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Abstract

Extracellular vesicles (EVs), which include exosomes (Exos) and microvesicles
(MVs), play a crucial role in intercellular communication and exert various biological
activities by delivering specific cargoes of functional molecules, such as RNAs and
proteins, to target cells. EVs secreted by human mesenchymal stem cells (hMSCs)
have demonstrated their capacity to replace intact MSCs in tissue repair and regen-
eration. Induced mesenchymal stem cells (iIMSCs) derived from induced pluripotent
stem cells (iPSCs) present a promising alternative to traditional MSCs for producing
EVs. This study aimed to establish an alternative source of EVs from iMSCs and
compare them with EVs from adipose-derived MSCs (ADMSCs). Both iMSCs and
ADMSCs were expanded under xeno-free culture conditions, and conditioned media
were collected for EV isolation and characterization. The effects of the isolated

EVs on cellular viability, apoptosis, senescence, and cell migration were evaluated.
Results indicated that iIMSC-EVs had a larger particle size (~1.5-fold) with no signif-
icant differences in morphology or surface markers compared to ADMSC-EVs. Fur-
thermore, both iIMSC- and ADMSC-derived EVs significantly increased HDF viability
at 48 and 72 hours (p<0.01, p<0.05). Both types of EVs significantly reduced apop-
tosis levels (p<0.01) in both HDFs and ADMSCs, while having no effect on senes-
cence induction (p>0.9999). Additionally, iIMSC-EVs significantly enhanced ADMSC
migration (p<0.0001), whereas the effect was less pronounced with ADMSC-EVs.
iIMSC-EVs present a promising and a scalable option for regenerative applications,
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offering advantages over ADMSC-EVs. However, further investigation is needed to
fully understand their effects and underlying mechanisms.

Introduction

Mesenchymal stem cells (MSCs) are multipotent cells that exhibit plastic adherence,
possess the ability to self-renew, and differentiate into a variety of cell types, includ-
ing chondrocytes, osteocytes, adipocytes, as well as cardiac and neuronal cells [1,2].
MSCs are found in nearly all connective tissues [3] and are commonly utilized in
regenerative medicine due to their immunomodulating, anti-apoptotic, and anti-fibrotic
activities [4,5]. Although MSCs can differentiate into various cell types to repair
damaged tissues, MSC transplantation carries certain risks, including the potential for
tumor formation, low recovery rates, and the possibility of graft rejection [6,7].

The therapeutic potential of stem cells can be attributed to their indirect interaction
with recipient somatic cells through the release of cytokines, chemokines, anti-
inflammatory factors, and growth factors, as well as small vesicles called extracel-
lular vesicles (EVs) [8—10]. EVs are diverse populations of membranous structures
derived from cell membranes of all cell types [11]. Based on their size, EVs can be
broadly categorized into two main groups, small and large EVs. Moreover, small EVs
can be further divided into: exosomes (Exos) with size ranging between 30 to 200nm
and microvesicles (MVs) with size ranging from approximately ~100 to 1,000 nm [12].
EVs play a crucial role in cell-cell communication between local and distant cells,
facilitating the transfer of biological content, including proteins, lipids, and nucleic
acids [13—-16].

EVs derived from human MSCs (hMSCs) have demonstrated superiority in main-
taining similar functions to MSCs and avoiding apparent adverse effects [17]. More-
over, MSC-derived EVs (MSC-EVs) can replace intact MSCs in tissue repair and
regeneration [18,19]. Consequently, MSC-EVs represent a new avenue for treating
various conditions, such as tissue injuries [18,20], radiation damage to bone mar-
row hematopoietic cells [21], fractures [22], and neurodegeneration [23]. However,
several challenges have been identified against the clinical application of MSC-EVs,
including inefficient production, inadequate reliability, and purification of clinical grade
EVs [20,24].

Given the stable nature of induced pluripotent stem cells (iPSCs), it is hypothe-
sized that iPSCs might be a suitable target for EVs-mass production [25]. iPSCs are
a subset of cells that can be reprogrammed from any human tissue type through the
forced expression of pluripotency transcription factors [26]. iPSCs can be induced
in vitro to generate induced MSCs (iMSCs) through embryoid body formation [27].
iIMSCs can surpass most of the MSC limitations because they are (i) capable of pro-
ducing a large number of cells with high purity, (i) have a high proliferation rate with
a short doubling time, (iii) have extended expansion capacity [28], (iv) could be a uni-
versal source preventing the heterogeneity of MSCs isolated from different sources
[29] and (v) meet most of the international Society for Cell and Gene Therapy (ISCT)
criteria for MSCs [30]. Compared to adult MSCs, iMSCs exhibited superiority in cell
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proliferation, immunomodulation, and synthesis of exosomes capable of regulating the microenvironment. Exosomes
derived from iIMSCs might overcome immune rejection following cellular transplantation, providing an alternative approach
to mitigate the potential risks that follow cellular therapy [31].

This study aimed to explore an alternative source of EVs derived from induced mesenchymal stem cells (iMSC-EVs)
and to compare their physical properties and biological functions with EVs from adipose-derived MSCs (ADMSC-EVs).
Additionally, the uptake of IMSC-EVs and ADMSC-EVs was assessed by different cell types. We further investigated the
impact of the isolated EVs on cellular viability, apoptosis, senescence, and migration in vitro.

Materials and methods
Ethical approval and donor consent

Three ADMSC samples used in this study were isolated and expanded as described in our previous publications [32,33].
This study adhered to ethical guidelines and was approved by the Institutional Review Board of the University of Jordan
and the Cell Therapy Center in 2019 (IRB-7-2019-7) and 2021 (IRB-CTC/2—-2021/06). All three female donors provided
signed written informed consent before their participation in the study. Adipose tissue samples were collected from healthy
female patients with age range between 30—45 and no history of diseases. Donors were undergoing liposuction at the
Plastic Surgery Department of Jordan University Hospital (JUH)/the University of Jordan between January 1, 2020, and
January 1, 2022. Induced pluripotent stem cell (iPSC) lines were generated and characterized from dermal skin fibro-
blasts, as detailed in our previous publication [34]. The pluripotency of these cell lines was confirmed via flow cytometry
analysis for the expression of Nanog and Tra-1-60, following our previously established protocols [34].

Generation of induced mesenchymal stem cells (iMSCs) via embryoid bodies (EBs)

To generate induced mesenchymal stem cells (iMSCs), we first generated embryoid bodies (EBs) from induced pluripo-
tent stem cells (iPSCs) as described previously [32]. Three different iPSC lines were cultured on Matrigel (Corning)-coated
plates and maintained in mTeSR (Stem Cell Technologies, Vancouver, Canada). Cells were detached using 1xTryplE
(Gibco, New York, USA), and the cell suspensions were seeded in ultra-low attachment plates at a seeding density of
2x105 cells/well. Cells were maintained in mTeSR supplemented with 10 uM Rock inhibitor (R&D, London, UK) for 24
hours to facilitate EB formation. On the second day, mTeSR was replaced with MSC complete culture media (CCM),
composed of Minimum Essential Medium Eagle-Alpha Modification (aMEM) (Gibco, New York, USA) supplemented with
15% fetal bovine serum (FBS, Hyclone), 1% 100X Glutamax (Gibco, New York, USA), and 1% 100X antibiotic-antimycotic
mixture (Gibco, New York, USA). On days 2 and 4 of differentiation, the media was replaced with fresh media supple-
mented with 10 uM retinoic acid (RA) and 0.1 uM RA, respectively (Sigma-Aldrich, Darmstadt, Germany) to promote
differentiation. On day 6, the media was switched to an RA-free differentiation medium. On day 7, EBs were plated on
Matrigel-coated plates and maintained in MSC differentiation media. The medium was exchanged every two days, and

on day 12, the culture media was supplemented with 2.5 ng/ml basic fibroblast growth factor (bFGF) to enhance iMSCs
proliferation and differentiation. Once iIMSCs reached 80-90% confluency, they were passaged and cryopreserved in 1X
freezing media (90% FBS and 10% DMSO) before storage in liquid nitrogen (LN). For comparison, original ADMSCs lines
of four age-matched female donors, previously generated at the Cell Therapy Center (CTC), University of Jordan, Jordan,
were used and expanded using the same CCM and culture conditions. All cell lines were expanded and maintained under
standard culture conditions (37°C, 21% O,, and 5% CO,).

Flow cytometry of iMSCs and ADMSC surface markers

To characterize iIMSCs and ADMSCs, cells were assessed for the presence of hMSCs surface markers (CD90, CD105,
CD73, and CD44) and the absence of hums’ negative markers (CD34, CD45, CD11b or CD14, CD19 or CD79a, and
HLA-DR) using the BD Stem Flow hMSC Analysis kit (BD Biosciences, California, USA). A cocktail of fluorescently
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conjugated antibodies targeting hMSC-positive markers (CD90, CD105, CD73, and CD44) and their isotype controls
were freshly prepared following the manufacturer’s instructions. Samples were analyzed using the BD FACS Canto Il flow
cytometer and BD FACSDiva software.

iMSCs and ADMSCs osteogenic and adipogenic differentiation

For osteogenic differentiation, cells were harvested and seeded in triplicates in 6-well tissue culture plates at 2% 10°
cells/well. Cells were maintained in CCM until reaching at least 50% confluency, and then media was replaced with a
complete osteogenic differentiation medium composed of Minimum Essential Medium Eagle-Alpha Modification (Alpha
MEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Hyclone), 1% 100X Glutamax (Gibco, USA), 1% 100X
antibiotic- antimycotic mixture (Gibco, USA), 10 mM dexamethasone, 50 ug/ml ascorbic acid 2-phosphate, and 10 mM
B-glycerophosphate (Carbosynth, USA). Cells were maintained for 21-28 days until calcium deposition was observed.
Control cells were kept in CCM for each sample, and media was exchanged every 2—3 days. Once mineral deposition was
observed under the microscope, one well of each sample was used for Alizarin Red staining of calcium crystals, exam-
ined, and imaged using the EVOS XL Core Imaging System (Thermo Fisher, Waltham, Massachusetts) [32].

The same procedure described above was applied for adipogenic differentiation composed of Minimum Essential
Medium Eagle-Alpha Modification (Alpha MEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Hyclone), 1%
100X Glutamax (Gibco, USA), 1% 100X antibiotic- antimycotic mixture (Gibco, USA), 10 mM dexamethasone, 500 uM
3-isobutyl-1-methylxanthine (IBMX), 0.2 mM indomethacin, and 10 yg/ml insulin and maintained for 14—-21 days. Once fat
vacuoles were visible under the microscope, samples were stained with Oil Red-O stain and imaged using the EVOS XL
Core Imaging System [32].

EVs collection and characterization

Cells of passage 3 of both iMSCs and ADMSCs were cultured in a single-layer chamber (Corning, New York, USA) and
maintained in CCM until they reached 80-90% confluence. Then, the medium was exchanged, cells were incubated in a
serum-free medium (SFM) for 48 hours, and the conditioned medium (CM) was collected. Specifically, the CM underwent
sequential centrifugation at 300g for 10 minutes at 4 °C to eliminate the remaining cells, followed by centrifugation at
20004g for 20 minutes at 4 °C to remove dead cells and large apoptotic bodies. Subsequently, cellular debris was elimi-
nated through 0.22-um filtration, and supernatants were subjected to ultracentrifugation at 110,000g for 2 hours at 4 °C
using the CS-FNX Micro Ultracentrifuge (lbaraki, Japan). Then, the resulting EV pellets were resuspended in 500 pL of
filtered 1X PBS, and their concentration was measured using the Micro BCA™ Protein Assay Kit (Thermo Scientific, USA)
according to the manufacturer’s guidelines. The isolated EVs were aliquoted, adjusted to a final concentration of 1 mg/mL,
and stored at —80°C for future use.

Proteins of the tetraspanin family (CD9, CD81, and CD63) were studied to demonstrate the lipid-bilayer structure of
EVs via beads-based flow cytometry. For each EV sample, three tubes were prepared: CD9 and CD81 together, CD63,
and Unstained EVs. In each tube, 100 pl of each EV sample were incubated with 3 pl of Aldehyde/sulfate latex beads (4%
w/v, 4 um; Invitrogen, Massachusetts, USA) for 15 minutes at RT. Then 10 pl filtered PBS was added, and the EV-beads
mixture was incubated overnight at 4°C under gentle movement (270° shaking). EV-beads binding was blocked by adding
10 pl of 1M glycine/tube and incubated for 30 minutes at RT. Subsequently, two samples were aliquoted in two test tubes;
each tube contained of 50 ul of the EV-beads mixture and incubated for 40 minutes at 37°C. After that, 150 pl filtered PBS
was added to each tube, and samples were processed on BD FACS Canto Il, read at a low flow rate, and analyzed by BD
FACSDiva software.

To examine the EV morphology, 100 uL (1 mg/ml) of purified EVs were resuspended in a 1:1 mixture with 2% PFA
(paraformaldehyde) deposited in Formvar-carbon-coated electron microscope grids for 20 minutes in a dry environment at
room temperature (RT). The grids were subsequently washed and immersed directly in drops of 1% glutaraldehyde and
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incubated for 5 minutes. Then, seven washes with distilled water for 2 minutes each. To enhance contrast, the grids were
placed on drops of uranyl-oxalate for 5 minutes, then transferred to methyl cellulose-UA for 10 minutes on ice. Finally,
grids were air-dried for 10 minutes and examined using the Versa 3D FEI transmission electron microscopy (TEM) at an
acceleration voltage of 30 V.

Size distribution was measured using a dynamic light scattering (DLS) nanosizer instrument (ZetaView, Malvern Nano
ZS, Worcestershire, UK) to determine the particle sizes. Briefly, 100 uL (1 mg/ml) of EVs were resuspended in 500 uL of
filtered PBS and properly mixed. Then, the data were analyzed using Zetasizer software 7.11, and the temperature was
controlled at 24 °C. Data acquisition parameters were set as follows: Measurement angle (173° backscatter), number of
runs (10), run duration (60 seconds), number of measurements (3), and the delay between measurements (10 seconds),
based on the manufacturer's recommendations for EV analysis.

EVs labeling and cellular uptake

Cellular uptake of EVs was assessed by Dil fluorescent dye labelling (1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine
perchlorate; Invitrogen, Massachusetts, USA). In brief, approximately 200 uL (100 pg/mL) of iMSC-EVs or ADMSC-EVs
were labeled with 5 pL of 10 uM Dil, a lipophilic dye that selectively stains EV membranes by integrating into their lipid
bilayer. 1X PBS was used as a negative control and underwent the same incubation procedure with Dil. EVs were incu-
bated with Dil dye in the dark for 1 hour with gentle mixing. Then, labelled EVs were resuspended in 4 ml of filtered PBS
and subjected to ultracentrifugation at 110,000 for 1 hour and 30 minutes at 4°C. Pellets were subsequently resus-
pended in 700 pl of filtered PBS.

Human fibroblasts cells were seeded on coverslips at a density of 1.5 x 10° cells/well and incubated with 30 uL of labeled
EVs (100 pg/mL) from either iMSC-EVs or ADMSC-EVs for 12 hours at 37°C and 5% CO,,. Afterwards, cells were washed
with PBS to remove unbound EVs and 5ul of 10um CMFDA (5-chloromethylfluorescein diacetate, Invitrogen, Massa-
chusetts, USA) in SFM was added and incubated for 30 minutes at 37°C to stain the cell body. Then, cells were fixed
with 4% PFA for 15 minutes at RT. After that, cells were washed once with PBS and stained with DAPI (4',6-diamidino-2-
phenylindole, Invitrogen, Massachusetts, USA). Finally, cells were mounted with an anti-fade mounting medium (Abcam,
Cambridge, UK), and images were captured under the lab observer microscope (Carl Zeiss, Oberkochen, Germany).

Cell viability and apoptosis assays

To assess the variance in metabolic activity of HDF, cells were co-cultured with iMSC-EVs, MSC-EVs and HDF-derived
EVs (HDF-EVs), a colourimetric (3-(4,5-Dimethyl-2-thiazolyl)- 2,5-diphenyl-2H-tetrazolium bromide (MTT), ATCC, Virginia,
USA) was conducted. HDF cells were seeded into three 96-well plates at a seeding density of 8 x 10° cells/well in 100 pl
CCM (media contains serum). After 24 hours, the cells were treated with 50 pug/ml of iIMSC or ADMSC-EVs or HDF-EVs
and SFM was used as a negative control. The following day, 10 ul of the MTT reagent was added to each well, and cells
were incubated for 3 hours at 37°C. Subsequently, an equal volume of the solubilization stop solution was added to the
wells (110 pl/well) and incubated at 37°C for 40 minutes. The absorbance was then recorded at 570 nm on Biotek Cytation
5 and analyzed using Bioteck Gen 5 data analysis software (BioTek, Vermont, USA). The same procedure was repeated
for the other two plates after 48 and 72 hours.

Flow cytometry detected cell apoptosis using eBioscience® Annexin V-FITC Apoptosis Detection Kit (Invitrogen, Mas-
sachusetts, USA) following the manufacturer’s instructions. HDF cells were seeded in 6 well-plates at a seeding density
of 2x105 cells/well until they reached confluence. Then, the media was replaced with fresh SFM supplied with either 50
pg/ml iMSC, ADMSC-EVs, or SFM alone. After 48 hours, cells were harvested and washed with 1X PBS. They were
resuspended in 100 yl 1X Binding Buffer and 5 ul FITC, followed by incubation in the dark for 15 minutes. After that, 5 pl
of Propidium lodide (PI) was added to each sample, along with 100 pl of 1X Binding Buffer to dilute the cell suspension.
Samples were then directly assessed using BD FACS Canto Il and analyzed by BD FACSDiva software.
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Senescence-associated B-Galactosidase analysis

Senescence-Associated B-Galactosidase (SA-B-Gal) staining was performed using a senescence detection kit (Abcam,
cat #ab65351, Cambridge, UK). Briefly, HDFs were cultured on a 12-well plate, maintained in CCM at a seeding density
of 1x105 cells/well and grown until they reached confluence. The complete media was aspirated, SFM was used, and the
required quantity of EVs was added: 50 pg/ml of iMSC or ADMSC-EVs, and SFM served as a negative control. The cells
were incubated at 37°C for 48 hours. After that, media were aspirated, and cells were washed once with 1ml of 1X PBS
and fixed with 0.5ml fixative solution for 15 minutes at RT. Subsequently, 0.5ml of staining solution mixture was added
to each well and incubated at 37°C for 12 hours. Cells were observed under the microscope for the development of blue
color.

Scratch wound assay

To study the migration of HDFs and ADMSCs, a scratch wound assay was conducted on cells seeded on 6-well plates
and grown until they reached confluence, then treated with 50 pg/ml of iIMSC-EVs or ADMSCs-EVs, and SFM as a
negative control for 24 hours. The cells were starved to distinguish between survival and migration, and a lesion was
performed on the monolayer using a sterile 200 um pipette tip. Then, cells were washed, and media were replaced with
SFM-containing EVs, as described previously. Control wells with SFM only were also scratched and maintained in the
same volume of SFM. After 0, 24, and 48 hours of adding EVs, the cells were imaged, and the cell migration distance was
measured using ImageJ software.

Statistical analysis

All data were analyzed on GraphPad Prism version 9.3.1 (GraphPad Software, California, USA) using unpaired students’
t-tests or two-way analyses of variance (ANOVA) followed by the Bonferroni test when indicated. P-value <0.05 was con-
sidered significant (*<0.05, *¥<0.01, **<0.001, ***<0.0001). All experiments were repeated at least in triplicate (n=3).

Results
Characterization of iPSCs, iMSCs and ADMSCs surface markers and differentiation potential

Flow cytometry analysis confirmed the positive expression of pluripotency markers Nanog and Tra-1-60 in the iPSC lines
used in this study (Supplementary S1 Fig). Further flow cytometry analysis demonstrated the successful differentiation of
iPSCs into iIMSCs, as indicated by the expression of hMSC surface markers (CD90, CD105, CD73, and CD44) in all iMSC
samples, which was comparable to the ADMSCs samples. Additionally, both iMSC and ADMSC samples were negative
for the MSC-negative markers cocktail (CD34, CD45, CD14, CD11b, CD79a, CD19, and HLA-DR) (Fig 1A & 1B). The
differentiation potential of IMSCs and ADMSCs, a key feature for identifying and characterizing MSC populations, was
further confirmed. Alizarin Red staining revealed that both iIMSC and ADMSC samples successfully differentiated into the
osteogenic lineage, as evidenced by calcium deposition (Fig 1C). However, Oil Red O staining showed a limited ability of
iIMSCs to differentiate into adipocytes, as indicated by the minimal fat vacuole formation (Fig 1D).

Characterization of isolated EVs from iMSCs and ADMSCs

Flow cytometry analysis confirmed the successful expression of EVs surface markers in all analyzed samples. CD9 and
CD81 were highly expressed, while CD63 exhibited relatively lower expression across three independent isolations of
both iIMSC-EVs and ADMSC-EVs. The average expression levels of EV surface markers in iIMSC-EVs were as follows:
CD9 (99.3%), CD81 (97.3%), and CD63 (77.3%). Similarly, ADMSC-EVs showed expression levels of CD9 (99%), CD81
(94%), and CD63 (65.3%) (Fig 2A and 2B). Overall, IMSC-EVs had slightly higher surface marker expression compared to
ADMSC-EVs, though the difference was not statistically significant.
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expressing the human MSCs markers compared to ADMSCs. (C) Alizarin Red staining of calcium deposits in the differentiated osteogenic cells. (D) Oil
Red O staining of fat vacuoles in the adipocyte differentiated cells. Scale bar: 20 pm.
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Additionally, DLS, a well-established, non-invasive technique for measuring particle size and size distribution in the
submicron range, was used to analyze the size distribution of EVs. The analysis revealed that both iIMSC-EVs and
ADMSC-EVs exhibited heterogeneous size distributions, with two predominant particle populations. iIMSC-EVs displayed
size peaks at approximately 65nm and 200 nm, while ADMSC-EVs showed peaks at around 30nm and 172 nm. Addition-
ally, IMSC-EV samples displayed readings above 5000 nm, indicating the presence of EV aggregates. Overall, IMSC-EVs
were~ 1.5 times larger than ADMSC-EVs (Fig 2C).

Finally, TEM revealed the typical cup-like morphology characteristic of both iIMSC-EVs and ADMSC-EVs, consistent
with their expected structure. TEM also confirmed the diameter measurements obtained from DLS and observed aggre-
gations in some iIMSC-EV samples (Fig 2D). These findings confirm the successful isolation of both iIMSC-EVs and their
parental ADMSC-EVs under the same culture conditions. Despite sharing similar characteristics, iIMSC-EVs demonstrated
a larger particle size compared to ADMSC-EVs.
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Fig 2. Characterization of iMSC-EVs and ADMSC-EVs. (A&B) Flow cytometry histograms and graph analysis of tetraspanin markers CD9, CD81, and
CD63 on iMSC-EV and ADMSC-EV. (C) Size distribution of iMSC-EVs and ADMSC-EVs measured by DLS. (D) Representative images of iIMSC-EVs
and ADMSC-EVs by transmission electron microscopy. Scale bar: 1 um.

https://doi.org/10.1371/journal.pone.0325065.9002
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EVs were successfully internalized into HDF cells

To assess whether HDFs can internalize EVs, EVs were incubated with Dil, a fluorescent dye and lipophilic stain that inte-
grates into lipid bilayer membranes and emits orange-red fluorescence. After 12 hours of incubation, cells were stained
with CMFDA (green color), a fluorescent dye to monitor cell movement or location. Immunofluorescent images revealed
red fluorescent particles in perinuclear regions, indicating that the EVs were taken up by HDF cells (Fig 3).

iMSC-EVs enhanced HDF viability at 48 and 72 hours, while ADMSC-EVs show effects only at 72 hours

Following the confirmation of HDF cells’ ability to internalize EVs, an MTT assay was conducted at 48- and 72-hours
post-seeding to assess the impact of IMSC-EVs and ADMSC-EVs on cell viability. Notably, exposure to 50 pg/ml of
iIMSC-EVs significantly increased the viability of HDF cells compared to those treated with 50 ug/ml of ADMSC-EVs and
HDF-EVs after 48 hours (p-value <0.01 and p-value <0.001, respectively) (Fig 4A). Additionally, after 72 hours, HDF cells
treated with IMSC-EVs and ADMSC-EVs exhibited higher viability compared to the control SFM group (p-value <0.01 and
p-value <0.05, respectively) (Fig 4A).

Next, the Annexin V/propidium lodide (PI) assay was used to evaluate apoptosis levels in HDF cells and ADMSCs (as
a control) treated with 50 pug/ml of EVs derived from either iIMSCs or ADMSCs. Flow cytometry analysis of Annexin V/PI
staining revealed that both HDF cells (Fig 4B) and ADMSCs (Fig 4C) exposed to either IMSC-EVs or ADMSC-EVs exhib-
ited significantly less apoptosis compared to cells treated with (SFM) (p-value <0.01 with all cell types and treatments).

DAPI CMFDA Merge

-.
--

Dil SFM

iMSC-EVs

-.

Fig 3. iMSC-EVs and ADMSC-EVs are internalized by HDFs. Representative images showing the uptake of Dil-labeled iMSC-EVs and ADMSC-EVs
by human dermal fibroblasts (HDFs). Dil, a lipophilic dye, was used to stain EV membranes before incubation with HDFs. Scale bar: 50 pm.

ADMSC-EVs

https://doi.org/10.1371/journal.pone.0325065.9003
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These findings indicate that the increase in cell viability following EV exposure is accompanied by decreased cell death.
Furthermore, cellular senescence, an additional stress response that halts proliferation, was examined. Senescence is
characterized by a state of arrested growth, increased cell size, and upregulated SA-B-Gal activity, along with altered gene
expression [35]. To determine whether EV exposure induced senescence in HDFs, SA-3-Gal staining was performed.
However, no significant differences in SA--Gal staining were observed between the groups treated with 50 pg/mil of
iMSC-EVs and ADMSC-EVs (p-value>0.9999) (Fig 4D and 4E).

EVs reduced ADMSC migration at 48 hours with minimal effect on HDFs

Cell migration plays a critical role in immune function and disease progression and is essential for tissue regeneration, as
it enables the directed movement of cells to injury sites, promoting repair and tissue restoration [36]. The scratch wound
assay revealed that treatment with 50 pg/ml of either IMSC-EVs and ADMSC-EVs significantly reduced the scratched area
in ADMSC cultures compared to the SFM negative control after 48 hours (p-value <0.0001). Moreover, iMSC-EVs demon-
strated a significantly increased migration potential in ADMSCs than ADMSC-EVs after 48 hours (p-value<0.0001) (Fig 5A
and 5B). This suggests that EVs have an increased migration ability in ADMSC cultures. However, when HDF cells were

treated with 50 ug/ml of IMSC-EVs or ADMSC-EVs, no significant differences in migration were observed compared to the
negative control (SFM) (Fig 5C and 5D).
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Discussion

The groundbreaking discovery of cellular reprogramming of somatic cells to the pluripotent state has paved the way for
new approaches in regenerative medicine [37]. This innovation provides the advantages of producing iMSCs from iPSCs,
emerging as a novel stem cell population that addresses many of the challenges associated with using MSCs for EVs
and exosomes production [38,39]. Recent studies have highlighted the regenerative potential of exosomes derived from
iIMSCs, demonstrating their ability to promote angiogenesis, wound healing, and immune modulation [40,41]. [42].

In this study, iIMSCs were generated from iPSCs, and EVs were isolated from iMSCs and compared to human
ADMSC-EVs in terms of their characteristics and biological effects in vitro. The isolated iIMSCs met the ISCT criteria for
MSC specification [43]. Specifically, they exhibited plastic adherence, a fibroblast-like morphology, and expressed stan-
dard hMSC surface markers (CD90, CD105, CD73, and CD44). Additionally, both iMSC and ADMSC samples showed
negative expression of MSC-negative markers, including CD34, CD45, CD14, CD11b, CD79a, CD19, and HLA-DR,
confirming their MSC identity. Furthermore, they demonstrated the potential to differentiate into osteogenic and adipogenic
lineages further validating their multipotency. While several studies have confirmed the ability of iMSCs to differentiate into
osteoblasts, the adipogenic differentiation potential has been reported to range from poor to completely absent [44,45].
Tetraspanins, including CD81, CD63, and CD9, are widely recognized extracellular markers for EV characterization, as
identified by the International Society for Extracellular Vesicles (ISEV) [46]. These markers were evaluated and confirmed
to be positively expressed.
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Additionally, we evaluated the size and morphology of both iIMSC-EVs and ADMSC-EVs. DLS results indicated that
iIMSC-EVs had a larger particle size compared to ADMSC-EVs. EVs from both cell types fell within the typical size range
of EVs/exosomes (30—200nm). The heterogeneous sizes observed in both iIMSC-EVs and ADMSC-EVs are expected, as
they naturally fall within this range. Moreover, iIMSC-EVs exhibited extracellular aggregates, which may have resulted from
the high concentration of IMSC-EV samples or the ultracentrifugation process, a known limitation of this study. While this
method yields a high concentration of small EVs, it can also contribute to aggregation [47]. Although this limitation does
not affect the therapeutic relevance of our findings, it highlights the need for alternative or complementary approaches
to improve EVs isolation. [48]. TEM analysis revealed that both EV groups displayed a cup-like shape with membra-
nous structures, consistent with previous descriptions in the literature [46]. Together, these findings demonstrate that the
isolation methods employed in this study for EVs are effective and allow for the analysis of nanoparticles in downstream
applications.

The process of EVs cellular uptake is complex and remains an area of ongoing research [49,50]. Our findings indicate
that both iIMSC-EVs and ADMSC-EVs were effectively internalized by various cell models. In light of these results, there is
potential to enhance the efficiency of EV cellular uptake. For example, Nakase et al. developed a method to improve cellu-
lar uptake of EVs by forming a complex with cationic lipids and a pH-sensitive fusogenic peptide. This approach may pro-
vide valuable insights for optimizing EV delivery in therapeutic applications [51]. Another study demonstrated cell-specific
enhanced uptake by preloading albumin during the culture process to increase EVs uptake by liver cells [52].

We subsequently investigated the impact of EVs on the biological functions of the target cells in culture. Notably, the
viability of cells treated with iMSC- EVs and ADMSC-EVs was significantly greater than the negative control, indicating
their potential role in promoting cellular survival. At 72 hours, the increase in viability remained significant for both groups;
however, iIMSC-EVs exhibited a more pronounced effect, suggesting their prolonged pro-survival activity compared to
ADMSC-EVs. These results align with previous findings demonstrating that human embryonic stem cell-derived EVs
(hESC-EVs) can reduce infarct size in a mouse model of myocardial ischemia, further supporting the therapeutic poten-
tial of EV-based interventions in cardiac repair and regenerative medicine. The observed increase in cell viability may be
attributed to EV-mediated activation of pro-survival pathways, such as the PI3K/Akt signaling cascade, which has been
shown to enhance myocardial cell viability and inhibit adverse remodeling following cardiac injury [53,54]. These findings
suggest that IMSC-EVs may provide comparable regenerative benefits by influencing key survival and repair mechanisms.

Interestingly, investigation of apoptosis revealed a significant reduction in the number of apoptotic cells following
treatment with iIMSC-EVs and ADMSC-EVs, in both HDF cells and ADMSCs. Both iMSC-EVs and ADMSC-EVs signifi-
cantly reduced apoptosis compared to the SFM control, suggesting a prosurvival effect. When combined with the MTT
assay results, this finding may indicate that the observed outcomes could be attributed to serum deprivation rather
than the EV treatments. However, further studies are needed to investigate in more depth the mechanism behind these
effects. Despite this limitation, our findings are in line with previous studies showing that MSC-derived EVs can inhibit
apoptosis in neuronal cells, likely due to their cargo of anti-apoptotic proteins. Similarly, human umbilical cord MSC-EVs
(hUCMSC-EVs) have been reported to provide hepatoprotection against acetaminophen (APAP)-induced toxicity, partly
by inhibiting oxidative stress-mediated apoptosis via ERK1/2 and PI3K/Akt signaling [55,56]. These studies highlight the
potential of stem cell-derived EVs as modulators of apoptosis and cell survival, although further mechanistic investigations
are necessary to confirm their direct effects in our experimental model.

While we observed non-significant reductions in cellular senescence in HDF cells treated with both iIMSC-EVs and
ADMSC-EVs, literature suggests that MSC exosomes typically reduce senescence. For instance, Wang et al. showed that
human fetal MSC secretome alleviates senescence in adult MSCs by reducing SA-B-Gal activity and promoting prolif-
eration and osteogenic differentiation [57]. Similarly, MSC-derived supernatants modulate senescence in IL1{3-treated
osteoarthritis chondrocytes by regulating SA-B-Gal and reducing yH2AX foci and actin stress fibers [58]. However, our
study did not reveal a significant reduction in the percentage of SA-3-Gal-positive cells. This discrepancy could be due
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to differences in experimental conditions, cell types, or the limited range of senescence markers assessed. While both
EV types showed a trend toward reducing senescence, these effects were less pronounced than those reported in other
studies [59,60].

Wound healing is a dynamic and multifactorial process involving cellular proliferation, migration, and extracellular
matrix remodeling [61]. Our results demonstrate that both iIMSC-EVs and ADMSC-EVs significantly enhanced migra-
tion and wound closure in ADMSCs. However, no significant difference was observed in HDF migration across different
conditions, suggesting that EV-mediated effects on wound healing may be cell-type specific. Surprisingly, this finding
contrasts with a previous study indicating that treatment with human iPSC-EVs can facilitate cutaneous wound healing
by promoting collagen synthesis and angiogenesis [43]. The observed discrepancies could be attributed to variability in
MSC-derived EVs, influenced by factors such as the source of MSCs, donor variability, culture conditions, and EV iso-
lation protocols [62—64]. These findings highlight the potential of IMSC-EVs as a promising tool for regenerative medi-
cine, particularly in enhancing MSC migration and tissue repair. However, further research is required to elucidate the
molecular mechanisms underlying their differential effects on various cell types and optimize their clinical applications
[62-64].

The high yield of EV production from human iMSCs enhances their feasibility for laboratory research and potential clin-
ical applications that require substantial amounts of purified EVs. Additional purification methods, such as anion exchange
chromatography, could further validate our EV isolation protocol and enhance the overall purification process [24]. While
iIMSC-EVs have the advantage of being produced in larger quantities and promoting cell metabolism, EVs derived from
other MSCs or cell types with specialized cargo may be more appropriate for certain therapeutic applications, such as
stromal disorders in connective tissues [24].

However, this study did not evaluate the impact of isolated EVs on long-term cultures or measure the EV concentra-
tion in treated cells. Additionally, we did not quantify the total number of EV particles to compare yields between the two
groups, which could be achieved using Nanoparticle Tracking Analysis (NTA). Further research is needed to validate our
findings and explore the differences between EB-IMSC-EVs and other primary MSC-EVs. Given that EVs exhibit differ-
ential effects compared to previous studies, additional investigation is warranted to elucidate their mechanisms of action.
Furthermore, assessing the effects of IMSC-EVs in disease models, such as cancer cell lines, is recommended.

Conclusion

This study successfully isolated and characterized iIMSC-EVs and ADMSC-EVs, revealing distinct extracellular proper-
ties. IMSC-EVs demonstrated higher uptake efficiency in vitro compared to ADMSC-EVs. Both types of EVs significantly
enhanced cell viability and survival in HDFs and ADMSCs, with iMSC-EVs showing a stronger effect on ADMSC migra-
tion. These findings highlight the potential of iIMSC-derived EVs as a scalable and reproducible alternative to MSC-derived
EVs for regenerative applications. However, further research is needed to elucidate the molecular mechanisms driving
these effects and to compare iIMSC-EVs with other stem cell-derived EVs across different biological contexts.

Supporting information

S$1 Fig. Pluripotency assessment of iPSC lines by flow cytometry. The expression levels of TRA-1-60 and NANOG
in three independent iPSC lines (iPSC1, iPSC2, iPSC3) were analyzed using flow cytometry. The green histograms repre-
sent the positively stained cells, while the gray histograms indicate the negative control. The percentage of positive cells is
shown on each histogram.

(JPG)

S2 Data. Raw data.
(XLSX)

PLOS One | https://doi.org/10.1371/journal.pone.0325065 June 4, 2025 13/16



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325065.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325065.s002

PLO\Sﬁ\\.- One

Acknowledgments

We thank Prof Hatem Al-Kateib from the University of Jourdan/Faculty of Pharmacy for helping with DLS measurement
and Rola Bqaien at the CTC/ University of Jordan for her assistance in TEM imaging of purified EVs.

Author contributions

Conceptualization: Abdalla Awidi, Nidaa Ababneh.

Formal analysis: Sura Nashwan, Nidaa Ababneh.

Funding acquisition: Sura Nashwan.

Methodology: Sura Nashwan, Mohammad A. Ismail, Sabal Al Hadidi, Enas Alwohoush, Nidaa Ababneh.
Project administration: Nidaa Ababneh.

Supervision: Nizar Abu Harfeil, Abdalla Awidi, Nidaa Ababneh.

Visualization: Nizar Abu Harfeil.

Writing — original draft: Sura Nashwan.

Writing — review & editing: Tareq Saleh, Momen Sarhan, Nidaa Ababneh.

References

1. Patel AN, Bartlett CE, Ichim TE. Mesenchymal Stem Cells. Stem Cell and Gene Therapy for Cardiovascular Disease. Elsevier. 2016. p. 139-50.
https://doi.org/10.1016/b978-0-12-801888-0.00011-4

2. HanY,LiX, Zhang Y, Han Y, Chang F, Ding J. Mesenchymal Stem Cells for Regenerative Medicine. Cells. 2019;8(8):886. https://doi.org/10.3390/
cells8080886 PMID: 31412678

3. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al. Multilineage potential of adult human mesenchymal stem cells.
Science. 1999;284(5411):143-7. https://doi.org/10.1126/science.284.5411.143 PMID: 10102814

4. Phinney DG, Pittenger MF. Concise Review: MSC-Derived Exosomes for Cell-Free Therapy. Stem Cells. 2017;35(4):851-8. https://doi.
org/10.1002/stem.2575 PMID: 28294454

5. Kishino Y, Fukuda K. Unlocking the Pragmatic Potential of Regenerative Therapies in Heart Failure with Next-Generation Treatments. Biomedi-
cines. 2023;11(3):915. https://doi.org/10.3390/biomedicines 11030915

6. Rajasingh S, Sigamani V, Selvam V, Gurusamy N, Kirankumar S, Vasanthan J, et al. Comparative analysis of human induced pluripotent stem
cell-derived mesenchymal stem cells and umbilical cord mesenchymal stem cells. J Cell Mol Med. 2021;25(18):8904-19. https://doi.org/10.1111/
jcmm.16851 PMID: 34390186

7. Anand N, Peh KH, Kolesar JM. Macrophage Repolarization as a Therapeutic Strategy for Osteosarcoma. Int J Mol Sci. 2023;24(3):2858. https://
doi.org/10.3390/ijms24032858 PMID: 36769180

8. Park K-S, Bandeira E, Shelke GV, Lasser C, Lotvall J. Enhancement of therapeutic potential of mesenchymal stem cell-derived extracellular vesi-
cles. Stem Cell Res Ther. 2019;10(1):288. https://doi.org/10.1186/s13287-019-1398-3 PMID: 31547882

9. Eleuteri S, Fierabracci A. Insights into the Secretome of Mesenchymal Stem Cells and Its Potential Applications. Int J Mol Sci. 2019;20(18):4597.
https://doi.org/10.3390/ijms20184597 PMID: 31533317

10. Pischiutta F, Caruso E, Cavaleiro H, Salgado AJ, Loane DJ, Zanier ER. Mesenchymal stromal cell secretome for traumatic brain injury: Focus on
immunomodulatory action. Exp Neurol. 2022;357:114199. https://doi.org/10.1016/j.expneurol.2022.114199 PMID: 35952763

11. LeeY, El Andaloussi S, Wood MJA. Exosomes and microvesicles: extracellular vesicles for genetic information transfer and gene therapy. Hum Mol
Genet. 2012;21(R1):R125-34. https://doi.org/10.1093/hmg/dds317 PMID: 22872698

12. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R, et al. Minimal information for studies of extracellular vesicles 2018
(MISEV2018): a position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell
Vesicles. 2018;7(1):1535750. https://doi.org/10.1080/20013078.2018.1535750 PMID: 30637094

13. Li X, Corbett AL, Taatizadeh E, Tasnim N, Little JP, Garnis C, et al. Challenges and opportunities in exosome research-Perspectives from biology,
engineering, and cancer therapy. APL Bioeng. 2019;3(1):011503. https://doi.org/10.1063/1.5087122 PMID: 31069333

14. ZhangL, MengY, AnY, Yang X, Wei F, Ren X. The antitumor effect of extracellular vesicles derived from cytokine-activated CD8+ T cells. J Leukoc
Biol. 2024;116(5):1033—44. https://doi.org/10.1093/jleuko/giae117 PMID: 38753658

15. Harvey BT, Fu X, Li L, Neupane KR, Anand N, Kolesar JM, et al. Dendritic Cell Membrane-Derived Nanovesicles for Targeted T Cell Activation.
ACS Omega. 2022;7(50):46222-33. https://doi.org/10.1021/acsomega.2c04420 PMID: 36570199

PLOS One | https://doi.org/10.1371/journal.pone.0325065 June 4, 2025 14/16



https://doi.org/10.1016/b978-0-12-801888-0.00011-4
https://doi.org/10.3390/cells8080886
https://doi.org/10.3390/cells8080886
http://www.ncbi.nlm.nih.gov/pubmed/31412678
https://doi.org/10.1126/science.284.5411.143
http://www.ncbi.nlm.nih.gov/pubmed/10102814
https://doi.org/10.1002/stem.2575
https://doi.org/10.1002/stem.2575
http://www.ncbi.nlm.nih.gov/pubmed/28294454
https://doi.org/10.3390/biomedicines11030915
https://doi.org/10.1111/jcmm.16851
https://doi.org/10.1111/jcmm.16851
http://www.ncbi.nlm.nih.gov/pubmed/34390186
https://doi.org/10.3390/ijms24032858
https://doi.org/10.3390/ijms24032858
http://www.ncbi.nlm.nih.gov/pubmed/36769180
https://doi.org/10.1186/s13287-019-1398-3
http://www.ncbi.nlm.nih.gov/pubmed/31547882
https://doi.org/10.3390/ijms20184597
http://www.ncbi.nlm.nih.gov/pubmed/31533317
https://doi.org/10.1016/j.expneurol.2022.114199
http://www.ncbi.nlm.nih.gov/pubmed/35952763
https://doi.org/10.1093/hmg/dds317
http://www.ncbi.nlm.nih.gov/pubmed/22872698
https://doi.org/10.1080/20013078.2018.1535750
http://www.ncbi.nlm.nih.gov/pubmed/30637094
https://doi.org/10.1063/1.5087122
http://www.ncbi.nlm.nih.gov/pubmed/31069333
https://doi.org/10.1093/jleuko/qiae117
http://www.ncbi.nlm.nih.gov/pubmed/38753658
https://doi.org/10.1021/acsomega.2c04420
http://www.ncbi.nlm.nih.gov/pubmed/36570199

PLO\Sﬁ\\.- One

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Schweer D, Anand N, Anderson A, McCorkle JR, Neupane K, Nail AN, et al. Human macrophage-engineered vesicles for utilization in ovarian
cancer treatment. Front Oncol. 2023;12:1042730. https://doi.org/10.3389/fonc.2022.1042730 PMID: 36713536

Maumus M, Rozier P, Boulestreau J, Jorgensen C, Noél D. Mesenchymal Stem Cell-Derived Extracellular Vesicles: Opportunities and Challenges
for Clinical Translation. Front Bioeng Biotechnol. 2020;8:997. https://doi.org/10.3389/fbioe.2020.00997 PMID: 33015001

Saghizadeh M, Kramerov AA, Svendsen CN, Ljubimov AV. Concise Review: Stem Cells for Corneal Wound Healing. Stem Cells.
2017;35(10):2105-14. https://doi.org/10.1002/stem.2667 PMID: 28748596

Zhang S, Chu WC, Lai RC, Lim SK, Hui JHP, Toh WS. Exosomes derived from human embryonic mesenchymal stem cells promote osteochondral
regeneration. Osteoarthritis Cartilage. 2016;24(12):2135—40. https://doi.org/10.1016/j.joca.2016.06.022 PMID: 27390028

Fuloria S, Subramaniyan V, Dahiya R, Dahiya S, Sudhakar K, Kumari U, et al. Mesenchymal Stem Cell-Derived Extracellular Vesicles: Regenera-
tive Potential and Challenges. Biology (Basel). 2021;10(3):172. https://doi.org/10.3390/biology10030172 PMID: 33668707

Zomer HD, Vidane AS, Gongalves NN, Ambroésio CE. Mesenchymal and induced pluripotent stem cells: general insights and clinical perspectives.
Stem Cells Cloning. 2015;8:125-34. https://doi.org/10.2147/SCCAA.S88036 PMID: 26451119

Kern S, Eichler H, Stoeve J, Kluter H, Bieback K. Comparative analysis of mesenchymal stem cells from bone marrow, umbilical cord blood, or
adipose tissue. Stem Cells. 2006;24(5):1294-301. https://doi.org/10.1634/stemcells.2005-0342 PMID: 16410387

Strioga M, Viswanathan S, Darinskas A, Slaby O, Michalek J. Same or not the same? Comparison of adipose tissue-derived versus bone
marrow-derived mesenchymal stem and stromal cells. Stem Cells Dev. 2012;21(14):2724-52. https://doi.org/10.1089/scd.2011.0722 PMID: 22468918

Liu S, Mahairaki V, Bai H, Ding Z, Li J, Witwer KW, et al. Highly Purified Human Extracellular Vesicles Produced by Stem Cells Alleviate Aging
Cellular Phenotypes of Senescent Human Cells. Stem Cells. 2019;37(6):779-90. https://doi.org/10.1002/stem.2996 PMID: 30811771

Wang S, Hou Y, Li X, Song Z, Sun B, Li X, et al. Comparison of exosomes derived from induced pluripotent stem cells and mesenchymal stem
cells as therapeutic nanoparticles for treatment of corneal epithelial defects. Aging (Albany NY). 2020;12(19):19546-62. https://doi.org/10.18632/
aging.103904 PMID: 33049719

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. Induction of pluripotent stem cells from adult human fibroblasts by defined
factors. Cell. 2007;131(5):861—-72. https://doi.org/10.1016/j.cell.2007.11.019 PMID: 18035408

Adlerz K, Patel D, Rowley J, Ng K, Ahsan T. Strategies for scalable manufacturing and translation of MSC-derived extracellular vesicles. Stem Cell
Res. 2020;48:101978. https://doi.org/10.1016/j.scr.2020.101978 PMID: 32947235

Lian Q, Zhang Y, Zhang J, Zhang HK, Wu X, Zhang Y, et al. Functional mesenchymal stem cells derived from human induced pluripotent stem cells
attenuate limb ischemia in mice. Circulation. 2010;121(9):1113-23. https://doi.org/10.1161/CIRCULATIONAHA.109.898312 PMID: 20176987

Aldoghachi AF, Loh J-K, Wang M-L, Yang Y-P, Chien C-S, Teh HX, et al. Current developments and therapeutic potentials of exosomes
from induced pluripotent stem cells-derived mesenchymal stem cells. J Chin Med Assoc. 2023;86(4):356—65. https://doi.org/10.1097/
JCMA.0000000000000899 PMID: 36762931

Dominici M, Le Blanc K, Mueller |, Slaper-Cortenbach |, Marini F, Krause D, et al. Minimal criteria for defining multipotent mesenchymal stromal
cells. The International Society for Cellular Therapy position statement. Cytotherapy. 2006;8(4):315—7. https://doi.org/10.1080/14653240600855905
PMID: 16923606

Zhou AK, Jou E, Lu V, Zhang J, Chabra S, Abishek J, et al. Using Pre-Clinical Studies to Explore the Potential Clinical Uses of Exosomes Secreted
from Induced Pluripotent Stem Cell-Derived Mesenchymal Stem cells. Tissue Eng Regen Med. 2023;20(6):793—-809. https://doi.org/10.1007/
s13770-023-00557-6 PMID: 37651091

Alwohoush E, Ismail MA, Al-Kurdi B, Barham R, Al Hadidi S, Awidi A, et al. Effect of hypoxia on proliferation and differentiation of induced pluripo-
tent stem cell-derived mesenchymal stem cells. Heliyon. 2024;10(19):e38857. https://doi.org/10.1016/j.heliyon.2024.e38857 PMID: 39421364

Ababneh NA, Al-Kurdi B, Jamali F, Awidi A. A comparative study of the capability of MSCs isolated from different human tissue sources to differenti-
ate into neuronal stem cells and dopaminergic-like cells. PeerJ. 2022;10:e13003. https://doi.org/10.7717/peerj.13003 PMID: 35341051

Ababneh NA, Al-Kurdi B, Ali D, Abuargoub D, Barham R, Salah B, et al. Establishment of a human induced pluripotent stem cell (iPSC) line
(JUCTCIi010-A) from a healthy Jordanian female skin dermal fibroblasts. Stem Cell Res. 2020;47:101891. https://doi.org/10.1016/j.scr.2020.101891
PMID: 32622344

Manohar S, Neurohr GE. Too big not to fail: emerging evidence for size-induced senescence. FEBS J. 2024;291(11):2291-305. https://doi.
org/10.1111/febs.16983 PMID: 37986656

Qu F, Guilak F, Mauck RL. Cell migration: implications for repair and regeneration in joint disease. Nat Rev Rheumatol. 2019;15(3):167-79. https://
doi.org/10.1038/s41584-018-0151-0 PMID: 30617265

Patel M, Yang S. Advances in reprogramming somatic cells to induced pluripotent stem cells. Stem Cell Rev Rep. 2010;6(3):367-80. https://doi.
0rg/10.1007/s12015-010-9123-8 PMID: 20336395

Kim S, Kim TM. Generation of mesenchymal stem-like cells for producing extracellular vesicles. World J Stem Cells. 2019;11(5):270-80. https://
doi.org/10.4252/wjsc.v11.i5.270 PMID: 31171955

Sabapathy V, Kumar S. hiPSC-derived iMSCs: NextGen MSCs as an advanced therapeutically active cell resource for regenerative medicine. J
Cell Mol Med. 2016;20(8):1571-88. https://doi.org/10.1111/jcmm. 12839 PMID: 27097531

Kim S, Lee SK, Kim H, Kim TM. Exosomes Secreted from Induced Pluripotent Stem Cell-Derived Mesenchymal Stem Cells Accelerate Skin Cell
Proliferation. Int J Mol Sci. 2018;19(10):3119. https://doi.org/10.3390/ijms19103119 PMID: 30314356

PLOS One | https://doi.org/10.1371/journal.pone.0325065 June 4, 2025 15/16



https://doi.org/10.3389/fonc.2022.1042730
http://www.ncbi.nlm.nih.gov/pubmed/36713536
https://doi.org/10.3389/fbioe.2020.00997
http://www.ncbi.nlm.nih.gov/pubmed/33015001
https://doi.org/10.1002/stem.2667
http://www.ncbi.nlm.nih.gov/pubmed/28748596
https://doi.org/10.1016/j.joca.2016.06.022
http://www.ncbi.nlm.nih.gov/pubmed/27390028
https://doi.org/10.3390/biology10030172
http://www.ncbi.nlm.nih.gov/pubmed/33668707
https://doi.org/10.2147/SCCAA.S88036
http://www.ncbi.nlm.nih.gov/pubmed/26451119
https://doi.org/10.1634/stemcells.2005-0342
http://www.ncbi.nlm.nih.gov/pubmed/16410387
https://doi.org/10.1089/scd.2011.0722
http://www.ncbi.nlm.nih.gov/pubmed/22468918
https://doi.org/10.1002/stem.2996
http://www.ncbi.nlm.nih.gov/pubmed/30811771
https://doi.org/10.18632/aging.103904
https://doi.org/10.18632/aging.103904
http://www.ncbi.nlm.nih.gov/pubmed/33049719
https://doi.org/10.1016/j.cell.2007.11.019
http://www.ncbi.nlm.nih.gov/pubmed/18035408
https://doi.org/10.1016/j.scr.2020.101978
http://www.ncbi.nlm.nih.gov/pubmed/32947235
https://doi.org/10.1161/CIRCULATIONAHA.109.898312
http://www.ncbi.nlm.nih.gov/pubmed/20176987
https://doi.org/10.1097/JCMA.0000000000000899
https://doi.org/10.1097/JCMA.0000000000000899
http://www.ncbi.nlm.nih.gov/pubmed/36762931
https://doi.org/10.1080/14653240600855905
http://www.ncbi.nlm.nih.gov/pubmed/16923606
https://doi.org/10.1007/s13770-023-00557-6
https://doi.org/10.1007/s13770-023-00557-6
http://www.ncbi.nlm.nih.gov/pubmed/37651091
https://doi.org/10.1016/j.heliyon.2024.e38857
http://www.ncbi.nlm.nih.gov/pubmed/39421364
https://doi.org/10.7717/peerj.13003
http://www.ncbi.nlm.nih.gov/pubmed/35341051
https://doi.org/10.1016/j.scr.2020.101891
http://www.ncbi.nlm.nih.gov/pubmed/32622344
https://doi.org/10.1111/febs.16983
https://doi.org/10.1111/febs.16983
http://www.ncbi.nlm.nih.gov/pubmed/37986656
https://doi.org/10.1038/s41584-018-0151-0
https://doi.org/10.1038/s41584-018-0151-0
http://www.ncbi.nlm.nih.gov/pubmed/30617265
https://doi.org/10.1007/s12015-010-9123-8
https://doi.org/10.1007/s12015-010-9123-8
http://www.ncbi.nlm.nih.gov/pubmed/20336395
https://doi.org/10.4252/wjsc.v11.i5.270
https://doi.org/10.4252/wjsc.v11.i5.270
http://www.ncbi.nlm.nih.gov/pubmed/31171955
https://doi.org/10.1111/jcmm.12839
http://www.ncbi.nlm.nih.gov/pubmed/27097531
https://doi.org/10.3390/ijms19103119
http://www.ncbi.nlm.nih.gov/pubmed/30314356

PLO\Sﬁ\\.- One

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Sabapathy V, Kumar S. hiPSC-derived iMSCs: NextGen MSCs as an advanced therapeutically active cell resource for regenerative medicine. J
Cell Mol Med. 2016;20(8):1571-88. https://doi.org/10.1111/jcmm.12839 PMID: 27097531

Li S, Li W, Wu X, Zhang B, Liu L, Yin L. Immune cell-derived extracellular vesicles for precision therapy of inflammatory-related diseases. J Control
Release. 2024;368:533—-47. https://doi.org/10.1016/j.jconrel.2024.03.007 PMID: 38462043

Zhang J, Guan J, Niu X, Hu G, Guo S, Li Q, et al. Exosomes released from human induced pluripotent stem cells-derived MSCs facilitate cuta-
neous wound healing by promoting collagen synthesis and angiogenesis. J Transl Med. 2015;13:49. https://doi.org/10.1186/s12967-015-0417-0
PMID: 25638205

Hynes K, Menicanin D, Mrozik K, Gronthos S, Bartold PM. Generation of functional mesenchymal stem cells from different induced pluripotent
stem cell lines. Stem Cells Dev. 2014;23(10):1084—96. https://doi.org/10.1089/scd.2013.0111 PMID: 24367908

Villa-Diaz LG, Brown SE, Liu Y, Ross AM, Lahann J, Parent JM, et al. Derivation of mesenchymal stem cells from human induced pluripotent stem
cells cultured on synthetic substrates. Stem Cells. 2012;30(6):1174—81. https://doi.org/10.1002/stem.1084 PMID: 22415987

Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R, et al. Minimal information for studies of extracellular vesicles 2018
(MISEV2018): a position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell
Vesicles. 2018;7(1):1535750. https://doi.org/10.1080/20013078.2018.1535750 PMID: 30637094

Varderidou-Minasian S, Lorenowicz MJ. Mesenchymal stromal/stem cell-derived extracellular vesicles in tissue repair: challenges and opportuni-
ties. Theranostics. 2020;10(13):5979-97. https://doi.org/10.7150/thno.40122 PMID: 32483432

Amarasinghe I, Phillips W, Hill AF, Cheng L, Helbig KJ, Willms E, et al. Cellular communication through extracellular vesicles and lipid droplets. J
Extracell Biol. 2023;2(3):e77. https://doi.org/10.1002/jex2.77 PMID: 38938415

Arif S, Moulin VJ. Extracellular vesicles on the move: Traversing the complex matrix of tissues. Eur J Cell Biol. 2023;102(4):151372. https://doi.
org/10.1016/j.ejcb.2023.151372 PMID: 37972445

Mulcahy LA, Pink RC, Carter DRF. Routes and mechanisms of extracellular vesicle uptake. J Extracell Vesicles. 2014;3:10.3402/jev.v3.24641.
https://doi.org/10.3402/jev.v3.24641 PMID: 25143819

Nakase |, Futaki S. Combined treatment with a pH-sensitive fusogenic peptide and cationic lipids achieves enhanced cytosolic delivery of exo-
somes. Sci Rep. 2015;5:10112. https://doi.org/10.1038/srep10112 PMID: 26011176

Liam-Or R, Faruqu FN, Walters A, Han S, Xu L, Wang JT-W, et al. Cellular uptake and in vivo distribution of mesenchymal-stem-cell-derived
extracellular vesicles are protein corona dependent. Nat Nanotechnol. 2024;19(6):846-55. https://doi.org/10.1038/s41565-023-01585-y PMID:
38366223

Lai RC, Arslan F, Lee MM, Sze NSK, Choo A, Chen TS, et al. Exosome secreted by MSC reduces myocardial ischemia/reperfusion injury. Stem
Cell Res. 2010;4(3):214-22. https://doi.org/10.1016/j.scr.2009.12.003 PMID: 20138817

Arslan F, Lai RC, Smeets MB, Akeroyd L, Choo A, Aguor ENE, et al. Mesenchymal stem cell-derived exosomes increase ATP levels, decrease oxi-
dative stress and activate PI3K/Akt pathway to enhance myocardial viability and prevent adverse remodeling after myocardial ischemia/reperfusion
injury. Stem Cell Res. 2013;10(3):301-12. https://doi.org/10.1016/j.scr.2013.01.002 PMID: 23399448

Chun C, Smith AST, Kim H, Kamenz DS, Lee JH, Lee JB, et al. Astrocyte-derived extracellular vesicles enhance the survival and electrophysiologi-
cal function of human cortical neurons in vitro. Biomaterials. 2021;271:120700. https://doi.org/10.1016/j.biomaterials.2021.120700 PMID: 33631652

Wu H-Y, Zhang X-C, Jia B-B, Cao Y, Yan K, Li J-Y, et al. Exosomes derived from human umbilical cord mesenchymal stem cells alleviate
acetaminophen-induced acute liver failure through activating ERK and IGF-1R/PI3K/AKT signaling pathway. J Pharmacol Sci. 2021;147(1):143-55.
https://doi.org/10.1016/j.jphs.2021.06.008 PMID: 34294366

Wang B, Lee WY-W, Huang B, Zhang J-F, Wu T, Jiang X, et al. Secretome of Human Fetal Mesenchymal Stem Cell Ameliorates Replicative
Senescen. Stem Cells Dev. 2016;25(22):1755-66. https://doi.org/10.1089/scd.2016.0079 PMID: 27539404

Platas J. et al. Paracrine effects of human adipose-derived mesenchymal stem cells in inflammatory stressinduced senescence features of osteo-
arthritic chondrocytes. Aging Research Journal. 2016;8(8).

Wang B, Lee WY-W, Huang B, Zhang J-F, Wu T, Jiang X, et al. Secretome of Human Fetal Mesenchymal Stem Cell Ameliorates Replicative
Senescen. Stem Cells Dev. 2016;25(22):1755-66. https://doi.org/10.1089/scd.2016.0079 PMID: 27539404

Platas J, Guillén MlI, Pérez Del Caz MD, Gomar F, Castejon MA, Mirabet V, et al. Paracrine effects of human adipose-derived mesenchymal
stem cells in inflammatory stress-induced senescence features of osteoarthritic chondrocytes. Aging (Albany NY). 2016;8(8):1703—17. https://doi.
org/10.18632/aging.101007 PMID: 27490266

Zhao R, Liang H, Clarke E, Jackson C, Xue M. Inflammation in Chronic Wounds. Int J Mol Sci. 2016;17(12):2085. https://doi.org/10.3390/
ijms17122085 PMID: 27973441

Kou M, Huang L, Yang J, Chiang Z, Chen S, Liu J, et al. Mesenchymal stem cell-derived extracellular vesicles for immunomodulation and regener-
ation: a next generation therapeutic tool?. Cell Death Dis. 2022;13(7):580. https://doi.org/10.1038/s41419-022-05034-x PMID: 35787632

Li 'Y, Chen Y-H, Liu B-Y, Nie Q, Li L-J, Duan X, et al. Deciphering the Heterogeneity Landscape of Mesenchymal Stem/Stromal Cell-Derived
Extracellular Vesicles for Precise Selection in Translational Medicine. Adv Healthc Mater. 2023;12(15):€2202453. https://doi.org/10.1002/
adhm.202202453 PMID: 36745771

Almeria C, Kre3 S, Weber V, Egger D, Kasper C. Heterogeneity of mesenchymal stem cell-derived extracellular vesicles is highly impacted by the
tissue/cell source and culture conditions. Cell Biosci. 2022;12(1):51. https://doi.org/10.1186/s13578-022-00786-7 PMID: 35501833

PLOS One | https://doi.org/10.1371/journal.pone.0325065 June 4, 2025 16/16



https://doi.org/10.1111/jcmm.12839
http://www.ncbi.nlm.nih.gov/pubmed/27097531
https://doi.org/10.1016/j.jconrel.2024.03.007
http://www.ncbi.nlm.nih.gov/pubmed/38462043
https://doi.org/10.1186/s12967-015-0417-0
http://www.ncbi.nlm.nih.gov/pubmed/25638205
https://doi.org/10.1089/scd.2013.0111
http://www.ncbi.nlm.nih.gov/pubmed/24367908
https://doi.org/10.1002/stem.1084
http://www.ncbi.nlm.nih.gov/pubmed/22415987
https://doi.org/10.1080/20013078.2018.1535750
http://www.ncbi.nlm.nih.gov/pubmed/30637094
https://doi.org/10.7150/thno.40122
http://www.ncbi.nlm.nih.gov/pubmed/32483432
https://doi.org/10.1002/jex2.77
http://www.ncbi.nlm.nih.gov/pubmed/38938415
https://doi.org/10.1016/j.ejcb.2023.151372
https://doi.org/10.1016/j.ejcb.2023.151372
http://www.ncbi.nlm.nih.gov/pubmed/37972445
https://doi.org/10.3402/jev.v3.24641
http://www.ncbi.nlm.nih.gov/pubmed/25143819
https://doi.org/10.1038/srep10112
http://www.ncbi.nlm.nih.gov/pubmed/26011176
https://doi.org/10.1038/s41565-023-01585-y
http://www.ncbi.nlm.nih.gov/pubmed/38366223
https://doi.org/10.1016/j.scr.2009.12.003
http://www.ncbi.nlm.nih.gov/pubmed/20138817
https://doi.org/10.1016/j.scr.2013.01.002
http://www.ncbi.nlm.nih.gov/pubmed/23399448
https://doi.org/10.1016/j.biomaterials.2021.120700
http://www.ncbi.nlm.nih.gov/pubmed/33631652
https://doi.org/10.1016/j.jphs.2021.06.008
http://www.ncbi.nlm.nih.gov/pubmed/34294366
https://doi.org/10.1089/scd.2016.0079
http://www.ncbi.nlm.nih.gov/pubmed/27539404
https://doi.org/10.1089/scd.2016.0079
http://www.ncbi.nlm.nih.gov/pubmed/27539404
https://doi.org/10.18632/aging.101007
https://doi.org/10.18632/aging.101007
http://www.ncbi.nlm.nih.gov/pubmed/27490266
https://doi.org/10.3390/ijms17122085
https://doi.org/10.3390/ijms17122085
http://www.ncbi.nlm.nih.gov/pubmed/27973441
https://doi.org/10.1038/s41419-022-05034-x
http://www.ncbi.nlm.nih.gov/pubmed/35787632
https://doi.org/10.1002/adhm.202202453
https://doi.org/10.1002/adhm.202202453
http://www.ncbi.nlm.nih.gov/pubmed/36745771
https://doi.org/10.1186/s13578-022-00786-7
http://www.ncbi.nlm.nih.gov/pubmed/35501833
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

