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Abstract

Cisplatin (cis-diamminedichloroplatinum(Il) [DDP]) is a key chemotherapeutic agent for
advanced endometrial cancer; however, chemoresistance substantially limits its clinical
benefit. Extracellular vesicles (EVs) mediate intercellular communication and influence
tumour cell behaviour and therapeutic response. We investigated whether mesenchymal
stem cell-derived extracellular vesicles (MSC-EVs) and natural killer cell-derived extra-
cellular vesicles (NK-EVs) modulate cisplatin responsiveness in endometrial cancer cells
(RL95-2 and HEC-1A). MSC-EVs and NK-EVs were isolated and characterised using na-
noparticle tracking analysis, scanning electron microscopy, and EV marker profiling.
MSC-EVs and NK-EVs reduced RL95-2 and HEC-1A cell viability in a dose-dependent
manner, with MSC-EVs exhibiting substantial effects at lower particle concentrations. In
a cisplatin-resistant HEC-1A (HEC-1A DDP-R) model, MSC-EVs were associated with
greater reductions in cell viability under cisplatin treatment conditions, whereas NK-EVs
showed comparatively modest effects. Mechanistic analyses demonstrated altered expres-
sion of apoptosis- and cell cycle-related proteins, including increased cleaved poly(ADP-
ribose) polymerase and cleaved caspase-3 levels and reduced cyclin A and cyclin D1 ex-
pression following MSC-EV treatment. Annexin V-fluorescein isothiocyanate/propidium
iodide flow cytometry demonstrated increased apoptotic cell populations after MSC-EV
treatment, with MSC-EV + DDP co-treatment resulting in the highest apoptotic fraction in
chemoresistant HEC-1A cells. Collectively, these findings indicate that MSC-EVs are as-
sociated with altered cellular responses to cisplatin in chemoresistant endometrial cancer

https://doi.org/10.3390/ijms27135842



Int. ]. Mol. Sci. 2026, 27, 5842

2 of 18

cells, accompanied by changes in apoptosis-related protein expression, apoptotic cell pop-
ulations, and cell-cycle regulators. Further investigation is required to determine their
mechanistic role and therapeutic potential in overcoming chemoresistance.

Keywords: extracellular vesicles; endometrial cancer; cisplatin resistance; apoptosis;
cell-cycle regulation

1. Introduction

Endometrial cancer is among the most common gynaecological malignancies world-
wide, with a rising incidence associated with ageing populations and metabolic disorders
[1]. Although early-stage endometrial cancer is often associated with favourable out-
comes, patients with advanced, recurrent, or high-grade disease generally have a poorer
prognosis and more limited therapeutic options [2-4]. Chemotherapy, particularly plati-
num-based regimens (e.g., cisplatin or carboplatin) [5,6], is a key component in the treat-
ment of advanced endometrial cancer. However, the development of chemoresistance to
platinum-based chemotherapy, particularly cisplatin, considerably limits therapeutic effi-
cacy and poses a major clinical challenge [7,8].

Cisplatin resistance develops through multiple mechanisms, such as enhanced DNA
damage repair, dysregulation of apoptotic signalling, alterations in cell-cycle control, and
tumour microenvironment-mediated survival signalling [9,10]. These mechanisms enable
tumour cells to evade drug-induced cytotoxic stress, leading to tumour persistence and
disease progression [11,12]. Consequently, strategies that restore chemosensitivity in
drug-resistant endometrial cancer cells are of considerable clinical interest [13].

Extracellular vesicles (EVs) are critical mediators of intercellular communication. EVs
carry proteins, lipids, and nucleic acids reflective of their parental cells and can substan-
tially influence recipient cell behaviour [14,15]. Increasing evidence suggests that EV-me-
diated signalling contributes to tumour progression, drug resistance, immune modulation
and therapeutic response [16-19]. Importantly, EVs derived from different cellular
sources exhibit distinct functional properties owing to differences in their molecular cargo
and membrane composition. Accumulating data indicate that EVs might participate in the
development and dissemination of chemoresistant phenotypes among tumour cells [20-
22].

Mesenchymal stem cell-derived extracellular vesicles (MSC-EVs) have been exten-
sively studied for their regenerative and immunomodulatory properties. In oncological
contexts, MSC-EVs modulate tumour cell proliferation, survival pathways, and responses
to chemotherapy, although their effects appear to be context-dependent [23-25]. In con-
trast, natural killer cell-derived extracellular vesicles (NK-EVs) are primarily recognised
for their immune effector functions. NK-EVs carry cytotoxic molecules capable of influ-
encing tumour cell viability [26-28]. However, the comparative roles of MSC-EVs and NK-
EVs in modulating chemoresistance mechanisms in endometrial cancer remain insuffi-
ciently defined.

To address the clinical problem of cisplatin resistance in endometrial cancer, this
study investigated whether EV-based interventions can enhance the efficacy of cisplatin.
Specifically, we examined the effects of MSC-EVs and NK-EVs, alone and in combination
with cisplatin, on cisplatin-resistant endometrial cancer cells and explored the underlying
mechanisms, focusing on apoptosis and cell-cycle regulation. We hypothesised that the
origin of MSC-EVs and NK-EVs determines their functional impact on chemoresistance.
We also hypothesised that MSC-EVs, because of their distinct molecular cargo, would en-
hance cisplatin responsiveness in chemoresistant endometrial cancer cells by reactivating
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apoptotic pathways and suppressing cell-cycle progression, while comparatively, NK-
EVs would exert limited modulation of intrinsic drug-response pathways.

2. Results
2.1. Characterisation of MSC-EVs and NK-EV’s

MSC-EVs and NK-EVs were first characterised in accordance with established EV-
related MISEV2023 guidelines [29].

In nanoparticle tracking analysis (NTA), MSC-EVs had a particle concentration of
1.61 x 10" + 1.37 x 10'° particles/mL, with a mean particle diameter of 113.9 + 9.5 nm and
a mode size of 80.9 + 33.2 nm (Figure 1A). NK-EVs exhibited a particle concentration of
1.68 x 10" + 1.11 = 10" particles/mL, with a mean particle diameter of 125.2 + 1.2 nm and
a mode size of 120.1 + 4.8 nm (Figure 1B). Both MSC-EVs and NK-EVs displayed particle
size distributions predominantly within the expected extracellular vesicle size range, with
the majority of particles measuring approximately 50-200 nm in diameter.

Scanning electron microscopy (SEM) further confirmed the vesicular morphology of
both MSC-EVs and NK-EVs. The particles exhibited the characteristic round, membrane-
bound appearance of extracellular vesicles and were observed within the size range de-
tected by nanoparticle tracking analysis (NTA). Minor differences between SEM- and
NTA-derived size measurements are expected, as NTA measures the hydrodynamic di-
ameter of particles in suspension, whereas SEM visualizes the physical morphology and
size of dehydrated vesicles (Figure 1C-D).
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Figure 1. Characterisation of MSC-EVs and NK-EVs. (A,B) NTA showing the size distribution and
particle concentration of MSC-EVs and NK-EVs. MSC-EVs exhibited a mean diameter of 95.5 nm
and a mode size of 65.5 nm, while NK-EVs showed a mean diameter of 110.5 nm and a mode size

of 85.5 nm. (C,D) SEM images demonstrating the morphology of MSC-EVs and NK-EVs. MSC-EVs
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and NK-EVs displayed round membrane-bound vesicles within the nanoscale range; Representa-
tive SEM images of MSC-EVs and NK-EVs are shown. Images were acquired at different magnifi-
cations and are presented to illustrate vesicular morphology. (E) Western blot analysis of EV marker
proteins. MSC-EVs and NK-EVs were positive for the EV markers ALIX, CD63, and CD81, whereas
the endoplasmic reticulum marker Calnexin was detected in parental cells but not in MSC-EVs and
NK-EVs, indicating minimal cellular contamination. ALIX: apoptosis-linked gene 2-interacting pro-
tein X; CD: cluster of differentiation; MSC-EV: mesenchymal stem cell-derived extracellular vesicle;
NK-EV: natural killer cell-derived extracellular vesicle; NTA: nanoparticle tracking analysis; SEM:

scanning electron microscopy.

In western blot analysis, EV-associated markers, including apoptosis-linked gene 2—
interacting protein X (ALIX), cluster of differentiation 63 (CD63) and CD81, were detected
in both MSC-EVs and NK-EVs. The CD63 and CD81 panels are presented for qualitative
assessment of EV marker expression and were not intended for quantitative comparison
between EV preparations. However, their relative abundance varied compared with that
in parental cell lysates, and consistent enrichment across all markers and EV types was
not observed. The endoplasmic reticulum marker Calnexin (~90 kDa) was predominantly
detected in parental cell lysates, while only weak signals were observed in EV samples
(Figure 1E; Supplementary Figure S1). This pattern suggests that cellular contamination
is limited but cannot be completely excluded. Collectively, these findings support the suc-
cessful isolation of EVs with appropriate size distribution, morphology, and representa-
tive EV-associated protein profiles.

2.2. Effect of MSC-EVs and NK-EVs on Reducing Endometrial Cancer Cell Viability
Dose-Dependently

To assess whether MSC-EVs and NK-EVs affect the viability of endometrial cancer
cells, we exposed RL95-2 and HEC-1A cells separately to increasing concentrations of NK-
EVs or MSC-EVs and evaluated their viability. The comparison between MSC-EVs and
NK-EVs was not performed using matched particle concentrations. Instead, concentration
ranges were selected based on preliminary dose-response experiments to identify biolog-
ically active conditions for each EV preparation.

In RL95-2 cells, MSC-EVs reduced cell viability in a dose-dependent manner, with
significant decreases observed at 2.0 x 10° and 2.0 x 10 particles/mL (Figure 2A). NK-EVs
exerted comparatively weaker effects at lower concentrations; however, significant reduc-
tions in cell viability were observed at 1.75 x 10" and 1.75 x 10" particles/mL (Figure 2B).
Similarly, in HEC-1A cells, MSC-EVs significantly reduced cell viability at 2.0 x 10° and
2.0 x 10" particles/mL (Figure 2C). NK-EVs produced more modest effects, with signifi-
cant reductions observed only at the higher tested concentrations of 1.75 x 10 and 1.75 x
10" particles/mL (Figure 2D). Different concentration ranges of MSC-EVs and NK-EVs
were selected based on intrinsic differences in particle yield and biological activity ob-
served in preliminary experiments. MSC-EVs exhibited measurable biological effects at
lower particle concentrations, whereas NK-EVs required higher concentrations to induce
reductions in cell viability.
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Figure 2. Effects of MSC-EVs and NK-EVs on endometrial cancer cell viability. (A,B) RL95-2 cells
and (C,D) HEC-1A cells were treated with increasing concentrations of MSC-EVs (2.0 x 106, 2.0 x
107, 2.0 x 108, 2.0 x 10°, and 2.0 x 10'° particles/mL) (A,C) or NK-EVs (1.75 x 107, 1.75 x 108, 1.75 = 10°,
1.75 x 10, and 1.75 x 10" particles/mL) (B,D), and cell viability was assessed using the CCK-8 assay.
MSC-EVs reduced cell viability in a dose-dependent manner and induced significant decreases at
lower particle concentrations, whereas NK-EVs produced more modest effects and required higher
particle concentrations to significantly reduce cell viability. Data are presented as the mean + stand-
ard deviation (1 = 3). * p <0.05, ** p < 0.01, *** p <0.001 versus controls. CCK-8: Cell Counting Kit-8;
MSC-EV: mesenchymal stem cell-derived extracellular vesicle; NK-EV: natural killer cell-derived
extracellular vesicle. Veh: vehicle control (5% trehalose solution), used as an excipient in EV formu-

lations to maintain vesicle stability.

Overall, MSC-EVs demonstrated a more pronounced reduction in cell viability com-
pared with NK-EVs under the tested conditions, although the magnitude of these effects
remained moderate.

2.3. Effect of MSC-EVs on Modulating Cellular Responses to Cisplatin in Cisplatin-Resistant
HEC-1A Cells

To model cisplatin resistance observed in endometrial cancer, HEC-1A cells were
continuously exposed to low-dose (10 M) cisplatin for 3 months, generating a cisplatin-
resistant subline, which was named ‘"HEC-1A DDP-R’ (Figure 3A).

https://doi.org/10.3390/ijms27135842
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Figure 3. MSC-EVs modulate cellular responses to cisplatin in cisplatin-resistant HEC-1A cells. (A)
Schematic illustration of the establishment of a cisplatin-resistant HEC-1A cell model (HEC-1A
DDP-R) via continuous exposure to 10 uM cisplatin for 3 months. (B) Dose-response analysis show-
ing reduced cisplatin sensitivity in HEC-1A DDP-R cells compared to parental HEC-1A cells, as
assessed using the CCK-8 assay. (C,D) Effects of NK-EVs: 1.75 x 101 particles/mL (C) and MSC-EVs:
2.0 x 10° particles/mL (D) on cisplatin sensitivity in HEC-1A DDP-R cells. Cells were treated with
MSC-EVs or NK-EVs alone or in combination with cisplatin, and their viability was measured. MSC-
EVs were associated with greater reductions in cell viability under cisplatin treatment conditions,
whereas NK-EVs showed comparatively modest effects. Data are presented as the mean + standard
deviation (n = 3). * p <0.05, ** p < 0.01, ** p < 0.001. DDP: cis-diamminedichloroplatinum(II); MSC-
EV: mesenchymal stem cell-derived extracellular vesicle; NK-EV: natural killer cell-derived extra-

cellular vesicle.

Drug-response analysis confirmed the chemoresistant phenotype of HEC-1A DDP-
R. Compared to parental HEC-1A cells, HEC-1A DDP-R cells exhibited significantly
higher viability across increasing cisplatin concentrations, demonstrating reduced sensi-
tivity to the drug (Figure 3B).

Next, we examined whether EV treatment can modulate cisplatin responsiveness.
Results showed that NK-EVs alone caused only modest reductions in cell viability in
HEC-1A DDP-R cells. When combined with cisplatin, the cytotoxic effects of NK-EVs
were slightly enhanced, but the overall impact remained limited (Figure 3C). Based on the
dose-response analysis shown in Figure 2, MSC-EVs (2.0 x 10° particles/mL) and NK-EVs
(1.75 x 10" particles/mL) were selected for subsequent cisplatin-sensitivity experiments.

https://doi.org/10.3390/ijms27135842
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In contrast, MSC-EVs were associated with greater reductions in cell viability under
cisplatin treatment conditions. MSC-EV—cisplatin co-treatment led to a substantial de-
crease in cell viability compared with cisplatin treatment alone, with the strongest effects
observed at higher cisplatin doses (Figure 3D). These findings suggest that MSC-EVs are
associated with altered cellular responses to cisplatin in chemoresistant endometrial can-
cer cells, thereby partially reversing the chemoresistant phenotype.

2.4. Effect of MSC-EVs on Apoptosis- and Cell Cycle-Related Protein Expression in
Cisplatin-Resistant HEC-1A Cells

To elucidate the mechanisms underlying EV-mediated modulation of drug sensitiv-
ity, we analysed apoptosis- and cell cycle-related protein levels in HEC-1A DDP-R cells
(Figure 4A). MSC-EVs significantly reduced full-length PARP levels, with a concomitant
increase in cleaved PARP levels (Figure 4B,C), indicating activation of apoptotic signal-
ling. In addition, MSC-EVs consistently significantly elevated cleaved caspase-3 levels,
further indicating induction of the caspase-dependent apoptotic pathway (Figure 4D); the
combination of MSC-EVs and cisplatin further enhanced these effects. In contrast, NK-
EVs exerted a minimal influence on PARP cleavage and caspase-3 activation in HEC-1A
DDP-R cells, suggesting a weaker impact on apoptosis induction.

Regarding cell-cycle regulators, MSC-EVs significantly reduced cyclin A expression
in HEC-1A DDP-R cells (Figure 4E), suggesting alterations in cell cycle-associated regula-
tory proteins. However, cisplatin, NK-EVs, and MSC-EVs all decreased cyclin D1 levels
(Figure 4F), consistent with changes in proteins involved in cell-cycle regulation and re-
duced proliferative capacity.

To further functionally evaluate apoptosis-related alterations observed in the west-
ern blot analysis, HEC-1A DDP-R cells were pretreated with MSC-EVs for 24 h and sub-
sequently exposed to DDP (20 pg/mL) for an additional 24 h, followed by Annexin V-
fluorescein isothiocyanate (FITC)/propidium iodide (PI) flow cytometric analysis (Figure
5A). Control and DDP-alone groups exhibited low percentages of apoptotic fractions, with
total apoptotic populations (Q1+Q2) of 1.31% and 1.69%, respectively (Figure 5B). In con-
trast, MSC-EV treatment increased both early and late apoptotic populations, resulting in
a total apoptotic fraction of 28.8%. Notably, MSC-EV + DDP co-treatment further in-
creased the apoptotic fraction to 38.4% (Q1: 22.1%; Q2: 16.3%). These findings functionally
validate the apoptosis-associated molecular changes identified by western blot analysis.

https://doi.org/10.3390/ijms27135842
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Figure 4. MSC-EVs promote apoptosis and suppress cell cycle progression in cisplatin-resistant
HEC-1A cells. (A) Western blot analysis of apoptosis- and cell cycle-related proteins in HEC-1A
DDP-R cells treated with NK-EVs or MSC-EVs, with or without cisplatin. Representative blots of
PARP, cleaved PARP, caspase-3, cleaved caspase-3, cyclin A, cyclin D1, and GAPDH are shown. (B-
D) Quantification of apoptosis markers. MSC-EVs reduced full-length PARP (B) and increased
cleaved PARP (C) and cleaved caspase-3 (D) levels, indicating activation of apoptotic signalling.
MSC-EV—cisplatin co-treatment further enhanced these effects. NK-EVs showed limited induction
of apoptosis-related protein cleavage. (E,F) Quantification of cell-cycle regulators. MSC-EVs signif-
icantly decreased cyclin A (E) levels, while cyclin D1 (F) levels decreased across cisplatin, NK-EV,
and MSC-EV treatments, consistent with impaired cell-cycle progression. Data are presented as the
mean + standard deviation (1 = 3). * p <0.05, ** p < 0.01, *** p < 0.001. DDP: cis-diamminedichloro-
platinum(II); GAPDH: glyceraldehyde-3-phosphate dehydrogenase; MSC-EV: mesenchymal stem
cell-derived extracellular vesicle; NK-EV: natural killer cell-derived extracellular vesicle; PARP:

poly(ADP-ribose) polymerase.

Collectively, these findings suggest that MSC-EVs are associated with reduced pro-
liferative capacity in cisplatin-resistant endometrial cancer cells, accompanied by in-
creased apoptotic cell populations, changes in apoptosis-related protein expression and
modulation of cell cycle-related regulators. In contrast, NK-EVs predominantly influ-
enced cell cycle-related pathways, with comparatively limited apoptosis-associated ef-

fects.
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Figure 5. MSC-EVs are associated with increased apoptotic cell populations in cisplatin-treated
chemoresistant endometrial cancer cells. HEC-1A DDP-R cells were pretreated with MSC-EVs for
24 h, followed by cisplatin (DDP; 20 ug/mL) treatment for an additional 24 h. Apoptosis was evalu-
ated by Annexin V-FITC/PI staining followed by flow cytometric analysis. (A) Representative dot
plots showing Annexin V-FITC (x-axis) and PI (y-axis) staining patterns under four experimental
conditions: Control, Control + DDP, MSC-EVs, and MSC-EVs + DDP. Quadrants indicate viable cells
(Q4, Annexin V7/PI"), early apoptotic cells (Q1, Annexin V*/PI"), late apoptotic cells (Q2, Annexin
V*/PT*), and necrotic cells (Q3, Annexin V-/PI*). (B) Quantification of early apoptotic (Q1), late apop-
totic (Q2), and total apoptotic (Q1 + Q2) cell populations. Compared with control (total apoptosis:
1.31%) and DDP-alone (1.69%) conditions, MSC-EV treatment increased the percentage of apoptotic
cells (Q1 + Q2 = 28.8%), and MSC-EV + DDP co-treatment resulted in the highest proportion of
apoptotic cells (Q1 + Q2 = 38.4%), consistent with apoptosis-associated molecular changes observed
in western blot analyses. DDP: cis-diamminedichloroplatinum(II); MSC-EV: mesenchymal stem

cell-derived extracellular vesicle; FITC: fluorescein isothiocyanate; PI: propidium iodide.

3. Discussion
3.1. EV Subtype-Specific Functional Differences

EVs derived from different cellular sources exhibit distinct biological functions de-
pending on their molecular cargo and membrane composition. MSC-EVs have been
widely studied for their immunomodulatory and tissue-regenerative properties, and

https://doi.org/10.3390/ijms27135842
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emerging evidence suggests their ability to modulate tumour cell behaviour in a context-
dependent manner [30,31]. MSC-EVs have influenced cell survival, proliferation, and re-
sponse to chemotherapy in several cancer models, although both pro- and anti-tumour
effects depending on tumour type and microenvironmental conditions have been de-
scribed [23,25]. In contrast, NK-EVs, which carry cytotoxic proteins and immune effector
molecules, have primarily been investigated for their immune-mediated cytotoxic poten-
tial [26,28,32,33]. However, their direct influence on the intrinsic survival pathways of tu-
mour cells appears more limited compared to MSC-EVs. In this study, we observed that
compared to NK-EVs, MSC-EVs exert stronger anti-proliferative and pro-apoptotic effects
on endometrial cancer cells, highlighting that the EV subtype origin critically determines
functional impact.

Cisplatin is an important chemotherapeutic for advanced or recurrent endometrial
cancer; however, the development of drug resistance in the body significantly limits its
long-term efficacy and contributes to treatment failure [12,34]. Mechanisms underlying
cisplatin resistance include enhanced DNA repair capacity, apoptotic signalling dysregu-
lation, altered cell-cycle control, and changes in tumour microenvironment-mediated sig-
nalling [35,36]. These adaptations allow tumour cells to evade cytotoxic stress and survive
under chemotherapeutic pressure. Our cisplatin-resistant HEC-1A model highlighted this
clinical challenge, demonstrating reduced drug sensitivity and sustained cell viability
across increasing cisplatin concentrations. Strategies capable of re-sensitising chemo-
resistant tumour cells, therefore, represent a critical therapeutic need. The present study
was conducted using a single cisplatin-resistant endometrial cancer cell model (HEC-1A
DDP-R). Therefore, the findings should be interpreted with caution, and validation in ad-
ditional endometrial cancer models will be required to determine the generalisability of
the observed effects.

The distinct functional outcomes observed between MSC-EVs and NK-EVs suggest
that the EV subtype origin critically influences the molecular pathways within recipient
tumour cells. MSC-EVs have been reported to carry a diverse regulatory cargo, including
proteins, lipids, metabolites, microRNAs, long non-coding RNAs, and signalling modu-
lators capable of influencing intracellular stress-response pathways [30,31]. The observed
increase in PARP cleavage and caspase-3 activation suggests that MSC-EVs are associated
with changes in apoptotic signalling, which may contribute to increased susceptibility to
cisplatin-induced cytotoxic stress. In addition, the MSC-EV-induced cyclin A and cyclin
D1 reduction observed herein suggests that MSC-EV's concurrently impair cell-cycle pro-
gression, potentially limiting the capacity of chemoresistant cells to recover from DNA
damage. The simultaneous activation of apoptotic signalling and proliferative driver sup-
pression may, therefore, create an environment that favours irreversible commitment to
cell death under chemotherapeutic pressure. In contrast, NK-EVs primarily reduced cy-
clin D1 levels, with minimal activation of apoptosis markers, indicating a predominantly
cytostatic rather than a pro-apoptotic effect. This divergence may reflect differences in the
EV cargo composition, as NK-EVs are often enriched in immune effector-associated mol-
ecules, whereas MSC-EVs may carry broader regulatory components affecting survival
pathways. One limitation of the present study is that EV uptake efficiency was not directly
evaluated. Because extracellular vesicles derived from different cellular sources may ex-
hibit distinct internalisation kinetics, future studies employing fluorescent EV labelling
and uptake analyses may help determine whether the observed biological differences are
attributable to variations in EV uptake efficiency, EV cargo composition, or both.

Flow cytometry-based Annexin V/PI analysis provided additional functional valida-
tion of the apoptosis-associated molecular changes observed in this study. The concordant
alterations identified across apoptotic cell populations and multiple independent protein
markers support a consistent biological response rather than isolated signalling changes.
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Nevertheless, additional quantitative analyses, such as cell-cycle profiling or broader pro-
teomic approaches, would further strengthen mechanistic interpretation. Taken together,
these findings suggest a subtype-dependent functional specialisation of EVs and support
further investigation of EV source selection in the development of EV-based strategies for
chemoresistant endometrial cancer. Although Annexin V/PI analysis provided functional
support for the apoptosis-associated protein changes observed following MSC-EV treat-
ment, the experiment was performed as a targeted validation of the MSC-EV condition.
Additional studies incorporating NK-EV treatment groups and quantitative statistical
analyses will be required to comprehensively compare the apoptosis-related effects of dif-
ferent EV preparations.

The ability of MSC-EVs to modulate cellular responses to cisplatin in chemoresistant
endometrial cancer cells suggests their potential value as an adjunct strategy to conven-
tional chemotherapy. EV-based approaches may offer advantages such as biocompatibil-
ity and intrinsic targeting capabilities. However, given the context-dependent effects of
MSC-EVs reported in the literature, further studies are required to define their safety pro-
file, optimal dosing and in vivo efficacy.

Importantly, the effects of MSC-EVs in cancer are highly context-dependent. Alt-
hough MSC-EVs have been reported to suppress tumour growth or enhance therapeutic
responses in some experimental settings, other studies have shown that MSC-EVs can
promote tumour progression, metastatic behaviour, survival signalling, angiogenesis, and
drug resistance depending on their cargo composition and recipient tumour cell context.
Therefore, the findings of the present study should not be interpreted as indicating a uni-
formly beneficial role of MSC-EVs. Instead, MSC-EVs may function as context-dependent
modulators of tumour cell behaviour, and future studies should define the specific molec-
ular cargo and biological conditions that determine whether MSC-EVs exert antitumour
or protumour effects.

3.2. Study Limitations

This study has several limitations that should be acknowledged. First, all experi-
ments were performed in vitro using two endometrial cancer cell lines, and only HEC-1A
cells were used to establish the cisplatin-resistant model. Therefore, the generalisability of
these findings to other endometrial cancer models and clinical settings requires further
validation. Second, although MSC-EVs and NK-EVs exhibited differential effects on cis-
platin responsiveness, the specific extracellular vesicle cargo responsible for these effects
was not identified in the present study. Likewise, EV uptake/internalisation and down-
stream signalling pathways were not investigated, precluding definitive mechanistic con-
clusions. Third, the present work did not include in vivo validation; therefore, the thera-
peutic efficacy and safety of EV-based modulation of cisplatin responsiveness remain to
be established in appropriate animal models. Finally, the current study was designed as a
comparative investigation of the effects of mesenchymal stem cell-derived and natural
killer cell-derived extracellular vesicles on cisplatin responsiveness rather than a compre-
hensive mechanistic analysis. Future studies integrating EV cargo characterisation, uptake
analyses, molecular pathway validation, and in vivo models will be important for eluci-
dating the mechanisms underlying the observed responses and for assessing their trans-
lational potential. Despite these limitations, the present study provides a comparative
evaluation of MSC-EVs and NK-EVs in modulating cisplatin responsiveness in endome-
trial cancer cells and establishes a foundation for future mechanistic and translational in-
vestigations.
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4. Materials and Methods
4.1. Cell Culture

In this study, we cultured two human endometrial cancer cell lines, RL95-2 and HEC-
1A, according to standard conditions. RL95-2 cells were maintained in Dulbecco’s modi-
fied Eagle’s medium/Ham’s F-12 nutrient mixture (DMEM/F12) and HEC-1A cells in
McCoy’s 5A medium, each supplemented with 10% foetal bovine serum (FBS) and 1%
penicillin—streptomycin. The cells were cultured in a humidified incubator with 5% CO:
at 37 °C. For EV experiments, cells were cultured in a medium containing EV-depleted
FBS.

4.2. EV Isolation

EVs derived from umbilical cord mesenchymal stem cells were isolated from condi-
tioned medium using an automated exosome isolation system based on continuous nan-
ofiltration technology incorporating ultrasonic-assisted purification [37-39]. The collec-
tion of umbilical cords and umbilical cord blood was approved by the Institutional Re-
view Board of Tri-Service General Hospital (Taipei, Taiwan; IRB No. C202405130 and
B202405124, respectively). MSCs were derived from human umbilical cord tissue and cul-
tured under standard conditions as previously described [40,41]. NK cells were isolated
from umbilical cord blood using standard negative selection/enrichment protocols, fol-
lowed by expansion under defined culture conditions [42]. NK-EVs were obtained from
activated NK cells cultured according to the manufacturer’s proprietary activation and
expansion protocol (Precision Biotech Corp., Taipei, Taiwan). Flow cytometry characteri-
sation of NK cells and MSCs is provided in Supplementary Figures 52-54.

Briefly, for large-scale exosome production, mesenchymal stem cells at passage 4 (P4)
were thawed and expanded to passage 5 (P5) in CellStack-10 units. P5 cells were seeded
into five CellStack-10 units at 3000 cells/cm?, and on Day 3, the medium was replaced with
serum-free and human platelet lysate-free media for a 48 h incubation before harvest. The
conditioned medium was centrifuged at 500x g for 10 min to remove cells and then filtered
through a 0.22-pm filter to eliminate cellular debris. Next, EVs were isolated from the
conditioned media of umbilical cord mesenchymal stem cells and umbilical cord blood-
derived natural killer cells using the Exodus H600 system (Excellos/Aperis, San Diego,
CA, USA). The entire procedure required approximately 3 h. Finally, the purified MSC-
EVs were resuspended in Dulbecco’s phosphate-buffered saline and stored at -80 °C for
subsequent analyses. EV preparations were thawed immediately before experiments and
were not subjected to repeated freeze-thaw cycles whenever possible.

Natural killer cells were isolated from human peripheral blood mononuclear cells
and then cultured under standard activation conditions. EVs were isolated from the con-
ditioned medium collected. The supernatant underwent the same preclearing process
(centrifugation at 500 g and filtration with a 0.22-pm filter) and automated exosome iso-
lation for continuous nanofiltration and ultrasonic purification, as described before for
MSC-EVs. This ensured comparable isolation procedures between the MSC-EVs and NK-
EVs. The cell and EV preparation experiments were developed and conducted under
Good Tissue Practice laboratory guidelines of the Precision Biotech Corp., Taipei, Taiwan.
Although these approaches are widely used for EV characterisation, they do not directly
quantify EV purity. Additional metrics, such as particle-to-protein ratios or advanced pu-
rity assessments, may provide complementary information regarding EV preparation
quality

4.3. Nanoparticle Tracking Analysis

https://doi.org/10.3390/ijms27135842
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NTA was performed to determine the EV size distribution and particle concentration
using the NanoSight NS300 system (Malvern Panalytical, Worcestershire, UK). Briefly, the
EV suspensions were diluted in particle-free phosphate-buffered saline to achieve optimal
particle counts and analysed according to the manufacturer’s instructions. The mean par-
ticle size and mode diameter were recorded. Each EV preparation was analysed via NTA
using three independent recordings per sample (technical replicates). In addition, NTA
measurements were independently performed for each newly prepared EV sample across
experiments. These measurements consistently demonstrated that the size distribution
and particle concentration of the EV preparations were within the expected range for ex-
tracellular vesicles. However, it should be noted that NTA analysis provides information
on particle size and concentration but does not directly assess EV purity.

4.4. Scanning Electron Microscopy

We examined EV morphology using SEM. Briefly, EVs were fixed with 2.5% glutar-
aldehyde, dehydrated through a graded ethanol series and sputter-coated with gold—pal-
ladium prior to imaging. Imaging was performed to assess EV size and shape to confirm
nanoscale membrane-bound structures. Thereafter, dried samples were sputter-coated
with gold—palladium and visualised using an Apreo 2S scanning electron microscope
(Thermo Fisher Scientific, Waltham, MA, USA).

4.5. Cell Viability Assay

Briefly, RL95-2 and HEC-1A cells were separately seeded into 96-well plates and al-
lowed to adhere overnight. Next, the cells were incubated with increasing concentrations
of NK-EVs (1.75 x 107-1.75 x 10" particles/mL) or MSC-EVs (2 x 106-2 x 101 particles/mL)
for 24 h (the RL95-2 and HEC-1A controls were not treated with any EV subtype). For
subsequent cisplatin-sensitivity experiments, MSC-EVs and NK-EVs were used at concen-
trations of 2.0 x 10° and 1.75 x 10 particles/mL, respectively, based on the results of the
initial dose-response studies. No washing step was performed following EV treatment.
Subsequently, cisplatin was added at specified concentrations, and the cells were further
incubated for 48 h. Next, Cell Counting Kit-8 (CCK-8) reagent was added, and the cells
were again incubated for 1-2 h at 37 °C. Finally, absorbance was measured at a wave-
length of 450 nm using a microplate reader. Cell viability was expressed as a percentage
relative to untreated controls. All experiments were performed in triplicate (1 = 3).

4.6. Establishment of a Cisplatin-Resistant Endometrial Cancer Cell Model

To establish a cisplatin-resistant endometrial cancer cell model, HEC-1A cells were
continuously cultured in medium containing 10 uM cisplatin for approximately 3 months.
During this period, culture medium containing cisplatin was routinely replaced, and sur-
viving cells were maintained and expanded until a stable proliferating population was
obtained. The resulting resistant population was designated as HEC-1A DDP-R. HEC-1A
cells were selected for resistance induction because they exhibited stable growth and re-
producible adaptation under long-term cisplatin exposure. In contrast, RL95-2 cells exhib-
ited reduced growth stability and poor long-term survival under continuous cisplatin se-
lection, making establishment of a stable resistant population difficult. Therefore, HEC-
1A cells were chosen for subsequent resistance-model studies. Drug sensitivity was eval-
uated using dose-response viability assays. Briefly, parental HEC-1A and HEC-1A DDP-
R cells were seeded in 96-well plates and treated with increasing concentrations of cispla-
tin (0-100 uM) for 48 h. Cell viability was measured using the CCK-8 assay, and dose-
response curves were generated to compare sensitivity between parental and resistant
cells. All experiments were performed in triplicate.

https://doi.org/10.3390/ijms27135842
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4.7. Western Blot Analysis

For mechanistic analysis, HEC-1A DDP-R cells were treated with NK-EVs (1.75 x 1010
particles/mL) and MSC-EVs (2.0 x 10° particles/mL) separately for 24 h. Cells were then
exposed to cisplatin (20 upg/mL) for an additional 24 h and lysed in
radioimmunoprecipitation assay buffer (Thermo Fisher Scientific) containing protease
inhibitors. Protein concentrations were determined using a BCA assay. Equal amounts of
protein (20-30 ug) were separated on 10-12% sodium dodecyl sulphate—polyacrylamide
gel electrophoresis (SDS-PAGE) gels and transferred onto polyvinylidene fluoride
membranes (Millipore, Burlington, MA, USA) using a wet transfer system. Membranes
were blocked with 5% non-fat milk in TBST for 1 h at room temperature and incubated
overnight at 4 °C with primary antibodies against poly(ADP-ribose) polymerase (PARP;
Cell Signalling Technology, Danvers, MA, USA; #9542), cleaved PARP (Cell Signalling
Technology; #9542), caspase-3, cleaved caspase-3 (Cell Signalling Technology; #9661),
cyclin A (Cell Signalling Technology; #67955), cyclin D1 (Cell Signalling Technology;
#2922), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Cell Signalling
Technology; #2118), each diluted 1:1000. Membranes were then incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies (1:5000; Santa Cruz
Biotechnology, Dallas, TX, USA) for 1 h at room temperature. Signals were visualised
using enhanced chemiluminescence (ECL) reagents and quantified by densitometry using
Image] software, version 8. All experiments were performed in triplicate.

4.8. Annexin V/PI Staining and Flow Cytometric Analysis of Apoptosis

To functionally evaluate apoptosis, HEC-1A DDP-R cells were treated under the in-
dicated experimental conditions. Briefly, cells were pretreated with MSC-EVs for 24 h,
followed by cisplatin (DDP; 20 ug/mL) for an additional 24 h. After treatment, cells were
harvested, washed twice with cold phosphate-buffered saline, and resuspended in bind-
ing buffer. Apoptosis was assessed using an Annexin V-FITC/PI Apoptosis Detection Kit
(BioLegend, San Diego, CA, USA) according to the manufacturer’s instructions. Briefly,
cells were incubated with Annexin V-FITC and PI staining solution for 15 min at room
temperature in the dark and subsequently analysed via flow cytometry. Cell populations
were classified as viable cells (Annexin V-/PI), early apoptotic cells (Annexin V*/PI"), late
apoptotic cells (Annexin V*/PI*), or necrotic cells (Annexin V-/PI*). Data were analysed
using Flow]o software (version 10.8.1; FlowJo LLC, Ashland, OR, USA). All experiments
were independently performed in triplicate.

4.9. Statistical Analysis

Data are presented as the mean + standard deviation (SD). Statistical analyses were
performed using GraphPad Prism software (version 10; GraphPad Software, San Diego,
CA, USA). Comparisons between two groups were analysed using Student’s t-test. Com-
parisons among multiple groups were analysed using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple-comparisons test. A p-value < 0.05 was consid-
ered statistically significant. All experiments were independently performed at least three
times (n = 3).

5. Conclusions

In summary, MSC-EVs and NK-EV's exhibit subtype-specific biological activities in endome-
trial cancer cells. MSC-EVs were associated with greater reductions in cell viability, increased
apoptotic cell populations, and coordinated changes in apoptosis- and cell cycle-related markers
compared with NK-EVs, whereas NK-EVs predominantly influenced cell cycle-related proteins
with comparatively limited apoptosis-associated effects. These findings highlight the importance of
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EV subtype origin in determining functional outcomes and support further investigation of MSC-
EVs as a potential EV-based approach for modulating cellular responses in chemoresistant endo-
metrial cancer.
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