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Abstract

BACKGROUND

Mesenchymal stem cell (MSC) extracellular vesicles, particularly exosomes (Exos), are gaining recognition as
promising therapeutic tools for cancer due to their capacity to modulate tumor cell biology. Induced pluripotent
stem cell-derived MSCs (iMSCs) revealed therapeutic characteristics compared with conventional MSCs due to
their proliferative capacity and enhanced differentiation potential.

AIM
To study the impact of Exos derived from iMSCs (iMSC-Exos) and bone marrow MSCs (BMSC-Exos) on PANC1
and MDA-MB-231 cancer cells.

METHODS

The iMSCs and BMSCs were characterized based on the International Society for Cellular Therapy (2006) criteria by
verifying the expression of MSC-specific markers and their differentiation potential. Exos were isolated from 48-
hour conditioned media using sequential ultracentrifugation and characterized based on size, morphology, and
expression of surface markers including CD9, CD81, and CD63. PANC1 and MDA-MB-231 cells were treated with
the isolated Exos, and their effects on cell proliferation, apoptosis, senescence, and invasion were assessed.

RESULTS

In PANC1 cells iMSC-Exos sustained antiproliferative activity for 48 hours (35% reduction, P < 0.01) while BMSC-
Exos had a transient effect. In MDA-MB-231 cells, both Exos lowered proliferation significantly after 48 hours
(~28% and ~22% reduction, P < 0.05). Notably, these antiproliferative effects were not associated with apoptosis,
but an increase in senescence-like tumor cells was identified as the primary response with iMSC-Exos inducing
approximately 2.3-fold higher number of senescence-associated B-galactosidase-positive cells compared with
BMSC-Exos across both cancer cell lines. Tumor cell invasion was markedly inhibited in PANC1 and MDA-MB-231
cells in response to iMSC-Exos (~60% and ~45% reduction, respectively, P < 0.001), and only in PANC1 cells in
response to BMSC-Exos.

CONCLUSION
iMSC-Exos effectively inhibited tumor proliferation and invasion via a senescence-like mechanism. These results
indicated that iMSC-Exos could serve as a cell-free cancer therapy and merit further animal model evaluation.

Key Words: Bone marrow-derived stromal cells; Induced pluripotent stem cell-derived mesenchymal stem cells; Cell-free
cancer therapy; Exosomes; Breast cancer; Pancreatic cancer; Senescence-associated secretory phenotype
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Core Tip: This study explored the effects of exosomes (Exos) obtained from bone marrow mesenchymal stem cells (MSCs)
and MSCs derived from induced pluripotent stem cells on pancreatic and triple-negative breast cancer cells. Exos obtained
from MSCs derived from induced pluripotent stem cells exhibited a stronger and sustained antiproliferative effect by
inducing a senescence-like state without apoptosis. In contrast, bone marrow MSC-derived Exos showed variable effects
depending on cancer type. These findings highlight the importance of Exos source in determining therapeutic outcomes and
suggest senescence induction as a key response to Exos exposure.
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INTRODUCTION

Bone marrow mesenchymal stem cells (BMSCs) were among the first and most thoroughly studied sources of
mesenchymal stem cells (MSCs)[1]. Recognized for their multipotent differentiation capacity, BMSCs have been
extensively applied in regenerative medicine, especially for the repair of bone, cartilage, and muscle tissues[2]. In
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addition to their differentiation capacity, BMSCs also provide therapeutic benefits through the secretion of extracellular
vesicles (EVs), particularly exosomes (Exos)[3]. These nanoscale, lipid-bilayer-enclosed vesicles (30-150 nm) contain
proteins, lipids, RNA, and other bioactive molecules, facilitating intercellular communication and promoting a variety of
biological processes[4].

Targeting cellular senescence has gained interest as a therapeutic strategy in cancer, given that senescent cells
permanently cease dividing while often producing factors that can counter tumor growth. The senescence-associated
secretory phenotype (SASP) can either inhibit or support tumor progression depending on the biological environment
and timing. Despite growing interest the ability of Exos from MSCs to trigger senescence in cancer cells remains poorly
understood, particularly regarding how the cellular source of Exos influences this response.

Exos derived from BMSCs (BMSC-Exos) contain a wide range of bioactive molecules that promote tissue repair and
modulate immune and tumor regulation. Their anti-inflammatory properties and regenerative potential have been
extensively investigated[5]. Additionally, BMSC-Exos are gaining interest in cancer research for their potential to
influence the tumor microenvironment[6]. These Exos can carry various molecules, including microRNAs (miRNAs),
cytokines, and growth factors, which can impact cancer cell growth, migration, and apoptosis. The ability of BMSC-Exos
to modulate these processes makes them a promising therapeutic tool for cancer treatment[7].

Induced pluripotent stem cells (iPSCs)-derived MSCs (iMSCs) have recently gained attention as a promising stem cell
type and are created by reprogramming adult somatic cells to adopt an MSC phenotype. iMSCs exhibit several character-
istics like BMSCs but also retain certain advantages of iPSCs, such as increased plasticity and proliferative potential[8,9].
The reprogramming process may also confer enhanced therapeutic properties, including improved survival under stress
conditions and potentially altered secretome profiles that could influence their anti-cancer effects. Exos derived from
iMSCs (iMSC-Exos) have shown strong regenerative and immunomodulatory effects in preliminary studies due to their
origin from reprogramed cells with a more pluripotent profile. However, their specific roles in various pathological
settings, especially cancer, remain largely uninvestigated[10-12].

The PANCI1 (pancreatic cancer) and MDA-MB-231 (breast cancer) cell lines are commonly used as cellular models to
investigate cancer cell behavior and responses to treatments. These cell lines represent particularly aggressive cancer
types with limited therapeutic options, making them relevant models for evaluating novel therapeutic approaches. Exos
derived from MSCs, including BMSC-Exos and iMSC-Exos, may interact uniquely with cancer cells, affecting tumor
growth, migration, and apoptosis[13-16]. Exploring these interactions offers valuable insights into how specific Exos
populations can influence cancer progression and may highlight new therapeutic targets.

In this study, we examined how BMSC-Exos and iMSC-Exos affect key cancer cell behaviors, including viability,
apoptosis, senescence, and invasion in PANC1 and MDA-MB-231 cell lines. By comparing the biological activity of Exos
from these two sources, we aimed to identify functional differences and assess whether iMSC-Exos could serve as an
equally effective or potentially superior alternative to BMSC-Exos for therapeutic applications.

MATERIALS AND METHODS

Cell culture

BMSCs were previously obtained from donors at the Cell Therapy Center, University of Jordan, in Amman, as outlined in
reference[17]. The study received ethical approval from the Institutional Review Board at the Cell Therapy Center
(Approval No. IRB/02/2021/4) and was conducted in accordance with the principles of the Declaration of Helsinki. Prior
to use in experiments, all cell cultures were tested and confirmed to be free of mycoplasma contamination. Both iMSC
and BMSC lines (passage 3) were maintained in cell culture media consisting of Eagle’s minimum essential medium-
alpha modification, supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine, and 1% antibiotic-antimycotic
solution (all from Gibco, NY, United States). For osteogenic induction cells were cultured in the same cell culture media
described above, supplemented with 10 mmol/L dexamethasone, 50 pg/mL ascorbic acid 2-phosphate, and 10 mmol/L B
-glycerophosphate (all from Carbosynth, United Kingdom). Adipogenic differentiation medium included cell culture
media supplemented with 10 mmol/L dexamethasone, 500 pM IBMX, 0.2 mmol/L indomethacin, and 10 pg/mL insulin.
The PANC1 (ATCC® CRL-1469™) and MDA-MB-231 (ATCC® HTB-26™) cell lines were maintained in RPMI medium
with 10% FBS, 1% L-glutamine, and 1% antibiotic-antimycotic with media changes every 2 days.

Generation of iMSC-derived embryoid bodies

iMSCs were generated from iPSCs through embryoid body (EB) formation followed by directed differentiation as
previously described[16]. Three iPSC lines, previously established at the Cell Therapy Center[18], were cultured in
mTeSR medium on Matrigel-coated plates until reaching confluency. To initiate EB formation iPSCs were detached using
0.5 M EDTA, centrifuged, and transferred to ultra-low attachment plates containing MSC differentiation medium
composed of alpha MEM supplemented with 15% FBS, 1% L-glutamine, and 1% antibiotic-antimycotic solution. After
2 days the medium was refreshed and supplemented with 10 pM retinoic acid (Sigma-Aldrich, MA, United States). On
day 4 the medium was replaced with fresh medium containing 0.1 pM retinoic acid, which was withdrawn on day 6. By
day 7 EBs were seeded onto Matrigel-coated plates and cultured in MSC differentiation medium to promote iMSC
induction. On day 12 2.5 ng/mL basic fibroblast growth factor was added, and the cultures were maintained under
standard conditions until confluency. The resulting iMSCs were expanded, passaged, and cryopreserved in liquid
nitrogen for future applications.
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Differentiation of iMSCs and BMSCs

As previously described[16] iMSCs and BMSCs were seeded in complete culture medium in 6-well plates at a density of
200000 cells per well. Once the cultures reached approximately 50% confluency, osteogenic or adipogenic differentiation
was initiated by replacing the complete culture medium with the respective induction medium. For osteogenic differen-
tiation cells were maintained for 21-28 days until calcium deposits became microscopically visible. For adipogenic differ-
entiation cells were cultured for 14-21 days until the formation of intracellular lipid vacuoles was observed. Differen-
tiation efficiency was assessed by staining with Alizarin Red to detect calcium deposition and Oil Red O to visualize lipid
accumulation. All differentiated cultures were examined and imaged using the EVOS XL Core Imaging System.

Flow cytometric analysis of iMSCs and BMSCs surface markers

For surface marker characterization of iMSCs and BMSCs, cells were collected and resuspended at a density of 1 x 10°
cells per sample in staining buffer (2% bovine serum albumin in 1 x PBS). Cell viability and single-cell suspensions were
verified by trypan blue exclusion and manual counting. Cells were then stained using a panel of fluorescently labeled
antibodies targeting MSC markers, including CD90-FITC, CD105-PerCP, CD73-APC, CD73-PE, and CD44-PE, following
the manufacturer’s instructions (BD Stemflow hMSC Analysis Kit, BD Biosciences, NJ, United States). Appropriate
isotype controls were included to confirm staining specificity. After antibody incubation samples were washed twice with
PBS and resuspended in 200 pL of PBS for analysis. Flow cytometry was performed on a BD FACS Canto II system (BD
Biosciences, NJ, United States) using established gating strategies based on unstained and single-stained controls. First,
an unstained cell suspension control was used to help set the forward and side scatter parameters. Stained cells with an
isotype antibody control also were used to exclude false positive signals from the antibody marker. Finally, stained cells
with a specific antibody marker were used to detect the percentage of the marker. All were read with distinct parameters
depending on the cell suspension and fluorescence intensity. Initially, gating on forward and side scatter dot plot graphs
was applied to exclude debris and identify the main cell population based on size and granularity. Then, fluorescence
histograms for unstained control and isotype controls were gated to exclude false positive signals where inside the gate
0% of fluorescence. Lastly, this gate was applied to the fluorescence histogram for a specific antibody marker, revealing
the positive percentage of that specified marker. Data were analyzed using BD FACSDiva software.

Exos isolation and purification

Conditioned media were harvested from iMSCs and BMSCs cultured for 48 hours in serum-free medium (SFM). Approx-
imately 5 x 10° cells were seeded in 75 cm? flasks for this process. The collected media were initially centrifuged at 300 x ¢
for 10 minutes and then a second spin at 2000 x g for 20 minutes to eliminate cellular debris. The supernatant was then
filtered through 0.22 pm pore-size filters to ensure complete removal of residual cells and debris. Exos were isolated from
the clarified media by ultracentrifugation at 100000 x g for 70 minutes at 4 °C. The resulting pellets were resuspended in
filtered 1 x PBS, washed, and subjected to an additional ultracentrifugation step at the same speed and duration to
improve purity. Purified iMSC-Exos and BMSC-Exos were resuspended in filtered PBS, and their protein content was
quantified using the Micro BCA™ Protein Assay Kit (Thermo Fisher Scientific, MA, United States) per the manufacturer’s
instructions. The Exos concentrations were adjusted to a final concentration of 1 mg/mlL, aliquoted in sterile PBS, and

stored at -80 °C until further use[16,19]. For all functional assays Exos were diluted to a final working concentration of
50 pg/mL.

Exos surface markers

Flow cytometry was used to evaluate the expression of exosomal markers. To prepare the samples approximately 100 pg
of Exos were mixed with 4 pL of 4% sulfate latex beads (Invitrogen, CA, United States) for 15 minutes. The bead-Exos
complexes were then blocked using a solution containing 1 M glycine (Sigma, Germany) and 2% bovine serum albumin
(Abcam, United Kingdom) in 1 x PBS to prevent nonspecific binding. After blocking, the samples were incubated for 40
minutes with fluorophore-conjugated antibodies specific to the tetraspanin markers CD9 (A5488), CD81 (AF647), and
CD63 (APC) (BD Biosciences, NJ, United States) with appropriate isotype controls. Following staining, each sample was
brought to a final volume with 150 pL of PBS. The samples were analyzed on a BD FACS Canto II flow cytometer (BD
Biosciences, NJ, United States), and data were processed using BD FACSDiva software.

Exos size distribution

Dynamic light scattering was used to assess the size distribution of Exos. Around 100 pg of Exos suspension was diluted
in sterile, filtered PBS and analyzed using a Zetasizer Nano ZS instrument (Malvern Instruments, Worcestershire, United
Kingdom). Each sample underwent three independent measurements with 10 runs per measurement to ensure
consistency. The resulting data were interpreted using Zetasizer software version 7.11, following the manufacturer’s
standard analysis protocols.

Exos morphology

Transmission electron microscopy (TEM) was employed to examine the morphology of Exos. Briefly, 100 g of Exos were
fixed in 2% paraformaldehyde and carefully placed onto carbon-coated copper grids. The samples were then subjected to
negative staining using uranyl-oxalate. Imaging was carried out using a Versa 3D FEI TEM operated at an acceleration
voltage of 30 kV to visualize the characteristic shape and structure of the Exos.
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Cellular uptake of Exos

To assess cellular uptake 200 pL of iMSC-Exos and BMSC-Exos were labeled with 5 puL of the fluorescent dye Dil
(1 mmol/L, 1,1"-dioctadecyl-3,3,3",3’-tetramethylindocarbocyanine perchlorate; Invitrogen, CA, United States), following
the manufacturer’s instructions[16]. The labeling reaction was carried out for 1 hours in the dark with gentle mixing.
Then labeled Exos were diluted in 4 mL of PBS and ultracentrifuged at 110000 x g for 1.5 hours at 4 °C to remove excess
dye and the resulting pellets were resuspended in 700 pL PBS. PANC1 and MDA-MB-231 cells were seeded in serum-free
RPMI at a density of 1.5 x 10° cells per well and then 30 pL of Dil-labeled Exos (100 ug/mL) were added for 16 hours.
After incubation, cells were washed and stained with 2 pL of 5-chloromethylfluorescein diacetate (5 mmol/L, Invitrogen,
CA, United States) in 1 mL of media for 30 minutes at 37 °C to visualize the cytoplasm, and then cells were fixed using 4%
paraformaldehyde for 15 minutes and counterstained with DAPI (Invitrogen, CA, United States) to visualize nuclei. They
were mounted with an anti-fade reagent (Abcam, United Kingdom) and imaged with a Carl Zeiss inverted fluorescent
microscope.

Cancer cell proliferation assay

The impact of Exos on the proliferation of PANC1, MDA-MB-231, and fibroblast cells was evaluated using the MTT
assay. Cells were plated in 96-well plates at a density of 8 x 10° cells per well and incubated for 24 hours to allow
attachment. Cell culture medium was replaced with serum-free RPMI, then cells were incubated with either iMSC-Exos
or BMSC-Exos (50 png/mL) for 24 hours or 48 hours. Following treatment, 10 pL of MTT reagent (Thiazolyl Blue
Tetrazolium Bromide, ATCC, VA, United States) was added to each well, and the plates were incubated at 37 °C for 3
hours. To solubilize the resulting formazan crystals, 100 pL of stop solution was added. Absorbance was then recorded at
570 nm using a Cytation 5 multi-mode reader (BioTek, VT, United States).

Apoptosis assay

Apoptosis induction by Exos was assessed using an Annexin V-FITC/PI apoptosis detection kit (eBioscience™, Thermo
Fisher Scientific, MA, United States). PANC1 and MDA-MB-231 cells were plated in 6-well plates at a density of 3 x 10°
cells per well. After 24 hours the culture medium was replaced with SFM, and the cells were treated with 50 pg/mL of
either iMSC-Exos or BMSC-Exos for 48 hours. Following treatment, the cells were collected, stained according to the
manufacturer’s protocol, and analyzed by flow cytometry using a BD FACS Canto II instrument (BD Biosciences, NJ,
United States). The proportion of apoptotic cells was then quantified and compared between the different treatment
groups.

Senescence assay

Senescence was evaluated using the Senescence Detection Kit (Abcam, United Kingdom)[16]. PANC1 and MDA-MB-231
cells were plated at a density of 3 x 10° cells per well and treated with 50 pg/mL of either iMSC-Exos or BMSC-Exos in
serum-free RPMI for 48 hours. After treatment the cells were washed with 1 x PBS and fixed with the provided fixative
solution for 15 minutes at room temperature. The fixed cells were then stained and incubated overnight at 37 °C. Finally,
the cells were observed under a microscope to quantify the proportion of senescent cells.

Wound healing assay (scratch assay)

A wound healing (scratch) assay was conducted to evaluate the impact of Exos on the invasion of PANC1 and MDA-MB-
231 cells[16]. Confluent monolayers grown in 6-well plates were scratched with a sterile 200 pL pipette tip to create a
wound. After washing with PBS to remove cell debris, the cells were treated with 50 pg/mL of either iMSC-Exos or
BMSC-Exos in SFM. Images of the wound area were taken at 0 hour, 9 hours, and 48 hours using an inverted microscope
(EVOS, Thermo Fisher Scientific, MA, United States). The wound closure percentage was then determined using Image]
software by measuring the wound area at each time point and calculating the closure relative to the initial wound size.

Statistical analysis

All experiments were performed in triplicate, and data are presented as mean * SD. Statistical analyses were carried out
using GraphPad Prism version 9.3.1 (GraphPad Software, CA, United States). To determine significance unpaired
Student’s t-tests or two-way analysis of variance followed by Bonferroni post hoc tests were applied. A P value of < 0.05
was considered statistically significant. Significance levels are indicated as: *P < 0.05, *P < 0.01, <P < 0.001, and “P < 0.0001.
Each experiment was independently repeated three times (1 = 3).

RESULTS

iMSCs and BMSCs showed typical characteristics of stem cells

Flow cytometry was performed to characterize iMSCs and BMSCs by evaluating the expression of human MSC surface
markers. Positive markers analyzed included CD90, CD105, CD73, and CD44 while a negative marker cocktail consisted
of hematopoietic markers CD34, CD45, CD14, CD11b, CD79a, CD19, and HLA-DR. Both iMSCs and BMSCs showed
strong expression of the positive markers with over 95% positivity for CD90 and CD105 and less than 2% expression of
the negative markers, indicating minimal hematopoietic contamination. The absence of significant phenotypic variation
between iMSCs and control MSCs validates the effective induction of mesenchymal lineage from iPSCs (Figure 1A and
B). Moreover, both MSC types were induced to undergo osteogenic and adipogenic differentiation. The differentiation
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Figure 1 Characterization of induced pluripotent stem cell-derived mesenchymal stem cells and bone marrow mesenchymal stem cells.
A: Flow cytometry analysis showed the expression of mesenchymal stem cell (MSC) positive surface markers (CD90, CD105, CD73, CD44) and negative
hematopoietic lineage markers (CD34, CD45, CD14, CD11b, CD79a, CD19, HLA-DR) in both induced pluripotent stem cell-derived MSCs (iMSCs) and bone marrow
MSCs (BMSCs); B: Quantitative comparison of human MSC surface marker expression between iMSCs and BMSCs; C: Osteogenic and adipogenic differentiation of
iMSCs and BMSCs demonstrated by Alizarin Red staining (top panels) indicating calcium deposits and Oil Red O staining (bottom panels) showing lipid droplet
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formation. Images of differentiated iIMSC-derived cells are displayed in the lower left panels while those of BMSC-derived cells appear in the lower right panels (scale
bar = 50 pm). iMSCs: Induced pluripotent stem cell-derived mesenchymal stem cells; BMSCs: Bone marrow mesenchymal stem cell; MSCs: Mesenchymal stem
cells.

capacity was confirmed by Alizarin Red staining, which highlighted calcium deposits (Figure 1C), and Oil Red O
staining, which indicated lipid accumulation (Figure 1C), with differentiation efficiencies exceeding 80%.

Characterization of isolated EVs showed typical Exos characteristics
Exosomal surface proteins CD9, CD81, and CD63 were assessed by flow cytometry following capture with sulfate-latex
beads. Both iMSC-Exos and BMSC-Exos tested positive for these classical Exos markers (Figure 2A). Variation in the
expression levels of these surface markers was observed between the two Exos populations. Notably, CD9 was expressed
at significantly higher levels than CD81 and CD63 in both Exos groups (Figure 2B). No statistically significant differences
in surface marker expression were observed between the two groups. The average percentages for iMSC-Exos were CD9
(98%), CD81 (81%), and CD63 (56%) while BMSC-Exos showed CD9 (100%), CD81 (83%), and CD63 (63%) (Figure 2C).
Dynamic light scattering analysis revealed that iMSC-Exos displayed a heterogeneous size distribution ranging from
32 nm to 145 nm, whereas BMSC-Exos exhibited a more uniform size profile centered around 150 nm (Figure 2D). TEM
confirmed the characteristic cup-shaped morphology of both Exos populations. To evaluate Exos cellular uptake, Dil-
labeled iMSC-Exos and BMSC-Exos were incubated with human dermal fibroblasts (HDFs) and human umbilical vein
endothelial cells (Figure 2E and F, respectively). Fluorescent imaging showed efficient internalization of both Exos types
with red Dil fluorescence localized to the perinuclear regions. To visualize cellular uptake the cytoplasm was labeled
using 5-chloromethylfluorescein diacetate (green), and nuclei were stained with DAPI (blue). Both iMSC-Exos and BMSC-
Exos were internalized by the target cells, supporting their potential role in mediating intercellular communication and
cargo delivery.

Exos from iMSCs and BMSCs suppressed the proliferation of PANC1 and MDA-MB-231 cells with minimal apoptosis

induction

To assess Exos uptake PANC1 and MDA-MB-231 cells were treated with Dil-labeled iMSC-Exos or BMSC-Exos and
imaged after 12 hours using fluorescence microscopy. The red fluorescence was predominantly observed in the
perinuclear regions of both cancer cell lines, confirming effective internalization (Figure 3A and B). Immunofluorescence
images further demonstrated the presence of red fluorescent particles near the nuclei of PANC1 and MDA-MB-231 cells,
indicating successful Exos uptake (Figure 3A and B).

For the evaluation of proliferation, PANC1, MDA-MB-231, and HDF cells were treated with iMSC-Exos or BMSC-Exos
for 24 hours and 48 hours. MTT assays revealed a significant decrease in PANCI cell proliferation at both timepoints with
both Exos types with no notable difference between iMSC-Exos and BMSC-Exos (Figure 3C). MDA-MB-231 cells
exhibited a decrease in proliferation after 24 hours of Exos treatment; however, this inhibitory effect was diminished by
48 hours, indicating a transient response (Figure 3D). In contrast, HDFs showed no significant change in proliferation
(Figure 3E), suggesting that the antiproliferative effects of the Exos were partly selective for tumor cells.

To further evaluate the influence of iMSC-Exos and BMSC-Exos on apoptosis, Annexin V-FITC/PI staining followed by
flow cytometry was performed after 48 hours of Exos treatment. In PANC1 cells, no significant changes were observed in
early or late apoptosis or necrosis compared with serum-free controls. Notably, an increase in viable cell populations was
observed following treatment with either Exos type (Figure 3F). Similarly, no significant changes in apoptotic populations
were detected in MDA-MB-231 cells (Figure 3G), indicating that the observed growth suppression occurs independently
of apoptotic mechanisms.

Antiproliferative effects of Exos were associated with an increased senescence-like cell population

Senescence induction was assessed by quantifying senescence-associated beta-galactosidase (SA-BGal)-positive cells (blue
staining) in PANC1, MDA-MB-231, and fibroblast (control) cells following 48 hours of treatment with iMSC-Exos or
BMSC-Exos. Representative images for PANC1 and MDA-MB-231 cells are shown in Figure 4A and B, respectively. In
PANCT1 cells, iMSC-Exos significantly increased the proportion of SA-BGal-positive cells compared with both the SFM
control and BMSC-Exos (~2.3-fold increase, P < 0.01), while BMSC-Exos notably decreased senescent cell number relative
to the SFM control (Figure 4C). In contrast, Exos exposure of MDA-MB-231 cells resulted in a greater increase in senescent
cell number for both iMSC-Exos and BMSC-Exos compared with the SFM control. iMSC-Exos induced a higher
percentage of SA-BGal-positive cells than BMSC-Exos (~1.8-fold vs ~1.4-fold increase respectively, P value < 0.05)
(Figure 4D). This rise in SA-BGal-positive cells was associated with reduced cell proliferation without the induction of
apoptosis.

Reduction in invasion rate of PANC1 cells by both Exos types and of MDA-MB-231 cells by iMSC-Exos

A wound healing (scratch) assay was conducted on PANC1 and MDA-MB-231 cells to assess wound healing at 0 hour, 9
hours, and 48 hours post-scratch. Microscopic images were captured to monitor cell invasion in PANC1 (Figure 5A) and
MDA-MB-231 (Figure 5B) cultures. In PANCI cells, treatment with both iMSC-Exos and BMSC-Exos significantly
impaired invasion compared with the SFM control at both 9 hours and 48 hours (Figure 5C). In MDA-MB-231 cells, iMSC-
Exos reduced invasion more effectively than BMSC-Exos at 9 hours and showed a significant inhibitory effect compared
with both BMSC-Exos and the SFM control at 48 hours (Figure 5D).
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Figure 2 Characterization of exosomes derived from induced pluripotent stem cell-derived mesenchymal stem cells and bone marrow
mesenchymal stem cells. A: Flow cytometry analysis showing expression of tetraspanin surface markers CD9, CD81, and CD63 on exosomes using sulfate-
latex bead capture; B: Quantification of surface marker expression comparing exosomes derived from induced pluripotent stem cell-derived mesenchymal stem cells
(IMSC-Exos) and exosomes derived from bone marrow mesenchymal stem cells (BMSC-Exos); C: Representative transmission electron microscopy images of iMSC-
Exos (left) and BMSC-Exos (right). Scale bar = 200 nm; D: Dynamic light scattering profiles depicting size distribution of iMSC-Exos (top) and BMSC-Exos (bottom); E
and F: Confocal microscopy images showing uptake of Dil-labeled exosomes (red) by human dermal fibroblasts (E) and human umbilical vein endothelial cells (F).
Cells were costained with 5-chloromethylfluorescein diacetate (green) for the cytoplasm and DAPI (blue) for the nuclei. Scale bar = 50 ym. iMSC-Exos: Exosomes
derived from induced pluripotent stem cell-derived mesenchymal stem cells; BMSC-Exos: Exosomes derived from bone marrow mesenchymal stem cell; Exos:
Exosomes; HDFs: Human dermal fibroblasts; HUVECs: Human umbilical vein endothelial cells.
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Figure 3 Assessment of exosome uptake, proliferation, and apoptosis in PANC1 and MDA-MB-231 cells with exosomes derived from
induced pluripotent stem cell-derived mesenchymal stem cells or bone marrow mesenchymal stem cells. A and B: Fluorescence images
showing internalization of Dil-labeled exosomes derived from induced pluripotent stem cell-derived mesenchymal stem cells and bone marrow mesenchymal stem
cells by PANC1 (A) and MDA-MB-231 (B) cells after 12 hours of incubation. Red fluorescence indicates exosomes, scale bar = 50 ym; C-E: MTT assay results
showing cell viability in PANC1 (C), MDA-MB-231 (D), and human dermal fibroblasts (E) following 24 hours and 48 hours of treatment with 50 ug/mL exosomes
derived from induced pluripotent stem cell-derived mesenchymal stem cells or bone marrow mesenchymal stem cells; F and G: Flow cytometric analysis of apoptosis
in PANC1 (F) and MDA-MB-231 (G) after 48-hour exposure to exosomes, using Annexin V-FITC/PI staining. Quadrants represent: Q1 = necrotic; Q2 = late apoptotic;
Q3 = viable; and Q4 = early apoptotic cells. Data are presented as mean + SD. 2P < 0.05, °P < 0.0001. iMSC-Exos: Exosomes derived from induced pluripotent stem

cell-derived mesenchymal stem cells; BMSC-Exos: Exosomes derived from bone marrow mesenchymal stem cell; SFM: Serum-free medium; HDF: Human dermal
fibroblasts.
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Figure 4 Senescence induction in PANC1 and MDA-MB-231 cells following treatment with exosomes derived from induced pluripotent
stem cell-derived mesenchymal stem cells and bone marrow mesenchymal stem cells. A: Representative images of senescence-associated beta-
galactosidase (SA-BGal)-stained PANC1 cells after 48 hours of treatment. Blue staining marks SA-BGal-positive senescent cells (scale bar = 20 ym); B:
Quantification of SA-BGal-positive cells expressed as a percentage of the total cell population in PANC1 cultures; C: Representative images of SA-pGal-stained
MDA-MB-231 cells after 48 hours of treatment. Blue staining marks SA-BGal-positive senescent cells (scale bar = 20 ym); D: Quantification of SA-BGal-positive cells
expressed as a percentage of the total cell population in MDA-MB-231 cultures. Values represent mean + SD. 2P < 0.05, °P < 0.01, °P < 0.001, °P < 0.0001. iMSC-

Exos: Exosomes derived from induced pluripotent stem cell-derived mesenchymal stem cells; BMSC-Exos: Exosomes derived from bone marrow mesenchymal stem
cell; SFM: Serum-free medium.

DISCUSSION

MSCs possess remarkable regenerative properties, including their ability to migrate to injured tissues, differentiate into
specific cell types, and secrete bioactive molecules such as chemokines, cytokines, and growth factors that facilitate tissue
repair[20-22]. Among the various MSC sources, BMSCs have been widely studied for their therapeutic potential[21].
Increasing evidence indicates that the therapeutic effects of MSCs are largely mediated through paracrine signaling,
particularly via EVs like Exos[23-25]. Importantly, Exos, including those derived from MSC, play a critical role in cancer
biology, influencing tumor progression through mechanisms such as cell proliferation, metastasis, and resistance to
chemotherapy[26,27].

Recently, iMSCs have emerged as a promising alternative to traditional MSCs, exhibiting improved survival, prolif-
eration, and differentiation capabilities[8,28]. This study evaluated the effects of iMSC-Exos on pancreatic cancer
(PANC1) and triple-negative breast cancer (MDA-MB-231) cells. Our results demonstrated that both iMSC-Exos and
BMSC-Exos met the 2006 International Society for Cellular Therapy criteria for MSCs[29], including the presence of CD90,
CD105, CD73, and CD44 human MSC surface markers, minimal expression of negative cocktail surface markers (CD34,
CD11b, CD19, CD45, and HLA-DR), osteogenic and adipogenic differentiation potential, plastic adherence ability, and
fibroblast-like morphology.

In our study the administration of Exos reduced proliferation in PANC1 and MDA-MB-231 cells with distinct
variations in the duration and intensity of their effect. Unlike BMSC-Exos, iMSC-Exos maintained their antiproliferative
effect at 48 hours in PANCT1 cells. In contrast, both Exos types inhibited proliferation at 48 hours in MDA-MB-231 cells but
not at 24 hours. Interestingly, Annexin V/PI staining showed no significant increase in apoptosis or necrosis in either cell
line, suggesting that the antiproliferative effects of the Exos were mediated through non-apoptotic pathways. Moreover,
HDFs showed no significant change in proliferation after treatment with either iMSC-Exos or BMSC-Exos. This absence of
a proliferative response in non-malignant cells further emphasizes the potential selectivity of the exosomal effects. Such
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Figure 5 Invasion of PANC1 and MDA-MB-231 cells treated with exosomes. A and B: Representative images from the scratch assay illustrating wound
closure in PANC1 (A) and MDA-MB-231 (B) cells treated with induced pluripotent stem cell-derived mesenchymal stem cell-derived exosomes or bone marrow
mesenchymal stem cell-derived exosomes (scale bar = 200 ym); C and D: Quantitative analysis of wound area closure was conducted at 0 hour, 9 hours, and 48
hours post-scratch for PANC1 (C) and MDA-MB-231 (D) cells. Results are presented as mean + SD. °P < 0.001, 9P < 0.0001. iMSC-Exos: Exosomes derived from
induced pluripotent stem cell-derived mesenchymal stem cells; BMSC-Exos: Exosomes derived from bone marrow mesenchymal stem cell; SFM: Serum-free
medium.

selectivity suggests that the bioactive cargo of iMSC/BMSC-Exos preferentially modulates signaling pathways that are
dysregulated in cancer cells and highlights the possibility of a therapeutic potential of iMSC/BMSC-Exos as a targeted
cell-free anticancer approach with minimal effects on healthy cells.

Further analysis revealed an increased population of SA-BGal-positive cells in both cell lines treated with iMSC-Exos,
whereas BMSC-Exos had divergent effects, reducing the burden of SA-BGal-positive cells in PANCI cells but increasing it
in MDA-MB-231 cells. Senescence, a stress-induced cellular response, is marked by a stable cell cycle arrest and the
production of the SASP, which can exert both anti-tumor and tumor-promoting effects[30]. Our data suggests that the
antiproliferative effects observed following Exos treatments are likely to be driven in part by increasing the percentage of
SA-BGal-positive cells. Additionally, scratch assays demonstrated reduced invasion rates in PANCI cells treated with
both Exos types and in MDA-MB-231 cells treated with iMSC-Exos only, highlighting an additional anti-tumor effect of
these Exos.

These contrasting effects highlight the cancer cell-dependent nature of MSC-Exos responses, aligning with the
conflicting evidence reported in numerous studies regarding their role in cancer progression[13,16,31]. This variability is
shaped by multiple factors, including the MSC source, culture conditions, EV isolation protocols, and the intrinsic
biological differences among tumor models[32]. Notably, such conflicting effects have been observed both when EVs
from different MSC sources act on the same cancer cells and when EVs from the same MSC source produce different
outcomes in different cancer types[32]. Moreover, our data highlights the complexity of the senescent phenotype as a
stress response in cancer cells. Cellular senescence in cancer can be triggered by a wide range of compounds acting
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through different molecular pathways, resulting in diverse senescent phenotypes and variable experimental outcomes[33,
34].

In this context the variation in senescence response observed between PANC1 and MDA-MB-231 cells following
treatment with BMSC-Exos and iMSC-Exos is likely due to both differences in exosomal cargo and the distinct receptor or
signaling profiles of the recipient cells. Notably, mutations in key senescence regulators like p16™“* have been reported in
pancreatic cancer cells[35] and in triple-negative breast cancer cells such as MDA-MB-231[36,37], which may partly
explain their altered response compared with normal cells. Furthermore, previous studies have reported that PANCI is
unlikely to be responsive to senescence-inducing therapy[38].

However, iMSC-Exos increased SA-BGal-positive cells in PANC1 cells, suggesting that they may carry specific effectors
or miRNAs capable of modulating senescence more effectively, potentially by targeting distinct senescence pathways.
Several miRNAs have been implicated in the regulation of senescence, functioning either as inhibitors (e.g., miR-24, miR-
17-5p, miR-20a/b, miR-106a/b) or inducers (e.g., miR-16, miR-195, miR-107, miR-185)[39]. However, the cargo of iMSC-
Exos has not been thoroughly investigated; existing studies have only provided preliminary characterization without
detailing their molecular content[40], leaving open the question of which components contribute to the observed
senescence response. Therefore, deeper molecular profiling of iMSC exosomal content is warranted, especially focusing
on senescence-associated miRNAs and signaling proteins. Moreover, further analysis of additional senescence-associated
markers is essential to fully elucidate the nature of tumor cell response to Exos.

Previous studies have shown that MSCs, including BMSCs, can either promote or inhibit pancreatic cancer growth
through various signaling pathways[13]. For example, MSCs have been demonstrated to exert protumor effects through
mechanisms such as chemokine (C-C motif) ligand 5 signaling[41], BxPc3 activation[42], or vascular endothelial growth
factor production[43] while also exhibiting anti-tumor effects via interferon-p production[44]. Furthermore, Antoon et al
[13] showed that BMSCs promoted pancreatic cancer growth through interleukin-6 production. Notably, interleukin-6
and vascular endothelial growth factor, among other factors, have been identified as components of Exos[45].

Moreover, studies on the effects of BMSC-Exos on triple negative breast cancer, particularly MDA-MB-231 cells, have
yielded conflicting results. For instance, Hu et al[14] reported that BMSC-Exos suppressed MDA-231-MB stemness and
metastasis via an ALKBH5-dependent mechanism. In contrast, a more recent study by Movahed et al[15] demonstrated
that BMSC-Exos enhanced MDA-MB-231 stemness, likely by modulating metabolic pathways. The interaction between
MSCs and cancer is complex and controversial. Some studies suggest that MSCs promote tumor growth while others
indicate anti-tumor effects[46-48]. These divergent outcomes depend on variables like the MSC source, culture conditions,
and passage number, which influence their biological properties[49].

Finally, the heterogeneity of MSC-Exos that is influenced by their parental cell origins and culture conditions[50,51]
highlights the importance of considering the specific composition of Exos and the conditions under which they are
generated when interpreting their cancer-related effects. This variability may explain the contrasting effects observed
between MSCs and their Exos derivatives on cancer cells. However, despite the valuable insights offered in this study,
further validation is required through the application of in vivo studies such xenograft models. Such models more
effectively represent the complex physiological environment of the living system, incorporating key factors absent in the
current in vitro system, including immune cell interactions, tumor stroma, and systemic influences. Additionally, this
study did not assess the molecular cargo of the Exos, limiting our understanding of the mechanisms underlying the
observed effects. Incorporating detailed cargo analysis alongside in vivo studies in future studies is essential to fully
elucidate the biological mechanisms involved in the observed effects.

CONCLUSION

This study underscored the potential of iMSC-Exos as promising anti-cancer agents, particularly due to their ability to
increase the number of SA-BGal-positive cells and inhibit invasion in specific cancer types. The findings highlighted the
significant influence of the cellular source and culture conditions on the therapeutic efficacy of MSC-derived Exos. Future
research should not only investigate the potential applications of iMSC-Exos across various cancer types but also
elucidate the molecular mechanisms underlying these effects and validating the therapeutic potential in clinically
relevant models.
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