchymal stromal cells. Stem Cell Res. Ther. 11, 99–14. doi:10.1186/
s13287-020-01611-z

Lässer, C., Eldh, M., and Lötvall, J. (2012). Isolation and characterization of RNA-
containing exosomes. J. Vis. Exp., e3037. doi:10.3791/3037

Lee, J. C., Min, H. J., Park, H. J., Lee, S., Seong, S. C., and Lee, M. C. (2013). Synovial
membrane-derived mesenchymal stem cells supported by platelet-rich plasma can
repair osteochondral defects in a rabbit model. Arthroscopy 29, 1034–1046. doi:10.1016/
j.arthro.2013.02.026

Lee, K. Y., andMooney, D. J. (2012). Alginate: properties and biomedical applications.
Prog. Polym. Sci. 37, 106–126. doi:10.1016/j.progpolymsci.2011.06.003

Li, Z., Zhang, Z., Ming, W. K., Chen, X., and Xiao, X. M. (2017). Tracing GFP-labeled
WJMSCs in vivo using a chronic salpingitis model: an animal experiment. Stem Cell Res
Ther. Stem Cell Res. Ther. 8, 1–11. doi:10.1186/s13287-017-0714-z

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2-ΔΔCT method. Methods. 25, 402–408.
doi:10.1006/meth.2001.1262

McIlwraith, C. W., Frisbie, D. D., and Kawcak, C. E. (2012). The horse as a model of
naturally occurring osteoarthritis. Bone Jt. Res. 1, 297–309. doi:10.1302/2046-3758.111.
2000132

Miyaki, S., and Asahara, H. (2012). Macro view of microRNA function in
osteoarthritis. Nat. Rev. Rheumatol. 8, 543–552. doi:10.1038/nrrheum.2012.128

Miyaki, S., Nakasa, T., Otsuki, S., Grogan, S. P., Higashiyama, R., Inoue, A., et al.
(2009). MicroRNA-140 is expressed in differentiated human articular chondrocytes and
modulates interleukin-1 responses. Arthritis Rheum. 60, 2723–2730. doi:10.1002/art.
24745

Miyaki, S., Sato, T., Inoue, A., Otsuki, S., Ito, Y., Yokoyama, S., et al. (2010).
MicroRNA-140 plays dual roles in both cartilage development and homeostasis.
Genes Dev. 24, 1173–1185. doi:10.1101/gad.1915510

Mobasheri, A., Bay-Jensen, A. C., van Spil, W. E., Larkin, J., and Levesque, M. C.
(2017). Osteoarthritis Year in Review 2016: biomarkers (biochemical markers).
Osteoarthr. Cartil. 25, 199–208. doi:10.1016/j.joca.2016.12.016

Mulcahy, L. A., Pink, R. C., and Carter, D. R. F. (2014). Routes and mechanisms of
extracellular vesicle uptake. J. Extracell. Vesicles 3, 1–14. doi:10.3402/jev.v3.24641

Nakamura, Y., He, X., Kato, H., Wakitani, S., Kobayashi, T., Watanabe, S., et al.
(2012). Sox9 is upstream of microRNA-140 in cartilage. Appl. Biochem. Biotechnol. 166,
64–71. doi:10.1007/s12010-011-9404-y

Nakamura, Y., Inloes, J. B., Katagiri, T., and Kobayashi, T. (2011). Chondrocyte-
specificMicroRNA-140 regulates endochondral bone development and targets dnpep to
modulate bone morphogenetic protein signaling. Mol. Cell Biol. 31, 3019–3028. doi:10.
1128/mcb.05178-11

Park, K. S., Bandeira, E., Shelke, G. V., Lässer, C., and Lötvall, J. (2019). Enhancement
of therapeutic potential of mesenchymal stem cell-derived extracellular vesicles. Stem
Cell Res. Ther. 10, 288. doi:10.1186/s13287-019-1398-3

Patel, G. K., Khan, M. A., Zubair, H., Srivastava, S. K., Khushman, M., Singh, S., et al.
(2019). Comparative analysis of exosome isolation methods using culture supernatant

Frontiers in Bioengineering and Biotechnology frontiersin.org14

Pfeifer et al. 10.3389/fbioe.2024.1416694

https://doi.org/10.1177/0363546518803757
https://doi.org/10.1089/scd.2016.0209
https://doi.org/10.22203/ecm.v023a25
https://doi.org/10.1080/14737159.2018.1415757
https://doi.org/10.1089/scd.2012.0411
https://doi.org/10.1038/ki.2010.278
https://doi.org/10.1002/sctm.17-0051
https://doi.org/10.1111/evj.12173
https://doi.org/10.1016/j.vetimm.2017.10.003
https://doi.org/10.1186/s13287-018-0840-2
https://doi.org/10.1083/jcb.201002049
https://doi.org/10.1016/j.jconrel.2017.07.023
https://doi.org/10.1016/j.jconrel.2017.07.023
https://doi.org/10.1186/s13075-020-02290-0
https://doi.org/10.1111/tra.12139
https://doi.org/10.1016/j.knee.2020.03.005
https://doi.org/10.22203/ecm.v015a02
https://doi.org/10.1038/sj.gt.3301608
https://doi.org/10.1038/nature03369
https://doi.org/10.1186/s13287-020-01781-w
https://doi.org/10.1186/s13287-020-01781-w
https://doi.org/10.1186/s13045-019-0699-4
https://doi.org/10.1186/s13045-019-0699-4
https://doi.org/10.1371/journal.pone.0003740
https://doi.org/10.1371/journal.pone.0003740
https://doi.org/10.1016/j.tvjl.2015.07.011
https://doi.org/10.1038/mtna.2016.64
https://doi.org/10.1186/s12917-019-1789-9
https://doi.org/10.1074/jbc.M113.452169
https://doi.org/10.1074/jbc.m110.107821
https://doi.org/10.1186/s13018-016-0346-5
https://doi.org/10.1177/0963689717724796
https://doi.org/10.1177/0963689717724796
https://doi.org/10.1089/ten.tec.2018.0205
https://doi.org/10.1186/s13287-020-01611-z
https://doi.org/10.1186/s13287-020-01611-z
https://doi.org/10.3791/3037
https://doi.org/10.1016/j.arthro.2013.02.026
https://doi.org/10.1016/j.arthro.2013.02.026
https://doi.org/10.1016/j.progpolymsci.2011.06.003
https://doi.org/10.1186/s13287-017-0714-z
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1302/2046-3758.111.2000132
https://doi.org/10.1302/2046-3758.111.2000132
https://doi.org/10.1038/nrrheum.2012.128
https://doi.org/10.1002/art.24745
https://doi.org/10.1002/art.24745
https://doi.org/10.1101/gad.1915510
https://doi.org/10.1016/j.joca.2016.12.016
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.1007/s12010-011-9404-y
https://doi.org/10.1128/mcb.05178-11
https://doi.org/10.1128/mcb.05178-11
https://doi.org/10.1186/s13287-019-1398-3
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1416694


for optimum yield, purity and downstream applications. Sci. Rep. 9, 5335. doi:10.1038/
s41598-019-41800-2

Pegtel, D. M., Cosmopoulos, K., Thorley-Lawson, D. A., Van Eijndhoven, M. A. J.,
Hopmans, E. S., Lindenberg, J. L., et al. (2010). Functional delivery of viral miRNAs via
exosomes. Proc. Natl. Acad. Sci. U. S. A. 107, 6328–6333. doi:10.1073/pnas.0914843107

Qiu, G., Zheng, G., Ge, M., Wang, J., Huang, R., Shu, Q., et al. (2018). Mesenchymal
stem cell-derived extracellular vesicles affect disease outcomes via transfer of
microRNAs. Stem Cell Res. Ther. 9, 320. doi:10.1186/s13287-018-1069-9

Ragni, E., Perucca Orfei, C., De Luca, P., Mondadori, C., Viganò, M., Colombini, A.,
et al. (2020). Inflammatory priming enhances mesenchymal stromal cell secretome
potential as a clinical product for regenerative medicine approaches through secreted
factors and EV-miRNAs: the example of joint disease. Stem Cell Res. Ther. 11, 165.
doi:10.1186/s13287-020-01677-9

Ratajczak, J., Miekus, K., Kucia, M., Zhang, J., Reca, R., Dvorak, P., et al. (2006).
Embryonic stem cell-derived microvesicles reprogram hematopoietic progenitors:
evidence for horizontal transfer of mRNA and protein delivery. Leukemia 20,
847–856. doi:10.1038/sj.leu.2404132

Ribitsch, I., Baptista, P. M., Lange-Consiglio, A., Melotti, L., Patruno, M., Jenner, F.,
et al. (2020). Large animal models in regenerative medicine and tissue engineering: to do
or not to do. Front. Bioeng. Biotechnol. 8, 972. doi:10.3389/fbioe.2020.00972

Rosa, G., Krieck, A. M. T., Padula, E., Student, U. G., Pfeifer, J. P. H., de Souza, J. B.,
et al. (2020). Allogeneic synovial membrane-derived mesenchymal stem cells do not
significantly affect initial inflammatory parameters in a LPS-induced acute synovitis
model. Res. Vet. Sci. 132, 485–491. doi:10.1016/j.rvsc.2020.08.001

Sandy, J. D., Chan, D. D., Trevino, R. L., Wimmer, M. A., and Plaas, A. (2015). Human
genome-wide expression analysis reorients the study of inflammatory mediators and
biomechanics in osteoarthritis. Osteoarthr. Cartil. 23, 1939–1945. doi:10.1016/j.joca.
2015.03.027

Santos, V. H., Pedro Hubbe Pfeifer, J., and Santos Rosa, G. (2023). Synovial-derived
mesenchymal stem cells encapsulated in alginate beads provide better outcomes for
equine tarsus chondral lesions. J. Orthop. Sport Med. 05, 265–279. doi:10.26502/josm.
511500110

Santos, V. H., Pfeifer, J. P. H., de Souza, J. B., Milani, B. H. G., de Oliveira, R. A., Assis,
M. G., et al. (2018). Culture of mesenchymal stem cells derived from equine synovial
membrane in alginate hydrogel microcapsules. BMC Vet. Res. 14, 114. doi:10.1186/
s12917-018-1425-0

Santos, V. H. D., Pfeifer, J. P. H., Souza, J. B. D., Stievani, F. D. C., Hussni, C. A.,
Golim, M. D. A., et al. (2019). Evaluation of alginate hydrogel encapsulated
mesenchymal stem cell migration in horses. Res. Vet. Sci. 124, 38–45. doi:10.1016/j.
rvsc.2019.02.005

Sun, L., Wang, X., and Kaplan, D. L. (2011). A 3D cartilage - inflammatory cell culture
system for the modeling of human osteoarthritis. Biomaterials 32, 5581–5589. doi:10.
1016/j.biomaterials.2011.04.028

Sylvester, J., El Mabrouk, M., Ahmad, R., Chaudry, A., and Zafarullah, M. (2012).
Interleukin-1 induction of aggrecanase gene expression in human articular

chondrocytes is mediated by mitogen-activated protein kinases. Cell Physiol.
Biochem. 30, 563–574. doi:10.1159/000341438

Tao, S. C., Yuan, T., Zhang, Y. L., Yin, W. J., Guo, S. C., and Zhang, C. Q. (2017).
Exosomes derived from miR-140-5p-overexpressing human synovial
mesenchymal stem cells enhance cartilage tissue regeneration and prevent
osteoarthritis of the knee in a rat model. Theranostics 7, 180–195. doi:10.7150/
thno.17133

Tardif, G., Hum, D., Pelletier, J. P., Duval, N., and Martel-Pelletier, J. (2009).
Regulation of the IGFBP-5 and MMP-13 genes by the microRNAs miR-140 and
miR-27a in human osteoarthritic chondrocytes. BMC Musculoskelet. Disord. 10, 148.
doi:10.1186/1471-2474-10-148

van der Kolk, J. H., Pacholewska, A., and Gerber, V. (2015). The role of microRNAs in
equine medicine: a review. Vet. Q. 35, 88–96. doi:10.1080/01652176.2015.1021186

Van Niel, G., D’Angelo, G., and Raposo, G. (2018). Shedding light on the cell biology
of extracellular vesicles.Nat. Rev. Mol. Cell Biol. 19, 213–228. doi:10.1038/nrm.2017.125

Viñuela-Berni, V., Doníz-Padilla, L., Figueroa-Vega, N., Portillo-Salazar, H., Abud-
Mendoza, C., Baranda, L., et al. (2015). Proportions of several types of plasma and urine
microparticles are increased in patients with rheumatoid arthritis with active disease.
Clin. Exp. Immunol. 180, 442–451. doi:10.1111/cei.12598

Walewska, A., Janucik, A., Tynecka, M., Moniuszko, M., and Eljaszewicz, A. (2023).
Mesenchymal stem cells under epigenetic control – the role of epigenetic machinery in
fate decision and functional properties. Cell Death Dis. 14, 720. doi:10.1038/s41419-023-
06239-4

Welsh, J. A., Goberdhan, D. C. I., O’Driscoll, L., Buzas, E. I., Blenkiron, C., Bussolati,
B., et al. (2024). Minimal information for studies of extracellular vesicles (MISEV2023):
from basic to advanced approaches. J. Extracell. Vesicles 13, e12404. doi:10.1002/jev2.
12404

Westacott, C. I., Barakat, A. F., Wood, L., Perry, M. J., Neison, P., Bisbinas, I., et al.
(2000). Tumor necrosis factor alpha can contribute to focal loss of cartilage in
osteoarthritis. Osteoarthr. Cartil. 8, 213–221. doi:10.1053/joca.1999.0292

Yin, C. M., Suen, W. C. W., Lin, S., Wu, X. M., Li, G., and Pan, X. H. (2017).
Dysregulation of both miR-140-3p and miR-140-5p in synovial fluid correlate with
osteoarthritis severity. Bone Jt. Res. 6, 612–618. doi:10.1302/2046-3758.611.bjr-2017-
0090.r1

Yoshimura, H., Muneta, T., Nimura, A., Yokoyama, A., Koga, H., and Sekiya, I.
(2007). Comparison of rat mesenchymal stem cells derived from bone marrow,
synovium, periosteum, adipose tissue, and muscle. Cell Tissue Res. 327, 449–462.
doi:10.1007/s00441-006-0308-z

Zech, D., Rana, S., Büchler, M. W., and Zöller, M. (2012). Tumor-exosomes and
leukocyte activation: an ambivalent crosstalk. Cell Commun. Signal 10, 37–17. doi:10.
1186/1478-811x-10-37

Zhang, L., Qiu, J., Shi, J., Liu, S., and Zou, H. (2021). MicroRNA-140-5p represses
chondrocyte pyroptosis and relieves cartilage injury in osteoarthritis by inhibiting
cathepsin B/Nod-like receptor protein 3. Bioengineered 12, 9933–9948. doi:10.1080/
21655979.2021.1985342

Frontiers in Bioengineering and Biotechnology frontiersin.org15

Pfeifer et al. 10.3389/fbioe.2024.1416694

https://doi.org/10.1038/s41598-019-41800-2
https://doi.org/10.1038/s41598-019-41800-2
https://doi.org/10.1073/pnas.0914843107
https://doi.org/10.1186/s13287-018-1069-9
https://doi.org/10.1186/s13287-020-01677-9
https://doi.org/10.1038/sj.leu.2404132
https://doi.org/10.3389/fbioe.2020.00972
https://doi.org/10.1016/j.rvsc.2020.08.001
https://doi.org/10.1016/j.joca.2015.03.027
https://doi.org/10.1016/j.joca.2015.03.027
https://doi.org/10.26502/josm.511500110
https://doi.org/10.26502/josm.511500110
https://doi.org/10.1186/s12917-018-1425-0
https://doi.org/10.1186/s12917-018-1425-0
https://doi.org/10.1016/j.rvsc.2019.02.005
https://doi.org/10.1016/j.rvsc.2019.02.005
https://doi.org/10.1016/j.biomaterials.2011.04.028
https://doi.org/10.1016/j.biomaterials.2011.04.028
https://doi.org/10.1159/000341438
https://doi.org/10.7150/thno.17133
https://doi.org/10.7150/thno.17133
https://doi.org/10.1186/1471-2474-10-148
https://doi.org/10.1080/01652176.2015.1021186
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1111/cei.12598
https://doi.org/10.1038/s41419-023-06239-4
https://doi.org/10.1038/s41419-023-06239-4
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1053/joca.1999.0292
https://doi.org/10.1302/2046-3758.611.bjr-2017-0090.r1
https://doi.org/10.1302/2046-3758.611.bjr-2017-0090.r1
https://doi.org/10.1007/s00441-006-0308-z
https://doi.org/10.1186/1478-811x-10-37
https://doi.org/10.1186/1478-811x-10-37
https://doi.org/10.1080/21655979.2021.1985342
https://doi.org/10.1080/21655979.2021.1985342
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1416694


Glossary

2D Bidimensional

3D Tridimensional

˚C Celsius degrees

CaCl2 Calcium chloride

h Hour

min Minute

mL Milliliter

ng Nanogram

µm Micrometer

µL Microliter

×g Relative centrifugal force

ADAMTS-5 A disintegrin and metalloprotease with thrombospondin type 5

CD Cluster of differentiation

cDNA Complementary deoxyribonucleic acid

CEUA Ethics committee on animal use

DMEM/F-12 Dulbecco’s modified Eagle medium: nutrient mixture F12

DNA Deoxyribonucleic acid

eqSMMSCs Equine synovial-membrane-derived mesenchymal stem cells

EVs Extracellular vesicles

FBS Fetal bovine serum

FBSevfree Fetal bovine serum free of extracellular vesicles

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

IL-1β Interleukin-1 beta

mRNA Messenger ribonucleic acid

MSC Mesenchymal stem cell

NTA Nanoparticle tracking analysis

OA Osteoarthritis

PBS Phosphate buffer solution

RT-qPCR Reverse transcription quantitative polymerase chain reaction

SD Standard deviation

TEM Transmission electron microscopy

TNFα Tumor necrosis factor alpha
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