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Abstract
Objective  NK cells play a vital role in tumor immune resistance. Various factors affect NK cell activity. While NK cell 
dysfunction has been observed in numerous malignancies, the underlying mechanisms in gastric cancer remain unclear.
Method  Flow cytometry was used to identify the phenotypic distribution and expression of activated receptors on NK 
cells. ELISA was used to determine the expression of cytokines. We examined the expression of NK cell-related genes and 
explored their association with survival and prognosis. Additionally, we conducted PCR detection of miR-552-5p expression 
levels in plasma exosomes of patients and investigated its correlation with phenotypic distribution and activated receptors. 
We used flow cytometry and ELISA to verify the role of miR-552-5p in NK cell dysfunction. Furthermore, we investigated 
the potential role of PD-1/PD-L1 in regulating NK cell dysfunction in patients’ cells.
Results  We observed a significant decrease in the percentage of NKG2D and NKp30 and IFN-γ and TNF-α in patients than 
in healthy volunteers. Patients with low levels of CD56, CD16, NKG2D, and NKP46 exhibited poorer survival prognoses. 
Moreover, increased expression levels of plasma exosomal miR-552-5p in patients were negatively associated with NK cell 
phenotypic distribution and activated receptor expression. MiR-552-5p downregulated the secretion of perforin, granzyme, 
and IFN-γ as well as the expression of NKp30, NKp46, and NKG2D. Additionally, it suppressed the cytotoxicity of NK cells. 
The inhibitory effect of miR-552-5p, on NK cell function was reversed when anti-PD-L1 antibodies were used.
Conclusion  Exosomal miR-552-5p targets the PD-1/PD-L1 axis, leading to impaired NK cell function.
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TEMED	� Tetramethylethylenediamine
PMSF	� Phenylmethanesulfonylfluoride
PVDF	� Polyvinylidene fluoride
TEM	� Transmission electron microscopy
DMSO	� DimethylSulfoxide
LV	� Lentiviral vector
CCK-8	� Cell counting kit 8
PD-1	� Programmed death 1
PD-L1	� Programmed cell death-ligand 1
PE	� Phycoerythrin

Introduction

Natural killer (NK) cells are innate lymphocytes that can act 
against viruses and malignancies without antigen-specific 
identification and amplification [1]. However, there were 
accumulating evidence suggests that the tumor microen-
vironment can alter the function of tumor-infiltrating. NK 
cells, rendering them dysfunctional and promoting immu-
nosuppression. NK cell dysfunction can arise from various 
factors, including a diminished ability of NK cells to secrete 
their effectors, impaired cellular metabolism, the release of 
inhibitory inflammatory factors, downregulation of NK cell-
activating receptor expression, or upregulation of inhibitory 
receptors, leading to an imbalance between activated and 
inhibited receptors [2, 3]. The involvement of activating 
receptors such as NKG2D and natural cytotoxic receptors 
such as NKp30, NKp44, and NKp46 is crucial for NK cell 
activation and killing capacity [4, 5]. Consequently, the char-
acteristics of NK cell surface receptors and effector expres-
sion can serve as valuable indicators of their functionality. A 
comprehensive examination of the phenotypes and functions 
of NK cells can enhance our understanding of their role in 
tumor resistance.

According to global cancer statistics in 2020, gastric can-
cer (GC) ranks fifth in incidence and fourth in fatality, mak-
ing it one of the most prevalent malignant tumors worldwide 
[6]. Despite major advancements in diagnostic techniques, 
surgical treatments, and chemotherapy, the prognosis for GC 
patients survival prognosis remains poor due to advanced 
disease, recurrence, metastasis, and adverse medication 
effects [7]. GC progression is often influenced by the inter-
play between tumor cells and host immune responses [8]. 
The activity of NK cells is closely associated with clinical 
staging, lymphatic and vascular invasion, lymph node metas-
tasis, and prognosis in GC patients [9]. Reports indicate that 
the expression of NKp30, NKp46, NKG2D, and DNAM-1 in 
peripheral blood NK cells of GC patients are downregulated 
and correlated with tumor progression [10]. These findings 
underscore the strong correlation between GC development 
and NK cell infiltration. However, several aspects regarding 

the variables contributing to systemic changes in NK cell 
function in GC remain unknown.

Exosomal miRNAs play a vital role in reshaping the 
tumor microenvironment by serving as communication 
mediators between cells. They can convert normal cells into 
tumor cells, inhibit the immune cell response to tumor cells, 
promote angiogenesis, induce EMT, and create a microen-
vironment conducive to tumor growth, metastasis, immune 
evasion, and chemoresistance [11]. miR-552, a small non-
coding RNA located on chromosome 1p34.3, is highly 
expressed in various cancers, including GC [12]. It promotes 
cell proliferation, invasion, migration, and drug resistance, 
thereby accelerating tumor progression [13]. Additionally, 
miR-552 expression has been found to correlate with the 
prognosis of GC patients in related studies [14]. In our pre-
vious study on exosomal miRNAs in GC, we discovered 
that GC cell-derived exosomal miR-552-5p promotes GC 
progression by inhibiting PTEN/TOB1 expression and con-
tributing to tumor angiogenesis, invasion, and migration 
[15]. We thus hypothesize that exosomal miR-552-5p may 
be associated with immune effects in GC, leading to NK cell 
dysfunction in the GC microenvironment and subsequent 
immunosuppression.

In this study, we characterized the phenotype and expres-
sion of surface-activating receptors on peripheral blood NK 
cells in GC patients. We found that compared with that in 
healthy volunteers, the expression of NKG2D, NKp30, IFN-
γ, and TNF-α was significantly downregulated in peripheral 
blood NK cells of GC patients, resulting in inhibited NK 
cell function and a poorer prognosis. Additionally, exosomal 
miR-552-5p expression levels in the blood of GC patients 
were found to be negatively correlated with the distribution 
of NK cell subsets CD3−/CD16+ and CD3−/CD56+ as well 
as the expression levels of the NK cell activating receptors 
NKG2D, NKp30, and NKp46. Furthermore, we identified 
that GC cell-derived exosomal miR-552-5p induced NK cell 
dysfunction by targeting the PD-1/PD-L1 axis, promoting 
immunosuppression in GC. Therefore, comprehending the 
changes in NK cell-related phenotypes, activating receptors, 
and cytokine expression levels holds clinical value in terms 
of immunosurveillance for GC. miR-552-5p and PD-1/
PD-L1 represent promising immunotherapeutic targets for 
GC patients.

Material and Methods

Patients and Samples Collection

In total, 33 peripheral blood specimens were collected from 
GC patients between October 2021 and May 2022 at the 
Affiliated Cancer Hospital of Guangxi Medical University 
and First Affiliated Hospital of Guangxi Medical University. 
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Additionally, from December 2021 to May 2022, 22 periph-
eral blood specimens were collected from healthy donors 
at the Cancer Hospital of Guangxi Medical University. All 
specimens were collected with the approval of the ethics 
committee of the First Affiliated Hospital of Guangxi Medi-
cal University and Affiliated Cancer Hospital of Guangxi 
Medical University (Approval Number: LW2024063), per 
the principles of medical ethics and informed consent. The 
inclusion criteria for GC patients were as follows: first diag-
nosis of GC, no prior surgical treatment or radiation, and no 
autoimmune illnesses, multisite tumors, or substantial infec-
tions. Healthy donors were individuals who were in good 
health, free of major physical and mental illnesses, and rou-
tinely underwent medical examinations. The RNA sequenc-
ing data of tumor and normal tissues of GC patients, along 
with corresponding clinical information, were obtained from 
the UCSC XENA (https://​xenab​rowser.​net/​datap​ages/) data-
base. As these data are publicly available, ethical approval 
was not required. Table 1 presents the clinical characteristics 
of the GC patients included in the study.

Cell Culture

SGC-7901 and AGS cell lines were obtained from the ATCC 
cell bank of the Chinese Academy of Sciences and cultured 
in RPMI 1640 medium (Gibco, USA) or Dulbecco’s modi-
fied Eagle’s medium (DMEM; Gibco) containing 10% fetal 

bovine serum (FBS; Biological Industries, Israel) and 1% 
penicillin–streptomycin. The NK-92 cell line (derived from 
NK cells of human malignant non-Hodgkin’s lymphoma 
patients and purchased from Procell Life Sciences Ltd.) 
was cultured in RPMI-1640 (Gibco) supplemented with 
20% FBS and 100 IU/mL recombinant human interleukin-2 
(IL-2; PeproTech Human IL-2, Shanghai, China) or NK cell-
specific medium (PeproTech). All cell lines were cultured at 
37 °C in a 5% CO2 incubator.

Antibodies and Flow Cytometry

Single-cell suspensions were stained using the following 
antibodies: anti-human CD3 PE (BioGems, USA), anti-
human CD16 PE-Cy7 (BioGems), anti-human CD56 APC 
(BioGems), anti-human NKG2D (CD314) PE (BioGems), 
anti-human NKp30(CD337) PE-Cy7 (BD, USA), anti-
human NKp46(CD335) APC (BD), and PD-L1 PE (CST, 
USA). Cells were stained with the antibodies ed according 
to the manufacturer’s instructions and analyzed using flow 
cytometry. Data analysis was performed using the FlowJo 
software (BD Biosciences).

Enzyme‑Linked Immunosorbent Assay (ELISA)

Plasma samples from GC patients and healthy volunteers 
were collected using standard protocols. The concentration 
of IFN-γ and TNF-α in the plasma was quantified using 
ELISA kits (China Lianke Biotech) following the manufac-
turer’s instructions. Cell culture supernatants were also col-
lected, and the concentrations of IFN-γ, perforin, and gran-
zyme B were determined using ELISA kits (China Lianke 
Biotech for IFN-γ and Shanghai Enzyme-linked Biotechnol-
ogy perforin and granzyme B) according to the manufac-
turer’s instructions.

Quantitative Reverse‑Transcription Polymerase 
Chain Reaction (qRT‑PCR) Analysis

RNA was extracted from plasma samples using the miRNe-
asy serum/plasma kit (Qiagen, Germany) following the man-
ufacturer’s instructions. Exosomal RNA was purified using 
the exoRNeasy serum/plasma Midi kit (Qiagen). Reverse 
transcription was performed using the PrimeScript RT kit 
(TaKaRa, Japan) or Mir-X miRNA first strand synthesis 
kit (TaKaRa) for miRNA. qRT-PCR was performed using 
TBGreen® Premix Ex Taq (TaKaRa) with the following 
protocol: pre-denaturation at 95 °C for 30 s, followed by 40 
cycles of denaturation at 95 °C for 5 s and annealing at 60 °C 
for 30 s. U6 was used as an internal control to normalize 
the miRNA expression levels. The relative expression was 
determined using the 2-ΔΔCT method.

The following primers were used:

Table 1   The following table presents baseline clinical information 
obtained from patients diagnosed with gastric cancer

Characteristics Levels Overall

n 33
Age group, n (%)  ≤ 60 16 (48.5%)

 > 65 17 (51.5%)
Gender, n (%) Female 11 (33.3%)

Male 22 (66.7%)
Clinical stage, n (%) I 6 (18.2%)

II 3 (9.1%)
III 7 (21.2%)
IV 17 (51.5%)

T, n (%) T1 4 (12.1%)
T2 4 (12.1%)
T3 10 (30.3%)
T4 15 (45.5%)

N, n (%) N0 3 (9.4%)
N1 4 (12.5%)
N2 10 (31.2%)
N3 15 (46.9%)

M, n (%) M0 16 (48.5%)
M1 17 (51.5%)

Age, median (IQR) 60 (51, 67)

https://xenabrowser.net/datapages/
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has-miR-552-5p forward, 5′-ATT​TAA​CCT​TTT​GCC​TGT​
TGGAA-3′;

U6 forward, 5′-GGA​ACG​ATA​CAG​AGA​AGA​TTAGC-3′;
U6 reverse, 5′-TGG​AAC​GCT​TCA​CGA​ATT​TGCG-3′.

Exosome Extraction

Exosome-free FBS was obtained by centrifugation at 
100,000×g at 4 °C for 16 h [16]. SGC-7901 cells were cul-
tured for 48 h in DMEM until they reached approximately 
80% confluence, after which their medium was replaced 
with an exosome-free conditioned medium. Following a 
48 h incubation, the culture medium was harvested and 
subjected to centrifugation at 300×g at 4 °C for 10 min and 
then at 2000×g at 4 °C for 20 min to remove dead cells and 
cell debris. The larger vesicles were subsequently removed 
by centrifugation at 10,000×g at 4  °C for 30 min. The 
supernatant was filtered through a 0.22 µm filter (Millipore, 
USA), and the exosomes were pelleted by centrifugation 
at 100,000×g at 4 °C for 70 min. The resulting pellet was 
diluted with PBS and centrifuged at 100,000×g at 4 °C for 
70 min. Finally, the exosome pellets were resuspended in 
PBS and stored at − 80 °C.

Transmission Electron Microscopy (TEM)

The resuspended exosomes were thoroughly mixed, and 
5 µL of the exosome suspension was applied onto a form-
var carbon-coated copper grid, allowing it to adsorb for 
5 min. The suspension was then negatively stained using a 
2% uranyl acetate solution, and the density and size of the 
exosomes were determined under an electron microscope 
(Hitachi, Japan).

Western Blot Analysis

Exosomes were lysed in radioimmunoprecipitation lysis 
buffer (RIPA) containing PMSF (100:1 dilution), and the 
total protein concentration was determined using the BCA 
protein quantification kit. Protein samples were separated 
using polyacrylamide gels containing 10% SDS (SDS-
PAGE) and then transferred to 0.22 μm polyvinylidene 
difluoride (PVDF) membranes. The membranes were then 
blocked in TBST containing 5% skim milk for 1.5 h. After 
washing three times with PBS, PVDF membranes were incu-
bated overnight at 4 °C with antibodies against the following 
proteins: TSG101, CD9, and ALIX (ImmunoWay). Follow-
ing three washes with PBS, the membranes were incubated 
with a horseradish peroxidase-conjugated anti-rabbit IgG 
secondary antibody for 1 h at room temperature. Protein 
bands were visualized using enhanced chemiluminescence 
or immunofluorescence.

Lentiviral Transfection

Lentiviral plasmids were synthesized by Genechem (Shang-
hai, China) to overexpress miR-552-5p (“Lv-miR-552-5p”), 
and the corresponding negative controls were labeled as 
“Lv-NC.” Cells were seeded in a 6-well plate (5 × 104 cells/
mL) and transfected with the lentiviral plasmids. After 
3 days of culture, cells were selected in 1.5 μg/mL puro-
mycin. The expression levels of miR-552-5p were verified 
using quantitative PCR.

CCK8

GC cells treated with lentivirus transfection were co-cul-
tured with NK-92 cells for 24 h, The NK-92 cells were then 
removed from the lower chamber and resuspended in a com-
plete medium. The cell suspension was inoculated in 96-well 
plates at 100 µL/well with 5000 NK-92 cells/well, and each 
group had five replicate wells. The plates were shaken well 
to ensure even distribution. Thereafter, 10 µL CCK-8 was 
added to each well, and the plates were incubated in a 5% 
CO2 incubator at 37 °C for 3 h. After incubation, the plates 
were removed from the cell incubator, and the absorbance 
values at 450 nm were measured.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 
version 9.0.0 for Windows, GraphPad Software. Compari-
sons between the two groups were made using the independ-
ent samples t-test for parametric data and the Mann–Whit-
ney U test for nonparametric data. The results are expressed 
as mean ± standard deviation for parametric data and median 
(or quartiles) for nonparametric data. One-way analysis of 
variance was used to compare samples among multiple 
groups. Correlation analysis between different groups was 
conducted using Pearson or Spearman’s correlation test. 
Results were considered statistically significant at P < 0.05.

Results

Downregulation of NKG2D and NKp30 Receptors 
and IFN‑γ and TNF‑α Cytokines in GC

Initially,  we character ized the distr ibution of 
CD3−/CD56+ and CD3−/CD16+ peripheral blood NK 
cell subsets in GC patients. Figure 1A–C show lympho-
cytes circled based on FSC and SSC characteristics and 
highlight the CD3−/CD56+ and CD3−/CD16+ cell popu-
lations. Statistical analysis revealed no significant differ-
ence in the distribution of peripheral blood NK cell sub-
sets between GC patients and healthy donors (Fig. 1D, E). 
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Further investigation showed considerably lower expression 
levels of NKG2D and NKp30 receptors on peripheral blood 
NK cells in GC patients compared with those in healthy 
volunteers (Fig. 1F, G). However, no substantial difference 
was observed in the expression of the NK cell-activating 
receptor NKp46 between GC patients and healthy volunteers 
(Fig. 1H). Additionally, we examined the expression of the 
cytokines IFN-γ and TNF-α in the plasma of GC patients 
and healthy volunteers. Our findings demonstrated that the 
expression of IFN-γ and TNF-α in the plasma of GC patients 
was lower than that in healthy volunteers (Fig. 1I and J). 
Collectively, our results indicate that expression of NK 

cell-activating receptors NKG2D and NKp30 and associ-
ated cytokines IFN-γ and TNF-α are reduced, and NK cells 
are inhibited in the plasma of GC patients.

Correlation of Patient Survival Prognosis 
with Downregulation of NK Cell‑Related Genes CD56 
and NKG2D

To gain further insight into the functional role of NK cells 
in GC, we analyzed RNAseq data from TCGA and GTEx 
using UCSC XENA (https://​xenab​rowser.​net/​datap​ages/). 
The analysis was performed using the Toil process and 

Fig. 1   Downregulation of peripheral blood NK cell-activating recep-
tors NKG2D and NKp30 and cytokine factors IFN-γ and TNF-α in 
gastric cancer. A–C NK cell gating strategy. D and E Flow cytom-
etry analysis comparing the expression of NK cell subsets CD3−/
CD56+ and CD3−/CD16+ in GC and HD peripheral blood. F–H 

Flow cytometry analysis comparing the expression of NK cell recep-
tors NKG2D, NKp30, and NKp46 in GC and HD peripheral blood. 
I and J ELISA detection of cytokine IFN-γ and TNF-α expres-
sion in GC (n = 16) and HD (n = 16) plasma. *P < 0.05; **P < 0.01; 
***P < 0.001; ns not significant

https://xenabrowser.net/datapages/
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focused on comparing the expression of CD56 and NKG2D 
between GC and normal tissues. The expression of CD56 
and NKG2D in GC tumor tissues was significantly lower 
than that in normal tissues (Fig. 2A and B). Furthermore, 
we investigated the association between NK cell-related 
genes and survival prognosis in GC patients, using the 
Kaplan–Meier Plotter online database (http://​kmplot.​com/​
analy​sis/​index.​php?p=​backg​round). We analyzed mRNA 
gene sequencing data from GC datasets (GES14210, 
GES15459, GES22377, GES29272, and GES51105) cor-
responding to the coding genes FCGR3, NCAM, KLRK1, 
NCR3, and NCR1, which correspond to CD16, CD56, 
NKG2D, NKp30, and NKp46, respectively. Our results dem-
onstrated a significant association between the expression of 
CD56, CD16, NKG2D, and NKp46 and the survival progno-
sis of GC patients. However, the expression of NKp30 was 
not significantly different between the groups (Fig. 3A–E). 
These findings provide insights into the potential prognostic 
role of NK cells and associated markers in GC.

Associations of Increased Plasma Exosomal 
miR‑552‑5p Expression with NK Cell Phenotype 
and Activated Receptor Expression

In our previous study, we found increased expression of 
plasma exosomal miR-552-5p expression in GC patients, 
which was associated with tumor infiltration depth, lymph 
node metastases, and TNM stage [15]. To investigate the 
potential link between the systemic downregulation of NK 
cell function and the expression of plasma exosomal miR-
552-5p, we examined its expression in GC patients and its 
correlation with the distribution of peripheral blood NK 
cell subpopulations and activation receptors. We observed 
a negative correlation between plasma exosomal miR-
552-5p expression levels and the distribution of NK cell 
subpopulations (Fig. 4A and B). Additionally, an inverse 

linear relationship was observed between the expression of 
plasma exosomal miR-552-5p and the positive expression 
of NK cell-activated receptors (Fig. 4C–E). These find-
ings imply a potential association between the systemic 
downregulation of NK cell activity and high levels of GC 
plasma exosomal miR-552-5p.

Induction of NK Cell Dysfunction by GC Cell‑Derived 
Exosomes

To investigate the impact of GC cell-derived exosomes on 
NK cell function, we extracted exosomes from the super-
natants of SGC-7901 and AGS GC cells, using a gradient 
centrifugation approach. Western blot analysis confirmed 
the presence of exosomal protein markers ALIX, TSG101, 
and CD9 (Fig. 5A). Electron transmission microscopy 
revealed the characteristic vesicle structure of exosomes, 
ranging from 40 to 160 nm in diameter and exhibiting a 
near hemispherical pattern (Fig. 5B and C). To determine 
the influence of GC cell-derived exosomes on NK cells, 
we co-cultured NK-92 cells with SGC-7901 and AGS 
cells in a 1:1 ratio for 24 h (Fig. 5D). Compared with 
NK-92 cells cultured alone, NK-92 cells co-cultured with 
SGC-7901 and AGS cells exhibited reduced expression 
levels of NKG2D, NKp30, and NKp46 as well as impaired 
secretion of IFN-γ (Fig. 5E–G). In contrast, when SGC-
7901 and AGS cells were co-cultured with NK-92 cells for 
24 h in the presence of the exosome inhibitor GW4869, 
the expression of NKG2D, NKp30, and NKp46 in NK-92 
cells was restored compared with that in the group without 
GW4869 (Fig. 5H and I). Additionally, the level of IFN-γ 
secretion by NK-92 cells increased (Fig. 5J and K). These 
results suggest that GC cell-derived exosomes contribute 
to NK cell dysfunction.

Fig. 2   Downregulation of 
NK cell-related genes CD56 
and NKG2D in gastric cancer 
tissues. A Downregulation of 
CD56 in paired GC cancer 
tissues (n = 414) compared with 
that in normal tissues (n = 210), 
using a combination of TCGA 
and GTEx data. B Down-
regulation of NKG2D in paired 
GC cancer tissues (n = 414) 
compared with that in normal 
tissues (n = 210), using a com-
bination of TCGA and GTEx 
data. *P < 0.05; **P < 0.01; 
***P < 0.001

http://kmplot.com/analysis/index.php?p=background
http://kmplot.com/analysis/index.php?p=background
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Induction of NK Cell Dysfunction by Exosomal 
miR‑552‑5p

To investigate whether exosome-mediated miR-552-5p 
induction is responsible for NK cell dysfunction in GC cells, 
we upregulated miR-552-5p in SGC-7901 and AGS cells 
using a lentiviral vector, along with a comparable negative 
control (Lv-NC). qRT-PCR analysis verified significantly 
high expression of miR-552-5p expression in AGS and 
SGC-7901 cells (Fig. 6A). Moreover, exosomal miR-552-5p 
inhibited the expression of NKG2D, NKp30, and NKp46 
(Fig. 6B and C). Furthermore, high levels of exosomal miR-
552-5p in GC cells markedly suppressed the release of per-
forin, granzyme B, and IFN-γ by NK-92 cells (Fig. 6E–G). 
We also assessed the cytotoxicity of NK cells using a CCK8 
assay and observed that exosomal miR-552-5p significantly 

inhibited the cytotoxicity of NK-92 cells compared with that 
in the control group (Fig. 6D). These findings demonstrate 
that the GC cell-derived exosomal miR-552-5p inhibits 
NK-92 cell function.

Induction of NK Cell Dysfunction via the PD‑1/PD‑L1 
Axis by Exosomal miR‑552‑5p

NK cells can enhance the expression of PD-L1 in the 
PD-1/PD-L1 pathway in tumor cells, thereby regulating 
tumor progression [16]. Furthermore, PD-L1 is expressed 
not only on tumor cells but also on certain immune cells, 
such as NK cells and macrophages, in the tumor micro-
environment. Some tumor cells with low PD-L1, such as 
the K562 cell line or AML patient-derived tumor cells, 

Fig. 3   Correlation of NK cell phenotype and activation receptor gene 
expression with prognosis in gastric cancer. Kaplan–Meier survival 
analysis revealed the following associations with poor prognosis in 
gastric cancer patients: low CD56 expression (A), low CD16 expres-

sion (B), low NKG2D expression (C), and low NKp46 expression 
(E). However, no correlation between NKp30 expression and progno-
sis was observed (D)
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can stimulate NK cells in the tumor microenvironment 
to upregulate PD-L1 expression. Consequently, these 
NK cells demonstrate enhanced tumor-killing capabili-
ties [17]. To verify the altered expression of PD-L1 in 
NK-92 cells, we co-cultured GC cells transfected with Lv-
miR-552-5p and Lv-NC with NK-92 cells and detected 
PD-L1 expression in NK-92 cells using flow cytometry. 
We observed downregulation of PD-L1 expression in NK 
cells co-cultured with Lv-miR-552-5p compared with 
that in the control group (Fig. 7A–C). To further inves-
tigate the effect of miR-552-5p on NK cell function via 
the PD-1/PD-L1 axis, we stimulated NK-92 cells with or 
without the anti-PD-L1 antibody durvalumab. The experi-
ment included three groups: Lv-NC, Lv-miR-552-5p, and 
Lv-miR-552-5p + Anti-PD-L. Flow cytometry and ELISA 
were used to assess the expression of PD-L1 + NK-92 
cells, granzyme B, perforin, and IFN-γ. We observed an 
increase in PD-L1 expression in NK-92 cells stimulated 
with PD-L1 antibody compared with that in the group 
stimulated without the anti-PD-L1 antibody (Fig. 7D–F). 
Furthermore, the expression levels of GZMS-B, perforin, 
and IFN-γ were restored in NK-92 cells (Fig. 7G–I). These 
findings indicate that GC cell-derived exosomal miR-
552-5p can induce NK cell dysfunction via the PD-1/
PD-L1 axis (Fig. 8).

Discussion

NK cells play a crucial role in immunological homeostasis 
and tumor surveillance by directly increasing cytotoxicity 
via mechanisms including activation of surface receptors, 
suppression of receptor dynamic expression, and release 
of perforin and granzyme B. They also produce antitumor-
active chemicals, immunomodulatory cytokines, such as 
IFN-γ and TNF-α, and chemokines to induce cytotoxicity 
in tumors and limit their spread, thereby activating early 
cellular defenses. Therefore, NK cell depletion or dysfunc-
tion could promote tumor growth [18, 19]. In this study, 
we observed a significant reduction in the ratio of periph-
eral blood NK cell-activated receptors NKG2D and NKp30 
in GC patients, along with the downregulation of plasma 
cytokines IFN-γ and TNF-α. Furthermore, the expression of 
NK cell-related genes CD56, CD16, NKG2D, and NKP46 
was reduced in GC tissues. The survival prognosis of GC 
patients was found to be poor. These findings suggest that 
dysfunction or depletion of NK cells is associated with the 
development and progression of GC.

To understand the heterogeneity of immune cells, clari-
fying their distribution and phenotypic characteristics in 
functional immune status during tumor progression is nec-
essary [20]. The number of infiltrating NK cells, expression 
of surface receptors, and release of immune activators are 

Fig. 4   Correlation of plasma exosomal miR-552-5p with NK cell 
phenotypes and activated receptors in gastric cancer. A and B Nega-
tive correlation between plasma exosomal miR-552-5p expression 
and the distribution of CD3−/CD56+ and CD3−/CD16+ subpopu-

lations in peripheral blood NK cells of gastric cancer patients. C–E 
Negative correlation between plasma exosomal miR-552-5p expres-
sion and the expression of peripheral blood NK cell-activating recep-
tors NKG2D, NKp30, and NKp46 in gastric cancer
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associated with the development and prognosis of multi-
ple human tumors [21, 22]. In our study, we found no sig-
nificant change in the distribution of CD3−/CD56+ and 
CD3−/CD16+ subpopulations of NK cells in the periph-
eral blood of GC patients and healthy volunteers, which 
is consistent with the findings of Han et al. [10]. NK cells 
are divided into distinct subpopulations and mature bodies 
based on different stages of differentiation, and the expres-
sion of representative subpopulations of NK cells varies at 
different stages of maturation, maintaining a dynamic equi-
librium [23]. However, further characterization revealed a 
significant decrease in the percentage of NK cell activation 

receptors NKG2D and NKp30 expression in the periph-
eral blood of GC patients. The downregulation of NKG2D 
promotes immune escape in several malignancies, includ-
ing cervical cancer, pancreatic cancer, and melanoma [24]. 
Decreased expression levels of NK cell activation receptors 
often result in insufficient activation of NK cells, impairing 
their tumor-fighting effects [25]. We found that the plasma 
levels of IFN-γ and TNF-α in GC patients were significantly 
lower than those in healthy volunteers. The reduced ability 
of NK cells to secrete their killing effectors is the primary 
factor contributing to the dysfunction of NK cells [26]. Bio-
informatics analysis combined with our findings revealed the 

Fig. 5   Induction of NK cell dysfunction by gastric cell-derived 
exosomes. A Western blotting analysis of exosome marker (ALIX, 
TSG101, and CD9) expression. B and C Representative electron 
micrographs of exosomes isolated from SGC-7901 and AGS cell cul-
ture medium. Scale bars: 200 and 100 nm. D Schematic diagram of 
the co-cultivation model E–F Inhibition of the expression of NK cell-

activation receptors NKG2D, NKp30, and NKp46 by gastric cancer 
cells. G Inhibition of the secretion of the NK cell cytokine IFN-γ by 
gastric cells. H and I GW4869 inhibits gastric cancer cell-induced 
downregulation of NK cell-activated receptors. J and K GW4869 
reverses the inhibitory effect of gastric cancer cells on IFN-γ secre-
tion by NK cells. *P < 0.05; **P < 0.01; ***P < 0.001
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downregulation of NK cell-related genes CD56 and NKG2D 
in GC tissues, and the expression levels of CD56, CD16, 
NKG2D, and NKp46 were correlated with the survival prog-
nosis of GC patients. Therefore, it is reasonable to assume 
that NK cell function is systematically downregulated in 
GC, leading to a suppressed state of NK cells. In melanoma, 
downregulation of NKG2D, NKp46, and DNAM-1 recep-
tors is associated with NK cell dysfunction and serves as a 
key marker of disease progression and poor prognosis [27]. 

Earlier studies have reported a decrease in NK cell func-
tion in both GC tissue and peripheral blood [28]. However, 
owing to the limited number of GC patients included in our 
cohort, elucidating the correlation between expression lev-
els of peripheral blood NK cell-activating receptors and the 
disease stage and prognosis of GC patients in this study was 
not possible. Further studies with expanded patient cohorts 
are necessary to provide comprehensive insights into this 
association.

Fig. 6   Induction of NK cell dysfunction by gastric cancer cell-
derived exosomal miR-552-5p. A qRT-PCR analysis of miR-552-5p 
levels in lentiviral vector-transfected cells with upregulated miR-
552-5p (Lv-miR-552-5p) and corresponding negative control (Lv-
NC). B and C Flow cytometry analysis examining the effect of gas-
tric cancer cell-derived exosomal miR-552-5p on the expression of 

NKG2D, NKp30, and NKp46 receptors. D CCK-8 cytotoxicity assay 
evaluating the impact of gastric cancer cell-derived exosomal miR-
552-5p on NK cell cytotoxicity. E–G ELISA assessing the effect of 
gastric cancer cell-derived exosomal miR-552-5p on IFN-γ, gran-
zyme B, and perforin production by NK cells. *P < 0.05; **P < 0.01; 
***P < 0.001
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Exosomes are primarily produced by human body flu-
ids and encapsulate nucleic acids, proteins, cholesterol, and 
lipids. They not only reflect the malignant phenotype of 
donor cells but also transmit oncogenic signals to recipi-
ent cells, thereby accelerating tumor development [29]. 
Exosomes can influence NK cells by inhibiting the expres-
sion of NK cell-associated receptors or cytokines, affect-
ing the functional state of NK cells against tumor cells, 
and inducing immunosuppression [30]. Exosomal miRNAs 
serve as important carriers of information for reprogram-
ming immune response factors and immune target cells 
such as dendritic cells (DCs), NK cells, and T lymphocytes. 

Through the regulation of NK cell immune function, exo-
somal miRNAs contribute to immune tolerance in tumor 
cells. This process is complex, involving multiple links, 
targets, and factors. The interaction between exosomes and 
NK cells often leads to changes in the expression levels of 
NK cell antitumor factors, such as IL-4, IFN-γ, activating 
receptors, granzyme B, and perforin, thereby promoting the 
immunosuppressive effects of NK cells [31, 32]. In a previ-
ous study by our research group, we found higher levels of 
plasma exosomal miR-552-5p in GC patients than in healthy 
donors. The expression of exosomal miR-552-5p was cor-
related with tumor infiltration depth, lymph node metastasis, 

Fig. 7   Induction of NK cell dysfunction by gastric cancer cell-
derived exosomal miR-552-5p via the PD-1/PD-L1 axis. A–C Flow 
cytometry demonstrating the expression level of PD-L1 on the sur-
face of NK cells under the influence of gastric cancer cell-derived 
exosomal miR-552-5p, where C is a quantitative plot of the flow 
assay results. D–F Blockage of the downregulation of PD-L1 in NK 

cells induced by gastric cancer cell-derived exosomal miR-552-5p, 
where F is a quantitative plot of the flow assay findings. G–I Reversal 
of the inhibitory effect of gastric cancer cell-derived exosomal miR-
552-5p on IFN-γ, granzyme B, and perforin secretion from NK cells 
through anti-PD-L1 antibody. *P < 0.05; **P < 0.01; ***P < 0.001
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and TNM stage [15]. Hence, we examined the expression 
levels of plasma exosomal miR-552-5p in GC patients to 
explore its association with NK cells. We observed a nega-
tive correlation between the expression of plasma exoso-
mal miR-552-5p and the ratio of peripheral blood NK cell 
subpopulations CD3−/CD16+ and CD3−/CD56+ as well 
as the NK cell-activating receptors NKG2D, NKp30, and 
NKp46. Exosomal miRNAs are closely associated with 
NK cell activity and function in various cancers, including 
neuroblastoma, breast cancer, and ovarian cancer [33, 34]. 
Moreover, a negative correlation exists between circUHRF1 
expression in plasma exosomes and the proportion of NK 
cells in the blood of hepatocellular carcinoma patients [35].

Exosomes have been extensively studied in tumor-related 
fields. Compared with normal cells, tumor cells tend to 
release a higher quantity of exosomes, which exhibit strong 
immunomodulatory capabilities in the tumor microenviron-
ment [36]. In renal clear cell carcinoma, tumor cell-derived 
exosomes induce NK cell dysfunction by regulating the 
TGF-β/SMAD axis, thereby facilitating immune evasion by 
the tumor [37]. In pancreatic ductal adenocarcinoma, tumor 
cell-derived exosomes influence NK cells, resulting in the 
downregulation of NKG2D, TNF-α, and INF-γ and conse-
quently inducing NK cell dysfunction [38]. In hepatitis B 

patients, exosomes carry HBV to uninfected hepatocellular 
carcinoma cells, leading to NK cell dysfunction by inhibiting 
RIG-I expression and downstream signaling pathways [39]. 
These findings underscore the crucial role of exosomes in 
NK cell immunomodulation. Based on these observations, 
we hypothesized that the GC cell-derived exosomal miR-
552-5p may also affect NK cells and contribute to their dys-
function. To validate this hypothesis, we conducted in vitro 
experiments in which we exposed NK cells to GC cell-
derived exosomal miR-552-5p. Our results demonstrated 
that exposure to exosomal miR-552-5p induced functional 
impairment in NK cells, including the downregulation of 
NKG2D, NKp30, and NKp46 receptors, reduced expression 
levels of IFN-γ, decreased secretion of granzyme B and per-
forin, and decreased toxicity of NK cells. These findings 
suggest that exosomal miR-552-5p plays a key role in induc-
ing NK cell dysfunction in GC.

In the tumor microenvironment, PD-L1 is commonly 
expressed on tumor cells, while T cells often express its 
receptor PD-1. The binding of PD-L1 from tumor cells to the 
PD-1 receptor on T cells transmits inhibitory signals, eventu-
ally leading to T cell failure [40]. However, PD-L1 is report-
edly expressed not only on tumor cells but also on NK cells, 
macrophages, and T cells. High expression of PD-L1 can 

Fig. 8   Schematic representation of how GC cell-derived exosomal 
miR-552-5p promotes NK cell dysfunction. Exo-miR-552-5p acts 
on NK cells, leading to dysregulation of NK cell-activating recep-

tor NKG2D, NKp30, and NKp46 expression and reduced secretion 
of IFN-γ, perforin, and granzyme B. This outcome may be regulated 
through the PD-1/PD-L1 axis
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enhance the immune response of NK cells [41–43]. There-
fore, we further investigated the expression of PD-L1 in NK 
cells in GC. Our findings revealed a decrease in PD-L1 lev-
els in NK cells in GC, and the use of an anti-PD-L1 antibody 
restored the ability of NK cells to secrete perforin, granzyme 
B, and IFN-γ. These results are consistent with those of a 
recent study demonstrating that compared with PD-L1-neg-
ative NK cells, PD-L1-positive NK cells in acute leukemia 
patients exhibited larger size, higher secretion of the effector 
molecules CD107a and IFN-γ, and increased tumor-killing 
potency. Moreover, patients who achieved complete remis-
sion after two weeks of standard chemotherapy had signifi-
cantly higher levels of PD-L1 positive NK cells than those 
who did not achieve complete remission [17]. Collectively, 
our findings suggest that cancer cell-derived exosomal miR-
552-5p exerts immunosuppressive effects on NK cells in 
GC, and the small molecule inhibitor of PD-L1, durvalumab, 
can reverse miR-552-5p-induced dysfunction of NK cell. 
Additionally, the PD-1/PD-L1 axis is associated with NK 
cell immunosuppression in GC.
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