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Macrophage-derived exosomes attenuate the susceptibility
of oral squamous cell carcinoma cells to chemotherapeutic
drugs through the AKT/GSK-3f pathway
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Abstract. Although chemotherapy is initially effective in
debulking tumor mass in a number of different types of malig-
nancy, tumor cells gradually acquire chemoresistance and
frequently progress to advanced clinical stage. Accumulating
evidence has indicated that the tumor sensitivity to several
chemotherapeutic drugs is regulated by tumor stromal cells
including macrophages. However, the role of macrophages
in the efficacy of chemotherapeutics on oral squamous cell
carcinoma (OSCC) cells is poorly understood. In the present
study, the effects of macrophage-secreted exosomes on the
sensitivity of OSCC cells towards chemotherapeutic agents
were examined. Specifically, the effects of exosomes derived
from THP-1 cells and primary human macrophages (PHM)
were assessed on the chemosensitivity of OSC-4 cells treated
with 5-fluorouracil (5-FU) and cis-diamminedichloroplatinum
(CDDP). The THP-1- and PHM-derived exosomes promoted
dose-dependent proliferation, decreased the proliferative
inhibitory effects of 5-FU and CDDP and decreased apop-
tosis in OSC-4 cells through activation of the AKT/glycogen
synthase kinase-3f3 signaling pathway. LY294002, a PI3K
inhibitor, and MK-2206, an AKT inhibitor, were both able to
suppress the observed decrease in sensitivity to chemothera-
peutic agents induced by exosomes. Overall, the data from the
present study suggested that the macrophage-derived exosomes
may decrease the sensitivity to chemotherapeutic agents in
OSCC cells. Thus, targeting the interaction between OSCC
cells and macrophage-derived exosomes may be considered as
a therapeutic approach to improve the chemosensitivity of the
tumor microenvironment in oral cancer.
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Introduction

Worldwide, oral cancer accounts for >650,000 cases and
330,000 deaths annually (1). Oral squamous cell carci-
noma (OSCC) comprises >90% of all types of oral cancer.
Despite recent therapeutic advances, OSCC has a significant
recurrence rate and metastasizes to cervical lymph nodes
in ~40% of the patients (2). Although chemotherapeutic
agents including 5-fluorouracil (5-FU) and cis-diamminedi-
chloroplatinum (CDDP) are frequently used as induction,
adjuvant, neoadjuvant or palliative therapy in patients with
advanced-stage OSCC, achieving complete remission by
chemotherapy alone is extremely difficult. Additionally, in
certain patients, an initial decrease in tumor size is followed
by a gradual progression to an aggressive behavior and worse
clinical outcome through the acquisition of chemoresistance
by tumor cells (3). However, the molecular mechanisms under-
lying the acquisition of chemoresistance in OSCC cells are not
fully understood.

Several studies have reported that stromal cells within
the tumor microenvironment including macrophages and
fibroblasts are involved in the acquisition of resistance to chemo-
therapeutic agents by cancer cells (4-6). Tumor-associated
macrophages (TAMs) infiltrate and accumulate in the tumor
microenvironment to promote tumor growth through the
induction of angiogenesis and extracellular remodeling;
TAMs also suppress antitumor immunity through the secre-
tion of various factors, including growth and pro-angiogenic
factors, matrix-degrading enzymes and immunosuppressive
cytokines (7). Additionally, previous studies have reported that
TAMs also induce chemoresistance against 5-FU and CDDP
through the release of cytokines, chemokines, microRNAs and
inorganic compounds (8-12). The frequently observed TAM
infiltration of the OSCC tissue specimens and the reported
relationship between TAMs and cancer progression (13-15),
suggest that TAMs might also regulate the chemosensitivity
of OSCC cells.

Exosomes, which are small membrane vesicles released
by a variety of mammalian cells into the extracellular space,
are taken up by the recipient cells affecting their function and
activity through their cargo, which include lipids, proteins and
nucleic acids that come from the cell of origin (16-19). We
also previously reported that OSCC cell-derived exosomes
can be taken up by the OSCC cells themselves promoting
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tumor progression through the activation of the PI3K/AKT,
mitogen-activated protein kinase/extracellular signal-regulated
kinase (ERK) and c-jun N-terminal kinase 1/2 pathways (20).
These reports suggest that within the tumor microenviron-
ment, exosomes secreted from the stromal cells, including
those released from the TAMs, may also be involved in
chemotherapy failure in OSCC (16-20). However, the role of
TAM-derived exosomes in the regulation of chemoresistance
in OSCC has not been fully elucidated. The present study
investigated the influence of TAM-derived exosomes on the
malignant potential and chemosensitivity of OSCC cells,
as well as the mechanisms underlying the contribution of
TAM-derived exosomes in the progression of OSCC in order
to elucidate molecular mechanisms underlying the acquisition
of chemoresistance in OSCC cells.

Materials and methods

Cell culture and reagents. The OSC-4 cells, which were estab-
lished in our laboratory using a sample from a patient with
tongue cancer, were cultured in Dulbecco's modified Eagle's
medium (DMEM) (Nissui Pharmaceutical Co., Ltd.) supple-
mented with 10% (v/v) fetal bovine serum (FBS), 10 mM
glutamine, 100 U/ml penicillin and 100 yg/ml streptomycin
(all from Gibco; Thermo Fisher Scientific, Inc.) at 37°C in a
humidified 5% CO, air atmosphere (21). This patient provided
written informed consent at the time when the original study
and establishment of the cell line was conducted. The human
monocytic THP-1 cells, derived from a patient with acute
monocytic leukemia, were obtained from the American Type
Culture Collection and cultured in Roswell Park Memorial
Institute (RPMI)-1640 medium (Nissui Pharmaceutical
Co., Ltd.) supplemented with 10% (v/v) FBS, 10 mM gluta-
mine, 100 U/ml penicillin and 100 pug/ml streptomycin at
37°C in a humidified 5% CO, air atmosphere. THP-1 cells
(1x10° cells/ml) were differentiated into macrophages by treat-
ment with 200 ng/ml phorbol 12-myristate 13-acetate (PMA)
(Sigma Aldrich; Merck KGaA) for 24 h at 37°C. Peripheral
blood mononuclear cells (PBMC) were isolated from periph-
eral blood of eight healthy adults from Kochi University
Hospital (Nankoku, Japan) between October 2018 and March
2020 using Ficoll-Paque Plus (GE Healthcare Life Sciences),
according to the manufacturer's instructions. The mean age was
32.2+8.1 years, 50% were female and 50% were male. Primary
human monocytes (PHMSs) from human PBMCs were isolated
using anti-CD14 monoclonal antibody-coated microbeads
(Miltenyi Biotec, Inc.), and were differentiated into macro-
phages through culture in RPMI-1640 medium supplemented
with 5 ng/ml granulocyte-macrophage colony-stimulating
factor (PeproTech, Inc.) for 7 days. The 5-FU and CDDP were
obtained from Sigma-Aldrich; Merck KGaA. LY294002 and
MK-2206 were purchased from ChemScene, LLC. OSC-4 cells
were treated with 10 xM LY294002 or 10 pM MK-2206 for
24 h in each experiment.

Exosome isolation. THP-1 cells and PHMs were cultured
in RPMI-1640 medium supplemented with 5% (v/v)
exosome-depleted FBS (System Biosciences, LLC) for48 h,and
the exosomes were isolated using the Total Exosome Isolation
kit (Invitrogen; Thermo Fisher Scientific, Inc.) according to the
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manufacturer's protocol. Briefly, the cell culture supernatants
were collected and centrifuged at 2,000 x g for 30 min at room
temperature to remove cells and cell debris. Next, the total
exosome isolation kit reagent was added to the supernatants
and the mixture was refrigerated at 4°C overnight. The mixture
was centrifuged at 10,000 x g for 60 min at 4°C to remove the
supernatants. The pellets containing the exosomes were resus-
pended in phosphate-buffered saline (PBS), and the protein
concentrations were determined using the bicinchoninic acid
(BCA) assay.

Exosome labeling and cellular uptake. The puri-
fied exosomes were labeled with PKH26 or PKH67
(Sigma-Aldrich; Merck KGaA) according to the manufac-
turer's protocol. Briefly, 1 ul PKH26 or PKH67 was added
to 100 ug of the exosome pellets in a total volume of 400 pl
diluent C and incubated for 5 min at room temperature. The
labeling reaction was stopped by adding an equal volume of
1% bovine serum albumin (Sigma Aldrich; Merck KGaA),
and the samples were ultra-centrifuged at 10,000 x g for 60
min at 4°C. The supernatants were removed, and the pellets
were resuspended in PBS.

To assess cellular uptake of the PKH26-labeled exosomes
by confocal laser microscopy, a total of 1x10* cells/well
OSC-4 cells were first cultured in Nunc Lab-Tek 8-well
chamber slides (Thermo Fisher Scientific, Inc.) for 24 h
to achieve complete adhesion. Next, the cells were treated
with 10 yg/ml PKH26-labeled exosomes for 24 h. After the
incubation, cells were washed twice with PBS and mounted
with SlowFade Diamond Antifade Mountant with DAPI. The
images were captured using a Fluoview FV-1000D confocal
laser scanning microscope at x400 magnification.

To assess cellular uptake of the exosomes by flow
cytometry, a total of 1x10° cells/well OSC-4 cells were
cultured in 12-well microplates for 24 h to achieve complete
adhesion. Next, the cells were treated with 10 ug/ml
PKH67-1abeled exosomes for 0, 2, 4, 8, 12 and 24 h at 37°C.
After the incubation, cells were washed twice with PBS
and analyzed on a FACScan cytometer using FlowJo
software (version 10; BD Biosciences). Each experiment was
performed in triplicate.

Protein extraction and western blot analysis. OSC-4 cells
were treated with 50 xg/ml THP-1- or PHM-derived
exosomes in the presence or absence of 100 xM chemothera-
peutic drugs, 10 uM LY294002 or MK-2206 for 24 h. Then,
the total cell lysates from cell cultures and proteins from
the THP-1- and PHM-derived exosomes were collected by
radioimmunoprecipitation assay buffer (50 mM; Tris pH 7.4,
150 mM NaCI, 1 mM EDTA, 0.25% sodium deoxycholate,
1.0% NP-40 and protease inhibitors). The protein concen-
trations were determined using a BCA assay. The extracted
proteins (50 ug/lane) were separated by SDS-PAGE and
transferred to PVDF membranes. The membranes were
blocked in Tris-buffered saline containing 5% (w/v)
skimmed milk powder and 0.1% (v/v) Tween-20 at 4°C over-
night. The membranes were then probed with the primary
antibodies against CD9 (1:1,000; cat. no. ab92726; Abcam),
CD63 (1:1,000; cat. no. sc-5275; Santa Cruz Biotechnology,
Inc.), Ras-related protein Rab-5B (Rab5B; 1:1,000; cat.
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no. sc-598; Santa Cruz Biotechnology, Inc.), calnexin
(1:200; cat. no. MAB3126; EMD Millipore), cytochrome C
(1:1,000; cat. no. 556433; BD Biosciences), phosphory-
lated (Ser473) Akt (p-AKT; 1:200; cat. no. cs4060; Cell
Signaling Technology, Inc.), AKT (1:500; cat. no. cs4691;
Cell Signaling Technology, Inc.), phosphorylated (Ser21/9)
glycogen synthase kinase-3p (GSK-3p) (p-GSK-3p; 1:500;
cat. no. ¢s9327; Cell Signaling Technology, Inc.), GSK-3p
(1:500; cat. no. cs9315; Cell Signaling Technology, Inc.), and
B-actin (1:500; cat. no. ab8226; Abcam). The signals were
incubated for 1 h at room temperature with horseradish
peroxidase (HRP)-conjugated anti-mouse IgG secondary
antibody (cat. no. NA9310) or HRP-conjugated anti-rabbit
IgG secondary antibody (cat. no. NA9340) (both 1:2,000;
both from GE Healthcare). The signal detection was
performed using and enhanced chemiluminescence system
(GE Healthcare).

Proteome profiling. The Human Chemokine Array Cl1
(RayBiotech, Inc.) was used to measure chemokine levels
within the exosomes. Briefly, 100 ug exosomes were lysed
in lysis buffer and analyzed according to the manufacturer's
instructions. The densitometric analysis of the arrays was
performed using the Multi Gauge (version 3.11; Fuji Film).

Cell proliferation assay. Cell proliferation was analyzed
using standard cell counting and the Cell Counting Kit-8
(CCK-8; Dojindo Molecular Technologies, Inc.) assay. For
cell counting, a total of 5x10* cells/well OSC-4 cells were
seeded in 12-well culture plates and cultured for 24 h at 37°C,
followed by incubation with 50 yzg/ml THP-1- or PHM-derived
exosomes for 24, 48 and 72 h. Thereafter, cells were trypsin-
ized and counted using a hemocytometer. For the CCK-8
assay, a total of 5x10° cells/well OSC-4 cells were seeded
in 96-well culture plates and cultured for 24 h, followed
by incubation with THP-1 and PHM-derived conditioned
medium (CM) (1:10 ratio, v/v) or increasing concentrations of
THP-1- or PHM-derived exosomes in the presence or absence
of 100 uM 5-FU or CDDP for 24 h. Then, 10 ul of CCK-8
solution was added to each well and the cells were incubated
for an additional 2 h at 37°C and the absorbance was measured
at 450 nm using a microplate reader. Each experiment was
performed in triplicate.

Migration assay. The migratory potential of the cells was
examined using the CytoSelect 24-well cell migration assay
(Cell Biolabs, Inc.). Briefly, a total of 2.5x10° cells/well
OSC-4 cells were seeded in 24-well plates containing propri-
etary treated plastic inserts and maintained in culture for 24 h.
The inserts were then removed, and the cells were treated
with increasing concentrations of THP-1- or PHM-derived
exosomes for 10 h at 37°C. After staining with 0.5% crystal
violet in 10% ethanol for 10 mins at room temperature, the
percentage of closure in the wound field was determined by
light microscopy at x40 magnification. Each experiment was
performed in triplicate.

Invasion assay. The invasive potential of the cells was
evaluated using the BioCoat Matrigel Invasion Chamber
kit (BD Biosciences). Briefly, the OSC-4 cells at a density
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of 7.5x10* cells/500 ul were added to the Transwell insert
chamber containing a filter coated with Matrigel. In the lower
compartment, 750 ul DMEM containing 10% FBS was used
as the chemoattractant. The OSC-4 cells were incubated
with increasing concentrations of THP-1- or PHM-derived
exosomes for 24 h at 37°C. The inserts were removed and
non-invading cancer cells remaining on the upper side of the
filter were scraped off. Cells that invaded the lower side of the
filter were then stained with the Diff-Quick solution (Sysmex
Corporation) at room temperature for 10 mins and light micro-
scopically observed and counted in five randomly selected
fields, at x200 magnification. Each experiment was performed
in triplicate.

Apoptosis assay. The OSC-4 cells were incubated with
50 ug/ml THP-1- or PHM-derived exosomes in the pres-
ence or absence of 100 M 5-FU or CDDP for 24 h at 37°C.
Next, the cells were stained with propidium iodide (PI) and
FITC-conjugated annexin V and analyzed on a FACScan
cytometer using FlowJo software (version 10; BD Biosciences).
Each experiment was performed in triplicate.

Cell cycle analysis. The cell cycle status was determined by
flow cytometric analysis of Pl-stained cells. The cells were
treated with 50 pg/ml THP-1- or PHM-derived exosomes in
the presence or absence of 100 uM 5-FU or CDDP for 24 h
at 37°C, fixed with 70% ethanol for 1 h at 4°C, and treated
with 0.5 mg/ml RNase A for 30 min at 37°C. Next, the cells
were stained with 20 yg/ml PI and analyzed on a FACScan
cytometer using FlowJo. Each experiment was performed
in triplicate.

Statistical analysis. The data are presented as the mean + stan-
dard deviation. Statistical differences among the experimental
conditions were performed using one-way analysis of variance
(ANOVA) or two-way ANOVA followed by Tukey's multiple
comparisons test. All statistical analyses were performed using
BellCurve for Excel (Social Survey Research Information Co.,
Ltd.) and P<0.05 was considered to indicate a statistically
significant difference.

Results

THP-1- and PHM-derived exosomes are taken up by the
OSC-4 cells. First, a western blot analysis was performed
in order to characterize the THP-1- and PHM-derived
exosomes. CD9, CD63 and Rab5B, which are used as
exosomal markers, were expressed on the THP-1- and
PHM-derived exosomes (Fig. 1A). Conversely, calnexin and
cytochrome C were not detectable in the exosomal lysates
(Fig. 1A). Next, the THP-1 and PHM-derived exosomes
were treated with PKH26 and PKH67, two fluorescent dyes
with long aliphatic tails that are incorporated into the lipid
membrane of exosomes, to study the uptake of the isolated
exosomes. Following the incubation of OSC-4 cells with
the PKH26-labeled THP-1- or PHM-derived exosomes,
the presence of PKH26-positive granules in the cytoplasm
of OSC-4 cells was observed by confocal laser micros-
copy; the granules were more diffuse at 24 h compared
with their distribution at 4 h after the addition (Fig. 1B).
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Figure 1. Characterization and cellular internalization of THP-1- and PHM-derived exosomes. (A) TCL and Exo lysates from the THP-1- and PHM-derived
exosomes were analyzed by western blotting. (B) OSC-4 cells were incubated in the presence or absence of PKH26-labeled exosomes (red) derived from
THP-1 or PHMs cells for 4 and 24 h and analyzed by confocal microscopy. Nuclei were stained with DAPI (blue) (x400 magnification). Scale bar, 20 ym.
(C) Uptake of the PKH67-labeled THP-1- and PHM-derived exosomes by OSC-4 cells was analyzed by flow cytometry at different time-points. CD9, CD9
antigen; CD63, CD63 antigen; Exo, exosomal; MFI, mean fluorescence intensity; PHM, primary human macrophages; Rab5B, Ras-related protein Rab-5B;

TCL, total cell lysate.

The flow cytometric analysis also revealed that there
was a time-dependent increase in the uptake of both the
PKHG67-labeled THP-1- and the PHM-derived exosomes by
the OSC-4 cells (Fig. 1C). These data suggested that the
macrophage-derived exosomes could be taken up by the
OSC-4 cells.

Differential effects of THP-1- and PHM-derived exosomes on
proliferation, migration and invasion of the OSC-4 cells. In
order to determine the effects of THP-1- and PHM-derived
exosomes on the malignant potential of OSCC cells, their
effects on the proliferation, migration and invasion of
OSC-4 cells were assessed. Both the THP-1- and PHM-derived
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Figure 2. Effects of THP-1- and PHM-derived Exo on proliferation, migration and invasion of OSC-4 cells. OSC-4 cells were incubated in the presence or
absence of Exo (1, 10 or 50 ug) for 24 h. The viability was assessed by (A) Cell Counting Kit-8 assay and (B) standard cell counting with a hemocytometer.
(C) Wound healing assay to determine the migratory capacity of OSC-4 cells treated with THP-1- and PHM-derived Exo. Magnification, x40. (D) Invasion
assay to determine the invasive capacity of OSC-4 cells treated with THP-1- and PHM-derived Exo. Magnification, x100. Data were normalized against
exosome 0 pg. "P<0.05 vs. cells in the absence of Exo. Cont, control; Exo, exosomes; PHM, primary human macrophages.
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Figure 3. Chemokine array of the THP-1- and PHM-derived exosomes. Chemokine levels for nine representative molecules, which were expressed >1.5-fold
higher in the THP-1-derived exosomes than in the PHM-derived exosomes, are indicated in black boxes. A positive reference double spots are marked in black
dotted boxes, whereas the of negative control is marked in the white rectangle. “P<0.05 vs. THP-1 exosomes. CCL, C-C motif chemokine ligand; CXCL, C-X-C

motif chemokine ligand; PHM, primary human macrophages.

exosomes facilitated proliferation of OSC-4 cells (Fig. 2A).
In addition, the cell counting assay demonstrated a signifi-
cant cell number increase in OSC-4 cells treated with these
exosomes at 72 h, compared with the control untreated
cells (Fig. 2B). THP-1-derived exosomes also promoted the
dose-dependent migration of OSC-4 cells; treatment with
50 pg/ml THP-1-derived exosomes led to approximately 90%
closure of the wound area in the migration assay (Fig. 2C).
Furthermore, the increase in the number of OSC-4 cells
invading the Matrigel was dependent on the concentration
of the THP-1-derived exosomes (Fig. 2D). Conversely, the
PHM-derived exosomes did not exhibit a significant effect
on the migration or the invasion of OSC-4 cells, suggesting
that the THP-1-derived exosomes were more likely to
promote malignancy in the OSC-4 cells compared with the
PHM-derived exosomes.

Differences in the protein content of the THP-1- and
PHM-derived exosomes. To determine the mechanism under-
lying the promotion of OSC-4 cell migration and invasion
by the THP-1-derived exosomes but not the PHM-derived
exosomes, the protein content of the exosomes obtained from
the THP-1 cells and PHMs was examined. The expression
levels of the chemokines including C-C motif chemokine
ligand (CCL)-1, CCL-2, CCL-3, CCL-4, CCL-20, CCL-24,
C-X-C motif chemokine ligand (CXCL)-8, CXCL-10 and
CXCL-13 were >1.5 fold higher in the exosomes derived
from the THP-1 cells compared with those derived from the
PHMs of healthy donors (Fig. 3). These results suggested
that the THP-1-derived exosomes contained higher levels of
chemokines than the PHM-derived exosomes and that these
chemokines might promote the migration and invasion of
OSC-4 cells.
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Figure 4. Effects of the THP-1- and PHM-derived exosomes on the sensitivity of OSC-4 cells to chemotherapeutic agents. OSC-4 cells were incubated with
(A) CM from THP-1 and PHM cultures or (B) the indicated concentrations of the THP-1- and PHM-derived exosomes for 24 h in the presence or absence of
100 #M 5-FU or CDDP, and cell proliferation was assessed with the Cell Counting Kit-8 assay. “P<0.05 vs. the Cont, that corresponds to cells in the absence of
CM in (A) and exosomes in (B). 5-FU, 5-fluorouracil; CDDP, cis-diamminedichloroplatinum; CM, conditioned medium; Cont, control; PHM, primary human

macrophages.

Sensitivity of OSC-4 cells to 5-FU and CDDP is decreased
by THP-1- and PHM-derived exosomes. To evaluate the effect
of THP-1- and PHM-derived exosomes on the sensitivity of
OSC-4 cells towards chemotherapeutic agents, cell prolif-
eration was measured. OSC-4 cells were treated with the
THP-1 and PHM culture supernatants containing exosomes
and cells were incubated for 24 h in the presence or absence
of 5-FU or CDDP before performing the CCK-8 assay. The
proliferation-promoting effect of THP-1- and PHM-derived
isolated exosomes was higher than the culture supernatants
(Fig. 4A and B).

Both the THP-1 and PHM culture supernatants attenu-
ated the 5-FU- or CDDP-mediated inhibition of OSC-4

proliferation significantly (Fig. 4A). Similarly, the CCK-8 assay
revealed that both the THP-1- and PHM-derived exosomes
also suppressed the 5-FU- and CDDP-mediated inhibition of
OSC-4 proliferation in a dose-dependent manner and that the
treatment of OSC-4 cells with 50 yg/ml exosomes abolished
the inhibitory effect of 5-FU and CDDP (Fig. 4B).

Effects of THP-1- and PHM-derived exosomes on cell cycle
and apoptosis of OSC-4 cells. In order to determine the effect
of THP-1- and PHM-derived exosomes on the cell cycle
regulation of OSC-4 cells treated with chemotherapeutic
drugs, PI staining was utilized to assess the prevalence of
each cell cycle stage. Treatment with 5-FU and CDDP was
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Figure 5. Effects of the THP-1- and PHM-derived Exo on cell cycle regulation and apoptosis in OSC-4 cells. OSC-4 cells were incubated with 50 pg/ml
THP-1- and PHM-derived Exo for 24 h in the presence or absence of 100 M 5-FU or CDDP, and (A) cell cycle status and (B) apoptosis were evaluated using
flow cytometry after the indicated treatments. “P<0.05 vs. the Cont, that corresponds to cells in the absence of Exo. 5-FU, 5-fluorouracil; CDDP, cis-diammin-
edichloroplatinum; Cont, control; Exo, exosomes; PHM, primary human macrophages.

observed to induce the accumulation of OSC-4 cells in the
S and G,/M phases, whereas the addition of the THP-1- or
PHM-derived exosomes inhibited the transition of the cells
into the G2/M phase (Figs. 5SA and S1). Furthermore, the
treatment of OSC-4 cells with 5-FU or CDDP increased the

percentage of apoptotic cells, which was inhibited by the
addition of the THP-1- or PHM-derived exosomes to the cell
culture (Figs. 5B and S2). These results suggested that the
macrophage-derived exosomes decreased the sensitivity of
OSC-4 cells to 5-FU and CDDP through the attenuation of
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the effects of the chemotherapeutic agents on cell cycle regu-
lation and apoptosis.

Effects of THP-1- and PHM-derived exosomes on the
AKT/GSK-3f signaling pathway in OSC-4 cells. To elucidate
the mechanism underlying the attenuation of OSC-4 sensi-
tivity to chemotherapeutic agents by macrophage-derived

exosomes, the effects of THP-1- and PHM-derived exosomes
on the AKT/GSK-3f signaling pathway were examined. Both,
THP-1- and PHM-derived exosomes were found to induce the
phosphorylation of AKT as well as GSK-3f in the OSC-4 cells
(Fig. 6A), whereas the treatment with 5-FU or CDDP slightly
decreased the phosphorylation levels of AKT and GSK-3.
Notably, both the THP-1- and PHM-derived exosomes
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abolished the suppressive effects of 5-FU and CDDP (Fig. 6A).
Furthermore, to examine whether these changes could be
reversed by PI3K/AKT inhibition, two inhibitors were utilized:
LY294002, a PI3K inhibitor and MK-2206, an AKT inhibitor.
Both inhibitors were found to decrease the phosphorylation
levels of both AKT and GSK-3f in the presence of THP-1- and
PHM-derived exosomes (Fig. 6B). In addition, both inhibi-
tors were able to increase the sensitivity of OSC-4 cells to
both 5-FU and CDDP drugs in the presence of THP-1- and
PHM-derived exosomes (Fig. 6C). These results suggested
that the THP-1- and PHM-derived exosomes might reduce
the sensitivity of OSC-4 cells to 5-FU and CDDP through the
activation of the AKT/GSK-3f signaling pathway.

Discussion

Infiltrating macrophages in the tumor microenvironment have
been reported to promote tumor progression through their
interaction with the surrounding cells such as tumor, stromal
and immune cells, mediated by the secretion of paracrine
factors (4-6). Specifically, TAM infiltration has been reported
to be associated with tumor progression and poor prognosis in
patients with OSCC (13-15). THP-1 cells differentiated with
PMA are widely used as a model to study the function and
biology of human macrophages (22). However, THP-1 cells are
malignant tumor cells and their characteristics are different
from normal macrophages (23). Therefore, the present study
used two kinds of macrophages and examined the influence
of these cells-derived exosomes on malignant potentials and
chemosensitivity of OSCC cells.

The THP-1- and PHM-derived exosomes were rapidly
internalized by the OSC-4 cells after their addition to the
culture medium and their uptake was time-dependent, which
suggested that macrophage-derived exosomes could interact
with OSCC cells intimately and could be incorporated into
OSCC cells in a very short period of time. Subsequently, to
examine the effect of macrophage-derived exosomes on the
malignant potential of OSC-4 cells, proliferation, migration
and invasion assay were performed. The results demonstrated
that both the THP-1- and PHM-derived exosomes promoted
the proliferation of OSC-4 cells in a dose-dependent manner.
These results coincide with previous studies that reported that
macrophage-derived exosomes promoted the progression of
various tumors including pancreatic ductal adenocarcinoma,
colon cancer and gastric cancer (24-26). However, the exosomes
used in those studies were derived from the M2-polarized
macrophages induced by exposure to THP-1 cells or primary
monocytes treated with T helper type (Th)2 cytokines (inter-
leukin (IL)-4 and IL13). In the present study, THP-1 cells or
PHMs were not treated with Th1 or Th2 cytokines. Therefore,
exosomes derived from macrophages not polarized in M2 may
also be able to promote OSCC progression.

Although the THP-1-derived exosomes promoted the
migration and invasion of OSC-4 cells, a similar effect was
not observed following the exposure of OSC-4 cells to the
PHM-derived exosomes. Therefore, the expression levels of
chemokines between the THP-1- and PHM-derived exosomes
was analyzed in the present study. A variety of chemokines,
including CCL-1, CCL-2, CCL-3, CCL-4, CCL-20, CCL-24,
CXCL-8, CXCL-10 and CXCL-13 were highly expressed in
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the THP-1-derived exosomes compared with the PHM-derived
exosomes. Among these chemokines, the expression level of
CCL-2 was the highest in the THP-1-derived exosomes. CCL-2
was reported to be secreted by cancer-associated fibroblasts
and tumor-associated neutrophils into the tumor microenvi-
ronment and was shown to promote the migration and invasion
of OSCC cells following bone invasion and lymph node
metastasis through the CCL-2/CCR-2 axis (27-31). The stimu-
latory effects on migration and invasion were also reported
for the other chemokines that were highly expressed in the
THP-1-derived exosomes, including CCL-4, CCL-20 and
CXCL-8 (32-34). From these findings, certain chemokines,
contained in large quantities in the THP-1-derived exosomes,
may be taken up by OSCC cells and regulate their migration
and invasion.

In agreement with studies reporting that TAMs could regu-
late chemoresistance (7-12), the present study demonstrated
the THP-1- and PHM-conditioned medium, as well as the
THP-1- and PHM-derived exosomes, were able to decrease
the sensitivity of OSC-4 cells to 5-FU and CDDP through
the promotion of proliferation, regulation of cell cycle and
suppression of apoptosis. These results suggest that, among
the TAM-secreted factors, exosomes can be internalized by
the OSCC cells to specifically decrease their chemosensitivity.
Conversely, previous studies have shown that tumor cell-derived
exosomes can also be taken up by macrophages and induce their
polarization to an immunosuppressive, M2-like phenotype;
upregulate their expression of programmed cell death 1; lead
to their accumulation in the tumor microenvironment; promote
their secretion of protumoral, bioactive molecules, such as
vascular endothelial growth factor, monocyte chemoattractant
protein-1, IL-6, IL-1f, matrix metalloproteinase-9 and tumor
necrosis factor a; and lead to altered phagocytosis (35-40).
Thus, the communication between macrophages and tumor
cells through exosomes may facilitate the progression and
metastasis of OSCC.

The AKT/GSK-3 signaling pathway is involved in chemo-
resistance, epithelial-to-mesenchymal transition (EMT), and
cancer stemness (41-43). In the present study, THP-1- and
PHM-derived exosomes were demonstrated to result in a
marked increase in the levels of p-AKT and p-GSK-3f,
suggesting that the mechanism underlying the malignant
potential and chemoresistance of OSC-4 cells to 5-FU and
CDDP potentiated by the THP-1- and PHM-derived exosomes
might involve the activation of the AKT/GSK-3f signaling
pathway. Some highly expressed chemokines contained
in the THP-1 and PHM-derived exosomes are known to be
involved in the promotion of cancer progression through the
stimulation of the PI3K/AKT signaling pathway. For example,
CCL-2 secretion by TAM activated the PI3K/AKT pathway in
tumor cells to promote chemoresistance of breast cancer and
migration of prostate cancer cells (44,45). CCL-20 secreted by
TAM-activated EMT and the migratory ability of renal cell
carcinoma cells via AKT activation (46). CXCL-8 derived
from macrophages promoted the migration and invasion of
esophageal squamous cell carcinoma cells via the phosphory-
lation of AKT and ERK1/2 through C-X-C motif chemokine
receptor (CXCR)-1 and CXCR-2 in vitro (47). These chemo-
kines contained in macrophages-derived exosomes may be
associated with the activation of the AKT/GSK-3f signaling
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pathway in OSCC cells. To support this mechanism, PI3K/AKT
inhibitors were found to exert significant anticancer effects in
the presence of macrophage-derived exosomes. Furthermore,
the PI3K/AKT inhibitors LY294002 and wortmannin
were previously shown to enhance the CDDP-, 5-FU- and
docetaxel-induced apoptosis in OSCC cells (48). The results
from the present study suggest that combination therapies,
including PI3K/AKT inhibitors and traditional chemothera-
peutic agents, may improve the prognosis of patients with
OSCC not only by augmenting the OSCC cell apoptosis but
also by blocking the inhibitory effects of the TAM-derived
exosomes.

In conclusion, the present study provided evidence that
macrophage-derived exosomes incorporated into OSCC cells
may facilitate chemoresistance through the activation of the
AKT/GSK-3p signaling pathway. Further studies are neces-
sary to determine whether TAM-derived exosomes in the
tumor microenvironment of OSCC may be a significant factor
that can predict chemosensitivity of patients and whether the
inhibition of TAM-derived exosomes might be an effective
therapeutic strategy.
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