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Abstract. Oral cancer (OC) is the most common type of head
and neck malignant tumor. Tumor‑derived exosomes induce a
complex extracellular environment that affects tumor immunity. In the present study, exosomes were isolated from OC cell
lines (WSU‑HN4 and SCC‑9) by ultrafiltration and the protein
content of these oral cancer‑derived exosomes (OCEXs) was
analyzed by mass spectrometry, which revealed the enrichment of transforming growth factor (TGF)‑β1. Natural killer
(NK) cells were examined by flow cytometry following
co‑culture with OCEXs. The expression of killer cell lectin
like receptor K1 (KLRK1; also known as NKG2D, as used
herein) and natural cytotoxicity triggering receptor 3 (NCR3;
also known as NKp30, as used herein) in NK cells was found
to be significantly upregulated following co‑culture with the
OCEXs for 1 day, whereas this expression decreased at 7 days.
Killer cell lectin like receptor C1 (KLRC1; also known as
NKG2A; as used herein) expression exhibited an opposite
trend at 1 day. In addition, NK cell cytotoxicity against the
OC cells was enhanced at 1 day, but was attenuated at 7 days.
TGF‑β1 inhibited the function of NK cells at 7 days, whereas it
had no obvious effects at 1 and 3 days. On the whole, the findings of the present study reveal changes in NK cell function
and provide new insight into NK cell dysfunction.
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Introduction
Head and neck cancer, including oral and oropharyngeal
cancer, is the 6th most common malignant tumor worldwide (1). Oral cancer (OC), cancer in the oral cavity and
lip, with 300,000 new cases and 145,000‑related deaths per
year, is a major public health concern globally (2,3). Despite
the development of various treatments, the five‑year survival
rate of patients with OC has not improved significantly over
the past 30 years (4). These daunting statistics emphasize the
importance of enhancing the comprehensive understanding of
the molecular pathogenesis of OC and the need for the development of effective therapeutic strategies for these patients.
Exosomes are small, lipid‑rich, membrane‑bound microvesicles with a diameter of 30‑150 nm (5) that are released into the
extracellular environment under normal or pathological conditions (6,7). As key microvesicles in cell‑cell communications,
exosomes contain a large number of biomolecules, such as
microRNAs (miRNAs or miRs), proteins and lipids (8,9). Most
cell types, including cancer cells, fibroblasts, immune cells
and mesenchymal cells have the ability to secrete exosomes.
Furthermore, it has been reported that the functional role of
exosomes is dependent on the cell of origin (10‑12). Numerous
studies have demonstrated that tumor cell‑derived exosomes
(TDEXs) are involved in tumor metastasis, drug resistance
and tumor immunity, and are widely distributed in the bodily
fluids of cancer patients (13‑15). TDEXs are a novel component
of the intercellular communication network and play a vital
role in the tumor microenvironment (16). Given the diversity
of components in TDEXs, the mechanisms through which
TDEXs modulate cancer immunity in OC may be complex.
TDEXs reportedly participate in multiple immune
mechanisms by interfering with the maturation of dendritic
cells (DCs), the function of natural killer (NK) cells and the
‘education’ of macrophages (17‑19). NK cells belong to the
innate immune system and can directly kill tumor cells (20).
The activity of NK cells is regulated by an array of activating
and inhibitory receptors on the cell surface (21). In general,
the inhibitory state is dominant during homeostasis (22,23);
however, when activating receptors are stimulated, NK cells
exert cytotoxic effects and exhibit high levels of antitumor
activity (20). NK cells in tumor patients have a reduced level
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of activating receptors, such as natural cytotoxicity triggering receptor 3 (NCR3; also known as NKp30, as used
herein), natural cytotoxicity triggering receptor 1 (NCR1;
also known as NKp46, as used herein), natural cytotoxicity
triggering receptor 2 (NCR2; also known as NKp44, as used
herein) and killer cell lectin like receptor K1 (KLRK1; also
known as NKG2D, as used herein), which predicts a poor
tumor prognosis (24,25). In addition, TDEXs may influence
natural antitumor immunity by affecting the quantity and
function of NK cells (26,27). Indeed, some studies have
demonstrated that TDEXs stimulate the antitumor immunity
of NK cells (18,28,29), whereas others have indicated that
TDEXs mediate the dysfunction of NK cells through different
mechanisms (30,31). Regardless of this, the functional role
of OC cell‑derived exosomes (OCEXs) in NK cell‑mediated
antitumor immunity and the underlying mechanisms are far
from being fully understood.
In the present study, exosomes were isolated from OC cells
and the effects of TDEXs on NK cell activity were investigated.
Moreover, the effect of OCEXs on the expression of NK cell
receptors were examined and the underlying mechanisms were
determined. The findings of the present study may enhance the
current understanding of the progression of OCEX‑mediated
NK cell education.

was sequentially microfiltered through polyvinylidene fluoride
(PVDF) membrane filters of 0.45 and 0.22 µm (Merck KGaA)
pore size. The flow‑through was ultrafiltered through 100‑kDa
centrifugal filter devices (Merck KGaA). Finally, exosomes
in the supernatant were isolated and purified by affinity
chromatography using an ExoEasy Maxi kit (Qiagen GmbH).
The quality of the obtained OCEX fractions was evaluated
by transmission electron microscopy (TEM), nanoparticle
tracking analysis (NTA) and western blot analysis.

Materials and methods

Western blot analysis. OCEXs were lysed using RIPA lysis
buffer (Beyotime Institute of Biotechnology, Inc.), and the
protein concentrations were measured by a BCA Protein
assay (Thermo Fisher Scientific, Inc.). The protein samples
were separated on 10% polyacrylamide gels at 30 µg/well
and transferred to PVDF membranes (Merck KGaA). The
membranes were blocked in 5% skim milk at room temperature for 1 h and incubated with specific primary antibodies
at 4˚C overnight. The membranes were probed with the appropriate horseradish peroxidase (HRP)‑conjugated secondary
antibodies (ProteinTech Group, Inc.) at room temperature for
1 h. Protein detection was performed with Chemiluminescent
HRP Substrate (Merck KGaA), and signals were captured by
an Amersham Imager 600 (GE Healthcare). Antibodies against
the following proteins were used: CD63 (10628D, mouse
monoclonal, 0.5 mg/ml, 1:1,000, Thermo Fisher Scientific,
Inc.), CD9 (10626D, mouse monoclonal, 0.5 mg/ml, 1:500,
Thermo Fisher Scientific, Inc.), Rab5 (A1511‑50, rabbit polyclonal, 0.2 mg/ml, 1:500, Biovision, Inc.) and ALG2‑interacting
protein (Alix; MA1‑83977, mouse monoclonal, 1 mg/ml,
1:500, Thermo Fisher Scientific, Inc.), TGF‑β1 (21898‑1‑AP,
rabbit polyclonal, 300 µg/ml, 1:1,000, ProteinTech Group,
Inc.), α‑tublin (ab7291, mouse monoclonal, 1 mg/ml, 1:1,000,
Abcam) and GAPDH (10494‑1‑AP, rabbit polyclonal,
330 µg/ml, 1:5,000, ProteinTech Group, Inc.). Secondary antibodies were as follows: Anti‑mouse IgG, HRP‑linked antibody
(SA0000‑1, 1:10,000, Proteintech Group, Inc.), Anti‑rabbit
IgG, HRP‑linked antibody (SA0000‑2, 1:10,000, Proteintech
Group, Inc.).

Cells and cell culture. The human OC cell lines, WSU‑HN4
(donated by the University of Maryland) and SCC‑9 (purchased
from ATCC, CRL‑1629) were cultured in Dulbecco's modified
Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific,
Inc.) and DMEM/F‑12 (1:1) (basal medium, Gibco; Thermo
Fisher Scientific, Inc.), respectively. The human NK cell line
NK92MI (purchased from ATCC, CRL‑2408) was cultured in
RPMI‑1640 (basal medium, Gibco; Thermo Fisher Scientific,
Inc.). All media were supplemented with 10% fetal bovine
serum (FBS; Bovogen Biologicals Pty Ltd.) and 1% penicillin‑streptomycin (Sigma‑Aldrich; Merck KGaA), and all
cells were incubated in a humidified incubator with 5% CO2
at 37˚C. In all OCEX stimulation experiments, OCEXs were
co‑cultured with NK92MI cells for 1, 3 and 7 days. In all transforming growth factor (TGF)‑ β1 stimulation experiments,
recombinant human TGF‑β1 (PeproTech, Inc.) was used at a
concentration of 10 ng/ml for 1, 3 and 7 days, as previously
described (32‑34).
The SCC‑9 cells were seeded in a 96‑well plate at a density
of 1,000 cells per well. Approximately 24 h later, the tumor
cells were co‑cultured with the NK92MI cells in medium
without FBS and penicillin‑streptomycin for 4 h, after which
the culture supernatant was removed. The wells were washed
gently with PBS and observed under an inverted‑phase microscope (Zeiss AG).
Exosome isolation. The steps of exosome isolation and
purification were carried out as previously described by
Wang et al (28). Briefly, OC cells at 70‑80% confluency
were washed 3 times with phosphate‑buffered saline (PBS)
and cultured in 10 ml of RPMI‑1640 without FBS and penicillin‑streptomycin for 48 h at room temperature. Following
centrifugation for 10 min at 3,214 x g at 4˚C, the supernatant

Transmission electron microscopy observation. The
morphology of the OCEXs was assessed by TEM. In brief, the
isolated exosomes were dropped onto a copper grid for 10 min,
after which 2% uranyl acetate was deposited onto the copper
grid for 1 min. The grid was dried for 10 min and examined
under a transmission electron microscope (FEI Tecnai G2
Spirit, Thermo Fisher Scientific, Inc.).
Nanoparticle tracking analysis. The OCEX size distribution
was examined by NTA, which was performed by a Nano Sight
NS300 (Malvern Panalytical, Ltd.) equipped with rapid video
capture and NTA analytical software. The isolated OCEXs
were resuspended in PBS, and the diameter of the particles
was detected.

Fluorescence microscopy observation. DiO is a lipophilic
fluorescent dye with low cytotoxicity that can be used to stain
cell membranes and other fat‑soluble biological structures. DiO
fluorescence is very weak before entering the cell membrane;
however, the intensity is greatly enhanced when it is combined
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Figure 1. Characterization of OCEXs. (A) The sizes of the WSU‑HN4‑ and SCC‑9‑derived exosomes were determined by NTA. (B) Representative images of
exosomes derived from WSU‑HN4 and SCC‑9 cells, as detected by TEM. Scale bars, 50 nm. (C) Expression of the exosomal markers, Alix, CD63, CD9 and
Rab5, in WSU‑HN4‑ and SCC‑9‑derived exosomes was determined by western blot analysis. (D) Co‑expressed proteins in WSU‑HN4‑ and SCC‑9‑derived
exosomes were detected by mass spectrometry. (E) Overlap of OCEX proteins and the top 100 frequently identified exosomal protein markers from the ExoCarta
database. OCEXs, oral cancer‑derived exosomes; NTA, nanoparticle tracking analysis; TEM, transmission electron microscopy; EXO/Exo, exosomes.

with the cell membrane and can be detected with standard
FITC filters. Exosomes, as typical lipid‑rich membrane‑bound
microvesicles, were fluorescently labeled with DiO. The
exosome tracer experiment was implemented with a green
fluorescent DiO cell membrane probe [Yeasen Biotechnology
(Shanghai) Co., Ltd.]. The OCEXs were resuspended and incubated with 100 µl DiO working solution at 37˚C for 20 min.
Following incubation with the OCEXs at 37˚C for 24 h, the
NK92MI cells were fixed with 4% paraformaldehyde at room
temperature, stained with TRITC phalloidin [F‑actin; Yeasen
Biotechnology (Shanghai) Co., Ltd.] and DAPI [Yeasen
Biotechnology (Shanghai) Co., Ltd.], and observed under a
fluorescence microscope (Zeiss AG).
Cytotoxicity assay. The cytotoxicity of NK92MI cells was
determined by a lactate dehydrogenase (LDH) cytotoxicity
assay kit (Beyotime Institute of Biotechnology, Inc.). Briefly,
the WSU‑HN4 or SCC‑9 cells were seeded in a 96‑well
plate at a density of 1,000 cells per well. Approximately 24 h
later, the tumor cells were co‑cultured with NK92MI cells
in medium without FBS and penicillin‑streptomycin for 4 h.
The LDH activity of the samples was then detected using a
multi‑well plate reader (Spectra Max i3, Molecular Devices,
LLC) according to the manufacturer's instructions.

Flow cytometric analysis. The expression of surface markers
on NK92MI cells was analyzed using a BD FACSCalibur
flow cytometer (BD Biosciences). Conjugated fluorescent
antibodies were added to an NK92MI single‑cell suspension.
Following incubation on ice for 15 min in the dark, the cells
were washed twice with PBS and analyzed by flow cytometry.
The following fluorochrome‑conjugated monoclonal antibodies were used according to the manufacturer's instructions:
Anti‑NKG2D (cat. no. 558071, clone# 1D11, HU NKG2D APC
MAB, BD Biosciences), anti‑NKp30 (cat. no. 558408, clone#
p30‑15, HU CD337 ALEXA647 MAB, BD Biosciences),
anti‑NKp44 (cat. no. 558563, clone# p44‑8, HU NKp44 PE
MAB, BD Biosciences), anti‑NKp46 (cat. no. 557991, clone#
9E2/NKp46, HU NKp46 PE MAB, BD Biosciences) and
anti‑NKG2A (cat. no. FAB1059A, clone# 131411, hNKG2A
APC MAB, R&D Systems, Inc.).
Mass spectrometry analysis of OCEXs. OCEXs (50 µg) of were
used for mass spectrometry analyses. The samples were boiled
for 10 min and centrifuged at 14,000 x g at 4˚C for 45 min;
BCA quantification was performed on the supernatant, which
stored at ‑80˚C. Subsequently, 40 µg per sample was transferred to a new 1.5‑ml tube. The samples were prepared with
filter‑aided proteome preparation (FASP) and separated by

2118

ZHU et al: ORAL CANCER CELL-DERIVED EXOSOMES AND NK CELL RECEPTORS

Figure 2. Proteomics analysis of OCEXs. (A) PANTHER protein class analysis of OCEX proteins. (B) For exosomal tracing, NK92MI cells were incubated
with DiO‑labeled OCEXs for 24 h followed by fluorescence microscopy. Scale bars, 10 µm. OCEXs, oral cancer‑derived exosomes.

capillary high‑performance liquid chromatography (HPLC).
The samples were transferred from the automatic sampler to
the upper column (EASY column 2 cm x 100 µm x 5 µm ‑C18;
Thermo Fisher Scientific, Inc.) and separated by the analysis
column (EASY column 75 µm x 100 mm x 3 µm ‑C18; Thermo
Fisher Scientific, Inc.). Thereafter, the samples were analyzed
by mass spectrometry with a Q‑Exactive mass spectrometer
(Thermo Finnigan, LLC). The raw data file was retrieved and
analyzed by MaxQuant_1.3.0.5 software.
Functional enrichment analysis of exosomal proteins. In the
present study, exosomal markers were provided by ExoCarta
databas (http://www.exocarta.org/). An intersection analysis

of exosomal markers and the identified exosomal proteins was
carried out using the Venn diagrams web tool (http://bioinformatics.psb.ugent.be/webtools/Venn/). Moreover, functional
enrichment analyses for Gene Ontology (GO) terms (biological
processes, molecular functions and cellular components) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analyses were conducted through the Database for Annotation,
Visualization and Integrated Discovery (DAVID) v6.8
(https://david.ncifcrf.gov/), and the data were further developed by using the clusterProfiler package in R (version 3.6.1).
In addition, a functional analysis of these identified exosomal
proteins was conducted using the PANTHER protein class
analysis (http://geneontology.org/; http://pantherdb.org/).
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Figure 3. Receptor expression changes in NK cells treated with OCEXs. (A) Expression of NKG2A on NK92MI cells following co‑culture with OCEXs for 1,
3 and 7 days. (B) Expression of NKG2D on NK92MI cells following co‑culture with OCEXs for 1, 3 and 7 days. (C) Expression of NKp30 on NK92MI cells
following co‑culture with OCEXs for 1, 3 and 7 days. Receptors on NK92MI cells were detected by flow cytometry. OCEXs, oral cancer‑derived exosomes;
NK, natural killer.

Statistical analyses. Differences between 3 groups were
assessed by one‑way ANOVA (with Dunnett's multiple
comparisons test) and those between 2 groups were assessed
using an unpaired Student's t‑test. All statistical analyses were
performed using GraphPad Prism 6 (GraphPad Software,
Inc.). Data were considered statistically significant when the
P‑value was <0.05.
Results
Characterization of OCEXs. The OCEXs used in the present
study were isolated from cell culture supernatants of OC cells
via ultrafiltration, as previously described (28). The morphological characteristics and size of the OCEXs were analyzed
by TEM and NTA. The OCEXs exhibited saucer‑like particle
shapes with membranous structures, when examined by TEM
(Fig. 1B), which is consistent with the morphology of exosomes
described previously (35). For further accurate diameter detection, the average size of the OCEXs was detected by NTA.
The diameters of the exosomes derived from the WSU‑HN4
and SCC‑9 cells were approximately 149 and 113 nm, respectively (Fig. 1A). Moreover, the common exosomal protein
markers, CD63, Rab5, CD9 and Alix, were detected in the
OCEXs using western blot analysis (Fig. 1C). Collectively,
the above‑mentioned data confirmed that the particles isolated
from the OC cells were exosomes.
Comprehensive proteomics analysis of OCEXs. The
proteomics profile of the OCEXs was analyzed by mass spectrometry. As shown in Fig. 1D, approximately 267 proteins
were detected in both the WSU‑HN4‑ and SCC‑9‑derived
exosomes, with a significant overlap between the 2 samples.
Moreover, 53 of the top 100 most frequently identified
exosomal protein markers according to the ExoCarta database
(www.exocarta.org) were detected in the OCEXs, indicating
the accuracy of the results (Table SI). Cellular component
analysis (https://david.ncifcrf.gov/) was then performed on

these 267 identified proteins, and the majority of the identified
proteins (215/267) were annotated as components of extracellular exosomes (Fig. S1A). To further elucidate the functions
of these exosomal proteins, these 215 proteins were subjected
to molecular function, biological process and KEGG pathway
analyses (https://david.ncifcrf.gov/). The molecular function
analysis revealed the enrichment of proteins related to protein
binding, protein kinase binding, protein heterodimerization activity, protein domain specific binding, poly(A) RNA
binding, identical protein binding, GTP binding, DNA binding,
calcium ion binding and cadherin binding and involvement in
cell‑cell adhesion (Fig. S1B). According to biological process
analysis, the proteins in the OCEXs were involved in small
GTPase‑mediated signal transduction, signal transduction,
protein transport, platelet degranulation, nucleosome assembly,
negative regulation of apoptotic processes, leukocyte migration, extracellular matrix organization, chromatin silencing
and cell adhesion (Fig. S1C). In addition, KEGG pathway
analysis revealed the identified proteins to be enriched in
alcoholism, systemic lupus erythematosus, pathways in cancer,
viral carcinogenesis, endocytosis and the PI3k‑Akt signaling
pathway, among others, which are closely associated with
cancer progression (Fig. S1D). The results of the PANTHER
protein class (http://geneontology.org/) analysis revealed that
the exosomes derived from the WSU‑HN4 and SCC‑9 cells
contained various types of proteins (Fig. 2A). Among these
protein types, transmembrane receptor regulatory proteins
(PC00226; 0.5%), cell adhesion molecules (PC00069; 3.4%),
calcium‑binding proteins (PC00060; 3.4%), membrane traffic
proteins (PC00150; 4.9%) and receptors (PC00197; 5.9%)
have been reported to be associated with exosome uptake, i.e.,
internalization by recipient cells (9,36). To determine whether
OCEXs can be internalized by NK cells, the OCEXs were
stained with DiO (green) and added to the culture medium
of NK92MI cells, followed by incubation for 24 h. Under a
fluorescence microscope, it was observed that the DiO‑labeled
OCEXs appeared in the cytoplasm of the NK92MI cells
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Figure 4. Effect of OCEXs on the cytotoxicity of NK cells. (A‑F) Cytotoxicity of NK92MI cells (control and pre‑treated with OCEXs) cocultured with OCEXs
for 1, 3 and 7 days was analyzed by LDH cytotoxicity assay. Target:Effector indicates the ratio of NK92MI cells to WSU‑HN4 or SCC‑9 cells. (G and H) The
number of adherent NK92MI cells pre‑treated with SCC‑9‑derived exosomes for 1, 3 and 7 days. Red arrows indicate NK92MI cells. *P<0.05, **P<0.01,
***
P<0.001, ****P<0.0001. Scale bars, 25 µm. OCEXs, oral cancer‑derived exosomes; NK, natural killer.

(Fig. 2B). Taken together, these results indicate that OCEXs
are incorporated by NK cells, suggesting their potential role in
regulating the functions of NK cells.
Changes in receptor expression on NK92MI cells induced
by OCEXs. The function of NK cells is tightly regulated by
activating and inhibitory receptors. NKG2D and NKp30,
NKp44, NKp46 are important activating receptors on NK
cells, and their expression levels are positively associated
with their antitumor capacity. Additionally, the expression of
NKG2A, one of most important inhibitory receptors of NK
cells, is negatively associated with the antitumor activity
of NK cells (37). Hence, the present study investigated the
effects of OCEXs on NKG2D, NKp30, NKp44, NKp46
and NKG2A expression by treating the NK92MI cells
with OCEXs for 1, 3 and 7 days. As a result, the expression of activating receptors (NKG2D, NKp30, NKp44 and

NKp46) on the NK92MI cells was significantly upregulated
after 1 day (Figs. 3B and C and S2A and B), whereas the
expression of NKG2A was evidently decreased following
treatment with the OCEXs for 1 day (Fig. 3A). The
above‑mentioned data suggest that short‑term treatment
with OCEXs increases the cytotoxicity of NK cells. Of
note, it was found that the expression of activating receptors on NK cells decreased gradually over time, with the
expression of the activating receptors, NKG2D, NKp30 and
NKp44, diminishing following co‑culture with the OCEXs
for 7 days (Figs. 3B and C and S2A and B). Conversely, no
significant changes in NKG2A expression were observed
at 7 days (Fig. 3A). Changes in the cytotoxicity of NK92MI
cells induced by OCEXs
To investigate whether the trend of NK cell cytotoxicity
was consistent with that of NK cell receptor expression, the
NK92MI cells were treated with the OCEXs for 1, 3 and 7 days,
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Figure 5. Functional role of TGF‑β1 in NK cell receptor expression. (A) TGF‑β1 was expressed in WSU‑HN4‑ and SCC‑9‑derived exosomes. (B) Expression
of NKG2A on NK92MI cells following stimulation with TGF‑β1 for 1, 3 and 7 days. (C) Expression of NKG2D on NK92MI cells stimulated with TGF‑β1 for
1, 3 and 7 days. (D) Expression of NKp30 on NK92MI cells stimulated with TGF‑β1 for 1, 3 and 7 days. Receptors on NK92MI cells were detected by flow
cytometry. NK, natural killer.

and NK92MI cell cytotoxicity was detected by LDH assay.
Functionally, the OC cell‑killing effect of the NK92MI cells
was increased following incubation with the OCEXs for 1 day
(Fig. 4A and D). In addition, increased numbers of NK92MI
cells attached to the SCC‑9 cells were observed at 1 day
(Fig. 4G and H). As the OCEX incubation time increased,
the cytotoxicity of the NK92MI cells compared to that of the
control cells was decreased at 7 days (Fig. 4C and F), and the
number of NK92MI cells adhering to the SCC‑9 cells was
reduced at the same time point (Fig. 4G and H). However,
there were no clear differences in cytotoxicity between the
OCEX‑treated and control cells at 3 days (Fig. 4B and E).
Hence, the above‑mentioned data demonstrated that the
OCEXs stimulated NK cytotoxicity at 1 day and this was then
inhibited with time up to 7 days.

OCEX‑derived TGF‑β1 inhibits the cytotoxicity of NK cells.
TGF‑ β1, a cytokine of the bone morphogenetic protein
(BMP)‑activin family, participates in a wide range of immune
system regulatory processes (38‑41). TGF‑β1 is an acknowledged inhibitory factor of immune system components,
including NK cells. In particular, TGF‑β1 has been reported to
reduce the surface expression of crucial activating NK receptors
(NKp30 and NKG2D) on NK cells (42). Of note, in the present
study, the immunoregulatory factor, TGF‑β1, was enriched
in OCEXs, as determined by mass spectrometric analysis
(Table SII), and the expression of TGF‑β1 in the OCEXs was
verified by western blot analysis (Fig. 5A). To further assess
the effects of TGF‑β1 on NK cell activity, NK92MI cells were
treated with or without TGF‑β1 for different periods of time,
and expression of NK cell receptors and cytotoxicity were
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Figure 6. Cytotoxicity of NK cells stimulated with TGF‑β1. (A‑F) The cytotoxicity of NK92MI cells (control and pre‑treated with TGF‑β1) treated with TGF‑β1
for 1, 3 and 7 days was analyzed by LDH cytotoxicity assay. Target:Effect indicates the ratio of NK92MI cells to WSU‑HN4 or SCC‑9 cells. (G and H) The
number of adherent NK92MI cells pre‑treated with TGF‑β1 for 1, 3 and 7 days. Red arrows indicate NK92MI cells. *P<0.05, ***P<0.001, ****P<0.0001. Scale
bars, 25 µm. NK, natural killer.

evaluated. There were no obvious changes in receptor expression or cytotoxicity to the NK92MI cells treated with TGF‑β1
for 1 and 3 days. However, the expression levels of activating
receptors (NKp30 and NKG2D) and the cytotoxicity of the
TGF‑β1‑treated cells decreased significantly compared to
those of the control cells at 7 days (Figs. 5 and 6). However,
other receptors (NKp44, NKp46 and NKG2A) exhibited no
significant changes in expression (Figs. 5B and S2C and D).
Moreover, the number of NK92MI cells attached to the SCC‑9
cells was reduced (Fig. 6G and H). These findings suggest that
OCEXs deliver TGF‑β1 to NK cells, ultimately resulting in the
dysfunction of NK cells.
Discussion
OC is one of the most lethal malignancies worldwide (2), and the
long‑term survival rate and prognosis of patients with advanced

OC are poor (43). Therefore, an enhanced understanding of
the pathogenesis and mechanisms of OC is warranted. Despite
tremendous research advances, the underlying cellular and
molecular events involved in OC have yet to be determined.
Over the past few decades, exosomes have attracted increasing
attention due to their roles in the occurrence and development
of tumors. In the present study, OCEXs were isolated from 2
human oral cancer cell lines, WSU‑HN4 and SCC‑9, by ultrafiltration. Comprehensive proteomics analyses are expected to
reveal the potential function of OCEXs. Exosomes are known
to carry a variety of cargo, including diverse RNAs, proteins
including cytokines, growth factors and lipids (43‑45). In
the present study, the protein components carried in OCEXs
were mainly analyzed by mass spectrometry. The results of
PANTHER protein class analysis revealed the significant
enrichment of proteins related to localization and biological
adhesion, which may promote the ability of OCEXs to adhere
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to the surfaces of recipient cells, fuse with their membranes,
and transfer exosomal components to modulate the biological
functions of the target cells.
Exosomes are important cellular crosstalk nanovesicles
that participate in a number of biological processes (46). In the
tumor microenvironment, exosomal contents can be conveyed
not only to donor cells but also to different types of immune
cells, including NK cells, thus affecting the antitumor immune
response (47,48). For example, the antitumor immune responses
of NK cells are mediated by the direct killing of cancer cells
and cytokine production. NK cell activation is tightly regulated
by an interplay between excitatory and inhibitory signals, the
latter mainly occurring through NKG2A. NKG2D and natural
cytotoxicity receptors, such as NKp30, are potent activating
receptors on the surface of NK cells for tumor killing (37,49).
It has been reported that heat shock protein (HSP)‑bearing
exosomes secreted by hepatocellular carcinoma cells enhance
the function of NK cells. In this process, the expression
of the activating receptors, CD69, NKG2D and NKp44, is
upregulated, whereas that of the inhibitory receptor CD94 is
downregulated (50). The authors have previously demonstrated
that the cytotoxicity of NK cells is temporarily enhanced by
OCEXs (28). The results of the present study verified that
the short‑term incubation of OCEXs with NK cells indeed
promoted the function of NK cells. Consequently, when the
NK cells were co‑cultured with the OCEXs for 1 day, the
upregulated expression of the activating receptors, NKp30 and
NKG2D, and the downregulated expression of the inhibitory
receptor, NKG2A, were detected. Simultaneously, the cytotoxicity of NK cells was enhanced, and the number of NK cells
adhering to cancer cells was increased at 1 day.
Nevertheless, previous studies have demonstrated that
TDEXs exert an inhibitory effect on the immune system
via NK cells (30,51), and an impaired NK cell function in
head and neck, pharyngeal and other solid cancers has been
reported. The effects of TDEXs on NK cells may be affected
by several factors, such as the cancer cell type, cancer progression stage and the microenvironment (52,53). The results of the
present study demonstrated that activating receptor expression
decreased with the prolonged incubation of NK cells with
OCEXs; the killing function of NK cells also decreased accordingly. These data reveal a change in NK receptor expression,
as well as in NK cytotoxicity with increasing OCEX and NK
cell incubation times. Thus, the interaction between OCEXs
and NK cells increased the tumor‑suppressive effects of NK
cells in the short‑term, whereas it gradually decreased or even
reversed the effects, such as cytotoxicity, over time.
The activation of NK cells is dependent on a shift in the
signaling balance between inhibitory and activating receptors (37). The factors controlling the capacity of balance
between the activating and inhibitory signals have not been
fully determined. In the present study, the function of NK
cells was ultimately suppressed by prolonged stimulation with
OCEXs. To examine the in‑depth mechanisms, the levels of
proteins in the OCEXs were detected, and TGF‑β1 was found
to be enriched. It has been suggested that patients with head
and neck squamous cell carcinoma who exhibit persistently
elevated TGF‑β1 levels following chemoradiotherapy have a
poor cancer prognoses (54). In addition, numerous studies have
demonstrated that TGF‑β1 exerts an obvious inhibitory effect
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on NK cells. When exposed to TGF‑β1, NK cells may lose the
ability to kill cancer cells in humans or mice (55). Studies have
also indicated that the level of serum TGF‑β1 is associated with
cancer metastasis and a poor prognosis (56). Therefore, it was
hypothesized that the inhibition of NK cell function may be
associated with TGF‑β1 enrichment in OCEXs. In the present
study, the inhibitory function of TGF‑β1 on NK92MI cells
at 7 days was verified, and it was found that NK cell function
was not significantly altered following stimulation with TGF‑β1
for 1 and 3 days. Due to the diverse inclusions of exosomes,
the effects of OCEXs on NK cells may be complex (57). Our
previous study also demonstrated that OCEX‑derived NAP1
enhanced cytotoxicity of NK cells (28). In previous studies, NK
cell receptor expression has been shown to be altered following
co‑culture with TGF‑β1 for 3 days, and NKG2D and NKp30
have been shown to be inhibited (39,58). It is possible that the
stimulating effects of TGF‑β1‑treated OCEXs on NK cells
may not be evident at first, and gradually become prominent
following the extension of the co‑culture time. Therefore, it
was preliminarily hypothesized that the OCEX‑induced NK
cell inhibition during 7 days of co‑incubation may be related to
the enrichment of TGF‑β1 in OCEXs; nonetheless, the internal
mechanisms need to be further explored and investigated. The
phenotype of NK cells can be modified by TGF‑β1. Recently, it
was reported that a high TGF‑β1 expression was associated with
a low expression of activating receptors (such as NKG2D and
NKp30) on NK cells in the peripheral blood of human cancer
patients, which is positively related to disease progression (33).
In the present study, the expression of the activating receptors,
NKG2D and NKp30, was downregulated in impaired NK cells
treated with either OCEXs or TGF‑β1, suggesting that TGF‑β1
contained in OCEXs is related to NK cell dysfunction.
In conclusion, the present study found that exosomes
derived from OC cells were internalized by NK cells and
caused changes in receptor expression on the NK cell surface.
Short‑term incubation with OCEXs enhanced the function of
NK cells, whereas long‑term incubation consistently resulted
in decreased NK cell cytotoxicity. Further analysis revealed
that TGF‑β1 in OCEXs gradually inhibited NK cell function,
deepening the understanding of the mechanisms through
which tumor‑derived exosomes modulate the functional role of
NK cells in the tumor microenvironment. However, it should
also be noted that the results of the present study require
further confirmation in vivo and further studies are required
to identify the specific mechanisms. In addition, whether there
are other factors involved in NK cell dysfunction needs to be
further explored. Taken together, the findings of the present
study provide a different perspective on the important role of
exosomes in the immune system, particularly in OCs.
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