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Abstract

Emerging research indicates that natural killer (NK) cell-derived exosomes (NK-exo) play a significant role in cancer devel-
opment. However, their regulatory mechanisms, particularly in pancreatic cancer, remain poorly elucidated. This study
employed an in vitro co-culture system and an in vivo subcutaneous tumor model to evaluate the anti-tumor effect of NK-exo
on pancreatic cancer. Umbilical cord blood (UCB)-derived NK-exo displayed characteristic exosomal morphology, size, and
marker expression and was internalized by PANC- 1 cells. NK-exo significantly and dose-dependently reduce cell prolifera-
tion, migration, and invasion (P < 0.01). Further analysis demonstrated that NK-exo induced mitochondrial apoptosis in
PANC- 1 cells by altering reactive oxygen species (ROS, P < 0.0001) and mitochondrial membrane potential (MPP) levels
(P < 0.0001), effects that were significantly diminished with N-acetylcysteine (NAC) treatment (P < 0.0001). Furthermore,
NK-exo treated PANC- 1 cells showed upregulation of the apoptotic markers Caspase3 (P < 0.0001) and Caspase9 (P =
0.0086) and reduced the release of PGC- la (P= 0.0064), TFAM (P < 0.0001), and SOD2 (P = 0.0021) as demonstrated
by qRT-PCR. Western blot analyses revealed a dose dependent significant elevation of total Caspase3, Caspase9, Bax, and
cytochrome c level and depression in the anti-apoptotic Bcl- 2. Animal experiments further confirmed that NK-exo treatment
significantly reduced tumor volume and weight and increased Bax protein expression relative to the tumor model group.
These findings indicate that NK-exo can enter PANC- 1 cells via endocytosis, induce mitochondrial oxidative damage, and
suppress PANC- 1 cell progression, thereby demonstrating a robust anti-pancreatic cancer effect.
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1 Introduction

Pancreatic cancer is an aggressive tumor with high rates
of metastasis and recurrence, resulting in a poor prognosis.
Based on GLOBOCAN 2022 data, there were approximately
510,000 newly diagnosed cases of pancreatic cancer and
467,000 associated mortalities worldwide in 2022. By 2030,
it is predicted to represent the leading contributor to cancer-
associated mortality in the world. Despite recent therapeutic
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advancements, the five-year survival rate remains below
10%, primarily due to ineffective early diagnosis and lim-
ited targeted therapies (Zhang et al. 2023). Identifying effec-
tive treatments for pancreatic cancer remains a significant
clinical challenge, requiring the exploration of innovative
therapeutic strategies.

Immunotherapy has emerged as a promising approach
for cancer treatment. NK cells, a critical component of the
immune system, serve as a primary defense against infec-
tions and aberrant cells (Hosseini et al. 2022). NK cells show
significant potential in cancer immunotherapy by releasing
perforin, granzyme and granulysin, as well as activating
death receptors (Sordo-Bahamonde et al. 2020). Moreover,
NK cells secrete cytokines that mature dendritic cells, acti-
vate macrophages, and enhance adaptive immune responses,
thereby amplifying anti-tumor immunity (Yu. 2023). How-
ever, the ability of NK cells to recognize and destroy tumor
cells is significantly reduced in individuals with cancer due
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to their inhibition and dysfunction, enabling tumor cells to
evade immune surveillance. Therefore, the clinical applica-
tion of NK cells in cancer therapy remains limited (Zheng
et al. 2023).

Exosomes, nanoscale extracellular vesicles secreted by
cells, possess a phospholipid bilayer structure and diameters
ranging from 30 to 150 nm (Chen et al. 2018; Ren et al.
2022). These vesicles facilitate cell-to-cell communication
and have attracted much attention in tumor therapy research
as they are associated with minimal risks of malignant trans-
formation and their ability to traverse the blood-brain barrier
(Jin et al. 2024; Xiong et al. 2023). It has been found that
NK-exo can deliver perforin and granzyme to target cells
through endocytosis (Alturani et al. 2024; Lin et al. 2022;
Zhao et al. 2022). Moreover, NK-exo plays a pivotal role
in reducing immune suppression, modulating the tumor
immune microenvironment, and promoting tumor growth
through caspase-dependent and caspase-independent cell
death pathways (Ghaedrahmati et al. 2023; Hatami et al.
2023; Kim et al. 2022). These findings present innovative
approaches to addressing the limitations of NK cell-based
therapies for solid tumors. However, little is known of NK-
exo effects in pancreatic tumors.

In this study, exosomes were isolated from NK cells
derived from UCB using ultracentrifugation. Their impact
on proliferation, migration, invasion, colony formation, ROS
production, and MMP activation in human pancreatic cancer
cells were evaluated in both cellular and animal models. This
study aims to elucidate the regulatory effects and underlying
mechanisms of NK-exo in pancreatic cancer, providing a
reference for the use of exosomes in preventing and treating
cancer.

2 Materials and methods
2.1 Animals and tissue samples

Four-week-old female BALB/c nude mice weighing (18-22
g) were acquired from Jinan Pengyue Laboratory Animal
Breeding Co., Ltd with animal production license no.SCXK-
Lu- 2022-0006. Animal assays were performed in accord-
ance with Experimental Animal Care Guidelines. Mice were
caged in groups of five in the SPF animal facility under a
12-h light/dark cycle at a constant temperature of 23-25
°C and 35 +5% humidity. The animals were acclimatized
for 7 days prior to experimentation and euthanized using
carbon dioxide (CO,) inhalation before tissue collection
(Brown et al. 2021). All animal experiments were conducted
following protocols approved by the Animal Welfare and
Ethics Committee of Jining Medical University (Approval
No. INMC- 2024-DW- 293). Umbilical cord blood samples
collection were approved by the Ethics Committee of Augie
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Medical Laboratory Co., Ltd. of Rizhao City (approval no.
AJYX-2023-XB- 01) following the Declaration of Helsinki.
All patients provided written informed consent for study
participation.

2.2 Cell culture

Ficoll density gradients were used for the isolation of mono-
nuclear cells which were then grown under 5% CO, at 37°C
in Lymphocyte Serum-Free Medium KBM581 (88581 CM,
Corning) supplemented with 5% platelet lysate (HPCFD-
CRL50, AventaCell) and 200 IU/mL IL- 2 (125 ALa, Shuan-
glu). The medium was refreshed, and cells were passaged
every other day. After 14 days, suspension-grown NK cells
were obtained, and their surface markers were analyzed via
flow cytometry (BDCantoll, USA) by following a previously
described protocol (Bradley et al. 2018). Human PANC- 1
cells were procured from the Collection of Authenticated
Cell Cultures and cultured in DMEM (11,965, Gibco) sup-
plemented with 10% fetal bovine serum (10,091,148, Gibco)
at 37 °C with 5% CO,.

2.3 Exosome isolation

The exosome purification method used in the present study
has been previously described by Mrowczynski et al. (2018).
The culture supernatant was collected from cells grown in
serum-free media for 48 h. The supernatant underwent
sequential centrifugation at 4 °C under the following con-
ditions: 3,000 x g for 15 min, 10,000 X g for 30 min, and
100,000 x g for 60 min. The precipitate was filtered (0.45
um) and centrifuged at 100,000 X g for 60 min, followed
by resuspension of the pellet in chilled PBS and storage
at — 80 °C for further use. The total protein concentration
of the NK-exo was quantified by a BCA Protein Assay Kit
(PO010S, Beyotime) following the manufacturer’s protocol,
and adjusted to 1.0 mg/mL using sterile PBS prior to use.

2.4 Nanoparticle tracking and analysis

The size distribution and concentration of NK-exo particles
were assessed using a Zetaview-PMX120-Z system (Par-
ticle Metrix, Germany) and ZetaView software (version
8.05.14 SP7) as demonstrated in a previous study (Zheng
et al. 2013).

2.5 Transmission electron microscopy (TEM)

The structures of the isolated NK-exo were observed using
under TEM (JEM1400, Jeol, Japan). A 20 pL aliquot of exo-
somal suspension was deposited onto a 200-mesh copper
grid (AZH200, Zhongjing) and allowed to stand at ambient
temperature for 10 min. The sample was stained with 2%
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phosphotungstic acid (A601241, Sangon Biotech) for 3 min
and examined following the manufacturer’s protocol(Zhang
et al. 2021).

2.6 Nano-FCM (nFCM) measurement

The surface biosignature proteins of NK-exo were detected
using nano-flow cytometer (nFCM, Tian et al. 2019).
Diluted exosomes were stained with FITC-conjugated
mouse anti-human CD9 (555,371, BD) and CDS81 antibodies
(551,108, BD) at room temperature for 30 min, with isotype
IgG used as a negative control. Post-incubation, the mixture
was washed twice with PBS and centrifuged at 100,000 X g
for 60 min. After discarding the supernatant, the pellet was
resuspended in 50 pL of cold PBS and analyzed using a
nanoanalyzer (N30E, NanoFCM, China).

2.7 Cellular uptake assay

NK-exo were fluorescently labeled with a PKH26 red fluo-
rescence labeling kit (D0030, Solarbio) for 10 min. PANC- 1
cells (4 x 10%well) were inoculated in 24-well plates and
grown overnight. Labeled NK-exo were incubated with the
PANC- 1 cells for 10 h after ultrafiltration at 10,000 X g for
20 min using a 10 kDa cut-off membrane to remove unbound
dye (Xia et al. 2019). The cells were counterstained with
Hoechst 33,258 (C0021, Solarbio) and analyzed for uptake.

2.8 Western blot analysis

Cell lysates and exosome pellets were dissolved in ice-cold
RIPA buffer (P0013B, Beyotime) for 30 min. Extracted pro-
teins were separated on 10% SDS-PAGE and transferred to
PVDF membranes (ISEQ00010, Millipore), followed by
blocking with 5% skim milk in TBST for 1 h. The blots were
treated overnight with primary antibodies at 4 °C, followed
by HRP-conjugated secondary antibodies (Hu et al. 2024).
Protein bands were visualized using a chemiluminescence
detection system (iBright FL1000, Invitrogen). The antibod-
ies used included those targeting CD81 (1:3000, 41,779,
SAB), Calnexin (1:3000, 12,186, SAB), Syntenin (1:3000,
ab185832, Abcam), Caspase3 (1:1000, GB11767 C, Ser-
vicebio), Caspase9 (1:1000, GB12053, Servicebio), Cyt ¢
(1:1000, GB11080, Servicebio), Bax (1:1000, GB11690,
Servicebio), Bcl- 2 (1:1000, GB154830, Servicebio) and
GAPDH (1:1000, GB15004, Servicebio).

2.9 CCK- 8 assays

The viability of PANC- 1 cells in the presence of NK-exo
was assessed using CCK- 8 assays (CA1210, Solarbio). Cells
(5 x 10%/well) were inoculated in 96-well plates and grown
overnight after which the media were substituted for varying

concentrations of NK-exo, followed by the addition of CCK-
8 working solution. After a 2-h incubation at 37 °C, absorb-
ance at 450 nm were read in a microplate reader (Multiskan
SkyHigh, Thermo Fisher, USA) and applied for cell viability
calculation (Liu et al. 2023).

2.10 Apoptosis analysis

The effect of NK-exo on apoptosis in PANC- 1 cells was
assessed using FCM and the Annexin V-FITC/PI dual-stain-
ing assay using a kit (C1062, Beyotime) as instructed (Wu
et al. 2023). PANC- 1 cells (4 x 10° cells/well) were inocu-
lated in 6-well plates and grown with varying concentrations
of NK-exo for 48 h. After treatment, cells were collected,
stained with Annexin V-FITC/PI solution for 15 min, and
analyzed by FCM to determine the apoptosis rate.

2.11 Cell scratch assay

PANC- 1 cells (5 x 10°/well) were inoculated in 6-well
plates. When confluent, the monolayer was scratched with a
200 pL pipette tip and the movement of cells was evaluated
for 48 h. The scratch widths were measured using ImageJ
software, and healing rates were calculated to assess migra-
tion capacity (Wu et al. 2017).

2.12 Migration and invasion assays

A 24-well Transwell system (3422, Corning) was utilized
to evaluate PANC- 1 cell migration and invasion as previ-
ously described (Jiang et al. 2023). For invasion, 60 uL of
Matrigel (1:10 dilution in serum-free media; CLLS354234,
Sigma) was applied to the upper chamber. Starved PANC- 1
cells (2 x 10% in 200 pL serum-free media) were introduced
to the upper compartment, while the lower compartment
contained 500 uL. DMEM supplemented with 20% FBS and
varying concentrations of NK-exo. After 48 h, migrating and
invading cells were fixed with 4% paraformaldehyde (P1110,
Solarbio), stained with 1% crystal violet (C8470, Solarbio),
and counted using an inverted microscope (IX73P2 F, Olym-
pus, Japan).

2.13 Colony formation assays

PANC- 1 cells (2 x 10%/well) were inoculated in 6-well
plates and grown overnight before treatment with varying
amounts of NK-exo for 48 h. The media were then substi-
tuted for NK-exo-free media, and cells were grown for 10
days to allow colony formation. The colonies were fixed and
stained as above and quantified (Reza et al. 2016).
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2.14 ROS detection

Intracellular ROS levels were assessed using a ROS Assay
Kit with DCFH-DA (S0033, Beyotime) (Ko et al. 2014).
PANC- 1 cells (4 x 10%/well) were grown in 6-well plates or
confocal dishes () for 48 h and divided into four groups: con-
trol (PBS), N-acetylcysteine (NAC; 0.6 umol/mL, 616,911,
Sigma), NK-exo (50 pg/mL), and NAC + NK-exo (0.6 umol/
mL NAC +50 pg/mL NK-exo). After 48 h of further growth,
cells in confocal dishes were stained with DCFH-DA for 20
min and analyzed using a confocal laser microscope (Leica
STELLARISS, Germany). Cells in 6-well plates were har-
vested, stained with DCFH-DA, and analyzed using FCM.

2.15 MMP assay

The MMP assays were performed using a JC- 1 assay kit
(C2003S, Beyotime). PANC — 1 cells (4 x 10°/well) were
grown for 48 h in either 6-well plates or confocal dishes.
Cells were divided into four groups: control (PBS), NAC
(0.6 pmol/mL), NK-exo (50 pg/mL), and NAC + NK-exo
(0.6 umol/mL NAC + 50 pg/mL NK-exo). After 48 h, cells
in the confocal dishes were stained with JC- 1 solution for 20
min and visualized using a confocal laser microscope. Cells
in the 6-well plates were harvested, stained with JC- 1, and
analyzed via FCM (De Bortoli et al. 2018).

2.16 qRT-PCR

PANC- 1 cells (4 x 10° cells/well) were inoculated in 6-well
plates and grown with varying concentrations of NK-exo for
48 h. qRT-PCR was performed as described previously (Zhu
et al. 2023). Total RNA was extracted from PANC- 1 cells
using the MiniBEST Universal RNA Extraction Kit (9767,
Takara). cDNA synthesis was performed using the Prime-
Script RT reagent Kit (RR047 A, Takara). Amplification was
conducted with a Bio-Rad Real-Time PCR system (CFX96,
Bio-rad, USA) with TB Green Premix Ex Taq IT (RR820L,
Takara), and results were normalized to GAPDH. Relative
gene expression was determined using the 2722 method.
Primer sequences are provided in Supplement Table 1.

2.17 Invivo tumor formation assay

To evaluate the anti-tumor effects of NK-exo on pancreatic
tumors, PANC- 1 cells (2 x 10%/mouse) in 200 uL PBS were
injected subcutaneously into the right flanks of the 4-week-
old BALB/c nude mice. Once the tumor volumes reached
approximately 30 mm?, the mice were randomly allocated
into three groups (n =10) and administered weekly intratu-
moral injections of either 3.0 mg of NK-exo protein (2.07
% 10'2 particles) or 5.0 mg of NK-exo protein (3.45 x 10'?
particles) in a volume of 100 pL. of PBS per kilogram of

@ Springer

body weight over a duration of two weeks (Klapproth et al.
2020). At the end of the treatment, the mice were eutha-
nized, and the tumors were subsequently weighed and pho-
tographed for further analysis.

2.18 Immunohistochemistry

Following the excision of tumor xenografts, immunohisto-
chemical staining was conducted as described in reference
(Liu et al. 2022). To examine Bax expression in PANC- 1
tumor tissues, samples measuring 1 X 1X 1 cm were excised,
fixed in 4% paraformaldehyde, and subsequently processed
into 5 um paraffin-embedded sections. Antigen retrieval was
performed using citrate buffer (PO086, Beyotime) for 15 min
via standard microwave heating. Sections were blocked with
5% BSA (SW3015, Solarbio) for 1 h, followed by overnight
incubation at 4 °C with an anti-Bax-PARP antibody (1:500,
GB11690, Servicebio). Tissues were then incubated with
HRP-conjugated secondary antibodies (GB23301, Service-
bio) for 1 h and counterstained with hematoxylin (G1120,
Solarbio) for 30 s. Sections were examined under an Olym-
pus optical microscope (BX53, Olympus), and data were
analyzed using ImageJ software.

2.19 Data collection and statistical analysis

To ensure accuracy and reproducibility, all experiments
were conducted by investigators who were blinded to the
group assignments, and each experiment was performed in
triplicate. All data are presented as mean +SD. Statistical
analysis was conducted using GraphPad Prism version 9.0.
Differences between the two groups were analyzed with
an unpaired two-tailed Student’s #-test, while comparisons
among multiple groups were performed using a one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc
test. P values < 0.05 were considered statistically significant.
Significance levels are denoted as follows: ns, not signifi-
cant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

3 Results
3.1 Isolation and characterization of NK cells

UCB-derived NK cells were cultured in suspension and
aggregation in vitro, displaying round or oval shapes (Sup-
plement Fig. 1 A). FCM analysis revealed that 88.18% of the
cells expressed CD56, 75.79% expressed CD16, and 75.42%
were double-positive for both markers, consistent with typi-
cal human NK cell characteristics (Supplement Fig. 1B).
These findings confirmed the suitability of these cells for
preparing NK-exo from UCB.
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3.2 Isolation and identification of NK-exo

TEM demonstrated that NK-exo exhibit a characteristic
cup-shaped bilayer membrane vesicle structure (Fig. 1A).
The diameter and particles concentration of NK-exo were
122.7 nm and 7.65 x 10'" particles/mL, respectively
(Fig. 1B). Western blot analysis confirmed the enrichment

of exosomal markers, including CD81 and Syntenin, and
the absence of the endoplasmic reticulum marker Calnexin
(Fig. 1C). nFCM analysis revealed that 4.4% and 57.2%
of NK-exo were positive for CD9 and CD81, respectively
(Fig. 1D). Confocal microscopy detected red fluorescence
from PKH26-labeled NK-exo inside PANC- 1 cells, indi-
cating successful internalization of NK-exo through endo-
cytosis (Fig. 1E).
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Fig. 1 Identification of NK-exo A. Morphological examination of
NK-exo under an electron microscope, displaying characteristic exo-
somal features. B. Nanoparticle tracking analysis was employed to
determine the particle concentration and size distribution of NK-exo.
C. Western blots showing presence of exosomal markers (CD81 and

Syntenin) and the lack of the negative marker Calnexin. D. Nano-flow
cytometry analysis showing the positive rates of CD9 and CD81 on
NK-exo. E. Internalization of NK-exo by PANC- 1 cells, visualized
using the red fluorescent dye PKH26
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3.3 NK-exo modulate viability and apoptosis
in PANC- 1 cells

The impact of NK-exo on cell viability was assessed using
CCK- 8 assays. PANC- 1 cells were treated with varying
NK-exo concentrations (0, 10, 30, 50, 100 ug/mL) for 24
and 48 h, revealing significant, dose- and time-dependent
reductions in viability. After 24 h, viability decreased nota-
bly compared to the control, with the effect becoming more
pronounced over time. At 100 ug/mL for 48 h, cell viability
dropped to 33.43%, indicating a strong inhibitory effect of
NK-exo on PANC- 1 cell survival (Fig. 2A). Annexin V/PI
staining demonstrated that treatment with NK-exo signifi-
cantly and dose-dependently induced apoptosis (Fig. 2B),
as evidenced by an increase in the total apoptosis rate from
3.59% in the control group to 39.89% in the 50 ug/mL treat-
ment group (Fig. 2C).

3.4 NK-exo suppress tumorigenic behavior

To assess the effects of NK-exo on cellular migration, inva-
sion, and colony formation capabilities, wound healing,
transwell, and colony formation assays were performed
(Fig. 3A-D). PANC- 1 cells exhibited a significant, dose-
dependent decrease in these capabilities relative to the con-
trol group. Notably, the closure rate in the 50 ug/mL treat-
ment group was 19.96%, in contrast to 80.60% observed in
the control group after 48 h (Fig. 3E). Furthermore, the num-
ber of PANC- 1 cells traversing the membrane was signifi-
cantly reduced in the high-dose NK-exo group (116.12, 54.6)
compared to the control group (32.67, 19.2), as illustrated in
Fig. 3F and G, respectively. Co-culture with NK-exo for 48
h resulted in a marked reduction in PANC- 1 colonies, with
the 50 pg/mL group exhibiting 60.33 colonies compared to
328.67 in the control group (Fig. 3H).
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Fig.2 NK-exo modulates viability and promotes apoptosis in PANC-
1 cells A. The statistical analysis of the CCK- 8 assay results indi-
cated a reduction in PANC- 1 cell viability in the NK-exo treatment
groups at concentrations of 30, 50, and 100 pg/mL (*P < 0.05, **P <
0.01 vs control, n= 4). B. The flow cytometry analysis illustrates the
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apoptosis levels in PANC- 1 cells across various experimental groups.
C. The statistical analysis of cells apoptosis levels showed that the
NK-exo treatment was significantly increased the apoptosis rate of
NK-exo (*P < 0.05, **P< 0.01, ***P < 0.001 vs control, n= 3). All
results are represented as means +S.D. by ANOVA
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Fig.3 NK-exo inhibits tumorigenic behavior of PANC- 1 cells
A. Scratch cell assay showing reduced migration of PANC- 1 cells
treated with NK-exo. B. Transwell assays showing the effects of NK-
exo on cell migration. C. Transwell assays illustrating decreased
invasive capacity of PANC- 1 cells treated with NK-exo. D. Colony
formation assay showing significant reduction in colony formation

3.5 NK-exo triggers mitochondrial apoptosis
by modulating ROS and MPP levels

The intracellular levels of ROS and MMP were quanti-
tatively assessed using DCFH-DA and JC- 1 fluorescent

NK-exo (ug/mi)

in NK-exo treated PANC- 1 cells. E-H. A quantitative analysis of
the migration rate and the number of migrating or invading PANC-
1 cells revealed a significant, dose-dependent reduction after treated
with NK-exo for 48 h (**P< 0.01, ***P < 0.001, ****P < 0.0001
vs control, n= 3). All results are represented as means +S.D. by
ANOVA

probes, respectively, after a 48-h treatment with NK-exo,
NAC, or a combination of both (Fig. 4A, B). FCM analysis
demonstrated a substantial increase in ROS fluorescence
intensity in PANC- 1 cells treated with NK-exo (10,887.25)
compared to the control group (6,067.67), that was notably
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«Fig. 4 NK-exo significantly increas ROS levels and reduce MMP
in PANC- 1 cells A. ROS levels in PANC- 1 cells were measured
using DCFH-DA as a probe and visualized via confocal microscopy.
B. MMP in PANC- 1 cells was assessed using JC- 1 staining, with
fluorescence intensities captured by confocal microscopy. C. Flow
cytometry analysis quantified changes in MMP across experimental
groups. D. Mitochondrial ROS increase in PANC- 1 cells was vali-
dated through flow cytometry. E. Statistical analysis demonstrated a
substantial increase in ROS fluorescence intensity in PANC- 1 cells
treated with NK-exo (****P< (0.0001 vs control, n= 3), that was
notably diminished in the NAC 4+ NK-exo treatment group (¥***P <
0.0001 vs NK-exo, n= 3). F. Statistical analysis revealed an signifi-
cantly increase in MMP level in the NK-exo group (****P < 0.0001
vs control, n= 3), with a diminished effect was noted in the NAC
+NK-exo group (****P < 0.0001 vs NK-exo, n= 3). Results are pre-
sented as mean +S.D. by ANOVA

diminished to 6,582.39 in the NAC + NK-exo treatment
group (Fig. 4E), as evidenced by a rightward shift in the cell
population peaks (Fig. 4D). Simultaneously, JC- 1 probes
demonstrated a significant decrease in red fluorescence and
an increase in green fluorescence within PANC- 1 cells,
indicative of mitochondrial depolarization (Fig. 4B). This
observation was corroborated by FCM analysis (Fig. 4C),
which revealed an over threefold increase in the NK-exo
group (26.07) compared to the control group (7.51), with a
significantly diminished effect was noted in the NAC + NK-
exo group (10.69), as illustrated in Fig. 4F.

3.6 Effect of NK-exo on apoptosis-associated
proteins

gRT-PCR analysis revealed significant elevations in the
apoptotic markers Caspase- 3 (2.02-fold) and Caspase- 9
(2.42-fold) following treatment with 50 pg/mL NK-exo,
relative to the control group. Conversely, treatment with
NK-exo resulted in a substantial reduction in the expression
levels of genes associated with mitochondrial biogenesis,
specifically PGC- la (0.50-fold), TFAM (0.06-fold), and
SOD?2 (0.58-fold), as depicted in Fig. SA. The expression
changes in PANC- 1 cells following NK-exo treatment were
confirmed by Western blotting analysis (Fig. 5B). Results
revealed a concentration-dependent decrease in the anti-
apoptotic Bcl- 2, with a marked increase in the pro-apoptotic
Caspase3, Caspase9, Bax, and Cyt ¢ (P < 0.01), as illustrated
in Fig. 5C. This shows that NK-exo modulates mitochondrial
biogenesis and oxidative metabolism, potentially through
the PGC- 1a-TFAM axis, thereby enhancing apoptosis in
PANC- 1 cells.

3.7 NK-exo promote PANC- 1 cell xenograft
growth in vivo

Xenograft transplantation in murine models was performed
to assess the inhibitory effects of NK-exo on the in vivo

proliferation of PANC- 1 cells (Fig. 6A). Analysis of tumor
regression demonstrated markedly reduced tumor sizes and
weight in the 3 mg/kg (1.10 mm?, 0.99 g) or 5 mg/kg (0.58
mm?, 0.52 g) NK-exo treated group relative to the controls
(1.74 mm?>, 1.42 g), as illustrated in Fig. 6B. Immunohisto-
chemical analysis using ImageJ software indicated a substan-
tial, concentration-dependent increase in Bax levels in the
animals treated with 3 mg/kg (55.42%) or 5 mg/kg (68.19%)
compared to control group (37.76%), as illustrated in Fig. 6C
and D. These results further verify the pro-apoptotic and
anti-tumor effects of NK-exo in an in vivo pancreatic cancer
model.

4 Discussion

In recent years, the role of NK cell-derived exosomes in
various diseases has garnered significant scholarly attention,
underscoring the therapeutic potential of these nanoparticles
(Razizadeh et al. 2023). In this study, we isolated activated
NK cells and revealed that NK-exo exert cytotoxic effects
on pancreatic tumor cells by inducing ROS-mediated mito-
chondrial dysfunction. These findings elucidate the antitu-
mor activity of NK-exo and suggest their potential as a novel
and natural therapeutic agent for cancer treatment.

Pancreatic cancer, often referred to as the “king of can-
cers”, remains a significant global health concern due to its
increasing incidence and high mortality rates. According to
the American Cancer Association, pancreatic cancer ranked
as the second leading cause of digestive malignancy-related
deaths in 2022, claiming approximately 50,000 lives in the
United States alone (Stoffel et al. 2023). Pancreatic ductal
adenocarcinoma, responsible for over 80% of pancreatic can-
cer cases, has gained attention for its challenging interven-
tion strategies (Bogdanski et al. 2024). Despite advances, the
mechanisms driving pancreatic cancer onset and progression
remain incompletely understood. Therefore, there is a press-
ing need to investigate potential therapeutic strategies for
pancreatic cancer.

Recent developments in tumor immunology have posi-
tioned immunotherapy as a potential treatment for pancreatic
cancer, with NK cells playing a vital role in this therapy
(Lee et al. 2019; Vivier et al. 2024). Nevertheless, NK cells
within pancreatic tumors exhibit diminished cytotoxic activ-
ity and reduced interferon-gamma (IFN-y) expression, while
paradoxically producing elevated levels of the immunosup-
pressive cytokine interleukin- 10 (IL- 10) (Marcon et al.
2020). A progressive decline in NK cell activity has been
observed as pancreatic cancer advances (Lee et al. 2021).
NK-exo in addition to retaining the tumor cell killing func-
tion of NK cells, also have the characteristics of high safety,
wide source, easy to preserve and transport (Zhu et al.
2017, 2018). Nevertheless, a limited number of studies have
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Fig. 5 Modulation of apoptosis-associated genes in PANC- 1 cells by
NK-exo A. gqRT-PCR analysis of mRNA expression levels for Cas-
pase3 (¥***¥P < 0.0001 vs control, n= 4), Caspase8 (ns, no signif-
icance vs control, n= 4), Caspase9 (P= 0.0086 vs control, n= 4),
PGC- la (P= 0.0064 vs control, n= 4), TFAM (****P < 0.0001 vs
control, n= 4), and SOD2 (P= 0.0021 vs control, n= 4) in PANC-

specifically investigated the effects and mechanisms of NK-
€X0 Oon pancreatic cancer.

In this study, we successfully isolated and cultured a sub-
stantial quantity of natural killer (NK) cells derived from
umbilical cord blood (UCB). Our ex vivo expansion tech-
nique markedly enhanced the population of CD167CD56"
NK cells from an initial progenitor population characterized
by low CD16 or CD56 expression, increasing the propor-
tion of CD37CD56* NK cells from 2.56% to 75.42%. These
results are consistent with findings reported in prior research
(Vasu et al. 2015). In our study, exosomes derived from UCB
NK cells exhibited similar shape, size, and marker charac-
teristics to NK-exo reported in previous research (Li et al.
2020). Moreover, we initially demonstrated the internali-
zation of NK-exo by PANC- 1 cells in vitro, which was a
crucial step for NK-exo to exert their anti-tumor effects.
To investigate the effects of NK-exo on PANC- 1 cells, we
assessed cell viability, migration, invasion, colony forma-
tion, and apoptosis in vitro after co-culturing PANC- 1 cells
with varying concentrations of NK-exo. For the first time,
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and Bcl- 2 in PANC- 1 cells following a 48-h treatment with NK-exo
(*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001 vs control,
n=3). Results are presented as mean +S.D. by ANOVA

to our knowledge, the findings revealed that NK-exo could
significantly inhibit the tumorigenic properties of PANC-
1 cells in a dose- and time-dependent manner. However,
the anti-tumor mechanisms of NK-exo remain largely
unexplored.

Recent research by Pan et al. has demonstrated that re-
activated NK cells can induce the loss of mitochondrial
outer membrane potential and rapidly trigger the release of
cytochrome ¢ from mitochondria in both blood and solid
cancer cell lines, suggesting that induction of mitochondrial
apoptosis may be a general mechanism for NK-mediated
killing (Pan et al. 2022). Concurrently, recent studies have
identified the increased production of reactive oxygen spe-
cies (ROS) as a critical factor in the progression of pan-
creatic cancer, primarily by facilitating apoptosis through
mitochondrial pathways (Nunnari and Suomalainen 2012;
Wang et al. 2021; Wen et al. 2022). Therefore, we hypoth-
esize that NK-exo may inhibit pancreatic tumor growth by
targeting mitochondrial dysfunction. We further examined
the intracellular MMP and ROS production of PANC- 1 cells
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after treated with NK-exo. Our findings revealed that NK-
exo significantly increased ROS levels and decreased MMP.
The addition of NAC, a synthetic precursor to intracellular
cysteine and glutathione (Xu et al. 2024), indicated that NK-
exo may inhibit pancreatic cancer progression by inducing
excessive ROS accumulation, that are consistent with pre-
vious research findings and offering a potential therapeutic
intervention.

Previous studies have established PGC- la as a key
regulator of mitochondrial biogenesis and oxygen con-
sumption (Abu Shelbayeh et al. 2023; Xue et al. 2023).
However, the mechanisms by which NK-exo influences
mitochondrial function remain unexplored. We further
investigates whether PGC- Ia and mitochondrial biogen-
esis are implicated in NK-exo induced tumor apoptosis.
gRT-PCR was utilized to evaluate the expression levels of
PGC- la, TFAM, and SOD?2 in cells treated with NK-exo.
The findings reveal that NK-exo suppresses the PGC- 1o/
TFAM mitochondrial biogenesis pathway, as evidenced
by the downregulation of PGC- /a and TFAM, both of
which are critical regulators of mitochondrial biogen-
esis. Furthermore, SOD2, known for its protective role
against oxidative damage, was also downregulated. This

80

60—

Bax positive cells /%

cad

Control 3 5
NK-exo (mg/kg)

injection (***P < 0.001, ****P < (0.0001 vs control, n= 10). C. IHC
analysis of Bax in tumors of different groups. D. Statistical analysis
revealed a significant upregulation of Bax expression induced by NK-
exo (**P< 0.01, ***P < 0.001, ****P < 0.0001 vs control, n= 10).
Results are presented as mean +S.D. by ANOVA

downregulation may be a pivotal mechanism leading to
the activation of caspase- 3 and caspase- 9 in PANC- 1
cells, as depicted in Fig. 5A. Western blot analysis cor-
roborated these findings, revealing dose-dependent eleva-
tions in Caspase- 3 and Caspase- 9 protein activity, as well
as an increased Bax/Bcl- 2 ratio, which is a hallmark of
apoptosis due to its regulatory role in cytochrome c release
(Jedram et al. 2023), indicative of apoptotic processes.
In vivo experiments further substantiated these results,
demonstrating significantly elevated Bax expression in
tumors treated with NK-exo. Collectively, the findings of
this study suggest that NK-exo may inhibit the progression
of pancreatic cancer by enhancing mitochondrial oxidative
damage via the PGC- 1a/TFAM-induced caspase pathway.

While these findings provide promising insights, addi-
tional research is required to elucidate the mechanisms by
which the NK-exo induces mitochondrial dysfunction and
apoptosis in pancreatic cancer through PGC- 1a/TFAM
pathway. Furthermore, it is imperative to replicate the
experimental work presented in this study across a more
diverse array of pancreatic cancer cell lines. Such efforts
would serve to validate the findings and enhance the
robustness of the proposed conclusions.
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5 Conclusion

This study elucidates the role and underlying mechanisms of
NK-exo in the inhibition of pancreatic cancer progression,
as well as to explore their potential therapeutic applications.
Experimental results indicate that NK-exo derived from
umbilical cord blood significantly affects the mitochondrial
function of pancreatic cancer cells. This effect is manifested
by a decrease in MMP and an increase in the accumula-
tion of ROS. These changes lead to mitochondrial dysfunc-
tion, which in turn induces apoptosis in pancreatic cancer
cells, as evidenced by decreased cell viability, an increased
rate of apoptosis, elevated expression levels of intracellu-
lar apoptosis-related proteins, reduced capabilities for cell
migration and invasion, diminished clonogenic potential,
and weakened in vivo growth. These findings highlight the
potential of NK-exo derived from UCB NK cells as a prom-
ising immunotherapeutic strategy for pancreatic cancer, pro-
viding a novel perspective on its application in oncological
treatment. Further research and development are required to
assess the therapeutic efficacy and mechanisms of NK-exo
in clinical applications.
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