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Abstract

Introduction

Neutrophils can generate extracellular net-like structures by releasing their DNA-histone
complexes and antimicrobial peptides, which is called neutrophil extracellular traps (NETs).
Various stimuli can induce NET formation. In particular, neutrophils and NET formation are
abundant in tumor tissue. This study investigated how cancer cells induce NET formation
and whether this NET formation promotes plasma thrombin generation and cancer
progression.

Methods

Induction of NET formation by a pancreatic cancer cell line (AsPC-1) was assessed by mea-
suring the histone—-DNA complex level. The endogenous thrombin potential (ETP) was mea-
sured by thrombin generation assay. In vitro migration, invasion, and tubule formation
assays were performed. The circulating levels of NET markers and hypercoagulability mark-
ers were assessed in 62 patients with pancreatobiliary malignancy and 30 healthy controls.

Results

AsPC-1 significantly induced NET formation in a dose-dependent manner. Conditioned
medium (CM) from AsPC-1 also induced NETSs. Interestingly, NET-formation was abolished
by heat-inactivated CM, but not by lipid-extracted CM, suggesting an important role of pro-
tein components. A reactive oxygen species inhibitor did not inhibit cancer cell-induced
NET formation, but prostaglandin E1 (PGE1, cyclic adenosine monophosphate inducer)
and antithrombin did. NETSs significantly increased ETP of normal plasma. Of note, NETs
promoted cancer cell migration and invasion as well as angiogenesis, which were inhibited
by histone-binding agents (heparin, polysialic acid), a DNA-degrading enzyme, and Toll-like
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receptor neutralizing antibodies. In patients with pancreatobiliary malignancy, elevated NET
markers correlated well with hypercoagulability makers.

Conclusion

Our findings indicate that cancer cell-induced NET formation enhances both hypercoagula-
bility and cancer progression and suggest that inhibitors of NET formation such as PGE1
and antithrombin can be potential therapeutics to reduce both hypercoagulability and cancer
progression.

Introduction

In response to various stimuli such as pathogens and inflammatory cytokines, neutrophils
release net-like structures that consist of their DNA-histone complexes and antimicrobial pep-
tides such as neutrophil elastase (NE) and matrix metalloproteinase 9 (MMP9), which is called
neutrophil extracellular traps (NETs) [1-3]. Reactive oxygen species (ROS) mediate some
forms of NET formation [4]. The NETs play a role in immune protection through killing path-
ogens, but they can be detrimental in thrombotic and inflammatory diseases [5].

Neutrophils and NET's are abundant in tumor tissue [6]. It has been reported that malig-
nant neutrophils are prone to NET formation and that cancer cells and cancer cell-primed
platelets could also induce NET formation [7, 8]. However, it remains to be investigated how
cancer cells induce NET formation.

NETSs can promote thrombosis in multiple ways [9]. They bind to platelets, activate the
coagulation system, and inhibit activation of the anticoagulant system and fibrinolysis [9].
Since neutrophils and NET's are abundant in tumor tissue, the NET's have sparked much inter-
est in tumor-associated thrombosis [1]. In mice, tumor injection induced NET formation and
lung thrombosis [10] and NET formation occurred concomitant with thrombosis appearance
in tumor-bearing mice [8]. Cancer is often accompanied by hypercoagulability, which is an
abnormal state of blood coagulation that increases thrombosis risk [11]. Among hypercoagula-
bility markers, circulating microparticles are considered to be a potent procoagulant and bio-
marker of thrombosis in cancer [12]. Endogenous thrombin potential (ETP) represents total
thrombin amount in human plasma stimulated by tissue factor determined by using thrombin
generation assay and is a sensitive marker of hypercoagulability [13, 14]. Until now, it has been
unclear how the NETs influence thrombin generation in cancer.

NETSs reportedly promote tumor metastasis [1, 15]. NETSs are associated with poor progno-
sis in cancer, and the soluble mediators from NET's such as NE and MMP9 promoted tumor
cell growth [1, 16]. However, the detailed mechanism of NET-induced tumor progression
including migration and angiogenesis needs to be clarified.

Pancreatic cancer not only shows high metastasis potential [17], but also poses a serious
risk of cancer thrombosis [18]. In this study, we hypothesized that pancreatic cancer cells by
itself induce NET formation, resulting in both hypercoagulability and tumor progression. We
investigated whether how pancreatic cells induced NET formation and whether NET's pro-
moted plasma thrombin generation. We also investigated NET-induced cancer cell migration,
invasion, and angiogenesis. Finally, we measured the circulating levels of NET markers (his-
tone-DNA complex, cell-free dsSDNA) and hypercoagulability markers (microparticles, ETP)
in patients with pancreatobiliary cancer to assess the relationship between NET's and
hypercoagulability.
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Materials and methods
Cell culture

The human pancreatic carcinoma cell line AsPC-1 and human gastric carcinoma cell line
NCI-N87 were cultured in RPMI 1640 (WelGENE, Seoul, South Korea) with 10% fetal bovine
serum (FBS; Gibco, Grand Island, NY, USA). The human endothelial cell line EA.hy926 and
human umbilical vein endothelial cells HUVEC were cultured in DMEM medium (Wel-
GENE) with 10% FBS (Gibco) and EBM-2 medium (Clonetics, San Diego, CA, USA) with
EGM-2 Endothelial SingleQuots Kit (Clonetics), respectively.

Measurement of AsPC-1-induced NET formation and ROS activity

Peripheral whole blood was collected from healthy volunteers under informed consent. Blood
samples were incubated with AsPC-1 cells for 30 min, 1 h, or 2 h at 37°C and then the superna-
tants were collected by centrifugation at 3000 xg for 10 min. The histone-DNA complex levels,
which reflect the extent of NET formation, were measured by using a Cell Death Detection
ELISA kit (Roche Diagnostics, Indianapolis, IN, USA). The percent coefficient variation of the
assay was 10.6%. For investigation of dose dependency, various concentrations (0, 5 x 10% and
20 x 10" cells/mL) of AsPC-1 cells were incubated with blood samples for 2 h at 37°C. Addi-
tionally, NCI-N87 cells were used to investigate whether additional type of cancer cell line
induces NET formation. Phorbol 12-myristate-13-acetate (PMA, 25 nM; Sigma-Aldrich,

St. Louis, MO, USA) was used as a positive control of NET formation. HUVEC were used as a
negative normal control of NET formation.

Neutrophils were isolated as described previously [19]. Briefly, after erythrocyte aggregation
and sedimentation with hydroxyethyl starch (Pentaspan, Jeil Pharmaceutical, Seoul, Korea),
peripheral whole blood was treated with Ficoll-Paque with a density of 1.077 (Sigma-Aldrich)
to separate the mononuclear cells from neutrophils. The purity of the isolated neutrophils was
confirmed to be >85% of total cells through flow cytometric analysis by using anti-CD33 anti-
body (Becton Dickinson, Franklin Lakes, NJ, USA).

To prepare conditioned medium (CM), AsPC-1 cells were cultured in RPMI 1640 with 1%
FBS (1% FBS RPMI) for 36 h, and the supernatant was obtained by centrifugation at 12,000 xg
for 10 min. To eliminate lipid and protein components from CM, lipids were extracted by
incubation with 1.5% charcoal (Sigma-Aldrich) at 4°C for 24 h and proteins were degraded by
heating CM at 65°C for 1 h.

Inhibitors, namely diphenyleneiodonium (DPI, 20 pM; Tocris Bioscience, Bristol, UK),
prostaglandin E1 (PGEL, 1 pg/mL; Mitsubishi Tanabe Pharma Korea, Seoul, Korea), anti-
thrombin (5 IU/mL, SK Plasma, Gyeonggi, Korea), and monoclonal antibody against human
tissue factor (anti-TF, 30 ug/mL; clone VD8, American Diagnostica Inc., Stamford, CT, USA)
were pre-incubated with peripheral whole blood before adding AsPC-1 cells.

The levels of ROS activity were measured by using an OxiSelect In Vitro ROS/RNS assay kit
(Cell Biolabs, San Diego, CA, USA).

Preparation of NET's

Isolated human neutrophils (3.3 x 10° cells/mL) suspended in 1% FBS RPMI were treated with
25 nM PMA for 1 h at 37°C and were washed by centrifugation (1,800 xg, 10 min). NET's were
prepared by suspending the pellets with 1% FBS RPMI (3.3 x 10 cells/mL) and protein con-
centration was adjusted to 300 mg/dL.
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Thrombin generation assay

Thrombin generation assay was performed using commercial normal plasma (Pool Norm;
Diagnostica Stago, Asnieres, France) with or without NETs addition according to the previous
report [20]. Briefly, 80 uL normal plasma pre-mixed with 20 uL NET's or 1% FBS RPMI (con-
trol) was stimulated with 5, 1, or 0.5 pM TF (American Diagnostica). After 20 pL substrate
(FluCa-Kit, Thrombinoscope BV, Maastricht, Netherlands) addition, the amounts of gener-
ated thrombin were measured using Thrombinoscope software (Thrombinoscope BV).

Migration and invasion assay

For migration assay, AsPC-1 cells were loaded into the upper chamber of a cell culture insert
with 8 uM pore size (Corning Inc., Corning, NY, USA) and the lower chamber was supple-
mented with intact isolated neutrophils (3.3 x 10° cells/mL) or NETs (300 mg/dL of protein).
After 22 h incubation at 37°C, migrated cells were fixed and stained with Diff-Quik kit (Sys-
mex Co., Kobe, Japan) and were counted under a Leica DM IL LED inverted microscope
(Leica Microsystems GmbH, Wetzlar, Germany) using LAS software v.4.0 (Leica Microsys-
tems GmbH) at 400x magnification.

In experiments with NET inhibitors, NETs were pre-treated with heparin (200 IU/mL,
Sigma-Aldrich) for 20 min at room temperature, polysialic acid (PSA, 62.5 pug/mL; Sigma-
Aldrich) for 1 h at 37°C, or DNase I (50 [U/m, Worthington Biochemical Co., Lakewood, NJ,
USA) for 20 min at 37°C. AsPC-1 cells were pre-treated with neutralizing antibodies against
Toll-like receptors (TLRs) for 1 h at room temperature by adding anti-TLR2 antibody (aTLR2,
50 pg/mL; eBioscience, San Diego, CA, USA), anti-TLR4 antibody (aTLR4, 50 pg/mL;
eBioscience), or a monoclonal mouse IgG,, . antibody (Iso-IgG, 50 pg/mL; eBioscience) as an
isotype control. For invasion assay, a rehydrated Matrigel invasion chamber with 8 uM pore
size (Corning Inc.) was used.

Tubule formation assay

EA.hy926 cells were seeded at 5 x 10 cells per well coated with 200 uL/well of Matrigel (Becton
Dickinson Labware, Bedford, MA, USA) and incubated for 4 h at 37°C in DMEM medium
with or without calf thymus histones (Roche Diagnostics). The capillary-like structures were
then examined under an Olympus CKX41SF microscope (Olympus Co., Tokyo, Japan), and
tubule length was calculated in four-randomly selected fields using Image J software (NIH,
Bethesda, MD, USA).

Measurement of NET and hypercoagulability markers in patients with
pancreatobiliary malignancy

A total of 62 adult patients with pancreatobiliary malignancy were included in the present
study. Pancreaticobiliary malignancy was diagnosed based on clinical, laboratory, radiologic,
and pathologic findings. Cancer staging was based on radiologic and pathological findings.
Peripheral blood samples were collected in 0.109 mol/L sodium citrate (Becton Dickinson, San
Jose, CA, USA). Plasma was separated by centrifugation of whole blood at 1550 xg for 15 min,
aliquoted and stored at —80°C. Control plasma from healthy adults (n = 30) was also included.
This study was approved by the Seoul National University Hospital Institutional Review Board
(approval No. 1711-020-897), and written informed consent was obtained from all subjects.
The study was approved by the Seoul National University Hospital Institutional Review Board
(approval No. 1711-020-897), and written informed consent was obtained from all subjectsThe
study was approved by the Seoul National University Hospital Institutional Review Board
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(approval No. 1711-020-897), and written informed consent was obtained from all subjectsThe
study was approved by the Seoul National University Hospital Institutional Review Board
(approval No. 1711-020-897), and written informed consent was obtained from all subjects.

As NET markers, histone-DNA complex and cell-free dSSDNA were measured in plasma
from patients and control subjects using Cell Death Detection ELISA kit (Roche Diagnostics)
and Quant-iT Picogreen dsDNA assay kit (Thermo Fisher Scientific, Waltham, MA, USA). As
hypercoagulability markers, microparticles were measured with a Zymuphen MP-Activity kit
(Hyphen BioMed, Neuville-sur-Oise, France) and ETP was measured.

Statistical analysis

All results are shown as mean =* standard error of the mean. The data were combined data
from 3 or more different experiments. All statistical analysis was performed IBM SPSS Statis-
tics version 22.0 for Windows (SPSS Inc., Chicago, IL, USA). For an experiment involving the
incubation time course, two-way analysis of variance (ANOVA) followed by Bonferroni’s
post-hoc test was used to analyze statistical difference between control and AsPC-1 group over
incubation time. For statistical comparison of more than two groups, one-way ANOVA was
conducted using Bonferroni’s post-hoc test. The unpaired t-tests were used to compare only
two groups. P values of < 0.05 were considered statistically significant.

Results
Pancreatic cancer cells induce NET formation

The histone-DNA complex level, a known NET formation marker [21], in the supernatants of
whole blood showed an overall increase in AsPC-1 group compared to control group during
incubation time. The results of two-way ANOVA (group x time) in NET formation during
incubation time observed no significant interaction (P = 0.813) or main effect of time

(P =0.305), but a significant main effect of group (P = 0.012) (Fig 1A). AsPC-1 increased the
histone-DNA complex level in a dose-dependent manner. An increase was also observed after
treatment with PMA, a known NET inducer (Fig 1B) [7]. To investigate whether additional
type of cancer cell line shows the same effect of NET formation, gastric cancer cells (NCI-N87)
were used as well. As expected, NCI-N87 significantly induced NET formation (Figure A in S1
Fig). As a negative control, human umbilical vein endothelial cells (HUVEC) were used.
HUVEC did not induce the histone-DNA complex level (Figure B in S1 Fig).

To exclude the effect of other blood cells, we incubated AsPC-1 cells with isolated neutro-
phils. In this setting, AsPC-1 cells also significantly increased the histone-DNA complex level
(Fig 1C).

To investigate whether a direct contact with AsPC-1 cells or soluble factors released by
AsPC-1 induce NET formation, CM harvested from AsPC-1 culture was incubated with whole
blood. CM increased the histone-DNA complex level (Fig 1D). When lipid components were
removed from CM by charcoal treatment, CM still increased the histone-DNA complex level.
However, heat-treated CM, in which protein components were degraded, significantly
decreased the histone-DNA complex level in comparison with untreated CM (Fig 1D).

Pancreatic cancer-induced NET formation is not ROS-dependent but
cyclic AMP and thrombin-dependent

We investigated whether AsPC-1-induced NETs increase ROS activity in a dose-dependent
manner. The ROS activity was not increased in supernatants of whole blood incubated with
AsPC-1 cells or PMA (Fig 2A). The ROS inhibitor DPI did not inhibit AsPC-1-induced NET
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histone-DNA complex levels were measured in the supernatants. A significant difference was observed among the
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two-way ANOVA followed by Bonferroni’s post-hoc test. P < 0.05 versus control group. (B) AsPC-1 (5 x 10* or

20 x 10* cells/mL) were incubated with whole blood for 2 h. Phorbol 12-myristate-13-acetate (PMA, 25 nM) was used
as a positive control of NET formation. Statistical analysis was performed by one-way ANOVA followed by
Bonferroni’s post-hoc test. *P < 0.05 versus whole blood without AsPC-1. (C) AsPC-1 cells were incubated with
isolated neutrophils for 2 h and the histone-DNA complex level was measured in the supernatants. (D) Conditioned
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degrade proteins. Data are expressed as mean + SEM of 3 experiments. P < 0.05 versus control; “* P < 0.05 versus
CM. Abbreviations: AU, arbitrary units.

https://doi.org/10.1371/journal.pone.0216055.g001

formation (Fig 2B). Interestingly, PGE1, which induces intracellular cyclic AMP (cAMP) pro-
duction, significantly inhibited AsPC-1-induced NET formation (Fig 2B).

Since thrombin is essential for coagulation and enhances platelet-neutrophil interaction
[10], we investigated the effect of a thrombin inhibitor, antithrombin, on AsPC-1-induced
NET formation. As expected, antithrombin significantly inhibited AsPC-1-induced NET for-
mation (Fig 2C). Because AsPC-1 cells express surface TF, which can activate the coagulation
system, resulting in thrombin production [22], we investigated the effect of a TF inhibitor, the
TF neutralizing antibody, but found that it failed to block AsPC-1-induced NET formation
(Fig 2D).
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NETs promote thrombin generation

We examined whether NETSs increase thrombin generation in normal plasma by using throm-
bin generation assay. NETs significantly increased ETP levels at 3 different TF concentrations:
5pM (Fig 3A and 3B), 1 pM (Fig 3C and 3D), and 0.5 pM (Fig 3E and 3F).

NETSs promote cancer cell migration and invasion

NETs significantly promoted the AsPC-1 cell migration through a cell culture insert in com-
parison with vehicle control and intact neutrophils (Fig 4A). Even intact neutrophils promoted
AsPC-1 cell migration, although fewer cell migrated than with NETs. NETs also promoted
AsPC-1 cell invasion through a rehydrated Matrigel-coated invasion chamber (Fig 4B).
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To investigated whether the promotion of cancer cell migration by NET's was specific, we
inhibited NETs with histone-binding agents (heparin, PSA) or a DNA cleavage enzyme
(DNase I). All 3 inhibitors significantly blocked NET-promoted cancer cell migration
(Fig 4C).

Since TLR2 and TLR4 are involved in cell migration and invasion [23, 24], we investigated
whether neutralizing antibodies against these receptors (TLR2 and TLR4) would block AsPC-
1 cell migration. Both aTLR2 and aTLR4 significantly inhibited NET-promoted AsPC-1 cell
migration (Fig 4D), suggesting the involvement of TLR2 and TLR4.
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https://doi.org/10.1371/journal.pone.0216055.9004

NETSs promote angiogenesis

Since histones are major components of NETs, we examined whether the histones promote in
vitro angiogenesis. Histones significantly increased the endothelial cell tubule formation in a
dose-dependent manner (Fig 5A and 5B and S2 Fig). To confirm the specificity of this effect,
we pre-treated histones with histone-binding agents (heparin or PSA) and then incubated
with endothelial cells. Both heparin and PSA blocked histone-induced tubule formation

(Fig 5C).
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A B

NET and hypercoagulability markers are increased in patients with
pancreatobiliary malignancy

Since cancer cells promoted NET formation, we examined whether NET formation is
increased in cancer patients. As expected, in patients with pancreatobiliary malignancy, the
circulating levels of NET markers (histone-DNA complex and cell-free dsSDNA) were signifi-
cantly higher than in healthy controls (Fig 6A and 6B). Similarly, the circulating levels of
hypercoagulability markers (microparticles and ETP) were also increased in patients with pan-
creatobiliary malignancy (Fig 6C and 6D). Interestingly, the microparticle level significantly
correlated with histone-DNA complex (r = 0.546; P<0.01) and cell-free dsDNA levels
(r =0.664; P<0.01) and so did ETP (r = 0.263, r = 0.530, respectively; both P<0.05).

When all patients with pancreatobiliary malignancy (n = 62) were subdivided into 3 groups
based on cancer stage, patients with stage IV (n = 34) tended to show higher levels of NET and
hypercoagulability markers than patients with cancer stages I/II (n = 8) and III (n = 20) (S3 Fig).

Discussion

Our study demonstrated that pancreatic cancer cells induced NET formation that was inhib-
ited by PGE1 or antithrombin. The NETSs increased not only hypercoagulability through
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Fig 5. NETs promote endothelial cell angiogenesis. (A) Endothelial cells EA.hy926 were incubated with or without
histones (50 ug/mL) for 4 h in a Matrigel-coated well and tubule images were taken under an optical microscope
(x100). (B) EA.hy926 (5 x 10* cells/well) were incubated with various concentrations of histones (none, 10, 20, 50,

100 pg/mL) for 4 h in Matrigel-coated wells. The tubule formation length was calculated by Image J software in four
randomly selected fields. (C) As inhibitors of tubule formation, heparin (100 IU/mL) and PSA (62.5 pg/mL) were pre-
incubated with or without histones for 1 h. EA.hy926 cells were then added for 4 h. *P < 0.05 versus control; P < 0.05
versus histone-treated.

https://doi.org/10.1371/journal.pone.0216055.g005
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Fig 6. The circulating levels of NET and hypercoagulability markers are increased in patients with
pancreatobiliary malignancy. The levels of (A) histone-DNA complex, (B) cell-free dsDNA, (C) microparticles, and
(D) ETP in the absence of stimuli (no stimuli ETP) were measured in patients with pancreatobiliary malignancy

(n = 62) and healthy controls (n = 30). Abbreviations: AU, arbitrary units.

https://doi.org/10.1371/journal.pone.0216055.g006

promotion of plasma thrombin generation, but also cancer progression through promotion of
cancer cell migration and invasion and endothelial cell angiogenesis. Both circulating NET
and hypercoagulability markers were significantly increased in patients with pancreatobiliary
malignancy and NET markers correlated well with hypercoagulability markers.

Our result that pancreatic cancer cells induce NET formation in whole blood in a dose-
dependent manner reinforces the recently reported evidence of cancer-induced NET formation
in vivo and in vitro [7, 25]. To determine whether NET formation was induced by blood cells or
cell—cell contacts, we cultured cancer cells with isolated neutrophils. Active formation of NET's
under these conditions suggests that other blood cells are not necessary for NET formation.
Interestingly, cell-free CM harvested from cancer cells also induced NET formation, whereas
heat treatment of CM abolished this induction, suggesting a contact-independent role of soluble
proteins. Considering that cancer cells can shed microvesicles called exosomes, protein compo-
nents of cancer cell-derived exosomes are likely to be one of the NET inducers [26].

Since neutrophils can produce ROS that induce NET formation [27], we investigated the
role of ROS in NET formation. The ROS activity was not significantly increased, and a ROS
inhibitor also did not inhibit NET formation, suggesting that ROS are not involved in pancre-
atic cancer-induced NET formation. This is consistent with a previous report in which NET
induction by pancreatic cancer did not depend on ROS generation [7].

Interestingly, PGE1 inhibited both cancer cell- and PMA-induced NET formation. PGE1
has various pharmacological activities such as anti-platelet, anti-inflammatory and
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vasodilating effects [28, 29]. PGE1 can induce intracellular cAMP that inhibits NET formation
through reduction of intracellular calcium ions [30]. Therefore, cancer cell-induced NET for-
mation is likely to occur through cAMP production.

In our study, antithrombin significantly reduced the cancer cell-induced NET formation.
Antithrombin has not only anticoagulant activity, but also anti-inflammatory activity [16]. As
an anticoagulant, antithrombin binds to thrombin, quenching the activity of thrombin, which
is the central protease in the coagulation system [31]. Antithrombin also binds to syndecan-4
on neutrophils, thus reducing CXCL-2 expression and finally attenuating neutrophil migration
to the sites of inflammation [32]. In our in vitro system, it is hard to differentiate which effects
of antithrombin are responsible for the inhibition of cancer cell-induced NET formation.
There has been an interesting study showing attenuation of endotoxemia through inhibition
of NET formation by antithrombin in septic mice [16]. Considering that this beneficial effect
of antithrombin is helpful for sepsis treatment, the inhibitory effect of antithrombin on cancer
cell-induced NET formation may warrant further study for its future clinical application to
cancer therapy.

TF is a surface receptor on AsPC-1 cells that can initiate the coagulation system, leading to
thrombin [22]. The failure of the TF neutralizing antibody to inhibit cancer cell-induced NET
formation suggests that the surface TF of cancer cells does not play a role in NET formation, at
least under our in vitro conditions.

NETs are mainly composed of cell-free DNA and histones. Since DNA is negatively
charged, it can activate the intrinsic coagulation pathway [33]. Hence, we speculate that the
DNA of NETs may activate this pathway, eventually leading to thrombin production. In our
experiments, thrombin generation in normal plasma was enhanced by NETs. Since thrombin
is an essential protease in the coagulation system, enhancement of NET-induced thrombin
generation suggests a significant contribution of NET' to hypercoagulability and thrombotic
tendency in cancer.

It has been reported that NETs induce cancer metastasis by sequestering circulating tumor
cells [15]. Our results showed that NET's increased cancer cell migration and invasion and this
effect was specific because the inhibitors of NET's blocked the migration. More interestingly,
neutralizing antibodies of TLR2 and TLR4 significantly blocked NET-induced cancer cell
migration, suggesting the involvement of TLR2 and TLR4. Although previous reports showed
that TLR2 and TLR4 are involved in cell migration and invasion [23, 24], there has been no
data about the ligands of cancer cells for TLR2 and TLR4. We showed that NETs as such act as
a chemoattractant. According to recent reports [34-36], high mobility group box 1 (HMGB1)
is released from NETSs and is a ligand for TLR4. Hence, it is assumed that HMGBI1-mediated
TLR4 signaling is involved in NET-induced cancer cell migration.

Angiogenesis is a complex morphogenetic process, in which resting endothelium acquires a
migratory phenotype, migrating through the basement membrane where endothelial cells pro-
liferate and form endothelial sprouts [37]. Angiogenesis is essential for cancer progression
[38]. To the best of our knowledge, there has been no report on the effect of NET's on angio-
genesis. We showed that a major component of NETS, histones, promoted angiogenesis. This
finding reinforces the role of NETs in cancer progression.

Among NET inhibitors, heparin and PSA are anionic substances which bind to positively
charged histones and neutralize the histone activity [5, 39], and DNase I degrades the DNA
[40]. The NET inhibitors significantly blocked NET-induced cancer cell migration and angio-
genesis, suggesting that migration and angiogenesis are specifically promoted by NET. These
findings warrant future exploration of the NET inhibitors as therapeutic agents against cancer
progression.
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Circulating levels of NET markers are increased in various cancers [41, 42]. Although pan-
creatic cancer-induced NET may have contributed to thrombosis in one in vitro study [7], so
far there has been no data on circulating NET levels in patients with pancreatic cancer. Our
data show that circulating levels of the histone-DNA complex and cell-free dsSDNA, which
have been proposed as NET markers [21], are significantly increased in patients with pancrea-
tobiliary malignancy. Furthermore, circulating levels of hypercoagulability markers (micropar-
ticles and ETP) are also significantly increased in these patients and the NET markers
correlated well with hypercoagulability markers, suggesting that NET-induced hypercoagula-
bility occurs in pancreatobiliary malignancy.

This study has several limitations. First, we could not identify the exact chemotactic factor
(s) for cancer cell migration. However, HMGBI can a candidate chemotactic factor, because it
is released from NETSs and acts as a chemoattractant for cancer cells. Future study is necessary
to determine which chemotactic factors in NET's participate in cancer cell migration. Second,
we could not demonstrate the direct association of NET and hypercoagulability markers with
clinical thrombotic events, because the specimens were collected retrospectively and some of
the patients had old thrombotic histories that did not show any association of the markers
with thrombosis.

In summary, this study demonstrated that pancreatic cancer cells induced NET formation
in contact- and ROS-independent manners. Moreover, cancer cell-induced NET formation
was inhibited by PGE1 and antithrombin. NET's could promote not only hypercoagulability
through the enhancement of plasma thrombin generation, but also cancer progression
through the enhancement of cancer cell migration and angiogenesis (54 Fig) In patients with
pancreatobiliary malignancy, the elevated NET markers correlated well with the hypercoagula-
bility makers. Taken together, these findings indicate that cancer cell-induced NET formation
plays an important role in enhancing both hypercoagulability and cancer progression and sug-
gest that inhibitors of NET formation such as PGE1 and antithrombin can be potential thera-
peutics to reduce both hypercoagulability and cancer progression.

Supporting information

S1 Fig. Neutrophil extracellular traps (NETs) formation by additional type of cancer cell
and normal endothelial cell.
(PDF)

S2 Fig. The black and white image that NET's induce endothelial cells EA.hy926 angiogene-
sis.
(PDF)

S3 Fig. Circulating levels of NET and hypercoagulability markers tend to increase with the
stage of pancreatobiliary malignancy.
(PDF)

S4 Fig. Potential mechanism of how cancer cell-induced NET formation promotes both
hypercoagulability and cancer progression.
(PDF)

Author Contributions
Conceptualization: Hyun Kyung Kim.

Data curation: Hye Soo Jung.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216055  April 29, 2019 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216055.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216055.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216055.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216055.s004
https://doi.org/10.1371/journal.pone.0216055

@ PLOS|ONE

Cancer cell-induced neutrophil extracellular traps promote both hypercoagulability and cancer progression

Formal analysis: Hye Soo Jung, JaYoon Gu, Hyun Kyung Kim.
Funding acquisition: Hyun Kyung Kim.

Investigation: Hye Soo Jung, JaYoon Gu, Ji-Eun Kim.
Methodology: Hyun Kyung Kim.

Project administration: Hyun Kyung Kim.

Resources: Hye Soo Jung, JaYoon Gu.

Supervision: Hyun Kyung Kim.

Validation: Youngwon Nam.

Visualization: Hye Soo Jung, JaYoon Gu, Ji-Eun Kim.
Writing - original draft: Hye Soo Jung, Hyun Kyung Kim.
Writing - review & editing: Jae Woo Song, Hyun Kyung Kim.

References

1. Erpenbeck L, Schon MP. Neutrophil extracellular traps: protagonists of cancer progression? Oncogene.
2017; 36(18):2483-90. Epub 2016/12/13. https://doi.org/10.1038/onc.2016.406 PMID: 27941879.

2. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al. Neutrophil extracellu-
lar traps kill bacteria. Science. 2004; 303(5663):1532-5. https://doi.org/10.1126/science.1092385
PMID: 15001782.

3. Nauseef WM, Borregaard N. Neutrophils at work. Nat Immunol. 2014; 15(7):602—11. Epub 2014/06/19.
https://doi.org/10.1038/ni.2921 PMID: 24940954.

4. Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze |, Wahn V, et al. Novel cell death program leads
to neutrophil extracellular traps. The Journal of cell biology. 2007; 176(2):231—41. https://doi.org/10.
1083/jcb.200606027 PMID: 17210947; PubMed Central PMCID: PMC2063942.

5. Fuchs TA, Brill A, Duerschmied D, Schatzberg D, Monestier M, Myers DD Jr., et al. Extracellular DNA
traps promote thrombosis. Proc Natl Acad Sci U S A. 2010; 107(36):15880-5. Epub 2010/08/28. https://
doi.org/10.1073/pnas.1005743107 PMID: 20798043; PubMed Central PMCID: PMCPMC2936604.

6. Berger-Achituv S, Brinkmann V, Abed UA, Kuhn LI, Ben-Ezra J, Elhasid R, et al. A proposed role for
neutrophil extracellular traps in cancer immunoediting. Front Immunol. 2013; 4:48. https://doi.org/10.
3389/fimmu.2013.00048 PMID: 23508552; PubMed Central PMCID: PMC3589747.

7. Abdol Razak N, Elaskalani O, Metharom P. Pancreatic Cancer-Induced Neutrophil Extracellular Traps:
A Potential Contributor to Cancer-Associated Thrombosis. Int J Mol Sci. 2017; 18(3). Epub 2017/03/02.
https://doi.org/10.3390/ijms 18030487 PMID: 28245569; PubMed Central PMCID: PMCPMC5372503.

8. Demers M, Krause DS, Schatzberg D, Martinod K, Voorhees JR, Fuchs TA, et al. Cancers predispose
neutrophils to release extracellular DNA traps that contribute to cancer-associated thrombosis. Proc
Natl Acad Sci U S A. 2012; 109(32):13076—81. https://doi.org/10.1073/pnas.1200419109 PMID:
22826226; PubMed Central PMCID: PMC3420209.

9. Gould TJ, Lysov Z, Liaw PC. Extracellular DNA and histones: double-edged swords in immunothrombo-
sis. Journal of thrombosis and haemostasis: JTH. 2015; 13 Suppl 1:S82-91. https://doi.org/10.1111/jth.
12977 PMID: 26149054.

10. Claushuis TA, de Stoppelaar SF, Stroo |, Roelofs JJ, Ottenhoff R, van der Poll T, et al. Thrombin con-
tributes to protective immunity in pneumonia-derived sepsis via fibrin polymerization and platelet-neu-
trophil interactions. Journal of thrombosis and haemostasis: JTH. 2017; 15(4):744-57. https://doi.org/
10.1111/jth.13625 PMID: 28092405.

11. Falanga A, Marchetti M. Hemostatic biomarkers in cancer progression. Thrombosis research. 2018;
164 Suppl 1:554-S61. https://doi.org/10.1016/j.thromres.2018.01.017 PMID: 29703485.

12. Hisada Y, Mackman N. Cancer-associated pathways and biomarkers of venous thrombosis. Blood.
2017; 130(13):1499-5086. https://doi.org/10.1182/blood-2017-03-743211 PMID: 28807983; PubMed
Central PMCID: PMC5620413.

13. Kim SY, GuJY, Yoo HJ, Kim JE, Jang S, Choe S, et al. Benefits of Thromboelastography and Thrombin
Generation Assay for Bleeding Prediction in Patients With Thrombocytopenia or Hematologic

PLOS ONE | https://doi.org/10.1371/journal.pone.0216055  April 29, 2019 14/16


https://doi.org/10.1038/onc.2016.406
http://www.ncbi.nlm.nih.gov/pubmed/27941879
https://doi.org/10.1126/science.1092385
http://www.ncbi.nlm.nih.gov/pubmed/15001782
https://doi.org/10.1038/ni.2921
http://www.ncbi.nlm.nih.gov/pubmed/24940954
https://doi.org/10.1083/jcb.200606027
https://doi.org/10.1083/jcb.200606027
http://www.ncbi.nlm.nih.gov/pubmed/17210947
https://doi.org/10.1073/pnas.1005743107
https://doi.org/10.1073/pnas.1005743107
http://www.ncbi.nlm.nih.gov/pubmed/20798043
https://doi.org/10.3389/fimmu.2013.00048
https://doi.org/10.3389/fimmu.2013.00048
http://www.ncbi.nlm.nih.gov/pubmed/23508552
https://doi.org/10.3390/ijms18030487
http://www.ncbi.nlm.nih.gov/pubmed/28245569
https://doi.org/10.1073/pnas.1200419109
http://www.ncbi.nlm.nih.gov/pubmed/22826226
https://doi.org/10.1111/jth.12977
https://doi.org/10.1111/jth.12977
http://www.ncbi.nlm.nih.gov/pubmed/26149054
https://doi.org/10.1111/jth.13625
https://doi.org/10.1111/jth.13625
http://www.ncbi.nlm.nih.gov/pubmed/28092405
https://doi.org/10.1016/j.thromres.2018.01.017
http://www.ncbi.nlm.nih.gov/pubmed/29703485
https://doi.org/10.1182/blood-2017-03-743211
http://www.ncbi.nlm.nih.gov/pubmed/28807983
https://doi.org/10.1371/journal.pone.0216055

@ PLOS|ONE

Cancer cell-induced neutrophil extracellular traps promote both hypercoagulability and cancer progression

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Malignancies. Annals of laboratory medicine. 2017; 37(6):484-93. https://doi.org/10.3343/alm.2017.37.
6.484 PMID: 28840985; PubMed Central PMCID: PMC5587820.

Jeong JC, Kim JE, Ryu JW, Joo KW, Kim HK. Plasma haemostatic potential of haemodialysis patients
assessed by thrombin generation assay: hypercoagulability in patients with vascular access thrombo-
sis. Thrombosis research. 2013; 132(5):604-9. https://doi.org/10.1016/j.thromres.2013.09.002 PMID:
24060191.

Cools-Lartigue J, Spicer J, McDonald B, Gowing S, Chow S, Giannias B, et al. Neutrophil extracellular
traps sequester circulating tumor cells and promote metastasis. J Clin Invest. 2013. Epub 2013/07/19.
https://doi.org/10.1172/JC167484 PMID: 23863628; PubMed Central PMCID: PMCPMC3726160.

Ishikawa M, Yamashita H, Oka N, Ueda T, Kohama K, Nakao A, et al. Antithrombin 1l improved neutro-
phil extracellular traps in lung after the onset of endotoxemia. The Journal of surgical research. 2017;
208:140-50. https://doi.org/10.1016/j.jss.2016.09.041 PMID: 27993201.

Ansari D, Ansari D, Andersson R, Andren-Sandberg A. Pancreatic cancer and thromboembolic dis-
ease, 150 years after Trousseau. Hepatobiliary Surg Nutr. 2015; 4(5):325-35. Epub 2015/11/26.
https://doi.org/10.3978/j.issn.2304-3881.2015.06.08 PMID: 26605280; PubMed Central PMCID:
PMCPMC4607840.

Khorana AA, Fine RL. Pancreatic cancer and thromboembolic disease. Lancet Oncol. 2004; 5(11):655—
63. Epub 2004/11/04. https://doi.org/10.1016/S1470-2045(04)01606-7 PMID: 15522652.

Kim HK, Kim JE, Chung J, Han KS, Cho HI. Surface expression of neutrophil CXCR4 is down-modu-
lated by bacterial endotoxin. Int J Hematol. 2007; 85(5):390—6. Epub 2007/06/15. https://doi.org/10.
1532/1JH97.A30613 PMID: 17562613.

Kim JE, Yoo HJ, Gu JY, Kim HK. Histones Induce the Procoagulant Phenotype of Endothelial Cells
through Tissue Factor Up-Regulation and Thrombomodulin Down-Regulation. PLoS One. 2016; 11(6):
e€0156763. Epub 2016/06/04. https://doi.org/10.1371/journal.pone.0156763 PMID: 27258428; PubMed
Central PMCID: PMCPMC4892514.

Yoo HJ, Lee JS, Kim JE, Gu J, Koh Y, Kim [, et al. Extracellular Histone Released from Leukemic Cells
Increases Their Adhesion to Endothelium and Protects them from Spontaneous and Chemotherapy-
Induced Leukemic Cell Death. PloS one. 2016; 11(10):e0163982. Epub 2016/10/06. https://doi.org/10.
1371/journal.pone.0163982 PMID: 27706246; PubMed Central PMCID: PMCPMC5051947.

Yates KR, Welsh J, Echrish HH, Greenman J, Maraveyas A, Madden LA. Pancreatic cancer cell and
microparticle procoagulant surface characterization: involvement of membrane-expressed tissue factor,
phosphatidylserine and phosphatidylethanolamine. Blood coagulation & fibrinolysis: an international
journal in haemostasis and thrombosis. 2011; 22(8):680—7. https://doi.org/10.1097/MBC.
0b013e32834ad7bc PMID: 21941170.

Wu K, Zhang H, FuY, Zhu Y, Kong L, Chen L, et al. TLR4/MyD88 signaling determines the metastatic
potential of breast cancer cells. Molecular medicine reports. 2018; 18(3):3411-20. https://doi.org/10.
3892/mmr.2018.9326 PMID: 30066873; PubMed Central PMCID: PMC6102647.

McGarry T, Veale DJ, Gao W, Orr C, Fearon U, Connolly M. Toll-like receptor 2 (TLR2) induces migra-
tion and invasive mechanisms in rheumatoid arthritis. Arthritis research & therapy. 2015; 17:153.
https://doi.org/10.1186/s13075-015-0664-8 PMID: 26055925; PubMed Central PMCID: PMC4495696.

Boone BA, Orlichenko L, Schapiro NE, Loughran P, Gianfrate GC, Ellis JT, et al. The receptor for
advanced glycation end products (RAGE) enhances autophagy and neutrophil extracellular traps in
pancreatic cancer. Cancer Gene Ther. 2015; 22(6):326—34. Epub 2015/04/25. https://doi.org/10.1038/
cgt.2015.21 PMID: 25908451; PubMed Central PMCID: PMCPMC4470814.

Leal AC, Mizurini DM, Gomes T, Rochael NC, Saraiva EM, Dias MS, et al. Tumor-Derived Exosomes
Induce the Formation of Neutrophil Extracellular Traps: Implications For The Establishment of Cancer-
Associated Thrombosis. Sci Rep. 2017; 7(1):6438. https://doi.org/10.1038/s41598-017-06893-7 PMID:
28743887; PubMed Central PMCID: PMC5526939.

Bjornsdottir H, Welin A, Michaelsson E, Osla V, Berg S, Christenson K, et al. Neutrophil NET formation
is regulated from the inside by myeloperoxidase-processed reactive oxygen species. Free Radic Biol
Med. 2015; 89:1024—-35. Epub 2015/10/16. https://doi.org/10.1016/j.freeradbiomed.2015.10.398 PMID:
26459032.

GaoY, Xu P, ChenlL, Li Y. Prostaglandin E1 encapsulated into lipid nanoparticles improves its anti-
inflammatory effect with low side-effect. International journal of pharmaceutics. 2010; 387(1-2):263-71.
https://doi.org/10.1016/j.ijpharm.2009.12.019 PMID: 20006690.

Yang Y, Kim HJ, Woo KJ, Cho D, Bang SI. Lipo-PGE1 suppresses collagen production in human der-
mal fibroblasts via the ERK/Ets-1 signaling pathway. PLoS One. 2017; 12(6):e0179614. https://doi.org/
10.1371/journal.pone.0179614 PMID: 28644845; PubMed Central PMCID: PMC5482458.

Shishikura K, Horiuchi T, Sakata N, Trinh DA, Shirakawa R, Kimura T, et al. Prostaglandin E2 inhibits
neutrophil extracellular trap formation through production of cyclic AMP. British journal of

PLOS ONE | https://doi.org/10.1371/journal.pone.0216055  April 29, 2019 15/16


https://doi.org/10.3343/alm.2017.37.6.484
https://doi.org/10.3343/alm.2017.37.6.484
http://www.ncbi.nlm.nih.gov/pubmed/28840985
https://doi.org/10.1016/j.thromres.2013.09.002
http://www.ncbi.nlm.nih.gov/pubmed/24060191
https://doi.org/10.1172/JCI67484
http://www.ncbi.nlm.nih.gov/pubmed/23863628
https://doi.org/10.1016/j.jss.2016.09.041
http://www.ncbi.nlm.nih.gov/pubmed/27993201
https://doi.org/10.3978/j.issn.2304-3881.2015.06.08
http://www.ncbi.nlm.nih.gov/pubmed/26605280
https://doi.org/10.1016/S1470-2045(04)01606-7
http://www.ncbi.nlm.nih.gov/pubmed/15522652
https://doi.org/10.1532/IJH97.A30613
https://doi.org/10.1532/IJH97.A30613
http://www.ncbi.nlm.nih.gov/pubmed/17562613
https://doi.org/10.1371/journal.pone.0156763
http://www.ncbi.nlm.nih.gov/pubmed/27258428
https://doi.org/10.1371/journal.pone.0163982
https://doi.org/10.1371/journal.pone.0163982
http://www.ncbi.nlm.nih.gov/pubmed/27706246
https://doi.org/10.1097/MBC.0b013e32834ad7bc
https://doi.org/10.1097/MBC.0b013e32834ad7bc
http://www.ncbi.nlm.nih.gov/pubmed/21941170
https://doi.org/10.3892/mmr.2018.9326
https://doi.org/10.3892/mmr.2018.9326
http://www.ncbi.nlm.nih.gov/pubmed/30066873
https://doi.org/10.1186/s13075-015-0664-8
http://www.ncbi.nlm.nih.gov/pubmed/26055925
https://doi.org/10.1038/cgt.2015.21
https://doi.org/10.1038/cgt.2015.21
http://www.ncbi.nlm.nih.gov/pubmed/25908451
https://doi.org/10.1038/s41598-017-06893-7
http://www.ncbi.nlm.nih.gov/pubmed/28743887
https://doi.org/10.1016/j.freeradbiomed.2015.10.398
http://www.ncbi.nlm.nih.gov/pubmed/26459032
https://doi.org/10.1016/j.ijpharm.2009.12.019
http://www.ncbi.nlm.nih.gov/pubmed/20006690
https://doi.org/10.1371/journal.pone.0179614
https://doi.org/10.1371/journal.pone.0179614
http://www.ncbi.nlm.nih.gov/pubmed/28644845
https://doi.org/10.1371/journal.pone.0216055

@ PLOS|ONE

Cancer cell-induced neutrophil extracellular traps promote both hypercoagulability and cancer progression

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

pharmacology. 2016; 173(2):319-31. https://doi.org/10.1111/bph.13373 PMID: 26505736; PubMed
Central PMCID: PMC5341226.

Siller-Matula JM, Schwameis M, Blann A, Mannhalter C, Jilma B. Thrombin as a multi-functional
enzyme. Focus on in vitro and in vivo effects. Thromb Haemost. 2011; 106(6):1020-33. https://doi.org/
10.1160/TH10-11-0711 PMID: 21979864.

Kaneider NC, Forster E, Mosheimer B, Sturn DH, Wiedermann CJ. Syndecan-4-dependent signaling in
the inhibition of endotoxin-induced endothelial adherence of neutrophils by antithrombin. Thromb Hae-
most. 2003; 90(6):1150-7. https://doi.org/10.1160/TH03-03-0184 PMID: 14652650.

Gould TJ, Vu TT, Swystun LL, Dwivedi DJ, Mai SH, Weitz JI, et al. Neutrophil extracellular traps pro-
mote thrombin generation through platelet-dependent and platelet-independent mechanisms. Arterio-
sclerosis, thrombosis, and vascular biology. 2014; 34(9):1977-84. https://doi.org/10.1161/ATVBAHA.
114.304114 PMID: 25012129.

Gnanasekar M, Kalyanasundaram R, Zheng G, Chen A, Bosland MC, Kajdacsy-Balla A. HMGB1: A
Promising Therapeutic Target for Prostate Cancer. Prostate cancer. 2013; 2013:1571083. https://doi.
org/10.1155/2013/157103 PMID: 23766911; PubMed Central PMCID: PMC3666291.

Li Z, Block MS, Vierkant RA, Fogarty ZC, Winham SJ, Visscher DW, et al. The inflammatory microenvi-
ronment in epithelial ovarian cancer: a role for TLR4 and MyD88 and related proteins. Tumour biology:
the journal of the International Society for Oncodevelopmental Biology and Medicine. 2016; 37
(10):13279-86. https://doi.org/10.1007/s13277-016-5163-2 PMID: 27460076; PubMed Central PMCID:
PMC5097682.

Tohme S, Yazdani HO, Al-Khafaji AB, Chidi AP, Loughran P, Mowen K, et al. Neutrophil Extracellular
Traps Promote the Development and Progression of Liver Metastases after Surgical Stress. Cancer
research. 2016; 76(6):1367—80. hitps://doi.org/10.1158/0008-5472.CAN-15-1591 PMID: 26759232;
PubMed Central PMCID: PMC4794393.

Iruela-Arispe ML, Dvorak HF. Angiogenesis: a dynamic balance of stimulators and inhibitors. Thromb
Haemost. 1997; 78(1):672—7. PMID: 9198237.

Schor AM, Schor SL. Tumour angiogenesis. The Journal of pathology. 1983; 141(3):385-413. https://
doi.org/10.1002/path.1711410315 PMID: 6198502.

Mishra B, von der Ohe M, Schulze C, Bian S, Makhina T, Loers G, et al. Functional role of the interaction
between polysialic acid and extracellular histone H1. The Journal of neuroscience: the official journal of
the Society for Neuroscience. 2010; 30(37):12400-13. https://doi.org/10.1523/JNEUROSCI.6407-09.
2010 PMID: 20844135.

Lim GB. Inflammation: DNases prevent clots formed by neutrophil extracellular traps. Nat Rev Cardiol.
2018; 15(2):69. Epub 2017/12/22. https://doi.org/10.1038/nrcardio.2017.216 PMID: 29263449.

Marin Oyarzun CP, Carestia A, Lev PR, Glembotsky AC, Castro Rios MA, Moiraghi B, et al. Neutrophil
extracellular trap formation and circulating nucleosomes in patients with chronic myeloproliferative neo-
plasms. Sci Rep. 2016; 6:38738. https://doi.org/10.1038/srep38738 PMID: 27958278; PubMed Central
PMCID: PMC5153854.

Oklu R, Sheth RA, Wong KHK, Jahromi AH, Albadawi H. Neutrophil extracellular traps are increased in
cancer patients but does not associate with venous thrombosis. Cardiovascular diagnosis and therapy.
2017; 7(Suppl 3):S140-S9. https://doi.org/10.21037/cdt.2017.08.01 PMID: 29399517; PubMed Central
PMCID: PMC5778521.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216055  April 29, 2019 16/16


https://doi.org/10.1111/bph.13373
http://www.ncbi.nlm.nih.gov/pubmed/26505736
https://doi.org/10.1160/TH10-11-0711
https://doi.org/10.1160/TH10-11-0711
http://www.ncbi.nlm.nih.gov/pubmed/21979864
https://doi.org/10.1160/TH03-03-0184
http://www.ncbi.nlm.nih.gov/pubmed/14652650
https://doi.org/10.1161/ATVBAHA.114.304114
https://doi.org/10.1161/ATVBAHA.114.304114
http://www.ncbi.nlm.nih.gov/pubmed/25012129
https://doi.org/10.1155/2013/157103
https://doi.org/10.1155/2013/157103
http://www.ncbi.nlm.nih.gov/pubmed/23766911
https://doi.org/10.1007/s13277-016-5163-2
http://www.ncbi.nlm.nih.gov/pubmed/27460076
https://doi.org/10.1158/0008-5472.CAN-15-1591
http://www.ncbi.nlm.nih.gov/pubmed/26759232
http://www.ncbi.nlm.nih.gov/pubmed/9198237
https://doi.org/10.1002/path.1711410315
https://doi.org/10.1002/path.1711410315
http://www.ncbi.nlm.nih.gov/pubmed/6198502
https://doi.org/10.1523/JNEUROSCI.6407-09.2010
https://doi.org/10.1523/JNEUROSCI.6407-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20844135
https://doi.org/10.1038/nrcardio.2017.216
http://www.ncbi.nlm.nih.gov/pubmed/29263449
https://doi.org/10.1038/srep38738
http://www.ncbi.nlm.nih.gov/pubmed/27958278
https://doi.org/10.21037/cdt.2017.08.01
http://www.ncbi.nlm.nih.gov/pubmed/29399517
https://doi.org/10.1371/journal.pone.0216055

