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Abstract: Extracellular vesicles (EVs) are generated and secreted by cells into the circulatory system.
Stem cell-derived EVs have a therapeutic effect similar to that of stem cells and are considered an
alternative method for cell therapy. Accordingly, research on the characteristics of EVs is emerging.
EVs were isolated from human epidural fat-derived mesenchymal stem cells (MSCs) and human
fibroblast culture media by ultracentrifugation. The characterization of EVs involved the typical
evaluation of cluster of differentiation (CD antigens) marker expression by fluorescence-activated
cell sorting, size analysis with dynamic laser scattering, and morphology analysis with transmission
electron microscopy. Lastly, the secreted levels of cytokines and chemokines in EVs were determined
by a cytokine assay. The isolated EVs had a typical size of approximately 30-200 nm, and the surface
proteins CD9 and CD81 were expressed on human epidural fat MSCs and human fibroblast cells.
The secreted levels of cytokines and chemokines were compared between human epidural fat MSC-
derived EVs and human fibroblast-derived EVs. Human epidural fat MSC-derived EVs showed
anti-inflammatory effects and promoted macrophage polarization. In this study, we demonstrated for
the first time that human epidural fat MSC-derived EVs exhibit inflammatory suppressive potency
relative to human fibroblast-derived EVs, which may be useful for the treatment of inflammation-
related diseases.

Keywords: extracellular vesicle; mesenchymal stem cell; epidural fat; fibroblast; inflammation;
cytokine; chemokine

1. Introduction

Extracellular vesicles (EVs) are known to be generated in most cells through the
intracellular vesicular pathway and have an approximate diameter of 30-200 nm with
spherical and double-lipid membrane structures [1]. EVs can be classified into several types
based on size and origin [2]. EVs can be isolated from many biofluids. These include saliva,
breast milk, urine, blood, cerebrospinal fluid, and cell culture media [3,4]. EVs consist
of various RNAs, microRNAs (miRNAs), lipids, and proteins and play pivotal roles in
cell-to-cell communication [5]. The components of EVs can stably exist, and EVs can pass
through the blood-brain barrier on both sides [5]. Studies using EVs report the possibility of
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using genetic and protein information contained within EVs as diagnostic tools for various
diseases, such as cardiovascular disease, inflammation, and cancer [6-8]. In addition,
studies on therapeutic approaches and characterization using stem cell-derived EVs have
been reported [9]. Therefore, it is necessary to confirm and analyze the characteristics
of isolated EVs. Mesenchymal stem cells (MSCs) have therapeutic effects on various
diseases. These include inflammatory diseases, and related studies have been continuously
reported [10]. MSCs can be isolated from diverse tissues, such as umbilical cord blood,
bone marrow, muscle, and adipose tissue [10-12]. In particular, various studies have
been reported on the characteristics and therapeutic effects of adipose tissue-derived
MSCs [13-15]. MSCs have also been isolated from epidural adipose tissue with reports
of therapeutic effects [11,16]. Although MSCs have a variety of effects on tissue repair
and meaningful therapeutic effects in the treatment of various diseases, due to several
limitations of MSCs, new therapeutic strategies are required to treat additional disease
and cells, [17]. As an alternative, recent studies have investigated the therapeutic effects
associated with stem cell-derived EVs [18-21]. It has been possible to extract EVs from
epidural adipose-derived mesenchymal stem cells, and such EVs have been confirmed to
exhibit anti-inflammatory effects in a spinal cord injury animal model [21]. The epidural
fat surrounds the dura matter of the spinal cord or nerve root [22,23]. However, the
role and function of epidural fat are not clearly understood. In addition, studies on the
characteristics and functions of epidural fat MSC-derived EVs have not been reported.

In the current study, we isolated and characterized human epidural fat MSC-derived
EVs and human dermal fibroblast-derived EVs from cell culture media. To compare the
characteristics of EVs isolated from epidural fat, MSCs and dermal fibroblast, the secretory
quantification of cytokines and growth factors were evaluated. With this information,
we sought to confirm and analyze whether EVs derived from epidural fat MSCs exhibit
therapeutic potency in inflammatory responses.

2. Results
2.1. Isolation and Characterization of Human Epidural Fat MSCs

Human epidural fat MSCs were isolated from epidural fat tissue obtained during
spine surgery. Human epidural fat MSCs exhibit a spindle morphology that resembles
that of human dermal fibroblasts (Figure 1A). All epidural fat MSCs isolated from indi-
viduals exhibited similar morphologies and characteristics. The epidural fat MSCs and
dermal fibroblasts were attached to the bottom of the culture plates. To identify stem cell
characteristics, fluorescence-activated cell sorting (FACS) analysis was conducted using
specific or non-specific markers in stem cells. CD14, CD34, and CD45 were not expressed
in the isolated epidural fat MSCs. However, CD73, CD90, and CD105, which are stem cell
markers, were expressed in the epidural fat MSCs (Figure 1B). These results indicated that
the isolated cells from human epidural fat exhibited MSC characteristics.
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Figure 1. Characteristics of human epidural fat mesenchymal stem cells (MSCs). (A) Representative bright field microscopy
images of human dermal fibroblasts and human epidural fat MSCs (original magnification 100x, scale bar = 25 um). (B)
Flow cytometric analysis showing expressed (CD73, CD90, and CD105) and non-expressed (CD14, CD34, and CD45) human
epidural fat MSC. The horizontal axis is the fluorescence intensity and the vertical axis is the cell count.

2.2. EVs from Human Dermal Fibroblasts and Human Epidural Fat MSCs

To harvest mass amounts of highly purified EVs from the cells, tangential flow fil-
tration (TFF) was performed. Cultured conditioned media included many EVs. These in-
cluded exosomes, microparticles, and apoptotic bodies. Among them, exosomes are critical
particles because they contain nucleic acids, proteins, receptors, and major histocompat-
ibility complex molecules [24]. To purify a high yield of exosomes, a modified protocol
involving centrifugation or a TFF system was conducted. This was followed by optimizing
control for exosome isolation. Most reported methods for exosome isolation involve only
ultracentrifugation. However, we attempted the following process for isolating EVs: first,
cell debris were removed from the cell culture medium by centrifugation. Second, the
TFF system was used to filter molecules smaller than the size of the exosomes. Finally,
microparticle-sized EVs were eliminated by centrifugation. Isolated EVs were visualized
by transmission electron microscopy (TEM). We confirmed that the isolated EVs contained
thick and dark lipid bilayer membranes with a size of approximately 100 nm (Figure 2A).
Figure 2A showed the size of single exosome and the morphology of the membrane in
detail. Exosome membranes displayed tetraspanin proteins, such as CD63 and CD81. Thus,
the tetraspanin proteins were analyzed by flow cytometry. Dermal fibroblast-derived EVs
and epidural fat MSC-derived EVs were both ultimately found to show the tetraspanins
CD63 and CD81 (Figure 2B). Nanoparticle tracking analysis (NTA) was used to determine
the size distribution and concentration of the isolated EVs (Figure 2C). Using NTA, dermal
fibroblast-derived EVs were isolated at a density of 1.85 x 10° particles/mL, and epidural
fat MSC-derived EVs were isolated at a density of 2.35 x 10° particles/mL. The total
volume was approximately 5 mL. We harvested a minimum of 9.25 x 10” particles and a
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maximum of 11.75 x 10° particles from dermal fibroblasts and epidural fat MSCs, respec-
tively. The dermal fibroblast-derived EV size was 180.4 £ 4.8 nm. Conversely, the size of
the epidural fat MSC-derived EV was 176.9 &+ 1.6 nm. Hence, the dermal fibroblast-derived
EVs and epidural fat MSC-derived EVs exhibited similar sizes. However, the generating
ability of EVs was better for epidural fat MSCs than for dermal fibroblasts.
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Figure 2. Identification of isolated human dermal fibroblast (DF)- and epidural fat mesenchymal stem cell (MSC)-derived

extracellular vesicles. (A) Morphology of human dermal fibroblasts and human epidural fat MSCs shown by transmission

electron microscopy (TEM). (B) Flow cytometric analysis showing the tetraspanin markers displayed on extracellular

vesicles, such as CD63 and CD81. The horizontal axis is the fluorescence intensity, and the vertical axis is the cell count.

(C) Size distribution and concentration of isolated extracellular vesicles by nanoparticle tracking analysis (NTA).

2.3. Pro-Inflammatory Molecule Levels in Human Epidural Fat MSC-Derived EVs

MSCs and dermal fibroblasts exhibited similar proliferation and differentiation capac-
ities, as well as cell surface markers. However, a difference emerged in the immunomod-
ulation based on origin [25]. Since MSCs reduce inflammation by paracrine effects, we
hypothesized that EVs from epidural fat MSCs secreted low levels of pro-inflammatory
factors, such as cytokines and chemokines. Cytokine assays were performed to analyze
pro-inflammatory and anti-inflammatory cytokines. Some cytokine and small molecule
expression levels were altered in epidural fat MSC-derived EVs compared to those of
dermal fibroblast-derived EVs (Figure 3). Secreted levels of GM-CSF, MIP-1 «, MMP-9,
IL-5, GRO, and VEGEF decreased in epidural fat MSC-derived EVs. In contrast, IL-4, IL-10,
and IL-13 cytokines tended to increase in EVs from epidural fat MSCs. Although IL-4 and
IL-10 cytokine levels were not significantly different, that of the anti-inflammatory factor
IL-13 was significantly increased. Hence, epidural fat MSC-derived EVs showed low levels
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of some pro-inflammatory cytokines and high levels of the anti-inflammatory factor IL-13,
in comparison with those of dermal fibroblast-derived EVs.
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Figure 3. Cytokine and chemokine levels from human dermal fibroblasts and human epidural fat
mesenchymal stem cell (MSC)-derived extracellular vesicles. GM-CSF, MIP-1 alpha, MMP-9, IL-5,
GRO, and VEGF decreased in human epidural fat MSC-derived extracellular vesicles. IL-4, IL-10,
and IL-13 increased in human epidural fat MSC-derived extracellular vesicles. (* p-value < 0.05,
** <0.001).

2.4. Anti-Inflammatory Effects of Human Epidural Fat MSC-Derived EV's

To confirm whether epidural fat MSC-derived EVs induced anti-inflammatory effects,
the THP-1 human monocytic leukemia cell line was used. THP-1 cells can differentiate into
macrophage-like cells via the protein kinase C activator phorbol 12-myristate 13-acetate
(PMA) [26]. THP-1 cells cultured without PMA exhibited sufficient proliferation. PMA was
added to THP-1 cells that were grown in culture plates. THP-1 cells that were treated with
PMA stopped proliferating, attached to the bottom of culture dishes, and subsequently
differentiated into macrophage-like cells (Figure 4A). Lipopolysaccharides (LPS) com-
pose the outer membrane of Gram-negative bacteria and are considered among the best
characterized pathogen-associated molecular patterns that interact with CD14/TLR4 and
activate intracellular signals [27]. When the THP-1-derived macrophages were treated with
LPS, pro-inflammatory factors and arachidonic acid products, such as PGE; and PGF,,
were released [28]. To detect LPS-induced inflammation and cytokine expression changes,
LPS stimulation was attempted. EV- to LPS-stimulated THP-1-derived macrophages
were also treated to determine the anti-inflammatory effect of EVs on the macrophages
(Figure 4A). After LPS stimulation, TNF«, IL6, and IL10 of the conditioned media were
quantified by a cytokine array and ELISA (Figure 4B). LPS significantly induced TNFx
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(973.6 £ 0.69 pg/mL) in THP-1-derived macrophages. Conversely, the non-LPS-treated
group and EV-treated group did not differ in terms of TNFa production. Dermal fibroblast,
and epidural fat MSC-derived EVs treated along with LPS, exhibited significantly decreased
TNF«x production at values of 68.55 &= 49.92 pg/mL and 53.64 & 33.20 pg/mL, respectively.
The cytokine IL6 was not produced in the non-LPS-treated group. However, IL6 produc-
tion increased in the LPS-treated group (1489.39 4= 121.92 pg/mL). Moreover, LPS-treated
dermal fibroblast-derived EVs increased IL6 production levels (1321.79 + 203.60 pg/mL).
However, IL6 production was significantly blocked when LPS and epidural fat MSC-
derived EVs were simultaneously treated (167.78 &= 7.69 pg/mL). When LPS and epidural
fat MSC-derived EVs were simultaneously treated, IL-10 production was determined to be
at the value of 406.96 & 67.94 pg/mL. This is an increased value compared to treatment with
only LPS (77.49 £+ 15.80 pg/mL), and treatment with both LPS and dermal fibroblast-EVs
(133.23 £ 15.80 pg/mL). These results demonstrate that EVs decreased TNF-a produc-
tion in THP-1-derived macrophages. In particular, unlike dermal fibroblast-derived EVs,
epidural fat MSC-derived EVs showed decreased pro-inflammatory factor IL-6 production.
In addition, the production of IL-10, a known anti-inflammatory factor, was increased
in epidural fat MSC-derived EVs. Thus, treatment with epidural fat MSC-derived EVs
inhibited LPS-induced inflammation in THP-1 macrophages compared to that with dermal
fibroblast-derived EVs.

A
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Figure 4. Anti-inflammatory effects of human dermal fibroblasts and human epidural fat MSC-
derived extracellular vesicles on THP-1 macrophage cells. (A) Human monocyte THP-1 cells were
treated with phorbol 12-myristate 13-acetate (PMA, 100 nM) and differentiated into macrophages.
PMA-differentiated THP-1 cells were treated with lipopolysaccharides (LPS) and extracellular vesicles.
(B) Quantification of TNF-c, IL-6, and IL-10 secretion levels by PMA-differentiated THP-1 cells either
stimulated or untreated with LPS and/or extracellular vesicles (EVs) for 24 h. (* p-value < 0.05, *** <
0.0001, n.s. non-significant).



Int. J. Mol. Sci. 2021, 22, 2889

7 of 12

3. Discussion

MSCs are known to play a pivotal role in the tissue regeneration and immunomod-
ulation processes. Soluble factors are secreted from stem cells, affecting the recovery of
damaged tissues and organs. Moreover, the effects of stem cell paracrine secretion have
been reported. MSCs secrete growth factors, chemokines, and cytokines to modulate
actions on adjacent cells. These secreted factors are involved in increasing angiogenesis,
reducing apoptosis and fibrosis, and regulating the immune response [29]. Therefore,
MSCs promote the regeneration of damaged cells through paracrine secretion. This, in
turn, accelerates cell recovery. The therapeutic effect of MSCs has been reported in relation
to immune diseases, neurological diseases, liver diseases, kidney diseases, heart diseases,
and lung diseases [30,31].

EVs are a major component of the paracrine factors secreted by MSCs. MSC-derived
EVs have been reported to have anti-inflammatory effects in various disease models [9].
MSC-derived EVs exhibit immunosuppressive functions by reducing T and B lympho-
cyte proliferation and inducing Treg cell populations. In addition, EVs have the effect
of lowering the expression of TNF-o and increasing the expression of IL-10 by affecting
macrophage maturation [9,32-34]. MSC-derived EVs are also able to overcome the lim-
itations of conventional MSC-based therapy. For example, quality control is among the
major issues in terms of “live cell materials” when treated with MSCs. Isolation, culture
conditions, storage methods, and administration of MSCs have a significant impact on cell
efficacy and survival and could also be problematic in terms of reproducibility and their
high cost [35,36]. However, storage and transport with cell-free materials such as EVs are
cheaper and more efficient than with MSCs. Since EVs are cell free, they are more stable
than MSCs in immunogenicity and tumorigenicity [37-39]. These previous studies indicate
that MSC-derived EVs are a suitable source for disease research due to their potential
anti-inflammatory effects.

Adipose tissue has been shown to represent a rich source of MSCs, and studies have
shown that EVs derived from human adipose tissue MSCs can be used to ameliorate tissue
damage in various disease models [13-15]. Epidural fat tissue is inevitably exposed during
spinal surgery and spontaneously diminishes after spinal surgery [23]. Recently, the need
for research on the characteristics and functions of epidural fat tissue has emerged. Studies
have reported that MSCs can also be isolated from epidural fat tissue, and that the isolated
MSCs exhibited therapeutic effects [11,16,21,40,41]. However, the specific characteristics
and functions of human epidural fat MSCs and human epidural fat MSC-derived EVs
are not yet clear. Therefore, it is necessary to confirm the characteristics of epidural fat
MSC-derived EVs. As such, our study was conducted to investigate and compare the
characteristics of EVs derived from human epidural fat MSCs to those of EVs derived from
human fibroblast cells.

EVs from human epidural fat MSCs and human fibroblast cells were successfully
isolated using the ultracentrifuge method and validated as EVs using established charac-
terization methods. In the inflammation mechanism, pro-inflammatory cytokines, such
as tumor necrosis factor (TNF-«), interleukin-6 (IL-6), and IL-1f3, act as major factors.
These factors are produced by activated macrophages [35]. Conversely, anti-inflammatory
cytokines are produced by regulatory T cells (Tregs) and helper T (Th2) cells that regulate
inflammatory and immune responses [19,32-34,42,43]. Major anti-inflammatory cytokines
include IL-4, IL-10, IL-13, and transforming growth factor 3 (TGF-f3), which inhibit Th1 re-
sponse and pro-inflammatory cytokine expression [44,45]. Previous studies have reported
that MSC-derived EVs hold the capability of inducing macrophage polarization from M1 to
M2. The M1 macrophage has the property of widely expressing pro-inflammatory cytokines
and chemokines, such as IL-1, IL-12, IL-6, and TNF-«. Conversely, in M2 macrophages,
the expression of anti-inflammatory factors, such as IL-10 and TFG-«, is induced by Th2
cytokines [46—48].

This study has some limitations. First, the therapeutic effect of human epidural
fat MSC-derived EVs in specific disease animal models related to inflammation was not
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studied. Therefore, this must be evaluated in further studies. Second, the gene expression
patterns of EVs from human epidural fat MSCs and fibroblast cells was not compared
in the present study. Therefore, further studies on gene expression and other detailed
investigations are needed. Finally, the obtained outcome is currently limited to in vitro
circumstances. Nevertheless, from the outcomes of the present study, epidural fat tissue
may possess some useful abilities in the anti-inflammatory pathway. Epidural fat MSC-
derived EVs may have the potential to manage immune-related diseases, but further
studies are needed to better define the function and role of epidural fat tissue. Our study
has several strengths. To our knowledge, the present study is the first to demonstrate that
human epidural fat MSC-derived EVs exhibit anti-inflammatory effects via lowering the
expression levels of pro-inflammatory cytokines and chemokines, as well as raising the
expression levels of anti-inflammatory cytokines. We are also the first to compare the anti-
inflammatory and pro-inflammatory cytokines of EVs from human epidural fat MSCs and
human fibroblast cells. The cytokine assay outcomes revealed that the epidural fat MSC-
derived EVs possessed more anti-inflammatory and less pro-inflammatory cytokines than
fibroblast cell-derived EVs. Based on the results of the present study, we suggest that human
epidural fat MSC-derived EVs are crucial for therapeutic approaches to inflammation-
related spine diseases. Moreover, these results suggest that such EVs can be used as
cell-free alternatives to stem cell-based therapeutics.

4. Materials and Methods
4.1. Cell Isolation and Culture

This study was approved by the Institutional Review Board (IRB) and Ethical Commit-
tee of Yeungnam University Medical Center in Daegu, South Korea (IRB no. 2017-07-032).
After approval, the epidural fat tissue was obtained from consenting patients (n = 5) during
posterior decompression surgery of the lumbar spine performed at our center. Epidural
fat MSCs were derived from epidural adipose tissue through several established steps.
The extracted epidural fat was dipped in PBS; blood vessels were separated and rinsed
in 70% EtOH to prevent contamination with other germs and washed with ice-cold PBS.
The tissue was digested and incubated in 0.45 um filtered collagenase type I 2 mg/mL
(Gibco, Invitrogen, Carlsbad CA, USA, 17018029) at 37 °C for 30 min. All tissues were
digested and filtered using a 70 pm strainer, and the solution was then centrifuged at
3000x g for 5 min. Human dermal fibroblasts were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA). Human dermal fibroblasts and human epidural fat
MSCs were maintained in low glucose-DMEM (Gibco, Carlsbad CA, USA) supplemented
with 10% exosome-depleted FBS (Gibco), 100 U/mL penicillin, 100 ng/mL streptomycin
(Gibco), 10 pg/mL recombinant human FGF-basic (Peprotech, Seoul, South Korea), 10
ng/mL recombinant human PDGF-BB (Peprotech), and 25 pg/mL plasmocin (InvivoGen,
San Diego, CA, USA). Human THP-1 cells were purchased from ATCC. THP-1 human
monocytic cells were cultivated in ATCC-formulated RPMI-1640 medium containing 10%
FBS (Gibco) and 2-mercaptoethanol (Gibco) to a final concentration of 0.05 mM, 100 U/mL
penicillin, and 100 pg/mL streptomycin. All cells were maintained at 37 °C and 5% CO, in
a humidified atmosphere.

4.2. EV Isolation

At passage numbers 5 to 8, human dermal fibroblasts and human epidural fat MSC
culture media were collected every 48 h. The cultured medium from each source was stored
at 4 °C and pooled until a total volume of 50 mL was obtained. The medium was then
centrifuged at 300x g for 10 min, and cells debris was discarded. Next, the medium was
concentrated and filtered using a TFF system (Pall Corporation, Minimate TFF™ system,
Port Washington, New York, NY, USA). The feed flow was approximately 12.5 mL/min.
The final volume of the epidural fat MSC-derived EVs was 5 mL. The nominated pore
size of the TFF system filter membrane used was 10 nm (Pall Corporation, Minimate TFF
capsule, 100K). After the TFF process, the solution was centrifuged at 2500 x g for 25 min
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to remove microparticles. EV protein concentration was measured using a Pierce™ BCA
assay kit (Thermo Fisher Scientific, Rockford, IL, USA).

4.3. Flow Cytometry

FACS was performed using BD FACSAria III (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA). To analyze the mesenchymal stem cell markers, 10° cells were
stained with antibodies, particularly PE-conjugated CD105 (Bio-Rad, Hercules, CA, USA,
MCA1557,), PE-conjugated CD90 (BioLegend, San Diego, CA, USA, 555596), PE-conjugated
CD73 (BioLegend, 344004), FITC-conjugated CD45 (BioLegend, 555482), FITC-conjugated
CD34 (BioLegend, 343504), and PE-conjugated CD14 (Bio-Rad, MCA1568). To determine
the EV-specific marker, isolated EVs were incubated with 4% w/v aldehyde/sulfate-latex
beads (Thermo Fisher Scientific, Rockford, IL, U.S, A37304) at room temperature overnight
on rotation. Bead-binding extracellular cells were centrifugated at 1800x g for 10 min and
washed with 500 uL of PBS. The pellet was resuspended with 50 pL of PBS containing
CD63 (BioLegend, 353003) and CD81 (BioLegend, 349505) at 4 °C for 1 h. All antibodies
were conjugated with PE fluorescence dye. Samples were washed with 500 puL of PBS
and centrifuged at 1800x g for 10 min. The pellet was resuspended with PBS. Gating
of exosome-decorated beads approximately 4 um in diameter was analyzed using BD
FACSAria III (BD Biosciences, San Jose, CA, USA). At least 10,000 events were acquired
on flow cytometry. Data analyses was performed using BD FACSDiva™ software version
6.1.3 (BD Biosciences, San Jose, CA, USA).

4.4. TEM

EVs were absorbed onto a formvar carbon-coated copper grid (Ted Pella Inc., Redding,
CA, USA, 01800-F), fixed in 2% paraformaldehyde for 10 min, and then dried. Grids were
visualized using a biotransmission electron microscope (Hitachi, Japan, HT7700).

4.5. NTA

NTA analyses were performed using a Nanosight NS300 (Malvern Panalytical, Worces-
tershire, UK) instrument, as advised by the manufacturer.

4.6. Cytokine Assay

Cytokines were detected using a sandwich ELISA-based quantitative array platform.
Dermal fibroblast-derived EVs and epidural fat MSC-derived EVs were measured at a
protein concentration of 1.3 mg/mL to analyze cytokine levels. Cytokine levels were mea-
sured using a commercial array kit according to the manufacturer’s protocol (RayBiotech,
Peachtree Corners, GA, USA, QAH-CYT-1).

4.7. LPS and EV Treatment of THP-1 Cells

Human THP-1 cells were differentiated into macrophages with 100 nM PMA (Sigma-
Aldrich, Saint Louis, MO, USA) for 24 h. Before LPS treatment, PMA from THP-1 cells was
washed. Human dermal fibroblast-derived EVs and human epidural fat MSC-derived EVs
(50 ng/mL) were added simultaneously with 1 pg/mL LPS (Sigma-Aldrich). As controls,
THP-1-derived macrophages were cultured either without LPS and EVs or with 50 ug/mL
of two cell-derived EVs.

4.8. Statistical Analysis

Statistical analyses were performed using Prism (GraphPad Software, San Diego,
CA, USA). All data are presented as mean £ SD. The significance of the differences was
analyzed using a Student’s t-test or a one-way ANOVA. A p-value less than 0.05 was
considered a significant difference.



Int. J. Mol. Sci. 2021, 22, 2889 10 of 12

Author Contributions: Conceptualization, G.W.L. and M.-S.S.; Methodology, G.W.L.; Software,
G.W.L,; Validation, GW.L,, S.Y.Y,, and M.-S.S.; Formal Analysis, S.-E.S.; Investigation, S.-E.S., K.-
KK, ]J-H.C,S.-].L,KK,].-H.L., and S.-K.K.; Resources, G.W.L.; Data Curation, S.-E.S. and G.W.L,;
Writing—Original Draft Preparation, S.-E.S.; Writing—Review and Editing, G.W.L. and M.-S.S,;
Visualization, S.-E.S.; Supervision, G.W.L. and M.-S.S.; Project Administration, G.W.L.; Funding
Acquisition, G.W.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Bio & Medical Technology Development Program of the
National Research Foundation (NRF) and funded by the Ministry of Science & ICT
(2019M3E5D1A02068105).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of
Yeungnam University Medical Center (IRB no. 2017-07-032).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Raposo, G.; Stoorvogel, W. Extracellular Vesicles: Exosomes, Microvesicles, and Friends. J. Cell Biol. 2013, 200, 373-383. [CrossRef]

2. Shah, R.; Patel, T.; Freedman, J.E. Circulating Extracellular Vesicles in Human Disease. N. Engl. ]. Med. 2018, 379,
958-966. [CrossRef]

3. Greening, D.W.; Xu, R.; Ji, H.; Tauro, B.J.; Simpson, R.J. A Protocol for Exosome Isolation and Characterization: Evaluation of
Ultracentrifugation, Density-Gradient Separation, and Immunoaffinity Capture Methods. Methods Mol. Biol. 2015, 1295, 179-209.

4. Li, P;Kaslan, M.; Lee, S.H.; Yao, J.; Gao, Z. Progress in Exosome Isolation Techniques. Theranostics 2017, 7, 789-804. [CrossRef]

5. Lu, M; Xing, H.; Xun, Z,; Yang, T.; Ding, P,; Cai, C.; Wang, D.; Zhao, X. Exosome-Based Small RNA Delivery: Progress and
Prospects. Asian J. Pharm. Sci. 2018, 13, 1-11. [CrossRef]

6. Nair, S.; Tang, K.D.; Kenny, L.; Punyadeera, C. Salivary Exosomes as Potential Biomarkers in Cancer. Oral. Oncol. 2018, 84,
31-40. [CrossRef]

7. Zheng, X.; Chen, F; Zhang, Q.; Liu, Y,; You, P; Sun, S.; Lin, J.; Chen, N. Salivary Exosomal PSMA7: A Promising Biomarker of
Inflammatory Bowel Disease. Protein Cell 2017, 8, 686—-695. [CrossRef]

8.  Fries, G.R.; Quevedo, ]. Exosomal MicroRNAs as Potential Biomarkers in Neuropsychiatric Disorders. Methods Mol. Biol. 2018,
1733, 79-85.

9.  Seo, Y,;Kim, H.-S.; Hong, I.-S. Stem Cell-Derived Extracellular Vesicles as Inmunomodulatory Therapeutics. Stem. Cells Int. 2019,
2019, 5126156. [CrossRef]

10. Han, Y,; Li, X;; Zhang, Y.; Han, Y,; Chang, F; Ding, ]. Mesenchymal Stem Cells for Regenerative Medicine. Cells 2019,
8, 886. [CrossRef]

11.  Lee, G.W.; Seo, M.-S.; Kang, K.-K.; Oh, S.-K. Epidural Fat-Derived Mesenchymal Stem Cell: First Report of Epidural Fat-Derived
Mesenchymal Stem Cell. Asian Spine J. 2019, 13, 361-367. [CrossRef]

12.  Cook, D.; Genever, P. Regulation of Mesenchymal Stem Cell Differentiation. Adv. Exp. Med. Biol. 2013, 786, 213-229.

13. Jin, R.; Shen, M.; Yu, L.; Wang, X,; Lin, X. Adipose-Derived Stem Cells Suppress Inflammation Induced by IL-1f through
Down-Regulation of P2X7R Mediated by MiR-373 in Chondrocytes of Osteoarthritis. Mol. Cells 2017, 40, 222-229.

14. Qi, Y;Ma,],; Li, S,; Liu, W. Applicability of Adipose-Derived Mesenchymal Stem Cells in Treatment of Patients with Type 2
Diabetes. Stem. Cell Res. Ther. 2019, 10, 274. [CrossRef]

15. Sun, C.-K; Yen, C.-H,; Lin, Y.-C,; Tsai, T.-H.; Chang, L.-T.; Kao, Y.-H.; Chua, S.; Fu, M,; Ko, S.-F; Leu, S.; et al. Autologous
Transplantation of Adipose-Derived Mesenchymal Stem Cells Markedly Reduced Acute Ischemia-Reperfusion Lung Injury in a
Rodent Model. |. Transl. Med. 2011, 9, 118. [CrossRef] [PubMed]

16. Al-Jezani, N.; Cho, R.; Masson, A.O.; Lenehan, B.; Krawetz, R.; Lyons, EG. Isolation and Characterization of an Adult Stem Cell
Population from Human Epidural Fat. Stem Cells Int. 2019, 2019, 1-12. [CrossRef]

17.  Rani, S,; Ryan, A.E; Griffin, M.D.; Ritter, T. Mesenchymal Stem Cell-Derived Extracellular Vesicles: Toward Cell-Free Therapeutic
Applications. Mol. Ther. 2015, 23, 812-823. [CrossRef]

18. Borger, V.; Bremer, M.; Ferrer-Tur, R.; Gockeln, L.; Stambouli, O.; Becic, A.; Giebel, B. Mesenchymal Stem/Stromal Cell-Derived
Extracellular Vesicles and Their Potential as Novel Immunomodulatory Therapeutic Agents. Int. ]. Mol. Sci. 2017, 18, 1450.
[CrossRef] [PubMed]

19. Harrell, C.R,; Jovicic, N.; Djonov, V.; Arsenijevic, N.; Volarevic, V. Mesenchymal Stem Cell-Derived Exosomes and Other

Extracellular Vesicles as New Remedies in the Therapy of Inflammatory Diseases. Cells 2019, 8, 1605. [CrossRef] [PubMed]


http://doi.org/10.1083/jcb.201211138
http://doi.org/10.1056/NEJMra1704286
http://doi.org/10.7150/thno.18133
http://doi.org/10.1016/j.ajps.2017.07.008
http://doi.org/10.1016/j.oraloncology.2018.07.001
http://doi.org/10.1007/s13238-017-0413-7
http://doi.org/10.1155/2019/5126156
http://doi.org/10.3390/cells8080886
http://doi.org/10.31616/asj.2018.0215
http://doi.org/10.1186/s13287-019-1362-2
http://doi.org/10.1186/1479-5876-9-118
http://www.ncbi.nlm.nih.gov/pubmed/21781312
http://doi.org/10.1155/2019/2175273
http://doi.org/10.1038/mt.2015.44
http://doi.org/10.3390/ijms18071450
http://www.ncbi.nlm.nih.gov/pubmed/28684664
http://doi.org/10.3390/cells8121605
http://www.ncbi.nlm.nih.gov/pubmed/31835680

Int. J. Mol. Sci. 2021, 22, 2889 11 of 12

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.
45.

Harting, M.T.; Srivastava, A.K.; Zhaorigetu, S.; Bair, H.; Prabhakara, K.S.; Toledano Furman, N.E.; Vykoukal, J.V.; Ruppert,
K.A,; Cox, C.S.; Olson, S.D. Inflammation-Stimulated Mesenchymal Stromal Cell-Derived Extracellular Vesicles Attenuate
Inflammation. Stem. Cells 2018, 36, 79-90. [CrossRef]

Huang, J.-H.; Fu, C-H.; Xu, Y,; Yin, X.-M.; Cao, Y; Lin, E-Y. Extracellular Vesicles Derived from Epidural Fat-Mesenchymal Stem
Cells Attenuate NLRP3 Inflammasome Activation and Improve Functional Recovery After Spinal Cord Injury. Neurochem. Res.
2020, 45, 760-771. [CrossRef] [PubMed]

Xu, ].; Chen, Y.; Yue, Y.; Sun, J.; Cui, L. Reconstruction of Epidural Fat with Engineered Adipose Tissue from Adipose Derived
Stem Cells and PLGA in the Rabbit Dorsal Laminectomy Model. Biomaterials 2012, 33, 6965-6973. [CrossRef]

Lee, G.W.,; Mun, ].-U.; Ahn, M.-W. The Impact of Posterior Epidural Adipose Tissue on Postoperative Outcomes after Posterior
Decompression Surgery for Lumbar Spinal Stenosis: A Prospectively Randomized Non-Inferiority Trial. J. Orthop. Surg. (Hong
Kong) 2020, 28. [CrossRef]

EL Andaloussi, S.; Mager, 1.; Breakefield, X.O.; Wood, M.J.A. Extracellular Vesicles: Biology and Emerging Therapeutic Opportu-
nities. Nat. Rev. Drug Discov. 2013, 12, 347-357. [CrossRef]

Soundararajan, M.; Kannan, S. Fibroblasts and Mesenchymal Stem Cells: Two Sides of the Same Coin? J. Cell Physiol. 2018, 233,
9099-9109. [CrossRef] [PubMed]

Park, EK,; Jung, H.S.; Yang, H.I; Yoo, M.C,; Kim, C.; Kim, K.S. Optimized THP-1 Differentiation Is Required for the Detection of
Responses to Weak Stimuli. Inflamm. Res. 2007, 56, 45-50. [CrossRef] [PubMed]

Levy, E.; Xanthou, G.; Petrakou, E.; Zacharioudaki, V.; Tsatsanis, C.; Fotopoulos, S.; Xanthou, M. Distinct Roles of TLR4 and CD14
in LPS-Induced Inflammatory Responses of Neonates. Pediatr. Res. 2009, 66, 179-184. [CrossRef] [PubMed]

Tang, T.; Scambler, T.E.; Smallie, T.; Cunliffe, H.E.; Ross, E.A.; Rosner, D.R.; O'Neil, ].D.; Clark, A.R. Macrophage Responses
to Lipopolysaccharide Are Modulated by a Feedback Loop Involving Prostaglandin E2, Dual Specificity Phosphatase 1 and
Tristetraprolin. Sci. Rep. 2017, 7, 4350. [CrossRef]

Volarevic, V.; Gazdic, M.; Simovic Markovic, B.; Jovicic, N.; Djonov, V.; Arsenijevic, N. Mesenchymal Stem Cell-Derived Factors:
Immuno-Modulatory Effects and Therapeutic Potential. Biofactors 2017, 43, 633-644. [CrossRef] [PubMed]

Saeedi, P; Halabian, R.; Imani Fooladi, A.A. A Revealing Review of Mesenchymal Stem Cells Therapy, Clinical Perspectives and
Modification Strategies. Stem. Cell Investig. 2019, 6, 34. [CrossRef] [PubMed]

Squillaro, T.; Peluso, G.; Galderisi, U. Clinical Trials with Mesenchymal Stem Cells: An Update. Cell Transpl. 2016, 25, 829-848.
[CrossRef] [PubMed]

Chu, C.; Wei, S.; Wang, Y.; Wang, Y.; Man, Y.; Qu, Y. Extracellular Vesicle and Mesenchymal Stem Cells in Bone Regeneration:
Recent Progress and Perspectives. J. Biomed. Mater. Res. A 2019, 107, 243-250. [CrossRef] [PubMed]

Lai, R.C.; Yeo, RW.Y;; Lim, S.K. Mesenchymal Stem Cell Exosomes. Semin Cell Dev. Biol. 2015, 40, 82-88. [CrossRef]

Qing, L.; Chen, H.; Tang, J.; Jia, X. Exosomes and Their MicroRNA Cargo: New Players in Peripheral Nerve Regeneration.
Neurorehabil. Neural. Repair 2018, 32, 765-776. [CrossRef] [PubMed]

Turinetto, V.; Vitale, E.; Giachino, C. Senescence in Human Mesenchymal Stem Cells: Functional Changes and Implications in
Stem Cell-Based Therapy. Int. . Mol. Sci. 2016, 17, 1164. [CrossRef]

Volarevic, V.; Markovic, B.S.; Gazdic, M.; Volarevic, A.; Jovicic, N.; Arsenijevic, N.; Armstrong, L.; Djonov, V.; Lako, M.; Stojkovic,
M. Ethical and Safety Issues of Stem Cell-Based Therapy. Int. ]. Med. Sci. 2018, 15, 36—45. [CrossRef]

Zhu, X.; Badawi, M.; Pomeroy, S.; Sutaria, D.S.; Xie, Z.; Baek, A.; Jiang, J.; Elgamal, O.A.; Mo, X.; Perle, K.L.; et al. Comprehensive
Toxicity and Immunogenicity Studies Reveal Minimal Effects in Mice Following Sustained Dosing of Extracellular Vesicles
Derived from HEK293T Cells. J. Extracell. Vesicles 2017, 6, 1324730. [CrossRef]

Yang, Y.-H K. Aging of Mesenchymal Stem Cells: Implication in Regenerative Medicine. Regen. Ther. 2018, 9, 120-122. [CrossRef]
Gowen, A; Shahjin, F.; Chand, S.; Odegaard, K.E.; Yelamanchili, S.V. Mesenchymal Stem Cell-Derived Extracellular Vesicles:
Challenges in Clinical Applications. Front Cell Dev. Biol. 2020, 8, 149. [CrossRef] [PubMed]

Wang, Y.; Chu, Y,; Ren, X,; Xiang, H.; Xi, Y,; Ma, X,; Zhu, K; Guo, Z.; Zhou, C.; Zhang, G.; et al. Epidural Adipose Tissue-
Derived Mesenchymal Stem Cell Activation Induced by Lung Cancer Cells Promotes Malignancy and EMT of Lung Cancer.
Stem. Cell Res. Ther. 2019, 10, 168. [CrossRef]

Shah, S.; Mudigonda, S.; Mitha, A.P; Salo, P; Krawetz, R.J. Epidural Fat Mesenchymal Stem Cells: Important Microenvironmental
Regulators in Health, Disease, and Regeneration: Do EF-MSCs Play a Role in Dural Homeostasis/Maintenance? BioEssays 2020,
2000215. [CrossRef] [PubMed]

Zhang, ].-M.; An, J. Cytokines, Inflammation, and Pain. Int. Anesthesiol. Clin. 2007, 45, 27-37. [CrossRef] [PubMed]

Mitchell, R.; Mellows, B.; Sheard, J.; Antonioli, M.; Kretz, O.; Chambers, D.; Zeuner, M.-T.; Tomkins, J.E.; Denecke, B.; Musante,
L.; et al. Secretome of Adipose-Derived Mesenchymal Stem Cells Promotes Skeletal Muscle Regeneration through Synergistic
Action of Extracellular Vesicle Cargo and Soluble Proteins. Stemn Cell Res. Ther. 2019, 10, 116. [CrossRef] [PubMed]

Opal, S.M.; DePalo, V.A. Anti-Inflammatory Cytokines. Chest 2000, 117, 1162-1172. [CrossRef] [PubMed]

Cicchese, ] M.; Evans, S.; Hult, C.; Joslyn, L.R.; Wessler, T.; Millar, J.A.; Marino, S.; Cilfone, N.A.; Mattila, ].T.; Linderman, ].].; et al.
Dynamic Balance of Pro- and Anti-Inflammatory Signals Controls Disease and Limits Pathology. Immunol. Rev. 2018, 285, 147-167.
[CrossRef] [PubMed]


http://doi.org/10.1002/stem.2730
http://doi.org/10.1007/s11064-019-02950-x
http://www.ncbi.nlm.nih.gov/pubmed/31953741
http://doi.org/10.1016/j.biomaterials.2012.06.010
http://doi.org/10.1177/2309499019896871
http://doi.org/10.1038/nrd3978
http://doi.org/10.1002/jcp.26860
http://www.ncbi.nlm.nih.gov/pubmed/29943820
http://doi.org/10.1007/s00011-007-6115-5
http://www.ncbi.nlm.nih.gov/pubmed/17334670
http://doi.org/10.1203/PDR.0b013e3181a9f41b
http://www.ncbi.nlm.nih.gov/pubmed/19390489
http://doi.org/10.1038/s41598-017-04100-1
http://doi.org/10.1002/biof.1374
http://www.ncbi.nlm.nih.gov/pubmed/28718997
http://doi.org/10.21037/sci.2019.08.11
http://www.ncbi.nlm.nih.gov/pubmed/31620481
http://doi.org/10.3727/096368915X689622
http://www.ncbi.nlm.nih.gov/pubmed/26423725
http://doi.org/10.1002/jbm.a.36518
http://www.ncbi.nlm.nih.gov/pubmed/30378760
http://doi.org/10.1016/j.semcdb.2015.03.001
http://doi.org/10.1177/1545968318798955
http://www.ncbi.nlm.nih.gov/pubmed/30223738
http://doi.org/10.3390/ijms17071164
http://doi.org/10.7150/ijms.21666
http://doi.org/10.1080/20013078.2017.1324730
http://doi.org/10.1016/j.reth.2018.09.002
http://doi.org/10.3389/fcell.2020.00149
http://www.ncbi.nlm.nih.gov/pubmed/32226787
http://doi.org/10.1186/s13287-019-1280-3
http://doi.org/10.1002/bies.202000215
http://www.ncbi.nlm.nih.gov/pubmed/33191529
http://doi.org/10.1097/AIA.0b013e318034194e
http://www.ncbi.nlm.nih.gov/pubmed/17426506
http://doi.org/10.1186/s13287-019-1213-1
http://www.ncbi.nlm.nih.gov/pubmed/30953537
http://doi.org/10.1378/chest.117.4.1162
http://www.ncbi.nlm.nih.gov/pubmed/10767254
http://doi.org/10.1111/imr.12671
http://www.ncbi.nlm.nih.gov/pubmed/30129209

Int. J. Mol. Sci. 2021, 22, 2889 12 of 12

46.

47.

48.

Dalirfardouei, R.; Jamialahmadi, K.; Jafarian, A.H.; Mahdipour, E. Promising Effects of Exosomes Isolated from Menstrual
Blood-Derived Mesenchymal Stem Cell on Wound-Healing Process in Diabetic Mouse Model. J. Tissue Eng. Regen. Med. 2019, 13,
555-568. [CrossRef]

He, X.; Dong, Z.; Cao, Y.; Wang, H.; Liu, S,; Liao, L.; Jin, Y; Yuan, L.; Li, B. MSC-Derived Exosome Promotes M2 Polarization and
Enhances Cutaneous Wound Healing. Stem. Cells Int. 2019, 2019, 7132708. [CrossRef]

Willis, G.R.; Fernandez-Gonzalez, A.; Anastas, J.; Vitali, S.H.; Liu, X.; Ericsson, M.; Kwong, A.; Mitsialis, S.A.; Kourembanas,
S. Mesenchymal Stromal Cell Exosomes Ameliorate Experimental Bronchopulmonary Dysplasia and Restore Lung Function
through Macrophage Immunomodulation. Am. J. Respir. Crit. Care Med. 2018, 197, 104-116. [CrossRef] [PubMed]


http://doi.org/10.1002/term.2799
http://doi.org/10.1155/2019/7132708
http://doi.org/10.1164/rccm.201705-0925OC
http://www.ncbi.nlm.nih.gov/pubmed/28853608

	Introduction 
	Results 
	Isolation and Characterization of Human Epidural Fat MSCs 
	EVs from Human Dermal Fibroblasts and Human Epidural Fat MSCs 
	Pro-Inflammatory Molecule Levels in Human Epidural Fat MSC-Derived EVs 
	Anti-Inflammatory Effects of Human Epidural Fat MSC-Derived EVs 

	Discussion 
	Materials and Methods 
	Cell Isolation and Culture 
	EV Isolation 
	Flow Cytometry 
	TEM 
	NTA 
	Cytokine Assay 
	LPS and EV Treatment of THP-1 Cells 
	Statistical Analysis 

	References

