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Therapeutic effect of small extracellular 
vesicles from cytokine-induced memory-like 
natural killer cells on solid tumors
Yinghong Shi1,2†, Yanxia Chen1†, Yi Wang3†, Dan Mo3, Huisheng Ai3, Jianguo Zhang4*, Mei Guo3*   and 
Hui Qian1,2*   

Abstract Small extracellular vesicles (sEV) derived from diverse natural killer (NK) cell lines have proven their excep-
tional antitumor activities. However, sEV from human primary NK cells, especially memory-like NK cells, are rarely 
utilized for cancer treatment. In this study, we obtained sEV from IL-12, IL-15 and IL-18 cultured human memory-like 
NK cells (mNK-sEV) that showed strong cytokine-secretory ability. It was uncovered that mNK-sEV entered cancer 
cells via macropinocytosis and induced cell apoptosis via caspase-dependent pathway. Compared to sEV from con-
ventionally cultured NK cells (conNK-sEV), mNK-sEV inhibited tumor growth to a greater extent. Concomitantly, 
pharmacokinetics and biodistribution results validated a higher accumulation of mNK-sEV than conNK-sEV in tumors 
of xenografted murine models. Notably, elevated containment of granulysin (GNLY) within mNK-sEV, at least in part, 
may contribute to the enhanced therapeutic effect. Herein our results present that mNK-sEV can be a novel class 
of therapeutic reagent for effective cancer treatment.
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Background
Natural killer (NK) cells are innate cytotoxic effectors, 
marked by absence of T cell receptor and associated CD3 
molecules and by expression of neural cell adhesion mol-
ecule known as CD56 [1]. They possess strong cytolytic 
function and can kill tumor cells without antigen presen-
tation [2]. The effector function of NK cells is governed 
by the activating and inhibiting receptors that can dis-
tinguish tumor cells from healthy cells [3]. Simultane-
ously, NK cells secrete cytotoxic granules (e.g., perforin, 
granzymes), cytokines (e.g., IFN-γ, TNF-α, TNF-β, IL-6, 
GM-CSF) and chemokines (e.g., CCL3, CCL4, CCL5), 
which may further activate T cells and B cells and influ-
ence the function of macrophages, dendritic cells, and 
neutrophils, finally destructing tumors [4, 5]. For these 
reasons, NK cells have been actively applied in the cell-
based cancer treatment [6]. However, clinical trials of NK 
cell therapy have reported mixed results, where limited 
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tumor infiltration and immunosuppressive phenotype 
lowered the antitumor potency of NK cells, especially in 
solid tumors [7, 8].

Of diverse biogenic origins, small extracellular vesi-
cles (sEV) with diameters of 30–200 nm are a subgroup 
of extracellular vesicles (EV) traditionally referred as 
exosomes [9]. They are double-layer membrane vesicles 
released from nearly all cell types, containing a variety 
of bioactive components [10]. Compared to engineered 
nanomaterials, sEV have shown many superior phys-
icochemical and biological aspects, such as unmatched 
biocompatibility, enhanced capacity to cross biological 
barriers, minimized recognition by reticuloendothelial 
system and specific tissue targeting [11]. For instance, 
compared to liposomes of similar size,  CD47high sEV 
derived from human foreskin fibroblasts and loaded with 
therapeutic siRNA showed much longer circulation and 
higher retention in mice bearing  KRASG12D orthotopic 
pancreatic cancers, significantly increasing metastatic 
suppression and survival rate [12]. Cytotoxic  CD8+ T 
cell-derived EV were found to effectively penetrate into 
tumor stroma and induce tumor cell apoptosis, so attenu-
ating tumor progression and metastasis [13]. For these 
reasons, sEV have been actively applied as therapeutical 
biologics against cancers in preclinical and clinical set-
tings [14, 15].

Studies demonstrated that sEV derived from NK cells 
owned substantial capacities including tumor accumula-
tion, immune activation, and anti-tumor activity [16, 17]. 
With efficacy NK cell-derived sEV treated a range of xen-
ografted malignant tumors including glioblastoma and 
melanoma, which generally inherited from their parental 
cells [18, 19]. Those tumor-killing effects may pave them 
a new avenue in the domain of cancer immunotherapy. 
Nevertheless, given the heterogeneity of NK cells, it is 
intriguing to explore more therapeutic modalities of 
their derived sEV against cancers. For example, sEV from 
NK92 cell lines, NK3.3 cell lines or primary NK cells 
under various conditions differed in their biological com-
ponents, so exhibiting distinctive antitumor effects [20]. 
Cytokine-induced memory-like (CIML) NK cells (mNK) 
were produced from a feeder-free NK cell expansion sys-
tem with cytokines IL-12, IL-15, and IL-18 primed [21]. 
Compared to non-preactivated NK cells, CIML NK cells 
exhibited higher IFN-γ production upon cytokine res-
timulation [22]. Besides an enhanced reactivity, there are 
many alterations in their phenotype. Remarkably, CIML 
NK cells constitute a more activated phenotype than con-
trol NK cells, such as the elevated expression of CD25 
and CD69 [23]. In addition, phenotypic characteriza-
tion of activating receptors and inhibiting receptors on 
CIML NK cells revealed enhanced expression of NKG2D, 
NKp46, NKp44 and NKp30 and decreased expression of 

KIR2D [24]. Specifically, CIML NK cells undergone met-
abolic reprogramming by upregulating the expression of 
the heavy subunit of multiple heterodimeric amino acid 
transporters CD98, and glucose transporters GLUT1 
[25]. They displayed enhanced therapeutic effects against 
myeloid leukemia than conventionally cultured NK cells 
(conNK) [26, 27].

Despite these developments, the biological characters 
and potential functions of sEV derived from mNK cells 
(i.e., mNK-sEV) against tumors, especially solid tumors, 
are unclear. Moreover, the mechanism regarding how 
mNK-sEV exerted their anticancer activity remains hid-
den, and whether their therapeutic efficacy is superior 
to that of sEV from conNK (i.e., conNK-sEV) waits to be 
further elucidated. In this study, we isolated sEV from 
cytokine primed mNK cells and investigated the thera-
peutic role and mechanism of mNK-sEV in treating can-
cers both in vitro and in vivo, with comparison to those 
of conNK-sEV. Through this study we provide significant 
evidence in support of antitumor activity of mNK-sEV 
and corroborate their potential as a new immunothera-
peutic strategy for clinical cancer treatment.

Materials and methods
Mice and cell lines
Pathogen-free 6-week-old female BALB/c nude mice 
were obtained from Cavens Inc. (Suzhou, China). All 
animal experimental protocols were approved by the 
animal care and use committee of Jiangsu University. 
All animal experiments were performed in accordance 
with the associated relevant guidelines and regulations 
for working with live animals. Human gastric cancer cell 
line MGC803, human non-small-cell lung cancer cell 
line A549, human pancreatic cancer cell line Patu8988t 
and human proximal convoluted tubule epithelial cells 
of renal cortex cell line HK-2 were purchased from the 
cell bank of the Chinese Academy of Sciences (Shanghai, 
China). MGC803 cells and Paut8988t cells were cultured 
in Dulbecco’s modified Eagle’s medium (BI, Israel), and 
A549 cells and HK-2 cells were cultured in F12 medium 
(BI, Israel). Chronic myeloid leukemia cell line K562 
was a gift from Research Institute for Cancer Therapy, 
The First Affiliated Hospital, China Medical Univer-
sity, Shenyang, China, and was cultured in RPMI1640 
medium (BI, Israel). All cells were cultured with 10% fetal 
bovine serum (Gibco, USA) and 1% penicillin–strepto-
mycin (Hyclone, USA) at 37  °C in a humidified 5%  CO2 
atmosphere.

NK cell isolation and culture
Normal peripheral blood mononuclear cells (PBMCs) 
were obtained from healthy donors in Department of 
Hematology and Transplantation, The Fifth Medical 
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Center, Chinese PLA General Hospital. Informed con-
sents were obtained from healthy donors, and the study 
was approved by the Ethics Committee of the Fifth Medi-
cal Center, PLA General Hospital, Beijing, China. The 
research is conducted in accordance with the Declara-
tion of Helsinki. To generate memory-like and control 
NK cells, PBMCs were first primed with rhIL-12 (10 ng/
mL) plus rhIL-18 (50  ng/mL) and rhIL-15 (50  ng/mL), 
or cultured under control conditions (rhIL-2 10  ng/
mL) for 16 ± 2 h, then cultured in complete L15 medium 
(Lonza, Switzerland) containing 10% human AB serum 
(Sigma, USA) and 1% penicillin–streptomycin (Hyclone, 
USA) supplemented with rhIL-2 (1  ng/mL) to support 
survival. Half of the medium was replaced every 2  days 
with fresh cell medium supplemented with rhIL-2 [27]. 
Meanwhile, we calculated total number of NK cells every 
2 days to monitor their proliferation. After fourteen days, 
NK cells were further purified from the culture with 
CD56 MicroBeads (Miltenyi Biotec, Germany). NK cells 
 (CD3−CD56+ ≥ 90%) were used for the following experi-
ments. PMBCs extracted from 16 donors were used to 
culture and isolate NK cells for their derived sEVs.

Isolation and characterization of NK cells‑derived sEV
NK cells were cultured in L15 medium supplemented 
with 10% of EV-depleted fetal bovine serum (FBS) 
(Thermo Fisher Scientific, USA) for 48  h. The process 
to isolate sEV from the collected supernatant was pre-
viously reported [28]. In brief, 500  mL supernatant was 
centrifuged at 1000g for 10  min to remove cell debris, 
then at 10,000g for 30 min to remove organelle, followed 
by 30 min at 2000g at 4 ℃ using 100 kDa MWCO before 
the concentrated solutions were filtrated through a 0.22-
µm pore filter (Millipore, USA). sEV was then precipi-
tated by utilizing the exosome quick extraction solution 
(Millipore, USA), resuspended in 10–30  mL phosphate 
buffered saline (PBS), stored at − 80 ℃ and used imme-
diately or within 1 week. For characterization, the pro-
tein concentration of sEV was determined 5–10  mg/
mL by using bicinchoninic acid (BCA) protein assay kit 
(Vazyme, China). To confirm the successful isolation 
and purification of sEV, specific biomarkers CD9, CD63, 
Alix and cytochrome c (1:500) (Cell Signaling Technol-
ogy (CST), USA) were determined by Western blotting. 
The morphology, size distribution and zeta potential of 
sEV were identified using transmission electron micros-
copy (TEM) (Philips FEI Tecnai 12, Netherlands) and 
Nanosight tracking analysis (NTA) (NanoSight, UK).

Cell viability assay
The cytotoxicity of mNK-sEV against cells was evaluated 
by CCK-8 assay (Vazyme, China). Cells were seeded in 
96-well plates overnight at 37 ℃. Various concentrations 

of mNK-sEV were added into the culture plates for 12, 24 
and 48 h. Before the measurement the culture media of 
different groups were discarded, and fresh medium con-
taining 10% (v/v) CCK-8 solution was added into 96-well 
plates for 2 h. Absorbance of each well was measured at 
450 nm by using an enzyme-linked immunosorbent plate 
assay reader (FLX800, USA). For comparison, cell viabil-
ity of tumor cells was evaluated by CCK-8 assay after dif-
ferent treatments including PBS, conNK-sEV (100  µg/
mL) and mNK-sEV (100 µg/mL). All EV concentrations 
applied in this study were presented as the concentra-
tions of total proteins.

Cell apoptosis assay
To confirm the cytotoxic effects of mNK-sEV on cells, 
Annexin V-APC/7-AAD double staining was performed 
with Annexin V-APC/7-AAD Apoptosis Detection Kit 
(Vazyme, China). Cells were seeded in 96-well plates 
(5 ×  104 cells per well) overnight at 37 ℃. Various concen-
trations of mNK-sEV (100 and 200  µg/mL) were added 
into the culture plates for 24  h. After incubation, cells 
were harvested, stained and analyzed by flow cytometry 
(CytoFlex, BD Biosciences, USA). To inhibit caspase 
activity, the pan-caspase inhibitor, tripeptide fluorome-
thyl ketone (FMK)-derivative inhibitors Z-VAD-FMK 
(100  µM) (Beyotime Biotechnology, Shanghai, China), 
was added into cell medium for 30  min, prior to the 
addition of mNK-sEV (100  µg/mL). Either Annexin V 
or 7-AAD positive cells were counted as apoptotic cells, 
further divided by the total cells tested to obtain the 
percentage of apoptotic cells. The results were analyzed 
using Flowjo v10 software (Tree Star, USA).

Cellular uptake assay
The cellular uptake assay was performed using both flow 
cytometry and confocal microscopy. The fluorescent dye 
Dio (5  µM) (Invitrogen, USA) was added to mNK-sEV 
suspensions and incubated for 30 min at 37 ℃. Samples 
were washed twice with PBS using 100  kDa MWCO 
at the speed of 2000g for 30  min at 4 ℃. 5  µg/mL Dio-
labeled mNK-sEV were individually incubated with 
MGC803 cells for 3, 6, 12 and 24  h at 37  °C. Macropi-
nocytosis inhibitor ethylisopropylamiloride (EIPA) 
(100  µM) (Sigma, USA) was added into cell medium 
for 30  min, prior to the addition of mNK-sEV (100  µg/
mL). After each incubation, the uptake of mNK-sEV 
by MGC803 cells was examined by flow cytometry. For 
confocal microscopy, tumor cells were harvested at 
10 h, washed twice with PBS and fixed in 4% paraform-
aldehyde. The samples were stained with Hoechst33342 
(1:500) (Sigma, USA) before PBS washes and observed 
by confocal laser microscopy (LSM 5 Exciter, Carl Zeiss, 
Germany).
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Western blot analysis
Proteins were separated using 10% sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-PAGE) 
and then transferred to polyvinylidene fluoride (PVDF) 
membranes (Millipore, USA). Membranes were probed 
with specific primary antibodies and then with perox-
idase-conjugated secondary antibodies. Protein bands 
were visualized with an enhanced chemiluminescence 
kit (Thermo Fisher Scientific, USA). Antibodies against 
the following proteins were used: cleaved caspase-3, 
cleaved caspase-8, cleaved polyadenosine diphosphori-
bose polymerase (PARP), cytochrome c (1:1000) (CST, 
USA) and GAPDH (1:2000) (Abcam, USA).)

Detection of mitochondrial membrane potential
The mitochondrial membrane potential of tumor cells 
was examined by JC-1 probe. Cells were seeded in 
six-well plates (1 ×  106 cells per well) and incubated 
with mNK-sEV (100 µg/mL) for 24 h. Then, cells were 
treated with JC-1 probe (1:200) (Beyotime, China) 
for 20  min at 37  °C. After washing with ice cold PBS, 
the fluorescence of each sample was measured by an 
inverted fluorescence microscope (Olympus, Japan).

In vivo animal experiments
5 ×  106 MGC803 cells or A549 cells in 200 µL PBS solu-
tions were subcutaneously injected into the right flank 
of each nude mouse (n = 5, i.e., 5 mice per experimental 
condition). Tumor volumes and weights were assessed 
every three days, and tumor volumes were calculated 
as V = 0.5 × a × b2, where V = the tumor volume, a = lon-
gitudinal diameter, and b = latitudinal diameter. Mice 
were randomly divided into different groups when the 
tumor volumes reached ~ 50  mm3. conNK-sEV, mNK-
sEV or PBS was intravenously (5  mg sEV in protein 
concentration per kg mouse body weight in 200 µL 
solution) injected into BALB/c nude mice every three 
days for six cycles. The body weights and survival rates 
of each group were monitored during treatment. All 
mice were sacrificed when the tumor volume of PBS 
group reached ~ 1000  mm3. At end of treatment, mouse 
tissue (heart, liver, spleen, lung, kidney, and tumor) 
were harvested, and mass of each tissue was measured. 
For histological analysis, all the tissue sections were 
fixed within 10% formalin in buffers. Then, paraffin-
embedded continuous sections  (4  µm thickness) were 
stained with hematoxylin and eosin (H&E) staining 
to examine the pathological changes. Images of tissue 
sections were examined by fully automatic digital slice 
scanner (Pannoramic MIDI, 3DHISTECH, Hungary).

In vivo biodistribution of conNK‑sEV or mNK‑sEV
In MGC803 cells-xenografted mouse model, in  vivo 
biodistributions of conNK-sEV and mNK-sEV were 
assessed and compared. First, a total of 6.4  mg/mL 
mNK-sEV or conk-sEV were incubated with 0.5  mg/
mL of lead sulfide (PbS) quantum dots (PbS QDs) (Nir-
midas Biotech, Mountain View, USA) at 37 °C, and the 
mixture was transferred to the ultrafiltration tube with 
100  kDa MWCO to be centrifuged under 1500×g for 
30  min, followed by PBS washing three times. Finally, 
the obtained sEV were suspended in 200 µL PBS and 
passed through a 0.45  µm polyethersulfone filter for 
next use. Then, PbS-labeled conNK-sEV or mNK-
sEV were injected via the tail vein, and images were 
acquired at different time points (0.5, 1, 2, 4, 8, 12, 24, 
48 h post injection or p.i.). At the end of experiments, 
mice were sacrificed, and major organs were extracted 
and measured by DeepVision NIR-II in  vivo imaging 
system (λex = 808 nm; λem = 1300 nm). ImageJ software 
1.8.0 (National Institutes of Health, USA) was used for 
image assessment.

Immunohistochemistry
For immunohistochemical analyses, all the tumor tissues 
were embedded in paraffin and dissected into 4 µm-thick 
sections. To assess the proliferation of tumor cells, tissue 
sections were incubated with primary monoclonal anti-
body against Ki-67 (1:200) (CST, USA) overnight after 
blocking with bovine serum albumin for 1 h. Then, tissue 
sections were incubated with horseradish peroxidase-
conjugated secondary antibodies using a diaminoben-
zidine substrate kit (Vazyme, China). The histology of 
tumor tissues was examined under an optical microscope 
(Nikon, Japan).

TUNEL staining
To assess the apoptosis of tumor cells, tumor sections 
were stained with TdT-mediated dUTP Nick-End Labe-
ling (TUNEL) staining reagents according to the manu-
facturer’s instructions. Briefly, each tumor slice was 
covered with TUNEL reaction mixture (50 µL) for 60 min 
at 37  °C, followed by PBS washing three times. The cell 
nuclei were stained with Hoechst dyes. Images were 
taken by fluorescence microscopy (Olympus, Japan).

RNA extraction, RT‑PCR, and real‑time RT‑PCR
Total RNA was extracted from NK cells using Tri-
zol Reagent (Invitrogen, USA) according to the 
manufacturer’s instructions, and equal amounts of 
RNA were used for RT-PCR and real-time RT-PCR 



Page 5 of 17Shi et al. Journal of Nanobiotechnology          (2024) 22:447  

analyses. GAPDH was used as an internal control. The 
sequences of specific primers are listed in Supplemen-
tary Table 1.

Antibody blocking assay using granulysin neutralizing 
antibodies
To explore the mechanism behind cytotoxicity of 
mNK-sEV against tumors, neutralizing antibodies 
of GNLY (Biolegend, USA) or mouse IgG1 (mIgG1) 
isotype control (Biolegend, USA) were used. Tumor 
cells were previously incubated with anti-GNLY mAb 
(0.5 mg/mL) for 2 h at 37  °C and then incubated with 
mNK-sEV for 24  h. Apoptosis of tumor cells was 
assessed by flow cytometry, and key proteins in cas-
pase pathway were examined by Western blotting.

Statistical analysis
Data are expressed as mean ± standard deviation (SD). 
Differences between two groups were analyzed using a 
student’s t test. Differences among three or more groups 
were analyzed by one-way ANOVA, followed by Tukey’s 
multiple comparison test. The Kruskal–Wallis H test was 
used to analyze the differences between in  vivo tumor 
growths. The survival analysis was calculated by the 
Kaplan–Meier method and the log-rank test. All statis-
tical analyses were performed using GraphPad Prism 8 
(GraphPad Software, USA). p < 0.05 was considered sta-
tistically significant.

Results
Characterization of sEV from mNK cells
We first isolated PBMCs from healthy donors and 
primed them with IL-12, IL-15, and IL-18 to induce the 

Fig. 1 Characterization of mNK-sEV. A Flow chart depicting the production of mNK cells. B The size distribution of mNK-sEV analyzed by NTA. C 
Visualization of mNK-sEV by TEM. D Western blot analysis of CD9, CD63, Alix, and cytochrome c expression in NK cell lysates and mNK-sEV



Page 6 of 17Shi et al. Journal of Nanobiotechnology          (2024) 22:447 

expansion and activation of NK cells in 2 weeks. On day 
14, the cell culture contained > 70% activated cytokine-
induced mNK cells  (CD3−CD56+). After being further 
isolated, the purity of mNK cells was detected > 90% 
 (CD3−CD56+) (Fig.  1A). Then mNK cells were cultured 
in L15 medium with 10% EV-depleted FBS for two days 
to secret sEV. NTA results indicated a particle distri-
bution of mNK-sEV peaked at ~ 122  nm in diameter 
(Fig. 1B), with zeta potential of − 33.4 ± 0.5 mV, confirm-
ing a negatively charged membrane structure at nano 
scale. Characterization of mNK-sEV by TEM revealed 
the characteristic disc or cup shape with intact mem-
brane structure and corroborated the particle sizes of 
~ 120  nm (Fig.  1C). Furthermore, Western blot results 
illustrated that the biomarkers of sEV (CD9, CD63 and 
Alix) were present in both mNK cells and mNK-sEV, 
but cytochrome c, a cellular biomarker, was only dis-
played in mNK cells (not in mNK-sEV) (Fig. 1D). Collec-
tively, these results verified the successful purification of 
mNK-sEV.

Cytotoxicity of mNK‑sEV
We next measured the cytotoxicity of mNK-sEV against 
human cancer cell lines, including gastric cancer cells 
(MGC803) and non-small cell lung cancer cells (A549). 
Different concentrations of mNK-sEV were incubated 
with cancer cells and apoptosis assays were performed 
to quantify the cytotoxicity. As presented in Fig. 2A and 
B, cell viability decreased as the concentration of mNK-
sEV was increased or the incubation time was prolonged. 
Compared to that in the untreated group, the proportion 
of apoptotic cancer cells was higher in mNK-sEV treated 
group (Fig. 2C–F). These results were also demonstrated 
in mNK-sEV derived from different donors (Fig.  2G). 
Moreover, 200  µg/mL mNK-sEV induced more apop-
tosis than 100 µg/mL mNK-sEV within 24 h incubation 
(Fig.  2C–F). Similar results were shown in pancreatic 
cancer (Patu8988t) and leukemia (K562) cell lines (Figure 
S1). These results demonstrated that mNK-sEV treatment 
led to cell death in an array of cancer cell lines and this 
cytotoxicity was dose-dependent and time-dependent.

To examine the effect of mNK-sEV on normal cells, we 
isolated and cultured human bone marrow mesenchymal 
stem cells (BMMSCs). After identification of BMMSCs 
(Figure S2), we incubated mNK-sEV with BMMSCs 

for 12, 24 and 48  h, respectively. CCK-8 assays were 
then performed, and results showed that the viability of 
BMMSCs declined at 12 h treatment but was recovered 
at 48 h (Fig. 2H). However, there was no statistical differ-
ence on BMMSCs apoptosis after incubation with mNK-
sEV for 12 and 48  h (Fig.  2I). These results delineated 
that the suppression on BMMSC viability was transient 
and might not be induced by cell apoptosis. Human renal 
tubular epithelial (HK-2) cells were also incubated with 
mNK-sEV to evaluate their cytotoxicity. Both CCK-8 
and apoptotic assays exhibited no noticeable toxicity of 
the mNK-sEV on HK-2 cells after 48  h incubation (Fig-
ures S3). Put together, mNK-sEV exerted minimal toxic-
ity on normal cells.

mNK‑sEV inhibited tumor growth in vivo
We next evaluate the antitumor effect of mNK-sEV 
in  vivo. MGC803 cells were subcutaneously injected 
into BALB/c nude mice to construct a xenograft tumor 
model. When the tumor volume reached ~ 50  mm3 (n = 5 
per experimental condition), mice were randomly divided 
into two groups and treated with PBS or mNK-sEV (5 mg 
sEV in protein concentration per kg mouse body weight) 
via tail vein injection every three days for six cycles. As 
a result, mNK-sEV did not significantly improve the sur-
vival rate of mice (Fig.  3A) but did substantially inhibit 
the tumor growth (Fig. 3B–D). Ki-67 and TUNEL stain-
ing showed that mNK-sEV suppressed cell proliferation 
and induced apoptosis in tumors (Fig. 3E–H). To evalu-
ate the biosafety of mNK-sEV, we monitored the body 
weights of mice during mNK-sEV treatment, which 
showed no significant difference when compared to PBS 
control (Fig. 3I). Major organs were collected after mice 
were sacrificed, and the staining images showed that 
mNK-sEV treatment did not induce noticeable physi-
ological changes in the heart, liver, spleen, lung, and kid-
ney tissues (Fig. 3J). Organ weight normalized to mouse 
body weight was also comparable between PBS and 
mNK-sEV treatment (Fig. 3K).

Similarly, we next constructed another xenograft tumor 
model using A549 cells. As mirrored by tumor weight 
and volume (Figure S4A–4D), mNK-sEV remarkably 
inhibited tumor growth. Furthermore, Ki-67 and TUNEL 
staining showed decreased Ki-67+ cells and increased 
apoptotic cells in mNK-sEV group than in PBS group 

Fig. 2 Cytotoxicity of mNK-sEV. A, B and H CCK-8 assays for the cytotoxicity of mNK-sEV on A MGC803, B A549, and H BMMSC cells, at various time 
points, n = 3. C, E Representative flow cytometry dot plots for cell apoptosis in C MGC803 and E A549 treated with mNK-sEV (100 and 200 µg/mL) 
for 24 h. 7-AAD, 7-amino-actinomycin D. D, F The percentage of apoptotic cells in D MGC803 and F A549 cells were analyzed by flow cytometry, 
n = 3. G Statistical analysis of cell apoptosis in MGC803 and A549 treated with mNK-sEV (200 µg/mL) from different donors (n = 4). I The percentage 
of apoptotic cells in BMMSC cells were analyzed by flow cytometry, n = 3. ns: no significance. *p < 0.05, ***p < 0.01, ****p < 0.0001

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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(Figure S4E–4H). In addition, mouse body weight, physi-
ological morphology of main organs, and organ weight 
index showed no significant difference between mNK-
sEV and PBS treatment (Figure S4I, 4J). Overall, these 
results pointed out that mNK-sEV had efficient antitu-
mor activity with minimal adverse effect in vivo.

Internalization of mNK‑sEV by tumor cells
To investigate the cell entry mechanism of mNK-sEV, 
MGC803 and A549 cells were treated with Dio-labeled 
mNK-sEV for 3, 6, 12, and 24  h, before detection by 
flow cytometry. mNK-sEV were continuously taken 
up by recipient cells, while  Dio+ cells reached a peak at 
12  h after treatment (Fig.  4A and B). Confocal micros-
copy images also showed that Dio-labeled mNK-sEV 
were effectively internalized by MGC803 and A549 cells 
(Fig.  4C and D). To further investigate the exact path-
way of mNK-sEV during cellular uptake, we incubated 
MGC803 cells with mNK-sEV and prepared samples for 
TEM visualization. TEM image revealed the cytoplasmic 
membrane of MGC803 cells was invaginated, displaying 

typical endocytic process (Fig.  4E). We then incubated 
cancer cells with Dio-labeled mNK-sEV in the pres-
ence of EIPA, a specific inhibitor of macropinocytosis, 
and found out that the percentage of  Dio+ cells was sig-
nificantly reduced in EIPA treated group (Fig. 4F and G). 
Simultaneously, the percentage of apoptotic cells plum-
meted in both MGC803 and A549 cells with EIPA pre-
sent (Fig. 4H and I, Figure S5). These results showed that 
mNK-sEV were engulfed by tumor cells via macropino-
cytosis, leading to apoptotic cell death.

Apoptotic signaling pathway in cancer cells activated 
by mNK‑sEV
We next assessed the early apoptosis in cancer cells 
induced by mNK-sEV treatment using JC-1 stain-
ing analysis. It was noted that the mitochondrial 
membrane potential of cancer cells was considerably 
decreased upon mNK-sEV treatment (Fig.  5A and 
B), which indicated apoptosis of cancer cells. Given 
the fact that mNK-sEV may induce apoptosis in can-
cer cells, we examined apoptosis-related proteins by 

Fig. 3 Antitumor activity of mNK-sEV in vivo. A Survival rates of MGC803 xenografted tumor-bearing mice that received different treatments 
as indicated. B Representative images of subcutaneous xenografted murine model established by MGC803 cells in BALB/c nude mice (n = 5 
per experimental condition) that received PBS or mNK-sEV treatment. C Weights of the harvested tumors. D Tumor growth curves subject 
to different treatments. E, F Representative image of Ki-67 staining of tumors (scale bar = 100 µm). G, H TUNEL staining of tumors (scale 
bars = 100 µm). I Body weights of mice during in vivo efficacy study. The body weights of mice were measured every three days. Data are shown 
as mean ± SD. J Histological images of major organs (scale bar = 100 µm). K Weight index of major organs, including kidneys, livers, brains, lungs, 
and hearts from mice, which were calculated as organ weight (mg) per gram (g) of mouse body weight. *p < 0.05, **p < 0.01, ***p < 0.001
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Western blot analysis. As shown in Fig. 5C and D, pro-
tein expressions of cytochrome c, cleaved caspase 8, 
cleaved caspase 3, and cleaved PARP in MGC803 cells 
were upregulated after 24 h mNK-sEV treatment. Simi-
lar results were obtained in A549 cells (Fig. 5E and F). 
Moreover, we treated cancer cells with a pan-caspase 
inhibitor, zVAD-fmk, prior to the addition of mNK-
sEV, and found out that this pan-caspase inhibitor 
significantly reduced the proportion of apoptotic cells 
(Fig. 5G and H, Figure S6). Taken together, these results 
suggested that mNK-sEV might induce the apoptosis 

by activating caspase-dependent cell death pathway in 
cancer cells.

The antitumor effects of sEV from different NK cells
We isolated PBMCs from the same healthy donor, and 
cultured either with single cytokine IL-2 to produce 
control NK (conNK) cells, or with three cytokines (IL-
12, IL-15, and IL-18) to produce mNK cells (Figure 
S7A). During the 14-day culture, the expansion of mNK 
cells became much faster than that of conNK cells (Fig-
ure S7B). Compared with conNK cells, mNK cells were 

Fig. 4 mNK-sEV uptake by tumor cells. A, B The assessment of mNK-sEV uptake by flow cytometry. Fluorescence intensities of  Dio+ A MGC803 
and B A549 cells were shown as MFI (n = 3). MFI, mean fluorescence intensity. C, D Confocal microscopy images indicated mNK-sEV internalization 
by C MGC803 and D A549 cells at 10 h. Cells, stained with Hochest33342 (blue), were incubated with Dio-labelled mNK-sEV (green) and their 
internalization was evaluated (scale bar = 5 µm). E Representative TEM image of mNK-sEV internalization by MGC803 cells (scale bar = 10 µm) 
with an insert image showing the amplified area of interest (scale bar = 100 nm). F, G Cells were pre-incubated with DMSO or 100 µM EIPA 
for 30 min. The percentages of  Dio+ F MGC803 and G A549 cells were analyzed by flow cytometry (n = 3). H, I Cells were pre-incubated with DMSO 
or 100 µM EIPA for 30 min. The percentages of apoptotic H MGC803 and I A549 cells were analyzed by flow cytometry (n = 3). **p < 0.01, ***p < 0.001, 
****p < 0.0001
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identified higher expression of CD25 and NKp46 and 
lower expression KIR2D (Figure S7C–S7E). Two types 
of NK cells were individually co-cultured with K562 
cells (with high sensitivity to NK cell killing) at vari-
ous cell ratios and tested their cytotoxicity and IFN-γ 

secretion. As shown in Figure S7F- S7H, mNK cells 
had higher cytotoxicity and secreted more IFN-γ than 
conNK cells. We then isolated sEV from conNK cells 
(conNK-sEV) and identified their physicochemical 
and biological features (Figure S8). At the same protein 

Fig. 5 mNK-sEV induced apoptosis in tumor cells. A, B JC-1 probe staining for detecting the mitochondrial membrane potential of A MGC803 
and B A549 cells when treated with mNK-sEV for 24 h. C–F Western blot assays for the expression of proteins in apoptosis signaling pathway in C, D 
MGC803 and E, F A549 cells when treated with 100 µg/mL mNK-sEV for 24 h. G, H Cells were incubated with 100 µM zVAD-fmk for 30 min, followed 
by incubation with PBS or 100 µg/mL mNK-sEV for 24 h. The percentages of apoptotic cells in G MGC803 and H A549 cells were analyzed by flow 
cytometry (n = 3). *p < 0.05, **p < 0.01, ****p < 0.0001
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concentrations, mNK-sEV and conNK-sEV were incu-
bated with MGC803 cells for 24  h, respectively, where 
mNK-sEV treatment lowered more cell viability by trig-
gering more apoptosis than conNK-sEV (Fig.  6A–C). 
Similar results were observed in A549, Patu8988t and 
K562 cells (Figure S9).

Next we treated tumor-bearing mice with mNK-sEV 
and conNK-sEV, respectively, via moue tail vein injec-
tion, in the MGC803 cells-xenografted murine model 
(Fig.  6D). As shown in Fig.  6E–G, mNK-sEV inhib-
ited tumor growth in a more efficient manner than did 
conNK-sEV. Ki-67 and TUNEL staining demonstrated 
that both conNK-sEV and mNK-sEV suppressed tumor 
growth by initiating apoptotic cell death, whereas mNK-
sEV showed higher inhibitory effect (Fig.  6H–K). For 
biosafety evaluation, the mouse body weights during 
treatment were monitored, showing no noticeable differ-
ence from that in the PBS group (Fig.  6L). Pathological 
examination and organ weight index also exhibited no 
statistical difference among PBS, conNK-sEV, and mNK-
sEV groups (Fig. 6M and N). These results revealed that 
the antitumor activity of mNK-sEV was superior to that 
of conNK-sEV, albeit both types of sEV showed effective 
anticancer effect and excellent biocompatibility.

Comparison of in vivo pharmacokinetics, biodistribution, 
and tumor accumulation between conNK‑sEV 
and mNK‑sEV
We next measured in  vivo pharmacokinetics, biodistri-
bution, and tumor accumulation of both mNK-sEV and 
conNK-sEV in MGC803 cells-xenografted murine mod-
els. 5 mg/kg conNK-sEV or mNK-sEV labeled with fluo-
rescent quantum dots lead sulfate (PbS) were injected 
intravenously into nude mice via tail vein. Mouse blood 
was collected at different time points, and the fluo-
rescence intensities in various organs or tumors were 
determined to assess the biodistribution and tumor accu-
mulation of PbS-labeled conNK-sEV or mNK-sEV.

The NIR-II fluorescence intensities of tumors were 
recorded over time (Fig.  7A), being normalized to the 
first fluorescence reading of each tumor and plotted over 
time as shown in Fig.  7C. Simultaneously, mouse blood 
was collected at different time points post-injection (p.i.) 
as indicated in Fig.  7B, with the fluorescence intensity 
of mouse blood plotted versus the sampling time, fit-
ting into an exponential function where the exponential 
decay constant was obtained and converted into the cir-
culation half-time (t1/2). At 48 h p.i., mice were sacrificed, 
and the major organs were extracted. The fluorescence 
intensity of each organ was recorded per tissue area 
and normalized to that of liver (the largest organ in size 
with the most uptake of injection), as shown in Fig. 7D. 
As a result, tumor accumulation of both mNK-sEV and 

conNK-sEV increased and reached the peak at ~ 10 h in 
a similar manner. t1/2 was calculated to be 7.0 ± 0.3 h for 
mNK-sEV and 7.1 ± 0.4  h for conNK-sEV, showing no 
statistical difference (p > 0.05). Nevertheless, compared 
to conNK-sEV, mNK-sEV achieved a much higher tumor 
accumulation (29.2 ± 9.7 versus 16.1 ± 6.4).

Role of granulysin in the cytotoxicity of mNK‑sEV
To further investigate the enhanced cytotoxicity of mNK-
sEV, we performed quantitative RT-PCR to examine the 
expression of mRNAs encoding proteins pertinent to 
cytotoxic activity, including granzyme A (GZMA), gran-
zyme B (GZMB), granzyme H (GZMH), GNLY, perforin 
(PRF1), Fas ligand (FASLG), and TNF-related apoptosis 
inducing ligand (TNFSF10) in both conNK and mNK 
cells (Fig.  8A and S10A). It was shown that GNLY and 
PRF1 were highly expressed in mNK-sEV, while GNLY 
mRNA expression was twice more in mNK cells than in 
conNK cells (Fig. 8A). Thus, we focused and speculated 
that GNLY could be a key mediator in mNK-sEV induced 
cytotoxicity. We then analyzed GNLY protein expression 
in both NK cells and their derived sEV. For both conNK 
and mNK cells, the tendency in the protein expression 
levels of GNLY was consistent with that in GNLY mRNA 
expression. Notably, based on the same protein concen-
tration, GNLY protein was more abundant in mNK cells 
than conNK cells, and more in mNK-sEV than conNK-
sEV (Fig. 8B).

We next explored the role of GNLY in mNK-sEV 
induced cytotoxicity. Cancer cells were first treated 
with blocking mAbs against GNLY prior to sEV treat-
ment. Consequently, GNLY blockade resulted in the 
reduction of apoptosis in cancer cells. Moreover, in the 
presence of GNLY blocking mAb, stronger inhibition 
of apoptosis occurred in mNK-sEV treated cancer cells 
than in conNK-sEV treated cancer cells (Fig. 8C and D). 
Since mNK-sEV exerted their cytotoxicity by activat-
ing apoptotic pathway in cancer cells, we next examined 
whether GNLY plays an indispensable role in the acti-
vated apoptotic pathway by mNK-sEV treatment. To this 
end, caspase activity was analyzed by Western blotting 
in cancer cells after incubation with NK-sEV in the pres-
ence or absence of blocking antibodies against GNLY. 
Resultantly, blocking GNLY reduced the expression of 
cytochrome c, cleaved caspase 8, cleaved caspase 3, and 
cleaved PARP proteins in both cancer cell lines, where 
those expressions of apoptotic proteins were significantly 
lowered in cells treated with mNK-sEV compared to that 
treated with conNK-sEV (Fig. 8E–H). These results delin-
eated that the enhanced cytotoxicity of mNK-EV in can-
cer cells was, at least in part, due to the enrichment of 
GNLY in mNK-EVs.
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Fig. 6 Antitumor effects of conNK-sEV and mNK-sEV. A CCK-8 assays for the cytotoxicity of conNK-sEV and mNK-sEV (100 µg/mL) on MGC803 cells 
at 24 h (n = 3). B Representative flow cytometry dot plot for apoptosis in MGC803 cells treated with conNK-sEV and mNK-sEV (100 µg/mL) for 24 h, 
respectively. C The percentage of apoptotic cells in MGC803 cells were analyzed by flow cytometry (n = 3). D Schematic design for sEV treatment 
in subcutaneous MGC803 cells xenografted tumor model in BALB/c nude mice. i.v., intravenous; s.c., subcutaneous. E Representative images 
of subcutaneous xenograft tumors established by MGC803 cells in BALB/c nude mice (n = 5) that were treated by PBS, conNK-sEV and mNK-sEV, 
respectively. F Weights of the harvested tumors. G Tumor growth curves subject to different treatments. H, I Representative image of Ki-67 staining 
of tumors (scale bar = 100 µm). J, K TUNEL staining of tumors (scale bar = 100 µm). L The body weights of mice during in vivo efficacy study were 
measured every 3 days. Data are shown as mean ± SD. M Histological images of major organs (scale bar = 100 µm). N Weight indices of major 
organ, including kidneys, livers, brains, lungs, and hearts, calculated as organ weight (mg) per gram (g) of mouse body weight. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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Discussion
In this study, we first isolated sEV from mNK cells that 
were primed with cytokine IL-12, IL-15, and IL-18. We 
demonstrated that mNK-sEV were internalized into 
tumor cells via macropinocytosis, and exerted cytotoxic-
ity against tumor cells by activating caspase-dependent 
apoptotic pathway. We also compared cytotoxicity of 
mNK-sEV with that of conNK-sEV, coming to a con-
clusion that mNK-sEV possessed an enhanced antitu-
mor activity both in  vitro and in  vivo. Simultaneously, 
increased tumor accumulation and upregulated GNLY 
protein expression due to mNK-sEV treatment contrib-
uted to augmented tumor suppression.

The cytotoxicity of NK cell-derived sEV has been 
evaluated on a diversity of tumor cells. NK cells such as 
tumorigenic non-Hodgkin’s lymphoma NK92 [17] and 
NK92MI cells [18], non-tumorigenic NK 3.3 cell line [29], 
and primary human NK cells are common sources [30]. 

Although NK cell line-derived sEV are readily obtained, 
studies have shown that sEV derived from tumorigenic 
cells could carry cargo specific and unique to their paren-
tal cells that may negatively influence or alter recipi-
ent cells [31]. In contrast, primary NK cell-derived sEV 
are likely to be biologically safer and more effective for 
tumor treatment. Here we cultured primary mNK cells 
and isolated their sEV for therapeutics in murine can-
cer models, where mNK-sEV inhibited tumor growth 
by inducing apoptosis in a time-dependent and dose-
dependent manner. This result stood in line with the fact 
that NK cells owned antitumor activity by executing cell 
apoptosis in cancers [32]. Meanwhile, in our murine can-
cer models, mNK-sEV did not improve the survival rate 
of mice, which may be because of the limited experimen-
tal period. And it deserved our further exploration by 
prolonging experimental period and monitoring survival 
rate of mice.

Fig. 7 In vivo profiles of conNK-EV and mNK-EV in subcutaneous tumor models after tail vein injection. A Fluorescence images of one 
representative mouse in each condition over time, depicting the circulation of fluorescent sEV and the accumulation into the focused tumor 
region (white circle). B The fluorescence intensities of tumors were recorded over time, normalized to the first fluorescence reading in each tumor, 
and plotted against time (n = 5). C The fluorescence intensity of mouse blood was plotted versus the sampling time, fitting into an exponential 
function (displayed as a dotted line in each graph panel), so the exponential decay constant was acquired for conversion into the circulation 
half-time (t1/2). D At 48 h p.i., mice were sacrificed, and major organs were harvested. The fluorescence intensity of each organ was recorded 
per tissue area and normalized to that of liver (n = 5). ns: no significance. *p < 0.05
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Through this study we observed that primary NK 
cells-derived sEV had cytotoxicity on various types of 
cancer cells but owned minimal impact on normal cells. 
This result was consistent to others [18, 29]. NK92 cell 
derived sEV showed no noticeable cytotoxicity on nor-
mal human kidney phoenix-A cells [18]. Although NK3.3 
cell derived sEV inhibited the viability of IL-2 stimulated 

PBMCs at 24 h at the concentration of 25–75 µg/mL, cell 
viability was gradually recovered at 48–72  h [29]. Simi-
lar to these results, mNK-sEV had a transient inhibitory 
effect on BMMSCs at 12 h, but cell viability of BMMSCs 
was recovered at 24–48  h. In parallel, no cytotoxic-
ity of mNK-sEV was found on human normal kidney 
HK-2 cells. Furthermore, while mNK-sEV significantly 

Fig. 8 Blocking GNLY reduced cytotoxicity of mNK-sEV. A qRT-PCR assay for detection of cytotoxicity-related gene expression in conNK cells 
and mNK cells. GNLY, granulysin; PRF1, perforin 1. B Western blot analysis of GNLY expression in NK cells and NK cell-derived sEV. C, D Cells were 
incubated with 100 µg/mL of NK-sEV in the presence of GNLY neutralizing antibody. Flow cytometry analysis of cell apoptosis in C MGC803 and D 
A549 cells at 24 h (n = 3). E–H Western blot assays for the expression of proteins in apoptosis signaling pathway in E and F MGC803 and G and H 
A549 for 24 h. ns: no significance. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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inhibited the tumor growth in xenografted murine mod-
els, no adverse effect was found on mouse body weight 
and major organ physiology. These findings supported 
that mNK-sEV were safe and effective in treating cancer 
cells as they remained no harm to normal cells.

Through experiments we revealed that cancer cells 
engulfed the Dio-labeled mNK-sEV rapidly and effec-
tively, where the maximum uptake took place at 12  h. 
sEV derived from feeder cell-cultured NK cells showed 
the similar internalization properties to mNK-sEV [33]. 
Previous studies showed the size and/or surface compo-
nent of sEV may affect the way of recognition and cap-
ture by recipient cells [34]. Here it was uncovered that 
mNK-sEV were taken up by tumor cells via macropino-
cytosis, a nutrient-scavenging pathway in cancers, and 
further activated cell apoptosis. Analysis of apoptotic 
pathway in tumor cells by Western blot further revealed 
that several key proteins, including the cleaved caspase-8, 
cleaved caspase-3, cleaved PARP, and cytochrome c, 
were upregulated in the condition of mNK-sEV treat-
ment. Reversely, the pan-caspase inhibitor lowered the 
apoptotic proportion of tumor cells that were treated 
by mNK-sEV. Altogether, these results indicated that 
mNK-sEV entered tumor cells via macropinocytosis and 
mediated the activation of caspase-dependent apoptotic 
pathway.

Small EV derived from NK cells primed with different 
stimulation regimens demonstrated a variety of antitu-
mor activity [19]. sEV derived from K562 cell-trained 
natural killer cells showed higher antitumor effect in 
comparison to non-trained one [35]. Dual cytokines 
IL-15 and IL-21 co-induced NK92-sEV had enhanced 
cytotoxicity on K562 cells when compared to sEV derived 
from single IL-15 or IL-21 cultured NK92 cells [17]. 
Intriguingly, we here compared cytotoxicities induced by 
mNK-sEV or conNK-sEV, with findings that mNK-sEV 
owned stronger antitumor activity in a variety of cancer 
cells and xenografted tumor murine models. Since IL-12, 
IL-15 and IL-18 can activate NK cells to prepare mNK 
cells [36], different combinations of cytokines may affect 
the characteristics of NK cells and thereby their derived 
sEV.

To better understand the difference in antitumor 
effects of sEVs derived from differently cultured NK 
cells, we performed fluorescence imaging in animal 
models to study and compare their pharmacokinetics, 
biodistribution and tumor accumulation. Our results 
demonstrated that mNK-sEV accumulated more in 
tumors than conNK-sEV did, which might contribute 
to their stronger antitumor ability. In addition, IL-12, 
IL-15 and IL-18 primed mNK cells showed different 
expression levels of proteins pertinent to cytotoxic-
ity with conNK cells. We identified the 15  kDa GNLY 

precursor was highly enriched in both mNK cells and 
their derived mNK-sEV than that in conNK cells and 
conNK-sEV, respectively. As IL-15 is an activation stim-
ulus that regulates GNLY [37, 38], we speculate that 
GNLY is mainly upregulated by IL-15 in mNK cells and 
so in their sEV. In addition, 15  kDa GNLY precursor 
can be truncated to its 9 kDa active form after entering 
tumor cells to function [17, 29, 39]. Conversely, block-
ing GNLY with neutralizing antibody resulted in the 
reduced cytotoxicity induced by mNK-sEV. Meanwhile, 
activated apoptosis was mitigated in mNK-sEV treat-
ment after GNLY blocking. Therefore, we hypothesized 
that GNLY directly interferes in mitochondrial apopto-
sis pathway induced by sEV of NK cell origin, at least 
partially responsible for enhanced antitumor activity of 
mNK-sEV.

Conclusion
In closing we here reported that sEV derived from 
mNK cells effectively exerted dose-dependent antitu-
mor effect on cancer cells and murine models of human 
gastric and lung cancers. They were engulfed by tumor 
cells via macrophinocytosis, so promoting cell death by 
activating caspase-dependent apoptotic pathway. Com-
parison of mNK-sEV induced cytotoxicity to conNK-
sEV one highlighted an enhanced antitumor effect of 
mNK-sEV. More tumor accumulation and higher GNLY 
expression can partially explain the greater antitumor 
activity of mNK-sEV. Put together, mNK-sEV represent 
an efficient and reliable option for cancer therapeutics 
and warrant further development as a potential immu-
notherapeutic strategy in clinical settings.
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