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Abstract

Background: While previous studies have established the role of exosomal miR-552-5p in promoting
gastric cancer (GC) progression, the exact mechanisms through which it modulates the PD-1/PD-L1 axis
to affect NK cell function and subsequently influence GC epithelial-mesenchymal transition (EMT) remain
to be elucidated.

Methods: Western blot, transmission electron microscopy (TEM), and nanoparticle tracking analysis
were used to characterize exosomes that were isolated from GC cell supernatants. Subcutaneous AGS
cell injections expressing either Lv-miR-552-5p or Lv-NC were administered to nude BALB/C mice. Mice
received intraperitoneal injections of anti-PD-L1 antibody (12.5 mg/kg) or isotype control IgG weekly for
two weeks. Flow cytometry assessed NK cell proportions and activation receptor (NKG2D, NKp46) and
PD-L1 expression. ELISA measured cytokine levels (IFN-y, granzyme B, perforin). Immunohistochemistry
evaluated EMT marker expression in tumor tissues. An in vitro co-culture of NK cells with
Exo-Lv-miR-552-5p or Exo-Lv-NC and GC cells was established. EMT protein expression in GC cells was
analyzed by Western blot and immunofluorescence. Transwell assays and a tail vein-lung metastasis
model in nude mice tested GC cell migration and invasion.

Results: Expression of NKG2D, NKp46, and PD-L1 was significantly reduced in Exo-Lv-miR-552-5p
mice peripheral blood NK cell percentage. Increased treatment with PD-LI inhibitors reversed the
considerable reduction in IFN-y, granzyme B, and perforin cytokine expression levels. Exosomal
miR-552-5p overexpression in NK cells reduced E-cadherin expression while increasing N-cadherin and
vimentin expression in GC cells, promoting migratory and invasive properties.

Conclusions: GC-derived exosomal miR-552-5p promotes EMT in GC by inhibiting NK cell activity via
the PD-1/PD-L1 axis, which provides new insights into the role of exosomal miR-552-5p in GC
progression and immune escape.

Keywords: gastric cancer; natural killer cells; exosomes; miR-552-5p; epithelial-mesenchymal transition

Introduction

Gastric cancer (GC) occupies a prominent role in
the global oncological landscape. The 2022 "Global
Cancer Statistics Report" indicates that gastric cancer's
incidence and mortality rates are the fifth highest
among all malignancies globally [1]. Despite the
considerable progress in multidisciplinary therapy for
GC, the enhancement in the 5-year postoperative
survival rate remains modest, primarily attributed to

the scarcity of sensitive prognostic biomarkers and
efficacious therapeutic targets [2,3]. Thus, a profound
investigation into the molecular underpinnings of GC
and the quest for innovative therapeutic approaches
are of paramount importance.

Tumor progression is influenced not only by the
neoplastic cells themselves but also by their
microenvironment, particularly the host's immune
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response [4]. As essential elements of the immune
surveillance system, natural killer (NK) cells play a
critical role in  maintaining immunological
homeostasis and inhibiting the formation of tumors
[5-7]. However, a diminution in NK cell efficacy has
been observed within gastric cancer tissues and
peripheral blood [8], and is intricately linked to tumor
advancement and patient prognosis [9,10]. Thus,
clarifying the role of NK cells in GC could lead to the
development of new treatment approaches.

Exosomes are minuscule extracellular vesicles,
measuring 30-150nm in diameter, are laden with
proteins, mRNA, miRNA, and other molecules that
facilitate intercellular communication [11]. Through a
variety of ways, they can promote the growth of
tumors, and the miRNA they contain is essential for
regulating the actions of tumor cells and their
reactions to immunotherapy [12]. Our previous
research has revealed that Exosomal miR-552-5p
produced from gastric cancer cells can accelerate the
growth and epithelial-mesenchymal transition (EMT)
of gastric cancer [13]. Furthermore, we discovered
that Exosomal miR-552-5p affects the PD-1/PD-L1
axis, resulting in the reduction of NK cell activity [14].

Recent research has clarified how suppressive
immune cells induce EMT [15], and a positive
correlation has been established between EMT and
the immunosuppressive state of these cells [16-18].
Based on these findings, we propose that exosomal
miR-552-5p may produce an immunosuppressive
phenotype in NK cells, thus facilitating the EMT
process in gastric cancer cells. Using both in vivo and
in vitro experimental paradigms, the current
investigation aims to validate this theory and
elucidate the function and mechanism of exosomal
miR-552-5p in modifying NK cells during gastric
cancer EMT through the PD-1/PD-L1 axis.

Materials and Methods

Cell culture

The Chinese Academy of Sciences' ATCC cell
bank provided the stomach cancer cell lines SGC-7901
and AGS. These were cultured in either Dulbecco's
Modified Eagle's media (DMEM; Gibco) or RPMI 1640
media (Gibco, USA), both of which were enhanced
with 1% penicillin-streptomycin and 10% fetal bovine
serum (FBS; Biological Industries, Israel). The NK-92
cell line (Procell Life Sciences Ltd) derived from NK
cells of patients with malignant non-Hodgkin's
lymphoma, was maintained in NK cell-specific
medium (PeproTech) or RPMI-1640 (Gibco) with 20%
FBS and 100 IU/mL IL-2 (PeproTech, China). Every
culture was kept in an incubator with 5% CO2 at 37
°C.

Lentiviral transfection

Lentiviral plasmids for the overexpression of
miR-552-5p and their negative controls were
synthesized by Genechem (Shanghai, China). Cells
were seeded in 6-well plates (5 x 104 cells/ mL) and
transfected with the lentiviral plasmids. After a 3-day
culture, selection was performed using 1.5 pg/mL
puromycin. Quantitative PCR confirmed the
expression levels of miR-552-5p. The lentiviral
plasmids were transfected into cells that had been
plated in 6-well plates (5 x 10* cells/ mL). Using 1.5
pg/mL  puromycin, selection was carried out
following a 3-day culture. The levels of miR-552-5p
expression were verified by quantitative PCR.

Exosome extraction

FBS devoid of exosomes was prepared by
centrifugation at 100,000xg for 16 hours at 4 °C.
SGC-7901/ AGS cells were cultured in DMEM/ RPMI
1640 until reaching approximately 80% confluence,
after which the medium was replaced with
exosome-free conditioned medium. Following a
48-hour incubation, the culture medium was
centrifuged at 300xg for 10 minutes and 2000xg for 20
minutes at 4 °C to remove cellular debris. Larger
vesicles were extracted using a 30-minute 10,000xg
centrifugation process. Following a 0.22 pm filter
(Millipore, USA) filtering of the supernatant,
exosomes were pelleted by centrifugation at
100,000xg for 70 minutes at 4 °C. After being
resuspended in PBS, the pellet was centrifuged once
more for 70 minutes at 100,000xg. The last exosome
pellet was kept at -80 °C after being resuspended in
PBS.

Transmission Electron Microscopy (TEM)

Formvar carbon-coated copper grids were
treated with exosomes, which were then left to adsorb
for five minutes before being negatively stained with
2% uranyl acetate solution. The exosomes were
inspected under an electron microscope (Hitachi,
Japan) to determine their size and shape.

Co-culture system

NK-92  cells were  co-cultured  with
Exo-Lv-miR-552-5p or Exo-Lv-NC in the culture
medium for 24 hours. A Transwell co-culture system
with a 0.4pm pore size (Corning, USA) was used, with
NK-92 cells in the upper chamber and gastric cancer
cells (SGC-7901/AGS) in the lower chamber. The
gastric cancer cells were taken for additional research
after 48 hours.

Transwell assay

To facilitate cell migration, 200 pL of serum-free
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media containing 1 x 10° cells/mL was introduced to
the upper chamber containing the resuspended
gastric cancer cells. On Matrigel-coated membranes
(Corning), cells were sown at a density of 2 x 105
cells/mL for invasion. A medium containing 10% FBS
was added to 500 pL of the lower chamber.
Non-migrating cells were extracted after 48 hours,
and the membrane was then fixed and stained with
crystal violet. The number of migrated cells was
measured under a microscope.

Western blotting

Protein concentration was assessed using a BCA
kit after cells or exosomes were lysed in
radioimmunoprecipitation  lysis  buffer (RIPA)
containing PMSF (100:1). Proteins were separated
using a 10% SDS-containing polyacrylamide gel
(SDS-PAGE) and subsequently placed onto PVDF
membranes measuring 0.22-pm in diameter. After
that, the membranes were blocked for 1.5 hours in
TBST with 5% skim milk. PVDF membranes were
treated with antibodies against the following proteins
for an overnight period at 4 °C following three PBS
washes: TSG101(Servicebio, China),
CD63(Servicebio), ALIX (Servicebio), E-cadherin
(CST, USA), N-cadherin (CST), vimentin (CST), or
GAPDH (CST). After three PBS washes, the
membrane is left to incubate for one hour at room
temperature with a secondary antibody conjugated
with HRP. Enhanced chemiluminescence was used to
observe the protein bands, and GAPDH was used as a
reference to normalize expression.

Immunofluorescence (IF)

Gastric cancer cells were seeded onto cover glass
slides in 12-well plates at a density of 2x105 cells per
slide and incubated for 24 hours to allow complete
adhesion. After removing the 12-well plate, wash
three times with PBS, then fix the cells with 4%
paraformaldehyde (Thermo Fisher, USA) for 20
minutes. Subsequently, PBS containing 0.1% Triton
X-100 was used for cell permeability for 15 min, and
then cells were washed with PBS. Next, add the
primary antibody (E-cadherin (Biyotime, China),
N-cadherin (Biyotime), vimentin (Biyotime),) and
incubate overnight at 4°C. After washing, the cells
were incubated with fluorescently labeled secondary
antibodies for 1 hour in the dark. Nuclei were stained
with DAPI (Burlingame, CA) at room temperature in
the dark for 5 minutes, and mount the slides. Finally,
observe and photograph the experimental results
under a fluorescence microscope (Olympus, Japan).

Animal studies

Female BALB/c nude mice, aged four weeks,

were procured from Guangxi Medical University's
Animal Experimental Center and kept in SPF
environments. The animal ethics committee of
Guangxi Medical University approved all procedures
used in animal experiments. AGS cells transfected
with either LV-NC or Lv-miR-552-5p were injected
subcutaneously into mice, which were divided into
four groups at random (n = 5 per group). Tumor
growth was monitored, and when tumors reached
approximately 100 mm3, the Exo-Lv-miR-552-5p
group received intraperitoneal injections of
anti-PD-L1 antibody (Bio Xcell, USA) or isotype
control IgG (Bio Xcell) weekly for two weeks a dose of
12.5 mg/kg. After 18 days, the xenografts were
excised, frozen in liquid nitrogen, or preserved in 4%
paraformaldehyde for further examination. Blood was
also taken, and the mice were put to death by cervical
dislocation. The formula used to compute the tumor
volume was V = (width? x length) / 2.

Four-week-old female BALB/c nude mice had
their tail veins injected with reconstituted cells at a
density of 2x10° cells/mL in PBS. The
Exo-Lv-miR-552-5p group received intraperitoneal
injections of anti-PD-L1 antibody or isotype control
IegG (Exo-Lv-miR-552-5p+aPD-L1 group or
Exo-Lv-miR-552-5p+IgG ~ group). @ Mice  were
slaughtered by cervical dislocation after 8 weeks, and
H&E staining was used to determine the extent of
metastases in the lung tissues.

Antibodies and flow cytometry

Antibodies for flow cytometry included
anti-mouse CD3-eFluor™ 450 (Thermo Fisher), anti-
mouse CD314 (NKG2D) -PE (Thermo Fisher), anti-
mouse CD335 (NKp46)-APC (Thermo Fisher) anti-
mouse-CD49b-FITC (Thermo Fisher), anti-mouse
CD274 (PD-L1)- (Thermo Fisher). Following the
manufacturer's directions, cells were stained, and a
flow cytometer (Beckman Coulter, USA) was used to
examine the results. CytoFLEX software was used to
process the data.

ELISA

Collect peripheral blood from nude mice using
EDTA anticoagulant tubes, centrifuge (4°C, 1000g,
20minutes), collect the supernatant to obtain plasma
samples. Use ELISA kits (Meimian, China) to detect
IFN-y, GZMS-B, and perforin in the plasma samples
of each group. Follow the specific instructions in the
kit for the operation.

Immunohistochemistry (IHC) and H&E
staining

Each group's tumor xenografts were embedded
in paraffin, cut, and fixed with 4% paraformaldehyde.
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The sections underwent two hours of incubation at 60
°C, followed by xylene dewaxed and an ethanol
gradient dehydration. Following antigen repair, the
sections were incubated for an additional night at 4°C
with the following antibodies: anti-PD-L1 antibody
(Proteintech, China), anti-E-cadherin (Servicebio),
anti-N-cadherin (Servicebio), and normal
non-immune animal serum. After 30 minutes of
rewarming, sections were incubated for 10 minutes at
room temperature with a secondary antibody.
Ultimately, the slides were examined using light
microscopy (Olympus BX43, Japan) after being
stained with newly made 3,3'-diaminobenzidine
(DAB) and hematoxylin.

The lung metastasis sections underwent a series
of treatments, including xylene and an ethanol
gradient, followed by immersion in hematoxylin
solution, differentiation with hydrochloric alcohol,
and eosin staining.

Statistical analysis

GraphPad Prism version 9.5.0 for Windows was
used to conduct statistical analysis. The results were
displayed as mean + SD. The statistical significance
between two groups and among several groups was
investigated using the independent sample t test and
one-way analysis of variance (ANOVA). Results were
deemed statistically significant when p<0.05.
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Results

Isolation and identification of exosomes

We used a gradient centrifugation technique to
separate the exosomes from the exosome-depleted
media in which we cultivated SGC-7901 and AGS
cells. Subsequently, we validated the exosomes from
three dimensions: morphology, size distribution, and
expression of surface markers, using TEM, NTA, and
Western blotting, respectively. The exosomes have a
roughly spherical vesicular form, as seen by the TEM
findings (Figure 1A). Exosome diameter was shown to
be centered at 135 nm (Figure 1B) according to NTA
analysis. Exosome markers (including CD63, TSG101,
and ALIX) were verified to be expressed (Figure 1C)
by Western blotting.

Exosomal miR-552-5p induces NK cell
dysfunction in vivo

To verify whether exosomal miR-552-5p could
also induce NK cell dysfunction in vivo, AGS cells
were initially transfected with a lentiviral vector
containing an upregulated miR-552-5p and a negative
control. This resulted in a significant upregulation of
miR-552-5p expression, which was verified by
qRT-PCR (Supplementary Figure 1). Subsequently,
the aforementioned AGS cells were injected
subcutaneously into BALB/c nude mice. After 18
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Figure 1. Identification of Exosomes. (A)TEM observation of the electron micrograph morphology of exosomes in the culture supernatant of SGC-7901 and AGS cells (scale bar,
100 nm); (B) NTA analysis of the diameter and density of exosomes; (C) Western blotting detection of the expression levels of exosomal marker proteins.
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days, the mice were euthanized, and peripheral blood
was collected via ocular venous puncture to assess the
functional status of NK cells. Due to the variability in
NK cell markers among species and mouse strains,
and the allelic variation of Nkrplb and Nkrplc in
BALB/c mice, we used CD49b, NKp46, and NKG2D
to identify NK cells and to test their functionality
[19,20]. Using flow cytometry, we first determined the
percentage of NK cells in the peripheral blood of the
naked mice as well as the expression of their
activation receptors, NKG2D and NKp46. The
proportion of NK cells and the expression of their
activation receptors, NKp46 and NKG2D, in the
peripheral blood of mice in the Exo-Lv-miR-552-5p
group were considerably downregulated in
comparison to the control group, according to the
data (p < 0.05) (Figure 2A-F). Then, we collected the
peripheral blood of the nude mice, centrifuged it to
obtain serum, and wused ELISA to detect the
expression of cytokines Granzyme B, Perforin, and
IFN-y in the serum of each group. Results revealed
that the Exo-Lv-miR-552-5p group's peripheral blood
had significantly (p < 0.01) lower levels of Granzyme
B, Perforin, and IFN-y expression than the Exo-Lv-NC
group (Figure 2G-I). This suggests that an
environment where exosomal miR-552-5p is
overexpressed inhibits the ability of NK cells to
secrete cytokines. In summary, these results clearly
indicate that exosomal miR-552-5p can induce NK cell
dysfunction in vivo.

Exosomal miR-552-5p inducing NK cell
dysfunction via the PD-1/PD-L1 axis in vivo

To further verify the hypothesis that exosomal
miR-552-5p may cause malfunction in natural killer
cells via the PD-1/PD-L1 pathway in vivo, we first
used flow cytometry to measure the level of PD-L1 on
NK cells in the peripheral blood of nude mice. The
results showed that, in contrast to the Exo-Lv-NC
group, the level of PD-L1 on peripheral blood NK
cells was downregulated in the Exo-Lv-miR-552-5p
group (p<0.05) (Figure 3A). Subsequently, we
administered anti-PD-L1 antibodies (aPD-L1) or
isotype control IgG into the peritoneal cavity of
Exo-Lv-miR-552-5p group mice, and then measured
the proportion of NK cells and the expression of their
activation receptors NKp46 and NKG2D by flow
cytometry. Additionally, we evaluated PD-L1
expression on NK cells and used ELISA to find the
expression of the cytokines Granzyme B, Perforin, and
IFN-y. The results demonstrated that treatment with
PD-L1 antibodies led to a considerable increase in the
expression level of PD-L1 on NK cells in comparison
to the group treated with IgG antibodies (p<0.05)
(Figure 3A), the proportion of NK cells and their
activation receptor expressions markedly increased
(p<0.05) (Figure 3B-D), and the cytokines Granzyme
B, Perforin, and IFN-y all had their levels of
expression restored (p<0.01) (Figure 3E-G). These
results imply that exosomal miR-552-5p can cause NK
cell malfunction via the PD-1/PD-L1 axis in vivo.
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Figure 2. In vivo, exosomal miR-552-5p can cause NK cell failure. (A—B) NK cell percentage by flow cytometry; (C-F) NKp46 and NKG2D expression analysis by flow
cytometry; (G-I) ELISA detection of the impact of exosomal miR-552-5p derived from gastric cancer cells on the secretion of Granzyme B, Perforin, and IFN-y in NK cells from
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Exosomal miR-552-5p regulates NK Cells to
promote EMT of gastric cancer cell in vitro

Online analysis using the TIMER 2.0 website
revealed a positive correlation between the expression
of E-cadherin protein in GC cells and the NK cells
(Supplementary Figure 2), suggesting that the
deficiency or inactivation of NK cells may promote
gastric cancer EMT. To further explore the impact of
NK cells pretreated with exosomal miR-552-5p on the
EMT of GC cells, we established a co-culture system
of NK cells and gastric cancer cells. Initially, equal
volumes of sterile exosomes, Exo-Lv-miR-552-5p or
Exo-Lv-NC, were added to the NK-92 cell culture
medium and co-cultured for 24 hours to pretreat NK
cells. The pretreatment NK cells were then
co-cultured with GC cells SGC-7901/AGS for 48
hours using a non-contact co-culture system (Figure
4A). Western blotting and IF assays were used to look
for changes in the EMT markers of GC cells. The
outcomes demonstrated that the protein levels of
E-cadherin in GC cells dropped while the expression
of mesenchymal markers N-cadherin and vimentin
rose following co-culturing with NK cells prepped
with Exo-Lv-miR-552-5p for 48 hours (Figure 4B), and
similar phenomena were observed in the IF assays
(p<0.001) (Figure 4C-F). Using the transwell
migration and invasion tests, we further examined the
impact of NK cells pretreatment with exosomal
miR-552-5p on the migratory and invasion capacities
of GC cells. The findings demonstrated that following
co-culturing for 48 hours with NK cells prepped with
Exo-Lv-miR-552-5p, the migratory and invasion
capacities of the SGC-7901 and AGS cell lines were
improved in comparison to the control(p<0.001)
(Figure G-H). Furthermore, when anti-PD-L1
antibodies (0.05mg/mL) or their isotype control
antibodies IgG were added to the culture medium
where NK  cells were co-cultured with
Exo-Lv-miR-552-5p, and the EMT status of GC cells
was verified, and the results showed opposite
changes after treatment with anti-PD-L1 antibodies
(p<0.001). According to the study's findings, exosomal
miR-552-5p can cause NK cell malfunction via the
PD-1/PD-L1 axis, hence increasing GC cell EMT,
migration, and invasion in vitro.

Validation of exosomal miR-552-5p regulating
NK cells to promote the growth and EMT of
gastric cancer cells in vivo

We used tail vein injection techniques and
subcutaneous tumor growth in nude mice to confirm
the possible function of exosomal miR-552-5p in NK
cells and gastric cancer EMT in wvivo. The
subcutaneously = implanted  tumors in  the

Exo-Lv-miR-552-5p treatment group were much
larger than those in the Exo-Lv-NC treatment group,
according to the results of the subcutaneous tumor
formation experiment (p<0.001) (Figure 5A).
Exo-Lv-miR-552-5p treatment group subcutaneously
implanted tumors showed a significant rise in both
volume (Figure 5B) and weight (Figure 5C) according
to quantitative analysis (p<0.001). Vimentin
expression was dramatically elevated in the tumor
cells of the subcutaneous tumor tissue in the
Exo-Lv-miR-552-5p group, whereas E-cadherin
expression decreased significantly, according to IHC
analysis (Figure 5D). In the nude mice tail vein
injection tumor development experiment, it was
found that the Exo-Lv-miR-552-5p treatment group
increased AGS cell distant metastasis than the control
group (p<0.05). Moreover, these effects were reversed
after treatment with anti-PD-L1 antibodies (all
p<0.001) (Figure 5E-F). The outcomes of NK cells in
the peripheral blood of the mice in each group, along
with the in vivo experimental results that matched the
in vitro studies, verified that exosomal miR-552-5p
derived from GC influences NK cell function via the
PD-1/PD-L1 axis, thereby promoting the growth of
subcutaneous transplanted tumors, EMT, and distant
metastasis of GC cells in nude mice.

Discussion

In the realm of oncology, miRNAs have emerged
as pivotal biomarkers for gauging tumor progression,
with their stability enhanced when encapsulated
within exosomes in plasma [21]. Current studies show
that exosome-encased circulating miRNAs can be
transported across cells, affecting immunotherapy,
tumor cell invasion, and the tumor microenvironment
[12,22]. On chromosome 1p34.3, a short non-coding
RNA called miR-552 is overexpressed in a number of
malignancies, including stomach cancer [23]. Our
study delves into the intricate relationship between
exosomal miR-552-5p, the PD-1/PD-L1 axis, and NK
cell function, providing novel insights into the
regulatory mechanisms that govern GC progression
and EMT. While previous research, including our
own, has established the role of exosomal miR-552-5p
in tumorigenesis and disease progression via the
PTEN/TOB1 axis [13], the current work expands
upon these findings by elucidating a distinct pathway
through which exosomal miR-552-5p may modulate
immune responses.

A critical component of the immune system, NK
cells are known to produce a plethora of chemokines
and immune regulatory cytokines, including IFN-y
and TNF-a. They also release perforin and granzyme
B, which directly enhance cytotoxicity and limit
tumor spread [6,7].
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Figure 4. In vitro verification of exosomal miR-552-5p regulating NK cells to promote the EMT process of GC cells. (A) Diagram representing the in vitro co-culture model of GC
cells and NK cells that have been pretreated with exosomal miR-552-5p. (B—F) Western blotting and IF examination of the EMT-related protein expression levels in each group's
GC cells. (G-H) Transwell and invasion assays were used to assess the migration and invasion potential of each group's GC cells (*p < 0.05; **p < 0.01; ***p < 0.001).
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The activity and function of NK cells have been
tightly linked to exosomal miRNAs in many studies
on neuroblastoma, breast cancer, and ovarian cancer
[24,25]. In our recent work, we found that exosomal
miR-552-5p levels inversely track with NK cell
phenotypic distribution and activated receptor
expression in gastric cancer patients[14]. Evidence
suggests that exosomes can modulate NK cell
function by inhibiting receptor and cytokine
production, potentially impairing their anti-tumor
capabilities and further suppressing the immune
response [26-28]. Our study builds upon this

foundation by providing evidence that exosomal
miR-552-5p significantly diminishes NK cell activity
in vivo, potentially facilitating tumor progression.
Studies have shown that NK cells can influence
the growth of tumors by upregulating the expression
of PD-L1 in tumor cells [29]. Studies conducted
recently have demonstrated that PD-L1 is highly
expressed on specific immune cells, including NK
cells, which are in addition to the surface of tumor
cells. These NK cells that express PD-L1 are also more
effective in destroying tumors [30-32]. Our findings
show that exosomal miR-552-5p can lower PD-L1
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Figure 6. Diagram illustrating the way in which exosomal miR-552-5p controls NK cells in EMT of gastric cancer via the PD-1/PD-L1 axis (created by Biorender.com).

expression on the surface of NK cells, reducing their
immunological impact. The pivotal role of the
PD-1/PD-L1 axis in the modulatory effect of
exosomal miR-552-5p on NK cells is underscored by
the restoration of NK cell-activated receptor
expression, upregulation of PD-L1 on NK cells, and
enhanced cytokine secretion observed in nude mice
following treatment with anti-PD-L1 antibodies.

When it comes to the occurrence and progression
of cancer metastasis, EMT is a crucial stage. While
N-cadherin and vimentin expression is linked to
enhanced EMT and metastasis, e-cadherin can
effectively limit the invasion and development of
epithelial malignancies [33,34]. Evidence suggests that
compromised NK cell function or reduced activity can
drive tumor EMT via various pathways [35,36], with
patient outcomes linked to the extent of NK cell
infiltration [37]. We have identified that NK cells were
rendered  immunosuppressive by  exosomal
miR-552-5p. We proceeded to elucidate the
relationship between the EMT in GC cells and NK
cells following the intervention of exosomal
miR-552-5p. According to our findings, as illustrated
in Figure 6, exosomal miR-552-5p could facilitate
EMT, invasion, migration and metastasis of GC cells
by impairing NK cell function.

Conclusion

In summary, our results validate the notion that
exosomal miR-552-5p stimulates immunological
escape and promotes gastric cancer EMT, with the
PD-1/PD-L1  Axis leading to NK  cell
immunosuppression. These findings offer a novel
perspective and a potential therapeutic strategy for
GC immunotherapy. Further investigation is
warranted to determine if exosomal miR-552-5p

influences PD-L1 expression on tumor cells while
controlling NK cell immunological activity.

Supplementary Material

Supplementary figures.
https:/ /www jcancer.org/v16p0406sl.pdf

Acknowledgements

Funding

This research was supported by grants from
Project of National Natural Scientific Foundation of
China (82360559, 81560494), Joint Project on Regional
High-Incidence Diseases Research of Guangxi Natural
Science Foundation under Grant (2023GXNS
FAA026298), Guangxi Key R & D Plan (AB18221084,
AB20297021), Guangxi Medical and health key
cultivation discipline construction project, Funding
for the development and promotion of suitable
medical and health technologies in Guangxi
(52022107).

Author contributions

Conceptualization, Jingwen Qin and Aiqun Liu;
Data curation, Jingwen Qin and Jinhua Yang; Formal
analysis, Haopeng Cui and Jingwen Qin; Funding
acquisition, Aiqun Liu; Methodology, Jingwen Qin
and Jinhua Yang; Supervision, Aiqun Liu; Writing -
original draft, Chunling Feng and Jingwen Qin;
Writing - review & editing, Jingwen Qin, Jinhua Yang
and Aiqun Liu.

Data availability statement

The data used and/or analyzed in this study are
available upon reasonable request from the
corresponding author.

https://lwww.jcancer.org



Journal of Cancer 2025, Vol. 16

416

Competing Interests

The authors have declared that no competing

interest exists.

References

1.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Bray F, Laversanne M, Sung H, Ferlay ], Siegel RL, Soerjomataram I, et al.
Global cancer statistics 2022: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer ] Clin.
2024;74:229-63.

Tan Z. Recent Advances in the Surgical Treatment of Advanced Gastric
Cancer: A Review. Med Sci Monit. 2019;25:3537-41.

Nakauchi M, Vos E, Tang LH, Gonen M, Janjigian YY, Ku GY, et al. Outcomes
of Neoadjuvant Chemotherapy for Clinical Stages 2 and 3 Gastric Cancer
Patients: Analysis of Timing and Site of Recurrence. Ann Surg Oncol.
2021;28:4829-38.

Zhao L, Liu Y, Zhang S, Wei L, Cheng H, Wang J, et al. Impacts and
mechanisms of metabolic reprogramming of tumor microenvironment for
immunotherapy in gastric cancer. Cell Death Dis. 2022;13:378.

Loépez-Soto A, Gonzalez S, Smyth MJ, Galluzzi L. Control of Metastasis by NK
Cells. Cancer Cell. 2017;32:135-54.

Guillerey C, Huntington ND, Smyth MJ. Targeting natural killer cells in cancer
immunotherapy. Nat Immunol. 2016;17:1025-36.

Di Vito C, Mikulak ], Zaghi E, Pesce S, Marcenaro E, Mavilio D. NK cells to
cure cancer. Semin Immunol. 2019;41:101272.

Loépez-Soto A, Huergo-Zapico L, Galvan JA, Rodrigo L, de Herreros AG,
Astudillo A, et al. Epithelial-mesenchymal transition induces an antitumor
immune response mediated by NKG2D receptor. ] Immunol. 2013;190:4408-
19.

Du Y, Wei Y. Therapeutic Potential of Natural Killer Cells in Gastric Cancer.
Front Immunol. 2018;9:3095.

Takeuchi H, Maehara Y, Tokunaga E, Koga T, Kakeji Y, Sugimachi K.
Prognostic significance of natural killer cell activity in patients with gastric
carcinoma: a multivariate analysis. Am ] Gastroenterol. 2001;96:574-8.
Wabhlgren J, De L Karlson T, Brisslert M, Vaziri Sani F, Telemo E, Sunnerhagen
P, et al. Plasma exosomes can deliver exogenous short interfering RNA to
monocytes and lymphocytes. Nucleic Acids Res. 2012;40:e130.

Takahashi R-U, Prieto-Vila M, Hironaka A, Ochiya T. The role of extracellular
vesicle microRNAs in cancer biology. Clin Chem Lab Med. 2017;55:648-56.
Zhu L, Zhang S, Chen S, Wu H, Jiang M, Liu A. Exosomal miR-552-5p
promotes tumorigenesis and disease progression via the PTEN/TOB1 axis in
gastric cancer. ] Cancer. 2022;13:890-905.

Tang C-W, Yang J-H, Qin J-W, Wu H-J, Cui H-P, Ge L-Y, et al. Regulation of
the PD-1/PD-L1 Axis and NK Cell Dysfunction by Exosomal miR-552-5p in
Gastric Cancer. Dig Dis Sci. 2024;69:3276-89.

Cantoni C, Huergo-Zapico L, Parodi M, Pedrazzi M, Mingari MC, Moretta A,
et al. NK Cells, Tumor Cell Transition, and Tumor Progression in Solid
Malignancies: New Hints for NK-Based Immunotherapy? J Immunol Res.
2016;2016:4684268.

Liu C-Y, Xu J-Y, Shi X-Y, Huang W, Ruan T-Y, Xie P, et al. M2-polarized
tumor-associated macrophages promoted epithelial-mesenchymal transition
in pancreatic cancer cells, partially through TLR4/IL-10 signaling pathway.
Lab Invest. 2013;93:844-54.

Toh B, Wang X, Keeble ], Sim W], Khoo K, Wong W-C, et al. Mesenchymal
transition and dissemination of cancer cells is driven by myeloid-derived
suppressor cells infiltrating the primary tumor. PLoS Biol. 2011;9:e1001162.
Mayer C, Darb-Esfahani S, Meyer A-S, Hiibner K, Rom ], Sohn C, et al.
Neutrophil ~ Granulocytes in  Ovarian Cancer - Induction of
Epithelial-To-Mesenchymal-Transition and Tumor Cell Migration. J Cancer.
2016;7:546-54.

Cossarizza A, Chang H-D, Radbruch A, Abrignani S, Addo R, Akdis M, et al.
Guidelines for the use of flow cytometry and cell sorting in immunological
studies (third edition). Eur ] Immunol. 2021;51:2708-3145.

Sun X, Xu X, Wang J, Zhang X, Zhao Z, Liu X, et al. Acid-switchable
nanoparticles induce self-adaptive aggregation for enhancing antitumor
immunity of natural killer cells. Acta Pharm Sin B. 2023;13:3093-105.

Ge Q, Zhou Y, Lu J, Bai Y, Xie X, Lu Z. miRNA in plasma exosome is stable
under different storage conditions. Molecules. 2014;19:1568-75.

Sun Z, Shi K, Yang S, Liu J, Zhou Q, Wang G, et al. Effect of exosomal miRNA
on cancer biology and clinical applications. Mol Cancer. 2018;17:147.

Zou Y, Zhao X, Li Y, Duan S. miR-552: an important post-transcriptional
regulator that affects human cancer. ] Cancer. 2020;11:6226-33.

Fanini F, Fabbri M. Cancer-derived exosomic microRNAs shape the immune
system within the tumor microenvironment: State of the art. Semin Cell Dev
Biol. 2017;67:23-8.

Wang B, Wang Q, Wang Z, Jiang J, Yu S-C, Ping Y-F, et al. Metastatic
consequences of immune escape from NK cell cytotoxicity by human breast
cancer stem cells. Cancer Res. 2014;74:5746-57.

Xia Y, Zhang Q, Zhen Q, Zhao Y, Liu N, Li T, et al. Negative regulation of
tumor-infiltrating NK cell in clear cell renal cell carcinoma patients through
the exosomal pathway. Oncotarget. 2017;8:37783-95.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

Zhao ], Schloer HA, Wang Z, Qin J, Li J, Popp F, et al. Tumor-Derived
Extracellular Vesicles Inhibit Natural Killer Cell Function in Pancreatic
Cancer. Cancers (Basel). 2019;11:874.

Yang Y, Han Q, Hou Z, Zhang C, Tian Z, Zhang J. Exosomes mediate hepatitis
B virus (HBV) transmission and NK-cell dysfunction. Cell Mol Immunol.
2017;14:465-75.

Bellucci R, Martin A, Bommarito D, Wang K, Hansen SH, Freeman GJ, et al.
Interferon-y-induced activation of JAK1 and JAK2 suppresses tumor cell
susceptibility to NK cells through upregulation of PD-L1 expression.
Oncoimmunology. 2015;4:e1008824.

Terme M, Ullrich E, Aymeric L, Meinhardt K, Coudert JD, Desbois M, et al.
Cancer-induced immunosuppression: IL-18-elicited immunoablative NK cells.
Cancer Res. 2012;72:2757-67.

Hartley GP, Chow L, Ammons DT, Wheat WH, Dow SW. Programmed Cell
Death Ligand 1 (PD-L1) Signaling Regulates Macrophage Proliferation and
Activation. Cancer Immunol Res. 2018;6:1260-73.

Iraolagoitia XLR, Spallanzani RG, Torres NI, Araya RE, Ziblat A, Domaica CI,
et al. NK Cells Restrain Spontaneous Antitumor CD8+ T Cell Priming through
PD-1/PD-L1 Interactions with Dendritic Cells. ] Immunol. 2016;197:953-61.
Ma J, Shayiti F, Ma J, Wei M, Hua T, Zhang R, et al. Tumor-associated
macrophage-derived CCL5 promotes chemotherapy resistance and metastasis
in prostatic cancer. Cell Biol Int. 2021,45:2054-62.

Huang Q, Zahid KR, Chen J, Pang X, Zhong M, Huang H, et al. KIN17
promotes tumor metastasis by activating EMT signaling in luminal-A breast
cancer. Thorac Cancer. 2021;12:2013-23.

van Helden MJ, Goossens S, Daussy C, Mathieu A-L, Faure F, Marqais A, et al.
Terminal NK cell maturation is controlled by concerted actions of T-bet and
Zeb2 and is essential for melanoma rejection. ] Exp Med. 2015;212:2015-25.
Zhang Y, Morgan R, Chen C, Cai Y, Clark E, Khan WN, et al
Mammary-tumor-educated B cells acquire LAP/TGF-p and PD-L1 expression
and suppress anti-tumor immune responses. Int Immunol. 2016;28:423-33.

Hu X, Wu L, Liu B, Chen K. Immune Infiltration Subtypes Characterization
and Identification of Prognosis-Related IncRNAs in Adenocarcinoma of the
Esophagogastric Junction. Front Immunol. 2021;12:651056.

https://lwww.jcancer.org



