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Exosomes are extracellular vesicles released by various cell types and play roles
in cell-cell communication. Several studies indicate that cancer cell-derived exo-
somes play important pathophysiological roles in tumor progression. Biodistribu-
tion of cancer cell-derived exosomes in tumor tissue is an important factor for
determining their role in tumor proliferation; however, limited studies have
assessed the biodistribution of exosomes in tumor tissues. In the present study,
we examined the effect of cancer-cell derived exosomes on tumor growth by
analyzing their biodistribution. Murine melanoma B16BL6-derived exosomes
increased the proliferation and inhibited the apoptosis of B16BL6 cells, which
was associated with an increase and decrease in the levels of proliferation- and
apoptosis-related proteins, respectively. GW4869-induced inhibition of exosome
secretion decreased the proliferation of B16BL6 cells, and treatment of GW4869-
treated cells with B16BL6-derived exosomes restored their proliferation. Next, we
treated B16BL6 tumors in mice with B16BL6-derived exosomes and examined the
biodistribution and cellular uptake of these exosomes. After the intratumoral
injection of radiolabeled B16BL6-derived exosomes, most radioactivity was
detected within the tumor tissues of mice. Fractionation of cells present in the
tumor tissue showed that fluorescently labeled exosomes were mainly taken up
by B16BL6 cells. Moreover, intratumoral injection of B16BL6-derived exosomes
promoted tumor growth, whereas intratumoral injection of GW4869 suppressed
tumor growth. These results indicate that B16BL6 cells secrete and take up their
own exosomes to induce their proliferation and inhibit their apoptosis, which
promotes tumor progression.

E xosomes are extracellular vesicles released by various cell
types.""” Exosomes package proteins and nucleic acids and
function as endogenous delivery carriers in cell-cell communi-
cation.)) Because cancer cells also secrete exosomes, several
studies have investigated the role of cancer cell-derived exo-
somes in cancer biology.”® Detection of primary tumor tissue-
secreted exosomes in specific organs and determination of their
role in the initiation of pre-metastatic niche formation has led
to detailed research on molecular mechanisms underlying the
role of these exosomes in cancer metastasis.® > Recent studies
indicate that specific proteins and microRNAs present in can-
cer cell-derived exosomes determined organotropic metasta-
sis. (7

In vitro studies assessing the biological roles of cancer cell-
derived exosomes have shown that these exosomes promote
tumor progression by affecting different cell types.*” To
determine the actual effect of cancer cell-derived exosomes, it
is important to analyze their in vivo behavior. However, lim-
ited information is available on the transport of cancer cell-
derived exosomes from tumor tissue to other organs and on
cell types involved in their uptake.
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Exosome labeling technology that allows high sensitive and
quantitative analysis would be useful for understanding the
in vivo behavior of exosomes.'”'" Previously, we developed
an exosome radiolabeling method based on streptavidin
(SAV)-biotin interaction by designing a fusion protein contain-
ing SAV and lactadherin (LA; an exosome-tropic protein)
called SAV-LA."? Exosomes were radiolabeled by incubating
SAV-LA-modified exosomes with an iodine-125 (*°I)-labeled
biotin derivative. The radiolabeled exosomes were then intra-
venously injected into mice, and their pharmacokinetic charac-
teristics were evaluated."'” In addition, we previously used
fluorescently labeled exosomes to determine cell types
involved in exosome uptake in the liver, spleen, and lungs.""?
Based on the results of these studies, we aimed to determine
the in vivo behavior of cancer cell-derived exosomes adminis-
tered exogenously.

In the present study, we selected murine melanoma B16BL6
cells as model cancer cells and determined the effects of
B16BL6-derived exosomes on these cells. In addition, we
directly injected B16BL6-derived exosomes into B16BL6
tumors in mice and examined their biodistribution, cellular
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uptake, and effect on tumor growth. Finally, we investigated
the effects of GW4869, an inhibitor of exosome secretion, on
tumor growth. Our results clearly showed that B16BL6-derived
exosomes were efficiently taken up by B16BL6 tumor cells
and accelerated the growth of these cells.

Materials and Methods

Mice. Five-week-old male C57BL/6J mice were purchased
from Japan SLC, Inc. (Shizuoka, Japan). Protocols for all ani-
mal experiments were approved by the Animal Experimenta-
tion Committee of the Graduate School of Pharmaceutical
Sciences of Kyoto University.

Cell culture. BI6BL6 murine melanoma cells were obtained
from Riken BioResource Center (Tsukuba, Japan) and were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 0.15% sodium bicarbonate, 100 IU/mL penicillin,
100 pg/mL streptomycin, and 2 mM L-glutamine at 37°C in a
humidified atmosphere containing 5% CO,.

Exosome collection. Exosomes were collected from the cul-
ture supernatant of B16BL6 cells by performing differential
centrifugation followed by ultracentrifugation, as described
previously.'* In brief, cell supernatants were centrifuged at
300 g for 10 min, 2000 g for 20 min, and 10 000 g for
30 min in order to remove cell debris and microvesicles
including apoptotic bodies. The supernatant was passed
through 0.22 pm syringe filter, followed by 100 000 g for 1 h
using a Hitachi CP8OWX ultracentrifuge (Hitachi High-Tech-
nologies, Tokyo, Japan). The exosome pellet was washed in
phosphate buffered saline (PBS), centrifuged at 100 000 g for
1 h and resuspended in PBS. The amount of exosomes col-
lected was estimated by measuring protein concentration by
performing Bradford assay. Presence of exosome marker pro-
teins Alix, HSP70, and CDS81 and absence of negative marker
protein calnexin in the collected exosomes was confirmed by
performing western blotting with the same antibodies and pro-
tocol as those described previously.'®

Electron microscopic observation and measurement of particle
size of exosomes. The exosome suspension was added to an
equal volume of 4% paraformaldehyde (Nacalai Tesque,
Kyoto, Japan), and the mixture was applied to a Formvar/Car-
bon film-coated transmission electron microscope (TEM) grid
(Alliance Biosystems, Osaka, Japan). The sample was then
washed with PBS. Then, the sample was fixed by incubation
with 1% glutaraldehyde for 5 min, washed with PBS, and
incubated with 1% uranyl acetate for 5 min. The sample was
observed under a TEM (Hitachi H-7650; Hitachi High-Tech-
nologies). A gNano instrument (Izon Science Ltd., Christch-
urch, New Zealand) was used to measure the particle size
distribution of the exosomes.

Preparation of fluorescently labeled exosomes. PKH26 red
fluorescent cell linker kit and PKH67 green fluorescent cell
linker kit were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Exosomes were labeled with PKH dyes (PKH26 and
PKHG67), as described previously."'® Briefly, exosomes resus-
pended in a buffer provided in the kits were mixed with the
PKH dyes and were incubated for 5 min at room temperature.
Next, the samples were added to phosphate-buffered saline
(PBS) supplemented with 5% bovine serum albumin and were
ultracentrifuged at 100 000 g for 1 h to remove free dyes.

Uptake of exosomes by B16BL6 cells. For this, 1 x 10°
B16BL6 cells were seeded onto a chamber slide (WATSON
CO., LTD, Kobe, Japan) 1 day before the experiment. Next,
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10 pg/mL. PKH26-labeled exosomes were added to the cell
culture, and the cells were incubated for 4 or 24 h. The cells
were washed twice with PBS, fixed with 4% paraformaldehyde
for 20 min, and washed twice again with PBS. Next, the cells
were treated with 100 nM 4',6-diamino-2-phenylindole (DAPI)
for 5 min to stain their nuclei and were washed once with
PBS. Finally, the cells on the slide were examined using a
confocal laser-scanning microscope (A1R-MP; Nikon Instech
Co., Ltd., Tokyo, Japan).

In a separate experiment, 1 x 10° BI6BL6 cells were
seeded in a 24-well plate. After 24 h of incubation, indicated
concentrations of PKH67-labeled exosomes were added to the
cell culture and the cells were incubated for 4 or 24 h. Next,
the cells were washed twice with PBS and were harvested.
Mean fluorescence intensity (MFI) of the cells was determined
using a flow cytometer (Gallios Flow Cytometer; Beckman
Coulter, Miami, FL, USA). Data were analyzed using Kaluza
software (version 1.0; Beckman Coulter).

Tumor cell proliferation assay. For this, 5 x 10> B16BL6
cells were seeded in a 96-well plate containing DMEM lacking
FBS 1 day before the experiment. The cells were then incu-
bated with the indicated concentrations of B16BL6-derived
exosomes or 10% normal FBS for 24 h, and cell numbers were
determined using MTT assay kit (Nacalai Tesque).

Flow cytometric determination of apoptotic cells. For this,
1 x 10° BI6BL6 cells were seeded in a 24-well plate contain-
ing DMEM supplemented with the indicated concentrations of
B16BL6-derived exosomes and without FBS. After 24 h, cells
both on the plate and in the medium were harvested. Apoptotic
cells were determined using Alexa Fluor 488 annexin V
(AnV)/propidium iodide (PI) apoptosis detection kit (Thermo
Fisher Scientific, Waltham, MA, USA) and Gallios Flow
Cytometer, according to the manufacturer’s instructions. Data
were analyzed using the Kaluza software.

Western blotting. For this, 2 x 10° BI16BL6 cells were
seeded in a 12-well plate with or without the indicated concen-
trations of B16BL6-derived exosomes. After 24 h, the cells
were washed twice with PBS and were harvested. Cell lysates
were prepared by freezing and thawing the cells five times,
followed by centrifugation to remove cell debris. Reduced cell
lysates (2 png) were resolved by performing sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on a 10% gel and
were transferred onto a polyvinylidene fluoride membrane.
Cyclin D1, Bcl-2, Bax, Akt, phosphorylated Akt (p-Akt), and
GAPDH were detected by incubating the membrane with the
following antibodies for 1 h at room temperature: rabbit anti-
cyclin D1 antibody (dilution, 1:1000; Abcam, Cambridge,
UK), rabbit anti-Bcl-2 antibody (dilution, 1:1000; Abcam),
rabbit anti-Bax antibody (dilution, 1:1000; Abcam), rabbit
anti-Akt antibody (dilution, 1:1000; Enzo Biochem, New York,
NY, USA), rabbit anti-p-Akt antibody (dilution, 1:200; Santa
Cruz Biotechnology, Dallas, TX, USA), and rabbit anti-
GAPDH antibody (dilution, 1:10 000; Abcam). Next, the
membrane was incubated with goat anti-rabbit IgG-HRP (dilu-
tion, 1:5000; Santa Cruz Biotechnology) for 1 h at room tem-
perature. The membrane was then reacted with Immobilon
Western Chemiluminescent HRP substrate (Merck Millipore,
Billerica, MA, USA), and chemiluminescence was detected
using LAS-3000 instrument (FUJIFILM, Tokyo, Japan).

In a separate experiment, proteins present in the exosomes
and cell lysates were resolved by performing sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and were transferred
onto a polyvinylidene fluoride membrane, as described above.
Survivin expression was detected by incubating the membrane
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with rabbit anti-survivin antibody (dilution, 1:1000; Abcam)
for 1 h at room temperature, followed by incubation with goat
anti-rabbit IgG-HRP (dilution, 1:5000; Santa Cruz Biotechnol-
ogy) for 1 h at room temperature. The membrane was then
reacted with Immobilon Western Chemiluminescent HRP sub-
strate, and chemiluminescence was detected using the LAS-
3000 instrument.

Inhibition of exosome secretion. For this, 8 x 10° B16BL6
cells were seeded in a 15-cm dish and were incubated for
24 h. Next, the cells were incubated with or without 5 pg/mL
GW4869 (dissolved in 5% DMSO; Cayman Chemical, Michi-
gan, MI, USA), an inhibitor of neutral sphingomyelinases, for
24 h at 37°C. Exosomes were collected, and the amount of the
collected exosomes was determined by measuring protein con-
centration. Levels of Alix, HSP70, CD81, and calnexin in the
collected samples were determined by performing western
blotting, as described previously.

Effect of GW4869 on tumor cell proliferation. For this,
1 x 10* BI6BL6 cells were seeded in a 96-well plate 1 day
before the experiment. The cells were then incubated with or
without 5% DMSO (vehicle), 5 pg/mL GW4869 and the indi-
cated concentrations of B16BL6-derived exosomes for 24 h,
and cell numbers were estimated using the MTT assay Kkit.

Xenograft tumor model. Mice were subcutaneously inocu-
lated with 5 x 10° B16BL6 cells. Tumor size was measured
using a slide caliper, and tumor volume was calculated using
the following formula: tumor volume (mm?®) = (longer
length x shorter length?) x 0.5. All animal experiments were
conducted when tumor volume was >100 mm’, unless other-
wise indicated. Tumor-bearing mice were euthanized once
tumor volume reached 3000 mm®.

Preparation of '*’l-labeled B16BL6-derived exosomes. SAV-
LA-expressing plasmid (pCMV-SAV-LA) and SAV-LA-modi-
fied exosomes were prepared, as described previously."'” In
brief, B16BL6 cells seeded in culture dishes were transfected
with pCMV-SAV-LA by using polyethylenimine Max (Poly-
sciences, Warrington, PA, USA). After 24 h, SAV-LA-modi-
fied exosomes present in the culture supernatant were
collected. The amount of collected exosomes was estimated by
measuring protein concentration by performing the Bradford
assay. Radiolabeled exosomes were pre;z)ared by incubating the
SAV-LA-modified exosomes with (3-' 5I-iodobenzoyl) norbi-
otinamide, an '*’I-labeled biotin derivative.

Evaluation of the biodistribution of intratumorally injected
radiolabeled exosomes in mice. '*I-labeled B16BL6-derived
exosomes (approximately 2 pg exosomes; radiation dose,
37 kBg/mouse) were injected into tumor tissues of mice having
tumor volume of 100200 or 300500 mm?>. The mice were
killed at an indicated time after the injection, and their blood
was collected from the vena cava. Next, their organs were col-
lected and were washed with saline. Radioactivity of each sam-
ple was measured using Wizard 1470 automatic gamma counter
(PerkinElmer, Waltham, MA, USA). Results are expressed as
%ID/ml for blood samples and as %ID/organ for other samples.

Microscopic observation of the cellular uptake of intratu-
morally injected exosomes in tumor tissues of mice. Tumor-bear-
ing mice were intratumorally injected with PKH26-labeled
exosomes at a dose of 10 pg exosome protein. The mice were
sacrificed at an indicated time after the injection, and their
tumor tissues were harvested and embedded in Tissue-Tek
OCT compound (Sakura Finetek Japan, Tokyo, Japan). In
addition, their organs were removed, were frozen at —80°C,
and were sectioned into 10-pum-thick sections by using a freez-
ing microtome (Leica CM3050 S; Leica Biosystems, Nussloch,
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Germany). The sections were air dried and were fixed with 4%
paraformaldehyde in PBS (Nacalai Tesque). Next, the sections
were washed with PBS and were incubated with 0.1% poly-
oxyethylene (10) octylphenyl ether (Wako, Osaka, Japan) in
PBS for 10 min at room temperature to induce permeabiliza-
tion. The sections were then incubated with 20% FBS/PBS for
1 h at 37°C. After washing, the sections were treated with rab-
bit anti-Pmell7 antibody (dilution, 1:50; Santa Cruz Biotech-
nology) and rat anti-CD206 antibody (dilution, 1:200; AbD
Serotec, Oxford, UK) for 1 h to stain B16BL6 cells and
macrophages, respectively. Next, the sections were stained
with Alexa Fluor 488-labeled goat anti-rabbit IgG (dilution,
1:250; Abcam) and Alexa Fluor 488-labeled goat anti-rat IgG
(dilution, 1:200; Abcam) secondary antibodies. The sections
were then treated with 100 nM DAPI for 5 min to stain the
nuclei, were washed once with PBS, and were examined under
the confocal laser-scanning microscope (A1R-MP).

Flow cytometric analysis of the cellular uptake of intratu-
morally injected exosomes in tumor tissues of mice. Tumor-bear-
ing mice were intratumorally injected with PKH67-labeled
exosomes at a dose of 20 pg exosome proteins. The mice were
killed at an indicated time after the injection, and their tumor
tissues were harvested. The tumor tissues were minced and
were digested by incubating with type 4 collagenase (Wor-
thington Biochemical Corp, Lakewood, NJ, USA) for 15 min
at 37°C. Single-cell suspensions were prepared by filtering the
tissue samples through a 40-um strainer (Greiner Bio-One,
Frickenhausen, Germany). The cell suspensions were fixed
with 4% paraformaldehyde in PBS. After washing with PBS,
the cell suspensions were incubated with 0.1% poly-
oxyethylene (10) octylphenyl ether for 10 min at room temper-
ature to induce permeabilization. After washing, the cell
suspensions were incubated with 5% FBS/PBS for 30 min at
room temperature. Next, the cell suspensions were incubated
with rabbit anti-Pmell7 antibody (dilution, 1:1000; Santa Cruz
Biotechnology) for 1 h, followed by incubation with donkey
anti-rabbit IgG H&L Alexa Fluor 647 (dilution, 1:2000;
Abcam) secondary antibody. MFI of individual cells were
evaluated using the Gallios Flow Cytometer, and data were
analyzed using the Kaluza software.

Effect of B16BL6-derived exosomes on tumor growth. Tumor-
bearing mice were intratumorally injected with PBS or 10 pg
B16BL6-derived exosomes at 3-day intervals, and tumor size
was measured every day.

Effect of GW4869 on tumor growth. Tumor-bearing mice
were intratumorally injected with PBS, vehicle (5% DMSO),
or 1 g GW4869 at every day, and tumor size was measured
every day.

Statistical analysis. Differences among groups were evaluated
using Tukey-Kramer method, and P < 0.05 was considered
statistically significant.

Results

B16BL6-derived exosomes approximately 100 nm in diame-
ter. Figure 1(a) shows a TEM image of B16BL6-derived exo-
somes. Round-shaped vesicles of ~100 nm in diameter were
observed. The particle size of B16BL6-derived exosomes mea-
sured by gNano was 97 £+ 3 nm (Fig. 1b).

Cultured B16BL6 cells took up B16BL6-derived exosomes. Fig-
ure 1(c) shows the confocal microscopic images of B16BL6
cells incubated with PKH26-labeled, B16BL6-derived exo-
somes. Our results showed that PKH26-labeled exosomes were
taken up by BI16BL6 cells. In addition, results of flow

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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cytometry analysis showed that the uptake of PKH67-labeled,
B16BL6-derived exosomes by B16BL6 cells increased in a
concentration- and time-dependent manner (Fig. 1d).
B16BL6-derived exosomes induced the proliferation and inhib-
ited the apoptosis of B16BL6 cells. Next, we evaluated the effect
of B16BL6-derived exosomes on the proliferation of cultured
B16BL6 cells. Treatment with B16BL6-derived exosomes (2.5
and 10 pg/mL) significantly increased the number of B16BL6
cells compared with that of untreated cells (Fig. 2a). In partic-
ular, the number of BI16BL6 cells treated with 10 pg/mL
B16BL6-derived exosomes was comparable to that of cells
cultured with 10% FBS. Next, we determined the antiapoptotic
activity of B16BL6-derived exosomes by staining B16BL6
cells with AnV and PI (Fig. 2b). AnV-positive and PI-negative
(AnV[+] and PI[—]) cells and AnV-positive and PI-positive
(AnV[+] and PI[+]) cells were regarded as early apoptotic cells

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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and late apoptotic/necrotic cells, respectively.(m) The percent-
age of AnV(+) and PI(—) cells was significantly lower among
B16BL6 cells treated with 2.5 pg/mL. B16BL6-derived exo-
somes than among untreated cells (Fig. 2c), suggesting that
B16BL6-derived exosomes inhibited the apoptosis of B16BL6
cells. In addition, exosome treatment decreased the percentage
of AnV(+) and PI(+) cells among B16BL6 cells; however, the
decrease was not statistically significant.

B16BL6-derived exosomes regulated the levels of cell prolifera-
tion- and apoptosis-related proteins. Next, we investigated the
effect of B16BL6-derived exosomes on the levels of intracellu-
lar proteins associated with cell proliferation (cyclin D1 and
Akt) and apoptosis (Bcl-2, Bax; Fig. 3a). Cellular levels of
cyclin D1, Bcl-2, and p-Akt increased, whereas those of Bax
considerably decreased after treatment with B16BL6-derived
exosomes. Western blotting detected survivin, an apoptotic

Cancer Sci | September 2017 | vol. 108 | no.9 | 1806



www.wileyonlinelibrary.com/journal/cas

No — __Exosomes (ng/ml)

treatment | o 2.5 10

(@)

CyclinD1

p-Akt

GAPDH

(b) Cell lysis (pg) Exosomes (ng)
2.0 2.0 5.0 10

Fig. 3. Changes in the intracellular levels of cell proliferation- and
apoptosis-related proteins after treatment with B16BL6-derived exo-
somes. (a) Western blotting analysis of cyclinD1, Bcl-2, Bax, Akt, p-Akt,
and GAPDH expression in B16BL6 cells treated with the indicated con-
centrations of B16BL6-derived exosomes for 24 h. (b) Western blotting
analysis of survivin expression in B16BL6 cells and B16BL6-derived exo-
somes.

inhibitor, in both B16BL6 cells and B16BL6-derived exo-
somes; however, its level in B16BL6-derived exosomes was
lower than that in B16BL6 cells (Fig. 3b).

GW4869-induced inhibition of exosome secretion suppressed
the proliferation of B16BL6 cells. Figure 4(a) shows protein
levels in exosomes collected from B16BL6 cells treated with
or without GW4869. GW4869 treatment significantly
decreased the amount of collected exosomes to approximately
25% of that collected from untreated cells. Next, proteins pre-
sent in exosomes collected from B16BL6 cells treated with or
without GW4869 were analyzed by performing western blot-
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proteins Alix, HSP70, and CD81 were present and that cal-
nexin, an endoplasmic reticulum marker, was absent in all the
three groups (exosomes derived from non-treatment, DMSO-
treated, and GW4869-treated cells; Fig. 4b). GW4869 treat-
ment significantly decreased the number of BI6BL6 cells com-
pared with that of untreated and vehicle-treated cells, implying
that GW4869-induced inhibition of exosome secretion sup-
pressed the proliferation of B16BL6 cells. In contrast, treat-
ment of GW4869-treated B16BL6 cells with 25 pg/mL
B16BL6-derived exosomes restored their proliferation rate
(Fig. 4c).

Intratumorally injected B16BL6-derived exosomes remained in
tumor tissue and accelerated its growth. Figure 5 shows the dis-
tribution of '?°I radioactivity after the injection of radiolabeled
B16BL6-derived exosomes into tumors with a volume of 100—
200 (Fig. 5a) or 300-500 mm’® (Fig. 5b). When radiolabeled
B16BL6-derived exosomes were injected into tumors with low
volume (Fig. 5a), a large fraction of the radioactivity remained
within the tumors (approximately 57%, 43%, 33%, and 34% at
1, 4, 8, and 24 h after the injection, respectively), with limited
distribution to other organs until 48 h after the injection. When
radiolabeled B16BL6-derived exosomes were injected into
tumors with large volume (300-500 mm?), a large fraction of
the radioactivity remained within the tumors (Fig. 5b), which
was similar to that observed for small tumors, with some
radioactivity being detected in the lungs and liver (1.6% and
17% at 1 h, respectively).

B16BL6 cells efficiently took up intratumorally injected PKH67-
labeled, B16BL6-derived exosomes. To determine cell types
involved in the uptake of B16BL6-derived exosomes in tumor
tissue, the mice were intratumorally injected with PKH26-
labeled, B16BL6-derived exosomes and tumor sections
obtained were stained with antibodies against gpl00 (a mela-
noma marker) or CD206 (a macrophage marker). As shown in
Figure 5(c,d), exosomes (red dots) colocalized with stained
cells (green dots), indicating that PKH26-labeled, B16BL6-
derived exosomes were taken up by both B16BL6 cells and
macrophages present in the tumor tissue. However, the uptake
efficiency between B16BL6 cells and macrophages seems to

ting. Results of western blotting showed that exosome marker ~ be different. PKH26-labeled, B16BL6-derived exosomes
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Fig. 5. Distribution and cellular uptake of intratumorally injected B16BL6-derived exosomes. (a, b) In vivo distribution of '?°I-labeled exosomes
injected into tumor tissues with a volume of (a) 100-200 or (b) 300-500 mm?>. Tumor tissues were collected at the indicated time after injection and
were analyzed. Results are expressed as mean + standard error of mean of four mice. (c, d) After the intratumoral injection of PKH26-labeled,
B16BL6-derived exosomes (red), tumor sections were prepared and were stained with antibodies against (c) gp100 (a melanoma marker; green)
and (d) CD206 (a macrophage marker; green). The sections were examined under the confocal laser-scanning microscope. Arrowheads and arrows
indicate single red dots and red dots merged with green dots, respectively; scale bar = 20 um. (e-g) Flow cytometric analysis of the cellular uptake
of intratumorally injected PKH67-labeled, B16BL6-derived exosomes in the tumor tissue. (e-g) Representative flow cytometry plots of B16BL6 and
other cell populations after (f) 4 and (g) 24 h in mice injected with the exosomes (e; non-treatment group). Percentages of cells in each area of the
plots were quantified and are shown in the plots. (h) Percentages of exosome-positive cells at 4 and 24 h after the intratumoral injection of
PKH67-labeled exosomes. Results are expressed as mean + standard deviation of five mice; *P < 0.05 compared with other cells.
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colocalized more with B16BL6 cells than with macrophages
(Fig. 5c¢,d). Next, we performed flow cytometric analysis to
quantitatively investigate the uptake of PKH67-labeled exo-
somes by B16BL6 cells in tumor tissues (Fig. Se,g). Results of
flow cytometric analysis showed that approximately 60% and
70% B16BL6 cells took up PKH67-labeled, B16BL6-derived
exosomes at 4 (Fig. 5fh) and 24 h (Fig. 5g.h), respectively,
and that approximately 27% and 30% other cells took up
PKH67-labeled, B16BL6-derived exosomes at 4 (Fig. 5f,h)
and 24 h (Fig. 5g,h), respectively.

Effects of B16BL6-derived exosomes and GW4869 on tumor
growth. Figure 6(a) shows the time course of increase in
tumor volume in tumor-bearing mice intratumorally injected
with PBS or B16BL6-derived exosomes. Mice injected with
B16BL6-derived exosomes showed significant increase in
tumor growth compared with mice injected with PBS. Next,
we investigated the effects of repeated intratumoral injections
of GW4869 on tumor growth and survival in B16BL6-bearing
mice (Fig. 6b,c). Intratumoral injection of GW4869 signifi-
cantly reduced tumor growth. In addition, GW4869 treatment
prolonged the survival of tumor-bearing mice compared with
that of mice in other groups; however, the difference was not
statistically significant.

Discussion

Cyclin D1 accelerates the G1 phase of the cell cycle to
increase cell proliferation."> Bcl-2 inhibits caspase-9 and cas-
pase-3 activities and suppresses proapoptotic Bax pro-
teins.'®!'” PI3K/Akt signaling gathways play a role in the
survival of different cell types."® Therefore, B16BL6-derived
exosome-induced increase in the proliferation of and inhibition
of the apoptosis of BI6BL6 cells may involve regulation of the
intracellular levels of the above mentioned proteins (Figs 2,3a).

Survivin enhances cell proliferation and survival'® and acti-
vates cyclin-dependent kinase 4 (Cdk4) to generate a
cyclinD1/Cdk4 complex.'**” This complex promotes cell
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cycle progression. Moreover, alternatively spliced survivin
variants interact with Bcl-2 and inhibit caspase 3 activity in
the mitochondria.*" It has been reported that survivin level in
the exosomes derived from bladder cancer cells was higher
than that in the lysate of the cancer cells and the exosomes
enhanced the proliferation and survival of cancer cells.?* Our
results showed that B16BL6-derived exosomes also contained
survivin; however, its level was lower than that in cell lysates
(Fig. 3b). B16BL6-derived exosomes were efficiently taken up
by B16BL6 cells (Fig. 1), suggesting that survivin present in
the exosomes was delivered to B16BL6 cells and induced their
proliferation and survival (Figs 2,3b).

GW4869 is a potent, cell-permeable, specific, and non-com-
petitive inhibitor of neutral sphingomyelinases.*> Exosome
secretion is modulated by neutral sphingomyelinases and is
inhibited by GW4869.%*2% We treated cells with GW4869
(5 pg/mL), which is considered to have no cytotoxic effect.*¥
In the present study, the degree of the reduction in exosome
secretion by GW4869 was much greater than the degree of the
reduction in the cell number (Fig. 4a—c), indicating that the
reduced exosome secretion by GW 4869 is not simply due to
the reduced cell number. Moreover, reduction in the cell num-
ber by GW4869 was recovered by treating the cells with
B16BL6-derived exosomes (Fig. 4c), suggesting that GW4869-
induced suppression of B16BL6 cell proliferation was caused
by the inhibition of exosome secretion.

Growth of tumor tissue increases vascular permeability in
the tissue because of angiogenesis.?’?® A previous study
showed that biodistribution of nanoparticles having sizes com-
parable to those of exosomes after intratumoral injection
depended on tumor size.?” Consistently, results of the present
study showed that biodistribution of radiolabeled exosomes
was different between mice with different sized tumors
(Fig. 5a,b). In addition, distribution of some intratumorally
injected radiolabeled exosomes to the liver and lungs sug-
gested a leakage of exosomes into blood circulation because
intravenously injected B16BL6-derived exosomes accumulate
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in the liver or lungs."%'® The recovery rate of radioactivity
was approximately 60%. This might be because of the leakage
of the radiolabeled exosomes from the tumor tissue to the sur-
rounding skin or muscle.

Tumor tissues contain stromal cells as well as cancer cells,
and cancer cell-derived exosomes may be taken up by both
these cells. In the present study, we evaluated the uptake of
B16BL6-derived exosomes by B16BL6 cells and macrophages,
a type of stromal cells. Exosome uptake by macrophages was
investigated because macrophages play a major role in the
uptake of exogenously administered exosomes."'? Flow cyto-
metric analysis and microscopic observation showed that
B16BL6 cells efficiently took up B16BL6-derived exosomes
compared with other cells in the tumor tissue (Fig. 6). This
might be because exosomes are more efficiently taken up by
cells similar to the producing cells than other cells,?**” sug-
gesting that B16BL6-derived exosomes have tropism toward
B16BL6 cells. Research on uptake mechanism of cancer cell-
derived exosomes by their producing cells is required in the
future study.
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Cancer cell-derived exosomes induce tumor progression both
in vitro and in vivo.?* ¥ Significant increase in tumor volume
after the intratumoral injection of B16BL6-derived exosomes
(Fig. 6a) suggests that these exosomes induced tumor progres-
sion. In contrast, intratumoral injection of GW4869 inhibited
tumor progression (Fig. 6b,c). Because B16BL6-derived exo-
somes remain in the tumor tissue and are mainly taken up by
B16BL6 cells (Fig. 5), it can be suggested that these exosomes
promote B16BL6 cell proliferation and tumor progression
under physiological conditions.

In conclusion, we found that BI6BL6 cells secreted and took
up their own exosomes to induce their proliferation and inhibit
their apoptosis, thus promoting tumor progression. These find-
ings provide important information for elucidating the physio-
logical functions of exosomes.
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