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Abstract

Pancreatic ductal adenocarcinoma (PDAC) tumor growth is enhanced by tumor-associated
macrophages (TAMs), yet the mechanisms by which tumor cells and TAMs communicate are
not fully understood. Here we show that exosomes secreted by PDAC cell lines differed in
their surface proteins, lipid composition, and efficiency of fusing with THP-1-derived macro-
phages in vitro. Exosomes from AsPC-1, an ascites-derived human PDAC cell line, were
enriched in ICAM-1, which mediated their docking to macrophages through interactions with
surface-exposed CD11c on macrophages. AsPC-1 exosomes also contained much higher
levels of arachidonic acid (AA), and they fused at a higher rate with THP-1-derived macro-
phages than did exosomes from other PDAC cell lines or from an immortalized normal pancre-
atic ductal epithelial cell line (HPDE) H6c7. Phospholipase A, enzymatic cleavage of
arachidonic acid from AsPC-1 exosomes reduced fusion efficiency. PGE, secretion was ele-
vated in macrophages treated with AsPC-1 exosomes but not in macrophages treated with
exosomes from other cell lines, suggesting a functional role for the AsPC-1 exosome-delivered
arachidonic acid in macrophages. Non-polarized (MO) macrophages treated with AsPC-1 exo-
somes had increased levels of surface markers indicative of polarization to an immunosup-
pressive M2-like phenotype (CD14" CD163" CD206™). Furthermore, macrophages treated
with AsPC-1 exosomes had significantly increased secretion of pro-tumoral, bioactive mole-
cules including VEGF, MCP-1, IL-6, IL-1B3, MMP-9, and TNFa. Together, these results demon-
strate that compared to exosomes from other primary tumor-derived PDAC cell lines, AsPC-1
exosomes alter THP-1-derived macrophage phenotype and function. AsPC-1 exosomes
mediate communication between tumor cells and TAMs that contributes to tumor progression.
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Introduction

Exosomes are extracellular vesicles composed of a phospholipid bilayer that are secreted by
most cells in the body [1]. Exosomes can interact with and deliver their macromolecular cargo,
including proteins, DNA, mRNAs and microRNAs, to a variety of target cells and are a recog-
nized vehicle of intercellular communication, both within local microenvironments as well as
between tumors and distant tissues [2, 3]. Exosomes interact with cells through surface-
exposed proteins which play a role in the selective uptake of exosomes by target cells [4] and
the organotropism of metastatic cancer cells [5]. Pancreatic cancer-derived exosomes have
been shown to prime the pre-metastatic niche in the liver through their actions on liver-resi-
dent macrophages [6]. Exosomes from melanoma, breast cancer, colon cancer, leukemia and
glioma cells have been shown to have local pro-tumoral effects, and cancer cell exosomes can
stimulate angiogenesis, reprogram stromal cells and promote tumor evasion of the adaptive
immune system [7].

Many studies on pancreatic cancer exosomes have focused on circulating exosomes; evalu-
ating their use as tumor biomarkers, characterizing protein, mRNA, or microRNA content, or
assessing the pro-metastatic phenotypic and functional changes they induce in target cells at
metastatic sites [6, 8]. Although phosphatidylserine-containing exosomes have been detected
in the plasma of KIC and KPC mice [9], little is known about the lipid composition of human
PDAC exosomes or if bioactive lipids from tumor exosomes can modulate the function of
other tumor microenvironment (TME) cells to facilitate primary tumor growth and metastatic
spread. Pancreatic cancer is characterized by a persistent, low-grade inflammatory TME and
increased numbers of tumor-associated macrophages. In particular, the level of immunosup-
pressive (M2) TAMs in pancreatic tumors is inversely correlated with patient survival [10]. It
is likely that these pro-tumoral TAMs receive multiple signals from other cells, including
tumor cells, within the local TME [11].

In these studies, we isolated and characterized exosomes secreted by various PDAC cell
lines cultured in vitro. The PDAC cell lines used in this study were AsPC-1, BxPC-3, PANC-1,
and MIA PaCa-2 (MP-2) as well as the immortalized human pancreatic ductal epithelial
(HPDE) cell line H6c7. These cell lines differ in their growth rate, invasiveness and metastatic
potential [12, 13]. Recent studies demonstrated that compared with other PDAC cell lines,
AsPC-1 cells are more metastatic to both liver and lungs after splenic injection [14]. We com-
pared the ability of exosomes secreted by these various pancreatic cell lines to fuse with and
modify the function of isolated macrophages. Specifically, we asked whether exosomal proteins
are involved in docking exosomes with macrophages, whether exosomal lipids play a role in
exosome-macrophage fusion and what effect exosome-macrophage fusion has on downstream
macrophage functions that could affect the TME.

Materials and methods
Cultured cell lines

All cell lines were obtained from ATCC, grown at 37°C with 5% CO,, and STR verified
yearly by ATCC. THP-1 cells (a human monocytic cell line) represent an established in vitro
model commonly used to examine TAM-tumor cells interactions [15]. AsPC-1 cells were
cultured in modified RPMI 1640 containing 10% FBS, 10 mM HEPES, 1 mM sodium pyru-
vate, and 13.9 mM D-glucose. Both THP-1 and BxPC-3 cells were cultured in 10% FBS-con-
taining RMPI 1640, and PANC-1 and MIA-PaCa2 cell lines were cultured in 10% FBS-
containing DMEM. The HPDE cell line H6¢7, a gift from Dr. M.S. Tsao, University Health
Network in Toronto, was maintained in keratinocyte serum-free medium (ThermoFisher
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Scientific) [16]. Each cell line was seeded into a 10-chamber CellSTACK factory (Corning
Inc.), and at 80% confluence standard culture medium was replaced with serum-free
medium. After 48 hours, spent cell culture medium (SCM) was collected and used for subse-
quent exosome purifications.

Exosome isolation

To eliminate cellular debris that could contaminate downstream analysis of exosomal proteins,
lipids, or secreted factors, sequential centrifugation was used to purify the secreted exosomes.
SCM was centrifuged twice at 500 x g for 10 minutes at 4°C to pellet large cellular debris, and
smaller debris was then pelleted at 10,000 x g for 30 minutes. The final supernatant was loaded
into thinwall polypropylene ultracentrifuge tubes (10 mL/tube) (Beckman Coulter Inc.),
underlayed with 20 mM Tris/30% sucrose in deuterium oxide (1 mL/tube), and centrifuged at
100,000 x g for 90 minutes at 4°C to pellet the exosomes. The tubes were pierced through the
bottom with an 18-gauge needle and the sucrose layer was drawn into the syringe. The sucrose
layers were pooled and diluted with excess 1X calcium- and magnesium-free phosphate buff-
ered saline (PBS), and the exosomes were again pelleted at 100,000 x g for 90 minutes. The exo-
some pellet was resuspended in PBS and stored at -80°C. Exosome protein concentration was
determined using a NanoOrange Protein Quantitation Kit (ThermoFisher Scientific), and
total exosomal protein was used to normalize all other exosome comparisons.

Exosome size analysis and visualization of exosomes by transmission
electron microscopy (TEM)

Exosome size was measured using a Zetasizer Nano S (Malvern Instruments Ltd.). For TEM,

5 L of exosome suspension was placed on a piece of parafilm and a formvar-coated copper grid
was floated on the drop for 20 minutes at room temperature. The copper grid was blotted quickly
on filter paper, placed on 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.3, and
washed by transferring to three separate PBS drops for one minute each. After placing in 1% glu-
taraldehyde in 0.1 M sodium phosphate buffer for 5 minutes, the grid was blotted quickly and
moved to distilled water for 2 minutes. The grid was then washed four times with PBS and placed
in 1% uranyl acetate for 20 seconds. Excess uranyl acetate was removed by blotting and the grid
was imaged by transmission electron microscopy on a JEM-1400Plus (JEOL USA, Inc.).

Immunoblot analysis of exosomal proteins

Equivalent amounts of total exosomal protein (30 ug) were resolved by SDS-PAGE and trans-
ferred to a polyvinylidine fluoride membrane. Primary antibodies used were: ICAM-1 (Cell
Signaling Technology, #4915), flotillin-1 (D2V7], Cell Signaling Technology, #18634), EpCAM
(D1B3, Cell Signaling Technology, #2626), and CD9 (D8O1A, Cell Signaling Technology,
#13174). Primary antibodies were diluted 1:1,000 in 5% BSA/TBST, and secondary HRP-con-
jugated antibodies were diluted 1:5,000 in 5% BSA/TBST. Target proteins were detected with
an enhanced chemiluminescent substrate (ThermoFisher Scientific). The pan-exosomal
marker flotillin-1 was used as a loading control.

STtimulated emission depletion (STED) microscopy

THP-1 monocytes were differentiated into non-polarized (M0) macrophages with PMA (Cay-
man Chemical) [17]. After treating with 150 nM PMA-containing growth medium for 24
hours, PMA-containing medium was replaced with standard culture media and the THP-1
cells were allowed to recover for 24 hours. For co-localization studies, PMA-differentiated
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THP-1-derived macrophages were treated with 30 pug of AsPC-1 exosomes. After 4 minutes,
cells were rinsed three times with PBS and fixed with ice-cold 100% methanol for 5 minutes.
Following fixation, cells were washed three times with PBS for 5 minutes, blocked with 2%
BSA in PBS and incubated with primary antibodies against CD11c (Invitrogen, #MA11C5,
host: hamster) and ICAM-1 (Cell Signaling Technology, #4915T, host: rabbit) diluted 1:250 in
2% BSA/PBS at 4°C overnight. Cells were washed three times with PBS for 5 minutes and incu-
bated for 1 hour with Alexa Fluor 568-conjugated goat anti-hamster secondary antibody (Invi-
trogen, #A-11011) and Alexa Fluor 532-conjugated goat anti-rabbit secondary antibody
(Invitrogen, #A-11009) each diluted 1:250 in 2% BSA/PBS. After washing with PBS for 5 min-
utes, coverslips were mounted using ProLong Gold Antifade (Invitrogen, #P36930). Slides
were kept at 4°C protected from light prior to imaging.

STED sub-diffraction microscopy was performed using Leica AOBS SP8 system inte-
grated with 3XSTED module. STED images of fluorescently labeled cells were acquired
using a STED 100x/ 1.40 oil immersion objective lens optimized for the overlay of excita-
tion and STED laser beams. The laser lines used for excitation were 561 nm (for Alexa
568) and 514 nm (for Alexa 532), which were produced by 80 MHz pulsed white light
laser (Leica AOBS SP8 module). The laser line used for depletion was continuous wave
660 nm. The respective emission signals were collected sequentially using AOBS tunable
filters at 566-650 nm for Alexa 568 and 519-548 nm for Alexa 532. All images were gener-
ated using HyD detectors (with time gated option) in descanned mode. Backscattered
emission signals from the sample were delivered through the AOBS tunable filter (to
remove irradiated laser), the detection pinhole set to 0.73 Airy unit (to obtain optimal lat-
eral and axial resolutions), spectral dispersion prism, and finally to the HyD detectors.
The appropriate HyD gain level was then selected to obtain the pixel intensities within
range of 0-255 (8-bit images) using a color gradient function. Images were acquired with
pixel size satisfying the Nyquist sampling criteria and were line averaged 8 times with 3
times frame accumulation. Deconvolution of STED image datasets was performed using
Huygens software (SVI) using theoretically generated point spread functions and the iter-
ative deconvolution method based on the Classical Maximum Likelihood Algorithm
(CMLE).

Exosome lipidomic analysis

Beginning with equivalent amounts of exosomal protein (100 ug), glycerophospholipids were
extracted using methyl-tert-butyl ether as described [18]. Briefly, extracted lipids were sepa-
rated on a reversed-phase C8 column (Waters) and analyzed on a TripleTOF 5600 mass spec-
trometer (AB Sciex). The resulting lipid peak areas measured in extracted exosomal lipid
samples were compared with those of the internal standards. After separation of glyceropho-
spholipids, fatty acid analysis was also performed as described.

Fusion assay

The rate of exosome fusion with THP-1-derived macrophages was measured by fluorescence
dequenching utilizing the dimeric, self-quenching lipophilic dye octadecyl rhodamine B chlo-
ride (R18; Thermo Fisher Scientific) intercalated into the exosome membrane [19]. Fusion of
R18-stained exosomes with THP-1 macrophage membranes separates the dye dimers and
increases fluorescence.

To generate fluorescent exosomes, 10 pg of exosomes were incubated with 1 pL of 1 mM
R18in 1 mL of 1X MES fusion buffer (10 mM MES, pH 7.4, 124 mM NaCl, 5 mM KClI) for 30
minutes at 37°C. R18-stainined exosomes were separated from free R18 using Sephadex G-75

PLOS ONE | https://doi.org/10.1371/journal.pone.0206759 November 1,2018 4/20


https://doi.org/10.1371/journal.pone.0206759

@°PLOS | ONE

Pancreatic cancer exosomes modify macrophage function

(GE Healthcare Bio-Science) and concentrated using a 10 kDa cut-off filter (EMD Millipore).
Enzymatic removal of AA from exosomes was done by pre-treating with an equal volume of
0.03 ug/uL human phospholipase A2 (PLA,) (Origene) at 37°C for 30 minutes prior to staining
with R18 and column purification.

To measure the rate at which exosomes fused with M0 macrophages, stained exosomes
(untreated or PLA, pre-treated) were added to a cuvette and placed in a SpectraMax M2 spec-
trophotometer (Molecular Devices) set at 37°C. Baseline fluorescence (560 nm excitation, 590
nm emission) was measured continuously for 15 minutes. THP-1-derived macrophages
(7.5x10° cells suspended in 500 pL 1X MES fusion buffer) were then spiked into the cuvette.
The fusion reaction was stopped with 1 mL of 2X dequenching buffer (0.6% Triton X-100 and
120 nM octyl-beta-glucoside). Fusion was reported as % fluorescence dequenching = 100*((F-
F;)/(Fmax-Fy)), with F = fluorescence measured at a specific time point, F; = the average fluores-
cence during the first 15 minutes, and F,,,,; = the average fluorescence during the final 3 min-
utes following addition of an equal volume of 2X dequenching buffer.

THP-1 macrophage polarization, staining and flow cytometry

To generate non-polarized (M0) macrophages, 4x10° THP-1 monocytes were differentiated
with PMA for 24 hours, after which the PMA-containing medium was replaced with 10% FBS-
containing 1X RPMI growth medium and the cells were allowed to recover for 24 hours.

MO macrophages were then treated with equivalent amounts of exosomes, based on 30 ug
of exosomal protein. After 72 hours, cell culture medium was removed and stored at -80°C for
analysis of secreted chemokines and cytokines (see below), and cells were detached using
Accutase (Innovative Cell Technologies). After pre-treatment with Fc Block (BD Biosciences),
1x10° cells were incubated for 30 minutes at 4°C with fluorochrome-conjugated primary anti-
bodies against the following proteins: CD14 (ThermoFisher Scientific), HLA-DR (BD Biosci-
ences), CD163 (R&D Systems), CD80 (Bio-Techne), and CD206 (BD Biosciences). Cells were
washed twice with FACS buffer (0.8% BSA in PBS), resuspended in 0.5% PFA and stored at
4°C protected from light before being acquired on a LSRFortessa flow cytometer (BD Biosci-
ences). Positive controls for M1 macrophage polarization were 20 ng/mL LPS and 20 ng/mL
IFNy and for M2 macrophage polarization were 20 ng/mL IL-4 and 20 ng/mL IL-13. M1 and
M2 polarization controls were treated for 24 hours. Data from at least 3 independent experi-
ments were analyzed using FlowJo software (TreeStar).

Immunoassay for secreted factors

Spent cell culture medium from exosome-treated THP-1-derived macrophages was used to
assess the secretion of PGE,, VEGF, MCP-1, IL-6, IL-18, MMP-9 and TNFa using enzyme-
linked immunosorbent assays (Enzo Life Sciences for PGE, and Meso Scale Diagnostics for
VEGF, MCP-1, IL-6, IL-1B, MMP-9, and TNFa). For PGE, cell culture supernatants were
undiluted, and for VEGF, MCP-1, IL-6, IL-18, MMP-9, and TNFa: cell culture supernatants
were diluted four-fold with buffer supplied by the manufacturer. Data from at least 3 indepen-
dent experiments are represented as mean + SEM.

Statistical analyses

Data are presented as mean * standard error of the mean or mean * standard deviation as
denoted in the figure legends. Comparison of the means between groups utilized unpaired
two-tailed #-tests or one-way ANOVA with Prism 6.0 software (GraphPad), and p<0.05 was
considered significant.
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Results
Characterization of exosomes secreted by pancreatic cancer cell lines

To physically characterize exosomes secreted by these cell lines, purified exosomes were sized
using dynamic light scattering. Purified exosomes secreted by all PDAC cell lines fell within
the expected size range, approximately 150 nm in diameter (Fig 1A), although exosomes from
BxPC-3 and HPDE H6c7 cells were slightly smaller than exosomes from the other cell lines.
When visualized by transmission electron microscopy, BxPC-3 and PANC-1 exosomes were
heterogeneous yet showed the characteristic “saucer-like” morphology (Fig 1B and 1C), a find-
ing consistent with other exosome studies which reported that populations of exosomes of
varying sizes can be secreted by a single clonal cell line [20, 21].
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Fig 1. Exosomes secreted by pancreatic cancer cell lines have similar physical properties. (A) Exosomes sized by dynamic light
scattering demonstrate similar average size, **p<0.005. Data from three independent experiments were combined and are
represented as mean + SEM. (B) BxPC-3 exosomes (1) and PANC-1 exosomes (2) imaged by transmission electron microscopy
display size heterogeneity and characteristic cup-shaped morphology (arrows).

https://doi.org/10.1371/journal.pone.0206759.g001
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Analysis of exosome surface proteins

Exosomes from all cell lines contained the pan-exosomal markers flotillin-1, a lipid-raft protein
involved in exosome biogenesis, and CD9, although total CD9 protein levels differed between
exosomes from different cell lines with BxPC-3 exosomes particularly enriched in CD9 (Fig 2A).
Immunoblot analysis of exosomal proteins known to facilitate cell-cell or cell-matrix interactions
showed that exosomes from both AsPC-1 and BxPC-3 cell lines contained high levels of EpCAM
(epithelial cell adhesion molecule), and AsPC-1 exosomes showed the highest amounts of [CAM-
1 (Intercellular adhesion molecule-1), which is known to interact with CD11c. CD11c is up-regu-
lated on differentiated THP-1 macrophages [22], as well as on CD8" dendritic cells and activated
T cells [23]. Mutated Kras induces the expression of ICAM-1, which serves as a chemoattractant
for macrophages and contributes to the formation of pancreatic intraepithelial neoplasms
(PanINs), the most common precursor lesions for pancreatic ductal adenocarcinoma [24].

We hypothesized that exosomal ICAM-1 could play a role in AsPC-1 exosome interactions
with CD11c" macrophages. To determine if these two proteins co-localized in a mixture of
AsPC-1 exosomes and THP-1-derived macrophages, the proteins were visualized using the
sub-diffraction imaging technique STimulated Emission Depletion (STED) microscopy. In the
exosome/macrophage mixtures, most of the anti-ICAM-1 antibody signal co-localized with
the anti-CD11c antibody signal and was found internally (Fig 2B). When only THP-1-derived
macrophages (no exosomes) were visualized, little ICAM-1 signal was observed, suggesting
that the ICAM-1 was mainly associated with the AsPC-1 exosomes and not with the THP-1
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= x =
” ]
e — -
c 150 Hokk
2
T
3
G .
- 100
g —_—
g
2 _‘!_
8 50
S
s —
8
2
£
—Seweel—
2 0
Cells and exosomes No exosomes

Fig 2. ICAM-1 and CD11c co-localize during exosome-macrophage interactions. (A) Immunoblotting analysis reveals exosomes from the pancreatic
cancer cell lines AsPC-1 and BxPC-3 are enriched in the surface-exposed proteins ICAM-1 and EpCAM, while CD9 is more broadly expressed. The
pan-exosomal marker flotillin-1 is used as a loading control. (B) Co-localization of exosome proteins and macrophage proteins is demonstrated by
immunostaining for the exosome marker ICAM-1 (green, panel 1) or the macrophage marker CD11c (red, panel 2) after mixing AsPC-1 exosomes with
THP-1-derived, non-polarized macrophages. Panel 3 is a merged image showing co-localization of ICAM-1 and CD11c staining (yellow, indicated by an
arrow), and is suggestive of ICAM-1 and CD11c¢ protein-protein interaction. THP-1-derived macrophages not mixed with exosomes (cells only) show
little ICAM-1 staining (green, panel 4), suggesting exosomes were the main source of the ICAM-1 signal. In the absence of exosomes, more CD11c is
associated with the THP-1 cell surface (red, panel 5), and merged images of THP-1 only staining show few areas of signal co-localization (panel 6,
yellow). Scale bar = 3.0 um (C) Quantitation of ICAM-1:CD11c co-localized signal in THP-1 cells mixed with AsPC-1 exosomes or in THP-1 cells alone.
<0005,

https://doi.org/10.1371/journal.pone.0206759.9002
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macrophages, and the CD11c¢ signal remained at the cell surface. Quantitation of signal co-
localization showed that significantly more ICAM-1 and CD11c¢ co-localize in THP-1 cell/exo-
some mixtures than in THP-1 cells alone (Fig 2C). Unlike AsPC-1 exosome/macrophage mix-
tures, mixtures of macrophages with PANC-1 exosomes show little co-localization of the
ICAM-1 signal with the CD11c signal (S1 Fig). In addition, PANCI exosome and macrophage
mixtures demonstrated little change in localization of the CD11c signal, much of which
remained at the cell surface. This suggests that the PANC-1 exosomes were less well internal-
ized by macrophages than were AsPC-1 exosomes.

Taken together, these data show that AsPC-1 exosomes contain elevated levels of cell sur-
face adhesion proteins ICAM-1 and EpCAM and suggest that the ICAM-1/CD11c interaction
contributes to AsPC-1 exosome docking with macrophages and internalization.

Exosomal arachidonic acid contributes to the efficiency of exosome fusion
with THP-1-derived macrophages

In addition to factors that bring exosomes and target cells into close proximity, such as
docking proteins, fusion between exosomes and the plasma membranes can be influenced
by membrane lipids [25]. A number of fusogenic lipids have been identified, particularly
arachidonic acid (AA) [26, 27]. AA is required for endocytic vesicle fusion as well as
annexin II-mediated exocytosis [28]. Mast cell exosomes are enriched in AA and AA-deriv-
atives such as prostaglandin E2 (PGE,) and 15-deoxy- 12, 14 —prostaglandin J2 (15-d PGJ,,
[29]. We therefore examined whether AA plays a role in pancreatic cancer cell exosome
fusion with macrophages.

We performed a single, pilot analysis of exosomal lipid/fatty acid composition by harvesting
secreted exosomes from the various cell lines. The most notable difference between exosomes
from different PDAC cell lines was the much higher percentage of phospholipid-esterified AA
in exosomes isolated from the ascites-derived AsPC-1 cell line (Fig 3A). Composition analysis
found that the exosomal AA was found mainly in the phosphatidylinositol (PI) and phosphati-
dylethanolamine (PE) glycerophospholipid fractions (Fig 3A).

Functionally, PDAC exosomes fused slowly with undifferentiated THP-1 monocytes but
fused more readily with activated but non-polarized (M0) THP-1 macrophages generated by
PMA treatment. AsPC-1 exosomes exhibited the highest rate of fusion with THP-1 macro-
phages (Fig 3B and 3C). Within the first 6 minutes after mixing with macrophages, AsPC-1 exo-
somes were significantly more fusogenic than exosomes from PANC-1, MIA PaCa-2, BxPC-3,
or HPDE cells, which fused with macrophages at similar rates (Fig 3E). No spontaneous
dequenching was noted after the addition of unlabeled exosomes to R18-labeled exosomes, indi-
cating that exosomes themselves were stable and non-fusogenic in the absence of target cells.

AsPC-1 exosomes were then treated with recombinant human phospholipase A, (PLA,),
which removes AA from the sn-2 position of phospholipids in the exosome membrane. PLA,
treatment resulted in a significant decrease in the AsPC-1 exosome fusion rate (Fig 3D and
3E). Although fusion was not completely eliminated, the fusion rate of PLA,-treated AsPC-1
exosomes was comparable to PANC-1 exosomes, suggesting that AA was not the only factor
contributing to exosome fusion with macrophages. However, this demonstrated that AA is
one determinant of the overall fusogenic potential of AsPC-1 exosomes.

AsPC-1 exosomes polarize THP-1-derived macrophages towards an
immunosuppressive M2 phenotype

The effects of PDAC exosomes on the expression of macrophage cell surface markers were
analyzed by flow cytometry (Fig 4A). We hypothesized that exosomes from PDAC cell

PLOS ONE | https://doi.org/10.1371/journal.pone.0206759 November 1,2018 8/20


https://doi.org/10.1371/journal.pone.0206759

o o
@ ' PLOS | QNE Pancreatic cancer exosomes modify macrophage function

>

Il Phosphatidylinositol

'S
=
I

8 Phosphatidylethanolamine
C wn
S g 304 I Phosphatidylserine
s E
o > Phosphatidylcholine
< 2 20-
g .g I rhosphatidic acid
q_ b
& 2\"’ 104
(o]
o
AsPC-1 PANC-1 BxPC-3 MP-2 HPDE
Exosome Source
B AsPC-1  PANC-1 BxPC-3  MP-2 weoe  C
()}
£ /w' l Exosome  AA Mean Fusion Rate
% \ Source | Enrichment | (AFluorescence dequenching/min) * SEM
2% AsPC-1 +H+ 1.29  0.07*****
g8 PANC-1 ++ 0.68 + 0.02
% ,M m BXPC-3 + 0.39+0.04
g ° Mﬂ mﬁ* MP-2 + 0.47 £ 0.09
e~ HPDE o 0.38+0.14
(]
5
=
o

Time (minutes)

Vehicle PLA,

2 J

S .

= Mean Fusion Rate
g~ Treatment (AFluorescence dequenching/min) £ SEM
§’ E Vehicle 0.81 % 0.02%****
© % 5 N*/j PLA, 0.60 + 0.06

e i Y

g & Ve

2 v

g A

3 7

s

Time (minutes)
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rate with THP-1-derived macrophages. Relative arachidonic acid (AA) levels shown with plus signs. (D, E) Pre-treatment of AsPC-1
exosomes with phospholipase A, (PLA;), which removes AA from phospholipids, decreased the exosome fusion rate. Data from three
independent experiments are represented as mean + SEM. *****p<0.0005 by ANOVA.

https://doi.org/10.1371/journal.pone.0206759.9003

lines would cause PMA-differentiated MO macrophages that express CD14 (Fig 4B) to
adopt an immunosuppressive phenotype that favors tumor cell invasion and metastatic
spread. Treatment of THP-1 monocytes with PDAC exosomes in vitro did not cause the
monocytes to display morphological evidence of having undergone differentiation into
macrophages (i.e. adhesion to culture dish). This suggests that exosomes derived from
these PDAC cell lines do not differentiate monocytes into macrophages. We then treated
differentiated (PMA-treated) but non-polarized THP-1-derived M0 macrophages with
exosomes and analyzed changes in phenotypic markers of M1 or M2 macrophage polari-
zation. Treatment of THP-1-derived macrophages with PDAC exosomes did not signifi-
cantly change levels of HLA-DR, CD80, or CD11c (Fig 4C-4E), all of which are associated
with classically activated, immunostimulatory M1 macrophages. Although TAMs are
known to express the immunoregulatory protein PD-L1, which can modify T-cell func-
tion [30], the level of macrophage PD-L1 expression was not increased after exosome
addition (Fig 4F). However, treatment of THP-1 macrophages with AsPC-1 exosomes did
result in significant increases in CD163 and CD206 (Fig 4G and 4H), markers associated
with alternatively-activated, immunosuppressive M2 macrophages (CD14™ CD163M
CD206M) [31]. Exosomes from other PDAC cell lines or HPDE cells did not significantly
change M1 or M2 markers with the exception of PANC-1 exosomes, which also increased
CD163 expression on THP-1 macrophages (Fig 4G) but did not increase CD206 levels.
The observation that AsPC-1 exosomes polarized macrophages towards an M2 phenotype
suggests that exosomes from this ascites-derived cell line promote pro-tumoral macro-
phage functions.

AsPC-1 exosomes enhance secretion of PGE,, VEGF, MCP-1, IL-6, IL-18,
MMP-9, and TNFa

Both pancreatic tumor cells and TAMs secrete cytokines, chemokines, and other bioactive fac-
tors that shape the TME, enhance tumor growth, and influence local invasion and metastasis
[31]. We hypothesized that delivery of arachidonic acid from cancer cells to macrophages via
exosomes could cause a significant elevation in secretion of PGE,, a downstream product of
AA metabolism, by macrophages. Treatment of non-polarized THP-1-derived macrophages
with AsPC-1 exosomes enhanced the secretion of PGE,, (Fig 5A), as well as enhancing secre-
tion of other cytokines, chemokines, and bioactive factors including IL-1B3, VEGF, MCP-1,
MMP-9, TNFo and IL-6 (Fig 5B-5G). Exosomes from the BxPC-3 cell line also stimulated
macrophage secretion of MCP-1, suggesting that exosomes from this cell line also prompts the
recruitment of additional monocytes to the tumor (Fig 5D). The effects of exosomes on secre-
tion of MMP-9 by THP-1 cells was the most variable among cell lines. Treatment with exo-
somes from AsPC-1, BxPC-3 and the normal pancreatic epithelial cell line HPDE all increased
the production of MMP-9, which has been linked to local invasion, while exosomes from
PANC-1 and MIA PaCa-2 did not (Fig 5E). This suggests that exosomal factors other than AA
and PGE, influence MMP-9 secretion by macrophages. Together, these results indicate that
exosomes secreted by pancreatic cancer cell lines, especially the ascites-derived, metastatic
AsPC-1 cell line, can alter macrophage phenotype and enhance secretion of bioactive factors
that play a role in pancreatic tumor growth and dissemination.
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exosomes show significantly increased levels of the M2 markers CD163 (G) and CD206 (H), and Panc-1 exosomes also increased CD163 expression.
Data from at least two independent experiments are represented as mean + SEM. *****p<0.0005, “**p<0.005, *p<0.05.

https://doi.org/10.1371/journal.pone.0206759.9004

Discussion

Pancreatic tumors are enriched in infiltrating immune cells, including tumor-associated mac-
rophages (TAMs), which influence tumor cell migration, invasion, and metastasis. TAM:s facil-
itate metastasis by synthesizing and secreting enzymes and soluble factors that contribute to
cancer cell migration through ECM remodeling. Although crosstalk between PDAC tumor
cells and other cells composing the TME is known to occur through soluble mediators, such as
cytokines, chemokines and growth factors, the role of exosomes in cell-cell communication
within the local TME is less well understood.

This study compared the effects of exosomes from various pancreatic cancer cells and from
anormal pancreatic epithelial cell line on macrophage phenotype and function. The most con-
sistent result is that exosomes from an ascites-derived, metastatic pancreatic cancer cell line,
AsPC-1, differ from exosomes derived from other less metastatic PDAC cancer cell lines
derived from primary tumors and from a normal pancreatic epithelial cell line. In fact, exo-
somes from the normal pancreatic cell line HPDE H6c7 were surprisingly similar in many
respects to exosomes from primary pancreatic tumor cell lines. Clinically, ascites are present in
approximately one-third of PDAC patients and the presence of ascites is associated with peri-
toneal spread, significantly worse prognosis and shortened median survival [32]. The presence
of tumor cells in ascites fluid is well documented, and has been used to individualize patient
treatment [33]. In contrast to exosomes from other PDAC cell lines and from HPDE cells,
AsPC-1 exosomes (i) are enriched in surface-exposed proteins involved in cell-cell interac-
tions, (ii) fuse with macrophages at a higher rate, due in part to arachidonic acid, and (iii) have
pro-tumorigenic phenotypic and functional effects on macrophages (Fig 6).

AsPC-1 exosomes are enriched in ICAM-1, a protein that mediates cell-cell interactions
and which has been shown to direct dendritic cell exosome fusion with naive T-cells [34].
CD11c protein levels are undetectable in undifferentiated THP-1 monocytes but are signifi-
cantly elevated 24 hours after monocytes are differentiated into non-polarized macrophages
with PMA [22]. While AsPC-1 exosomes fused at a low rate with undifferentiated THP-1
monocytes, the rate of fusion of AsPC-1 exosomes with PMA-differentiated THP-1 macro-
phages was significantly increased. Co-localization of AsPC-1 exosomal ICAM-1 with macro-
phage CD11c suggests that uptake of AsPC-1 exosomes occurs via protein-mediated exosome-
docking at the macrophage cell surface, and ICAM-1 could also promote cancer cell exosome
uptake by other CD11c* immune cells in the TME or at metastatic sites [35]. However, since
exosomes from other PDAC cell lines express ICAM-1 at lower or undetectable levels can still
fuse with THP-1 cells, other protein-protein interactions must play a role in exosome-target
cell recognition.

The AA (20:4) component of phospholipids from AsPC-1 exosomes contributes to the
increased fusogenicity of these exosomes with THP-1 derived macrophages. Others have
shown that AA-containing phosphatidylinositol, P1(18:0/20:4), is enriched at the cancer cell/
stromal interface in colorectal cancer patient tumors [36], and levels of phosphatidylserine
18:0/20:4, phosphatidylinositol 18:0/20:4, and phosphatidylcholine 18:0/20:4 are markedly
higher in metastatic MDA-MB-231 breast cancer cells than in MCF-7 cells [37]. While both
proteins and lipids contribute to the overall fusogenicity of exosomes with cancer cells [38],
this study demonstrates that AA in AsPC-1 exosomes is one determinant of their fusogenicity
with target macrophages in vitro. Compared to exosomes from other PDAC cell lines, AsPC-1
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AsPC-1 Cell

Fig 5. THP-1-derived macrophages treated with AsPC-1 exosomes secrete bioactive molecules associated with tumor
progression, angiogenesis, invasion, and metastasis. THP-1 macrophages treated with AsPC-1 exosomes secrete elevated amounts
of prostaglandin E2 (PGE,) (A), angiogenic factor VEGF (C), cytokines and chemokines MCP-1, IL-6, IL-1B, and TNFa (B, D, F, G)
and the metalloprotease MMP-9 (E). Exosomes from BxPC-3 also stimulated macrophage secretion of MCP-1, and exosomes from
both BxPC-3 and HPDE cells significantly enhanced the secretion of MMP-9. Data from at least three independent experiments are
represented as mean + SEM. *****p<0.0005, ***p<0.005, *p<0.05.

https://doi.org/10.1371/journal.pone.0206759.9005

exosomes were found to fuse at the highest rate with THP-1-derived macrophages, and the
fusogenicity of AsPC-1 exosomes decreased after AA was removed by PLA, pre-treatment.
Once incorporated into the target cell membrane, AA can be converted into PGE, through the
activity of PLA,, cyclooxygenase-2 (COX-2) and microsomal prostaglandin E2 synthase 1
(mPGES1). Recent evidence suggests that PDAC M2 macrophages expressed increased levels
of mPGES-1 and 5-LOX, and pharmacological inhibition of these enzymes blocked tumor pro-
gression in vivo [39]. Interestingly, AsPC-1 cells themselves secrete negligible amounts of
PGE,, yet can stimulate PGE, secretion when co-cultured with PBMCs [40]. We propose that
AsPC-1 cells are delivering bioactive, immunomodulatory lipids, including arachidonic acid,
to macrophages through exosomes. Treatment of macrophages with AsPC-1 exosomes trig-
gered a significant increase in PGE, secretion, whereas treatment of these cells with exosomes
not as highly enriched in AA did not cause as significant an increase in PGE, secretion. While
the enhanced secretion of PGE, could be responsible for the pro-tumorigenic effects AsPC-1
exosomes have on macrophages, exosomal AA may also promote cross-talk between cancer
cells and the TME through the 5-lipoxygenase pathway [41].

The COX-2/mPGES1/PGE, pathway is up-regulated in several cancer types, including pan-
creatic tumors [42]. PGE, is significantly increased in PDAC patient blood and urine samples
[43, 44], and higher COX-2 expression is independently correlated with a poor prognosis [45].
Within the TME, PGE; signaling through the EP4 receptor activates human pancreatic stellate
cells leading to extensive tumor fibrosis [46]. Activation of the PGE,/EP4 signaling pathway
on endothelial cells also promotes both angiogenesis [47] and lymphangiogenesis [48], while
stromal macrophage over-expression of COX-2 increased colonic tumor progression in Apc
Min* mice [49]. PGE, enhances secretion of CXCLI, IL-6, and granulocyte colony-stimulating
factor (G-CSF) by myeloid cells and can trigger differentiation and immunosuppressive
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Fig 6. Proposed model for the immunomodulatory and pro-tumoral effects of AsPC-1 exosomes. While lipids form the basis of exosome membrane
structure, exosomes may also shuttle bioactive lipid mediators, such as AA, between tumor cells and macrophages to promote a local, pro-tumor

microenvironment.

https://doi.org/10.1371/journal.pone.0206759.g006
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activation of myeloid-derived suppressor cells (MDSCs) [50-52]. Finally, PGE, stimulates and
recruits pro-tumor regulatory T cells to the tumor [53], and suppresses the anti-tumor cyto-
toxic activity of CD8+ T cells [54]. Although a recent report demonstrated that PGE,-
enhanced the expression of PD-L1 on murine F4/80" macrophages and Ly-6C" myeloid-
derived suppressor cells [55], we did not observe a change in PD-L1 expression on THP-1
macrophages treated with PDAC exosomes. However, others have recently reported that
PANC-1 exosomes can reprogram murine J771.A1 macrophages or human monocytes to an
M2-like (CD14"HLA-DR'", increased Argl) phenotype [56, 57]. Thus, the bioactive lipids
from tumor cell exosomes could trigger pro-inflammatory pathways in several TME cell types.

In addition to enhancing M2-polarization and the secretion of PGE, by THP-1 macro-
phages, AsPC-1 exosomes increased the secretion of several other bioactive growth factors,
chemokines and cytokines including VEGF, MCP-1, IL-6, IL-18, MMP-9, and TNFa, all of
which have been shown to contribute to pancreatic tumor growth and progression (Fig 6).
MCP-1 (CCL2) enhances recruitment and infiltration of monocytes into PDAC tumors and
promotes M2 macrophage polarization. Tumor exosomes have been shown to activate MDSCs
by inducing autocrine IL-6 production, which is further linked to STAT3 activation and
response to chemotherapy [58, 59]. IL-1p induces COX2 expression in PDAC cells, suggesting
the potential for a positive feedback loop to further increase PGE, secretion within the TME,
and increases tumor fibrosis [60, 61]. Interestingly, a recent systematic analysis of changes in
gene expression across many cancer types identified AA metabolism as a major pathway dysre-
gulated in cancer cells [62].

This study demonstrates that exosomes secreted by AsPC-1 pancreatic cancer cells, which
contain increased amounts of the fusogenic and bioactive fatty acid AA, contribute to enhanced
secretion of PGE,, other cytokines, and pro-angiogenic and metastatic factors by macrophages.
While other studies of pancreatic cancer exosome function have focused on the role of exo-
somes in priming the pre-metastatic niche in distant organs [6], this study reveals the immuno-
suppressive and pro-metastatic effects that pancreatic cancer exosomes have within the local
TME and suggests that these exosomes are a key contributor to disease progression.

Supporting information

S1 Fig. ICAM-1 and CD11c in exosome-target cell interactions. Mixtures of PANC-1 exo-
somes with THP-1-derived, non-polarized macrophages show little co-localization of ICAM-1
(green, panel 1) with the macrophage marker CD11c (red, panel 2). A merged image (panel 3)
showing few areas of co-localized ICAM-1 and CD11c staining (yellow) and little relocaliza-
tion of CD11c from the cell surface to the cytosol. Scale bar = 3.4 pm.

(TIFF)

Acknowledgments

The Penn State Hershey College of Medicine shared-service core research facilities contributed
to many aspects of this project. We thank members of the Lukacher laboratory at Penn State
Hershey College of Medicine for training in flow cytometry, Jade Vogel of the Flow Cytometry
Core Facility for help with acquiring flow cytometry samples, and members of the Kester lab
for their technical support and advice. We thank Roland Myers, formerly of the Microscopy
Imaging Core, for his assistance with sample preparation and acquiring the TEM images and
Dr. M.S. Tsao, University Health Network in Toronto, for the gift of HPDE H6c7 cells. We
also wish to thank Christopher McGovern for contributing to many fruitful discussions. The

PLOS ONE | https://doi.org/10.1371/journal.pone.0206759 November 1,2018 15/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0206759.s001
https://doi.org/10.1371/journal.pone.0206759

@°PLOS | ONE

Pancreatic cancer exosomes modify macrophage function

generous support of Dr. Kent Vrana and the Department of Pharmacology at Penn State Her-
shey College of Medicine is gratefully acknowledged.

Author Contributions

Conceptualization: Samuel S. Linton, Gary A. Clawson, Peter J. Butler, Mark Kester, Gail L.
Matters.

Formal analysis: Samuel S. Linton, Thomas Abraham, Jason Liao, Gary A. Clawson, Peter J.
Butler, Todd Fox, Mark Kester, Gail L. Matters.

Funding acquisition: Mark Kester, Gail L. Matters.

Investigation: Samuel S. Linton, Thomas Abraham, Todd Fox.
Methodology: Samuel S. Linton, Thomas Abraham, Todd Fox.

Project administration: Mark Kester.

Resources: Mark Kester.

Supervision: Mark Kester, Gail L. Matters.

Writing - original draft: Samuel S. Linton, Mark Kester, Gail L. Matters.

Writing - review & editing: Samuel S. Linton, Thomas Abraham, Gary A. Clawson, Peter J.
Butler, Mark Kester, Gail L. Matters.

References

1. Becker A, Thakur BK, Weiss JM, Kim HS, Peinado H, Lyden D. Extracellular Vesicles in Cancer: Cell-
to-Cell Mediators of Metastasis. Cancer cell. 2016; 30(6):836—48. https://doi.org/10.1016/j.ccell.2016.
10.009 PMID: 27960084; PubMed Central PMCID: PMC5157696.

2. Record M, Subra C, Silvente-Poirot S, Poirot M. Exosomes as intercellular signalosomes and pharma-
cological effectors. Biochem Pharmacol. 2011; 81(10):1171-82. https://doi.org/10.1016/j.bcp.2011.02.
011 PMID: 21371441

3. MaiaJ, Caja S, Strano Moraes MC, Couto N, Costa-Silva B. Exosome-Based Cell-Cell Communication
in the Tumor Microenvironment. Frontiers in cell and developmental biology. 2018; 6:18. Epub 2018/03/
09. https://doi.org/10.3389/fcell.2018.00018 PMID: 29515996; PubMed Central PMCID:
PMCPMC5826063.

4. Ranas, Yue S, Stadel D, Zoller M. Toward tailored exosomes: the exosomal tetraspanin web contrib-
utes to target cell selection. The international journal of biochemistry & cell biology. 2012; 44(9):1574—
84. https://doi.org/10.1016/j.biocel.2012.06.018 PMID: 22728313.

5. Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A, Tesic Mark M, et al. Tumour exosome
integrins determine organotropic metastasis. Nature. 2015; 527(7578):329-35. https://doi.org/10.1038/
nature15756 PMID: 26524530; PubMed Central PMCID: PMC4788391.

6. Costa-Silva B, Aiello NM, Ocean AJ, Singh S, Zhang H, Thakur BK, et al. Pancreatic cancer exosomes
initiate pre-metastatic niche formation in the liver. Nature cell biology. 2015; 17(6):816—26. https://doi.
org/10.1038/ncb3169 PMID: 25985394.

7. Whiteside TL. Exosomes carrying immunoinhibitory proteins and their role in cancer. Clinical and exper-
imental immunology. 2017. Epub 2017/04/04. https://doi.org/10.1111/cei.12974 PMID: 28369805.

8. Melo SA, Luecke LB, Kahlert C, Fernandez AF, Gammon ST, Kaye J, et al. Glypican-1 identifies cancer
exosomes and detects early pancreatic cancer. Nature. 2015; 523(7559):177-82. https://doi.org/10.
1038/nature 14581 PMID: 26106858

9. Sharma R, Huang X, Brekken RA, Schroit AJ. Detection of phosphatidylserine-positive exosomes for
the diagnosis of early-stage malignancies. British journal of cancer. 2017; 117(4):545-52. Epub 2017/
06/24. https://doi.org/10.1038/bjc.2017.183 PMID: 28641308.

10. HuH, HangJJ, Han T, Zhuo M, Jiao F, Wang LW. The M2 phenotype of tumor-associated macro-
phages in the stroma confers a poor prognosis in pancreatic cancer. Tumour biology: the journal of the
International Society for Oncodevelopmental Biology and Medicine. 2016; 37(7):8657—64. https://doi.
org/10.1007/s13277-015-4741-z PMID: 26738860.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206759 November 1,2018 16/20


https://doi.org/10.1016/j.ccell.2016.10.009
https://doi.org/10.1016/j.ccell.2016.10.009
http://www.ncbi.nlm.nih.gov/pubmed/27960084
https://doi.org/10.1016/j.bcp.2011.02.011
https://doi.org/10.1016/j.bcp.2011.02.011
http://www.ncbi.nlm.nih.gov/pubmed/21371441
https://doi.org/10.3389/fcell.2018.00018
http://www.ncbi.nlm.nih.gov/pubmed/29515996
https://doi.org/10.1016/j.biocel.2012.06.018
http://www.ncbi.nlm.nih.gov/pubmed/22728313
https://doi.org/10.1038/nature15756
https://doi.org/10.1038/nature15756
http://www.ncbi.nlm.nih.gov/pubmed/26524530
https://doi.org/10.1038/ncb3169
https://doi.org/10.1038/ncb3169
http://www.ncbi.nlm.nih.gov/pubmed/25985394
https://doi.org/10.1111/cei.12974
http://www.ncbi.nlm.nih.gov/pubmed/28369805
https://doi.org/10.1038/nature14581
https://doi.org/10.1038/nature14581
http://www.ncbi.nlm.nih.gov/pubmed/26106858
https://doi.org/10.1038/bjc.2017.183
http://www.ncbi.nlm.nih.gov/pubmed/28641308
https://doi.org/10.1007/s13277-015-4741-z
https://doi.org/10.1007/s13277-015-4741-z
http://www.ncbi.nlm.nih.gov/pubmed/26738860
https://doi.org/10.1371/journal.pone.0206759

@°PLOS | ONE

Pancreatic cancer exosomes modify macrophage function

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Yang M, McKay D, Pollard JW, Lewis CE. Diverse Functions of Macrophages in Different Tumor Micro-
environments. Cancer research. 2018. Epub 2018/09/13. https://doi.org/10.1158/0008-5472.can-18-
1367 PMID: 30206177.

Logsdon CD, Arumugam T, Ramachandran V. Animal Models of Gastrointestinal and Liver Diseases.
The difficulty of animal modeling of pancreatic cancer for preclinical evaluation of therapeutics. Ameri-
can journal of physiology Gastrointestinal and liver physiology. 2015; 309(5):G283-91. Epub 2015/07/
15. https://doi.org/10.1152/ajpgi.00169.2015 PMID: 26159697; PubMed Central PMCID:
PMCPmc4556944.

Suemizu H, Monnai M, Ohnishi Y, Ito M, Tamaoki N, Nakamura M. Identification of a key molecular reg-
ulator of liver metastasis in human pancreatic carcinoma using a novel quantitative model of metastasis
in NOD/SCID/gammacnull (NOG) mice. Int J Oncol. 2007; 31(4):741-51. Epub 2007/09/06. PMID:
17786304.

Satake T, Suetsugu A, Nakamura M, Hasegawa K, Kunisada T, Shimizu M, et al. Differential Organ-tar-
geting and Cellular Characteristics of Metastatic Human Pancreatic Cancer Cell Lines in Mouse Mod-
els. Anticancer Res. 2018; 38(4):1927-35. Epub 2018/03/31. https://doi.org/10.21873/anticanres.
12430 PMID: 29599308.

Li H, Huang N, Zhu W, Wu J, Yang X, Teng W, et al. Modulation the crosstalk between tumor-associ-
ated macrophages and non-small cell lung cancer to inhibit tumor migration and invasion by ginseno-
side Rh2. BMC cancer. 2018; 18(1):579. Epub 2018/05/23. https://doi.org/10.1186/s12885-018-4299-4
PMID: 29783929.

Liu N, Furukawa T, Kobari M, Tsao MS. Comparative phenotypic studies of duct epithelial cell lines
derived from normal human pancreas and pancreatic carcinoma. The American journal of pathology.
1998; 153(1):263-9. Epub 1998/07/17. https://doi.org/10.1016/S0002-9440(10)65567-8 PMID:
9665487; PubMed Central PMCID: PMCPMC1852927.

Genin M, Clement F, Fattaccioli A, Raes M, Michiels C. M1 and M2 macrophages derived from THP-1
cells differentially modulate the response of cancer cells to etoposide. BMC cancer. 2015; 15:577. Epub
2015/08/08. https://doi.org/10.1186/s12885-015-1546-9 PMID: 26253167; PubMed Central PMCID:
PMCPMC4545815.

Matyash V, Liebisch G, Kurzchalia TV, Shevchenko A, Schwudke D. Lipid extraction by methyl-tert-
butyl ether for high-throughput lipidomics. J Lipid Res. 2008; 49(5):1137—-46. Epub 2008/02/16. https://
doi.org/10.1194/jIr.D700041-JLR200 PMID: 18281723; PubMed Central PMCID: PMCPMC2311442.

Parolini I, Federici C, Raggi C, Lugini L, Palleschi S, De Milito A, et al. Microenvironmental pH is a key
factor for exosome traffic in tumor cells. The Journal of biological chemistry. 2009; 284(49):34211-22.
Epub 2009/09/30. https://doi.org/10.1074/jbc.M109.041152 PMID: 19801663; PubMed Central PMCID:
PMCPMC2797191.

Kowal J, Arras G, Colombo M, Jouve M, Morath JP, Primdal-Bengtson B, et al. Proteomic comparison
defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes. Pro-
ceedings of the National Academy of Sciences of the United States of America. 2016; 113(8):E968-77.
https://doi.org/10.1073/pnas.1521230113 PMID: 26858453; PubMed Central PMCID: PMC4776515.

Colombo M, Moita C, van Niel G, Kowal J, Vigneron J, Benaroch P, et al. Analysis of ESCRT functions
in exosome biogenesis, composition and secretion highlights the heterogeneity of extracellular vesicles.
Journal of cell science. 2013; 126(Pt 24):5553-65. https://doi.org/10.1242/jcs.128868 PMID:
24105262.

Prieto J, Eklund A, Patarroyo M. Regulated expression of integrins and other adhesion molecules dur-
ing differentiation of monocytes into macrophages. Cellular immunology. 1994; 156(1):191-211. Epub
1994/06/01. https://doi.org/10.1006/cimm.1994.1164 PMID: 8200035.

Karnevi E, Andersson R, Rosendahl AH. Tumour-educated macrophages display a mixed polarisation
and enhance pancreatic cancer cell invasion. Immunol Cell Biol. 2014; 92(6):543-52. Epub 2014/03/26.
https://doi.org/10.1038/icb.2014.22 PMID: 24662521.

Liou GY, Doppler H, Necela B, Edenfield B, Zhang L, Dawson DW, et al. Mutant KRAS-induced expres-
sion of ICAM-1 in pancreatic acinar cells causes attraction of macrophages to expedite the formation of
precancerous lesions. Cancer discovery. 2015; 5(1):52—63. Epub 2014/11/02. https://doi.org/10.1158/
2159-8290.CD-14-0474 PMID: 25361845; PubMed Central PMCID: PMCPMC4293204.

Martens S, McMahon HT. Mechanisms of membrane fusion: disparate players and common principles.
Nature reviews Molecular cell biology. 2008; 9(7):543-56. Epub 2008/05/23. https://doi.org/10.1038/
nrm2417 PMID: 18496517.

Chattopadhyay S, Sun P, Wang P, Abonyo B, Cross NL, Liu L. Fusion of lamellar body with plasma
membrane is driven by the dual action of annexin Il tetramer and arachidonic acid. The Journal of bio-
logical chemistry. 2003; 278(41):39675-83. Epub 2003/08/07. https://doi.org/10.1074/jbc.M212594200
PMID: 12902340.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206759 November 1,2018 17/20


https://doi.org/10.1158/0008-5472.can-18-1367
https://doi.org/10.1158/0008-5472.can-18-1367
http://www.ncbi.nlm.nih.gov/pubmed/30206177
https://doi.org/10.1152/ajpgi.00169.2015
http://www.ncbi.nlm.nih.gov/pubmed/26159697
http://www.ncbi.nlm.nih.gov/pubmed/17786304
https://doi.org/10.21873/anticanres.12430
https://doi.org/10.21873/anticanres.12430
http://www.ncbi.nlm.nih.gov/pubmed/29599308
https://doi.org/10.1186/s12885-018-4299-4
http://www.ncbi.nlm.nih.gov/pubmed/29783929
https://doi.org/10.1016/S0002-9440(10)65567-8
http://www.ncbi.nlm.nih.gov/pubmed/9665487
https://doi.org/10.1186/s12885-015-1546-9
http://www.ncbi.nlm.nih.gov/pubmed/26253167
https://doi.org/10.1194/jlr.D700041-JLR200
https://doi.org/10.1194/jlr.D700041-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/18281723
https://doi.org/10.1074/jbc.M109.041152
http://www.ncbi.nlm.nih.gov/pubmed/19801663
https://doi.org/10.1073/pnas.1521230113
http://www.ncbi.nlm.nih.gov/pubmed/26858453
https://doi.org/10.1242/jcs.128868
http://www.ncbi.nlm.nih.gov/pubmed/24105262
https://doi.org/10.1006/cimm.1994.1164
http://www.ncbi.nlm.nih.gov/pubmed/8200035
https://doi.org/10.1038/icb.2014.22
http://www.ncbi.nlm.nih.gov/pubmed/24662521
https://doi.org/10.1158/2159-8290.CD-14-0474
https://doi.org/10.1158/2159-8290.CD-14-0474
http://www.ncbi.nlm.nih.gov/pubmed/25361845
https://doi.org/10.1038/nrm2417
https://doi.org/10.1038/nrm2417
http://www.ncbi.nlm.nih.gov/pubmed/18496517
https://doi.org/10.1074/jbc.M212594200
http://www.ncbi.nlm.nih.gov/pubmed/12902340
https://doi.org/10.1371/journal.pone.0206759

@°PLOS | ONE

Pancreatic cancer exosomes modify macrophage function

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Mayorga LS, Colombo MI, Lennartz M, Brown EJ, Rahman KH, Weiss R, et al. Inhibition of endosome
fusion by phospholipase A2 (PLA2) inhibitors points to a role for PLA2 in endocytosis. Proceedings of
the National Academy of Sciences of the United States of America. 1993; 90(21):10255-9. Epub 1993/
11/01. PMID: 8234286; PubMed Central PMCID: PMCPMC47753.

Zhang C, Li A, Gao S, Zhang X, Xiao H. The TIP30 protein complex, arachidonic acid and coenzyme A
are required for vesicle membrane fusion. PloS one. 2011; 6(6):e21233. Epub 2011/07/07. https://doi.
org/10.1371/journal.pone.0021233 PMID: 21731680; PubMed Central PMCID: PMCPMC3123320.

Subra C, Grand D, Laulagnier K, Stella A, Lambeau G, Paillasse M, et al. Exosomes account for vesi-
cle-mediated transcellular transport of activatable phospholipases and prostaglandins. Journal of lipid
research. 2010; 51(8):2105—20. Epub 2010/04/29. https://doi.org/10.1194/jlr.M003657 PMID:
20424270; PubMed Central PMCID: PMCPMC2903822.

Hartley G, Regan D, Guth A, Dow S. Regulation of PD-L1 expression on murine tumor-associated
monocytes and macrophages by locally produced TNF-alpha. Cancer immunology, immunotherapy:
CIl. 2017; 66(4):523-35. Epub 2017/02/12. hitps://doi.org/10.1007/s00262-017-1955-5 PMID:
28184968.

Biswas SK, Mantovani A. Macrophage plasticity and interaction with lymphocyte subsets: cancer as a
paradigm. Nat Immunol. 2010; 11(10):889-96. Epub 2010/09/20. https://doi.org/10.1038/ni.1937
PMID: 20856220.

Hicks AM, Chou J, Capanu M, Lowery MA, Yu KH, O’Reilly EM. Pancreas Adenocarcinoma: Ascites,
Clinical Manifestations, and Management Implications. Clinical colorectal cancer. 2016; 15(4):360-8.
Epub 2016/06/06. https://doi.org/10.1016/j.clcc.2016.04.014 PMID: 27262896; PubMed Central
PMCID: PMCPMC5099112.

Golan T, Stossel C, Schvimer M, Atias D, Halperin S, Buzhor E, et al. Pancreatic cancer ascites xeno-
graft-an expeditious model mirroring advanced therapeutic resistant disease. Oncotarget. 2017; 8
(25):40778-90. Epub 2017/05/11. https://doi.org/10.18632/oncotarget. 17253 PMID: 28489577,
PubMed Central PMCID: PMCPmc5522335.

Segura E, Nicco C, Lombard B, Veron P, Raposo G, Batteux F, et al. ICAM-1 on exosomes from mature
dendritic cells is critical for efficient naive T-cell priming. Blood. 2005; 106(1):216-23. Epub 2005/03/26.
https://doi.org/10.1182/blood-2005-01-0220 PMID: 15790784.

Kenkel JA, Tseng WW, Davidson MG, Tolentino LL, Choi O, Bhattacharya N, et al. An Immunosuppres-
sive Dendritic Cell Subset Accumulates at Secondary Sites and Promotes Metastasis in Pancreatic
Cancer. Cancer research. 2017; 77(15):4158-70. Epub 2017/06/15. https://doi.org/10.1158/0008-
5472.CAN-16-2212 PMID: 28611041; PubMed Central PMCID: PMCPmc55505186.

Hiraide T, Ikegami K, Sakaguchi T, Morita Y, Hayasaka T, Masaki N, et al. Accumulation of arachidonic
acid-containing phosphatidylinositol at the outer edge of colorectal cancer. Sci Rep. 2016; 6:29935.
Epub 2016/07/21. https://doi.org/10.1038/srep29935 PMID: 27435310; PubMed Central PMCID:
PMCPmc4951683.

Kim HY, Lee KM, Kim SH, Kwon YJ, Chun YJ, Choi HK. Comparative metabolic and lipidomic profiling
of human breast cancer cells with different metastatic potentials. Oncotarget. 2016; 7(41):67111-28.
Epub 2016/08/27. https://doi.org/10.18632/oncotarget. 11560 PMID: 27564096; PubMed Central
PMCID: PMCPmc5341861.

Smyth TJ, Redzic JS, Graner MW, Anchordoquy TJ. Examination of the specificity of tumor cell derived
exosomes with tumor cells in vitro. Biochimica et biophysica acta. 2014; 1838(11):2954—65. Epub 2014/
08/08. https://doi.org/10.1016/j.bbamem.2014.07.026 PMID: 25102470; PubMed Central PMCID:
PMCPmc5657189.

Janakiram NB, Mohammed A, Bryant T, Ritchie R, Stratton N, Jackson L, et al. Loss of natural killer T
cells promotes pancreatic cancer in LSL-Kras(G12D/+) mice. Immunology. 2017; 152(1):36-51. https://
doi.org/10.1111/imm.12746 PMID: 28419443.

Grekova SP, Angelova A, Daeffler L, Raykov Z. Pancreatic cancer cell lines can induce prostaglandin
e2 production from human blood mononuclear cells. Journal of oncology. 2011; 2011:741868. Epub
2011/07/26. https://doi.org/10.1155/2011/741868 PMID: 21785593; PubMed Central PMCID:
PMCPmc3139198.

Moore GY, Pidgeon GP. Cross-Talk between Cancer Cells and the Tumour Microenvironment: The
Role of the 5-Lipoxygenase Pathway. International journal of molecular sciences. 2017; 18(2). Epub
2017/01/27. https://doi.org/10.3390/ijms 18020236 PMID: 28125014; PubMed Central PMCID:
PMCPmMc5343774.

Knab LM, Grippo PJ, Bentrem DJ. Involvement of eicosanoids in the pathogenesis of pancreatic cancer:
the roles of cyclooxygenase-2 and 5-lipoxygenase. World journal of gastroenterology: WJG. 2014; 20
(31):10729-39. Epub 2014/08/26. https://doi.org/10.3748/wjg.v20.i31.10729 PMID: 25152576;
PubMed Central PMCID: PMCPmc4138453.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206759 November 1,2018 18/20


http://www.ncbi.nlm.nih.gov/pubmed/8234286
https://doi.org/10.1371/journal.pone.0021233
https://doi.org/10.1371/journal.pone.0021233
http://www.ncbi.nlm.nih.gov/pubmed/21731680
https://doi.org/10.1194/jlr.M003657
http://www.ncbi.nlm.nih.gov/pubmed/20424270
https://doi.org/10.1007/s00262-017-1955-5
http://www.ncbi.nlm.nih.gov/pubmed/28184968
https://doi.org/10.1038/ni.1937
http://www.ncbi.nlm.nih.gov/pubmed/20856220
https://doi.org/10.1016/j.clcc.2016.04.014
http://www.ncbi.nlm.nih.gov/pubmed/27262896
https://doi.org/10.18632/oncotarget.17253
http://www.ncbi.nlm.nih.gov/pubmed/28489577
https://doi.org/10.1182/blood-2005-01-0220
http://www.ncbi.nlm.nih.gov/pubmed/15790784
https://doi.org/10.1158/0008-5472.CAN-16-2212
https://doi.org/10.1158/0008-5472.CAN-16-2212
http://www.ncbi.nlm.nih.gov/pubmed/28611041
https://doi.org/10.1038/srep29935
http://www.ncbi.nlm.nih.gov/pubmed/27435310
https://doi.org/10.18632/oncotarget.11560
http://www.ncbi.nlm.nih.gov/pubmed/27564096
https://doi.org/10.1016/j.bbamem.2014.07.026
http://www.ncbi.nlm.nih.gov/pubmed/25102470
https://doi.org/10.1111/imm.12746
https://doi.org/10.1111/imm.12746
http://www.ncbi.nlm.nih.gov/pubmed/28419443
https://doi.org/10.1155/2011/741868
http://www.ncbi.nlm.nih.gov/pubmed/21785593
https://doi.org/10.3390/ijms18020236
http://www.ncbi.nlm.nih.gov/pubmed/28125014
https://doi.org/10.3748/wjg.v20.i31.10729
http://www.ncbi.nlm.nih.gov/pubmed/25152576
https://doi.org/10.1371/journal.pone.0206759

@‘PLOS | ONE

Pancreatic cancer exosomes modify macrophage function

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Hogendorf P, Durczynski A, Kumor A, Strzelczyk J. Prostaglandin E2 (PGE2) in portal blood in patients
with pancreatic tumor—a single institution series. Journal of investigative surgery: the official journal of
the Academy of Surgical Research. 2012; 25(1):8—13. Epub 2012/01/26. https://doi.org/10.3109/
08941939.2011.592569 PMID: 22272632.

Cui'Y, Shu XO, Li HL, Yang G, Wen W, Gao YT, et al. Prospective study of urinary prostaglandin E2
metabolite and pancreatic cancer risk. International journal of cancer. 2017; 141(12):2423-9. hitps://
doi.org/10.1002/ijc.31007 PMID: 28815606.

Hang J, Hu H, Huang J, Han T, Zhuo M, Zhou Y, et al. Sp1 and COX2 expression is positively correlated
with a poor prognosis in pancreatic ductal adenocarcinoma. Oncotarget. 2016; 7(19):28207—17. Epub
2016/04/09. https://doi.org/10.18632/oncotarget.8593 PMID: 27057636; PubMed Central PMCID:
PMCPmc5053721.

Charo C, Holla V, Arumugam T, Hwang R, Yang P, Dubois RN, et al. Prostaglandin E2 regulates pan-
creatic stellate cell activity via the EP4 receptor. Pancreas. 2013; 42(3):467-74. Epub 2012/10/24.
https://doi.org/10.1097/MPA.0b013e318264d0f8 PMID: 23090667; PubMed Central PMCID:
PMCPmMc3600062.

Zhang Y, Daaka Y. PGE2 promotes angiogenesis through EP4 and PKA Cy pathway. Blood. 2011; 118
(19):5355—-64. Epub 2011/09/16. https://doi.org/10.1182/blood-2011-04-350587 PMID: 21926356;
PubMed Central PMCID: PMCPMC3217416.

Nandi P, Girish GV, Majumder M, Xin X, Tutunea-Fatan E, Lala PK. PGE2 promotes breast cancer-
associated lymphangiogenesis by activation of EP4 receptor on lymphatic endothelial cells. BMC can-
cer.2017;17(1):11. Epub 2017/01/07. https://doi.org/10.1186/s12885-016-3018-2 PMID: 28056899;
PubMed Central PMCID: PMCPmc5217626.

Hull MA, Cuthbert RJ, Ko CWS, Scott DJ, Cartwright EJ, Hawcroft G, et al. Paracrine cyclooxygenase-2
activity by macrophages drives colorectal adenoma progression in the Apc (Min/+) mouse model of
intestinal tumorigenesis. Sci Rep. 2017; 7(1):6074. https://doi.org/10.1038/s41598-017-06253-5 PMID:
28729694.

Wang D, DuBois RN. An inflammatory mediator, prostaglandin E2, in colorectal cancer. Cancer J.
2013; 19(6):502—10. https://doi.org/10.1097/PP0O.0000000000000003 PMID: 24270349; PubMed Cen-
tral PMCID: PMCPMC4797645.

Yan G, Zhao H, Zhang Q, Zhou Y, Wu L, Lei J, et al. A RIPK3-PGEZ2 circuit mediates myeloid-derived
suppressor cell-potentiated colorectal carcinogenesis. Cancer research. 2018. Epub 2018/07/18.
https://doi.org/10.1158/0008-5472.can-17-3962 PMID: 30012671.

Xiang X, Poliakov A, Liu C, Liu Y, Deng ZB, Wang J, et al. Induction of myeloid-derived suppressor cells
by tumor exosomes. International journal of cancer. 2009; 124(11):2621-33. Epub 2009/02/25. https://
doi.org/10.1002/ijc.24249 PMID: 19235923; PubMed Central PMCID: PMCPmc2757307.

Baratelli F, Lin Y, Zhu L, Yang SC, Heuzé-Vourc’h N, Zeng G, et al. Prostaglandin E2 induces FOXP3
gene expression and T regulatory cell function in human CD4+ T cells. J Immunol. 2005; 175(3):1483—
90. PMID: 16034085.

Ahmadi M, Emery DC, Morgan DJ. Prevention of both direct and cross-priming of antitumor CD8+ T-
cell responses following overproduction of prostaglandin E2 by tumor cells in vivo. Cancer Res. 2008;
68(18):7520-9. https://doi.org/10.1158/0008-5472.CAN-08-1060 PMID: 18794140; PubMed Central
PMCID: PMCPMC2546514.

Prima V, Kaliberova LN, Kaliberov S, Curiel DT, Kusmartsev S. COX2/mPGES1/PGE2 pathway regu-
lates PD-L1 expression in tumor-associated macrophages and myeloid-derived suppressor cells. Pro-
ceedings of the National Academy of Sciences. 2017; 114(5):1117-22. https://doi.org/10.1073/pnas.
1612920114 PMID: 28096371

Su MJ, Aldawsari H, Amiji M. Pancreatic Cancer Cell Exosome-Mediated Macrophage Reprogramming
and the Role of MicroRNAs 155 and 125b2 Transfection using Nanoparticle Delivery Systems. Sci Rep.
2016; 6:30110. Epub 2016/07/23. https://doi.org/10.1038/srep30110 PMID: 27443190; PubMed Cen-
tral PMCID: PMCPmc4957091.

Javeed N, Gustafson MP, Dutta SK, Lin Y, Bamlet WR, Oberg AL, et al. Immunosuppressive CD14
+HLA-DRIo/neg monocytes are elevated in pancreatic cancer and "primed" by tumor-derived exo-
somes. Oncoimmunology. 2017; 6(1):e1252013. Epub 2017/02/16. https://doi.org/10.1080/2162402X.
2016.1252013 PMID: 28197368; PubMed Central PMCID: PMCPmc5283619.

Chalmin F, Ladoire S, Mignot G, Vincent J, Bruchard M, Remy-Martin JP, et al. Membrane-associated
Hsp72 from tumor-derived exosomes mediates STAT3-dependent immunosuppressive function of
mouse and human myeloid-derived suppressor cells. The Journal of clinical investigation. 2010; 120
(2):457-71. Epub 2010/01/23. https://doi.org/10.1172/JCI40483 PMID: 20093776; PubMed Central
PMCID: PMCPmc2810085.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206759 November 1,2018 19/20


https://doi.org/10.3109/08941939.2011.592569
https://doi.org/10.3109/08941939.2011.592569
http://www.ncbi.nlm.nih.gov/pubmed/22272632
https://doi.org/10.1002/ijc.31007
https://doi.org/10.1002/ijc.31007
http://www.ncbi.nlm.nih.gov/pubmed/28815606
https://doi.org/10.18632/oncotarget.8593
http://www.ncbi.nlm.nih.gov/pubmed/27057636
https://doi.org/10.1097/MPA.0b013e318264d0f8
http://www.ncbi.nlm.nih.gov/pubmed/23090667
https://doi.org/10.1182/blood-2011-04-350587
http://www.ncbi.nlm.nih.gov/pubmed/21926356
https://doi.org/10.1186/s12885-016-3018-2
http://www.ncbi.nlm.nih.gov/pubmed/28056899
https://doi.org/10.1038/s41598-017-06253-5
http://www.ncbi.nlm.nih.gov/pubmed/28729694
https://doi.org/10.1097/PPO.0000000000000003
http://www.ncbi.nlm.nih.gov/pubmed/24270349
https://doi.org/10.1158/0008-5472.can-17-3962
http://www.ncbi.nlm.nih.gov/pubmed/30012671
https://doi.org/10.1002/ijc.24249
https://doi.org/10.1002/ijc.24249
http://www.ncbi.nlm.nih.gov/pubmed/19235923
http://www.ncbi.nlm.nih.gov/pubmed/16034085
https://doi.org/10.1158/0008-5472.CAN-08-1060
http://www.ncbi.nlm.nih.gov/pubmed/18794140
https://doi.org/10.1073/pnas.1612920114
https://doi.org/10.1073/pnas.1612920114
http://www.ncbi.nlm.nih.gov/pubmed/28096371
https://doi.org/10.1038/srep30110
http://www.ncbi.nlm.nih.gov/pubmed/27443190
https://doi.org/10.1080/2162402X.2016.1252013
https://doi.org/10.1080/2162402X.2016.1252013
http://www.ncbi.nlm.nih.gov/pubmed/28197368
https://doi.org/10.1172/JCI40483
http://www.ncbi.nlm.nih.gov/pubmed/20093776
https://doi.org/10.1371/journal.pone.0206759

@‘PLOS | ONE

Pancreatic cancer exosomes modify macrophage function

59.

60.

61.

62.

Long KB, Tooker G, Tooker E, Luque SL, Lee JW, Pan X; et al. IL6 Receptor Blockade Enhances Che-
motherapy Efficacy in Pancreatic Ductal Adenocarcinoma. Mol Cancer Ther. 2017; 16(9):1898-908.
Epub 2017/06/15. https://doi.org/10.1158/1535-7163.MCT-16-0899 PMID: 28611107; PubMed Central
PMCID: PMCPmc5587413.

Angst E, Reber HA, Hines OJ, Eibl G. Mononuclear cell-derived interleukin-1 beta confers chemoresis-
tance in pancreatic cancer cells by upregulation of cyclooxygenase-2. Surgery. 2008; 144(1):57-65.
Epub 2008/06/24. https://doi.org/10.1016/j.surg.2008.03.024 PMID: 18571585; PubMed Central
PMCID: PMCPmMc2601479.

Zhang D, LiL, Jiang H, Li Q, Wang-Gillam A, Yu J, et al. Tumor-Stroma IL1beta-IRAK4 Feedforward
Circuitry Drives Tumor Fibrosis, Chemoresistance, and Poor Prognosis in Pancreatic Cancer. Cancer
research. 2018; 78(7):1700—12. Epub 2018/01/25. https://doi.org/10.1158/0008-5472.CAN-17-1366
PMID: 29363544; PubMed Central PMCID: PMCPMC5890818.

Gatto F, Schulze A, Nielsen J. Systematic Analysis Reveals that Cancer Mutations Converge on Dereg-
ulated Metabolism of Arachidonate and Xenobiotics. Cell reports. 2016; 16(3):878-95. Epub 2016/07/
12. https://doi.org/10.1016/j.celrep.2016.06.038 PMID: 27396332.

PLOS ONE | https://doi.org/10.1371/journal.pone.0206759 November 1,2018 20/20


https://doi.org/10.1158/1535-7163.MCT-16-0899
http://www.ncbi.nlm.nih.gov/pubmed/28611107
https://doi.org/10.1016/j.surg.2008.03.024
http://www.ncbi.nlm.nih.gov/pubmed/18571585
https://doi.org/10.1158/0008-5472.CAN-17-1366
http://www.ncbi.nlm.nih.gov/pubmed/29363544
https://doi.org/10.1016/j.celrep.2016.06.038
http://www.ncbi.nlm.nih.gov/pubmed/27396332
https://doi.org/10.1371/journal.pone.0206759

