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Abstract Peritoneal metastasis is a distinct pathologic
characteristic of advanced epithelial ovarian cancer (EOC),
which is the most deadly disease of the female reproductive
tract. The inflammatory environment of the peritoneum in
EOC contains abundant macrophages, activated thrombin,
and thrombin-associated receptors. However, little is
known about the mechanism by which the thrombin—mac-
rophages interaction contributes to tumor invasion and
metastasis. We investigated the phenotype and cytokine/
chemokine expression of thrombin-treated peripheral blood
monocytes (MOs)/macrophages, it was found that the phe-
notype of MOs was altered toward a TAM-like macrophage
CD163"¢"L-10"E"CCL18"¢"[L-8"¢" after thrombin stimu-
lation. By Matrigel invasion assay, the conditioned medium
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of thrombin-stimulated MOs accelerated remarkable inva-
sion of ES-2, SKOV3, and HO-8910, which was similar to
invasive cell numbers of ascites stimuli (P <0.05) and
higher than MOs medium alone (P < 0.05). IL-8 was pro-
posed as the major chemoattractant mediating EOC inva-
sion based on MOs mRNA and protein expression
profiling. It was observed that anti IL-8 monoclonal neu-
tralizing antibody attenuated EOC cell invasion in a con-
centration-dependent manner. Increased transcriptional
activation of NF-kB p50/p65 was identified in thrombin-
treated MOs. This study provided insight the role of throm-
bin in the regulation of EOC peritoneal invasion via “edu-
cating” MOs.

Keywords Ovarian cancer - Metastasis - Monocyte -
Thrombin
Introduction

Epithelial ovarian cancer (EOC) presents the most deadly
female reproductive tract disease. Due to its insidious pro-
cess, 70% patients lose the opportunity of early diagnosis,
and EOC progresses into advanced stages. Peritoneal and
serosal tumor implants are distinct characteristics in EOC
patients in stages III and IV [1]. Pathologic studies revealed
that the inflammation of peritoneal and stromal tissues in
EOC can mimic a form of peritonitis [2].

In previous research it was demonstrated that genes
associated with the coagulation pathway were unregulated
in ovarian cancer [3]. In addition, the inflammatory
response dominated by peritoneal macrophages was fre-
quently present in the peritoneum surrounding metastases
as compared to benign peritoneum which did not have these
lesions. Coagulation factor II (thrombin) and factor II
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receptors (thrombin receptors, also called proteinase-acti-
vated receptors (PARs) are examples [3]. Further, we found
that the most abundant inflammatory cells infiltrating the
peritoneum near tumor implants were CD68+ macrophages
[4]. Other studies have suggested that coagulation factors
also linked progression of EOC with enhanced thrombin
expression [3, 6].

Tumor-associated macrophages (TAMs), derived from
circulating monocyte precursors, are recruited into tumors
and stromal tissues by chemokines and cytokines [7], such
as monocyte colony-stimulating factors (M-CSF) and che-
mokine (C-C motif) ligand 2 (CCL2) in ovarian cancer
ascites [8]. In special microenvironments, MOs can be
polarized toward M1 or M2 differentiation [9], which is
very similar to the Th1/Th2 dichotomy. TAMs display the
M2 macrophage phenotype and promote tumor progression
by producing growth factors, as well as inflammatory cyto-
kines, chemokines, and immunosuppressive mediators [10,
11].

Activated thrombin-PARs and TAMs coexist in the EOC
peritoneum [3, 4]; however, the relationship between
thrombin-PARs and macrophages in the peritoneal micro-
environment has not been well characterized. In this study,
we found that thrombin is capable of “educating” MOs
toward TAMs-like cells in vitro, and the educated MOs
accelerate EOC cell invasion and migration due to IL-8
overexpression.

Materials and methods
Reagents

Dulbecco Modified Eagle Medium (DMEM), fetal bovine
serum (FBS), trypsin-EDTA, and penicillin—streptomy-
cin were obtained from Gibco-BRL Life Technologies
(Grand Island, NY, USA). Thrombin and its specific
inhibitor hirudin were purchased from R&D Systems, Inc.
(Minneapolis, MN, USA). Antibodies, rabbit anti-human
thrombin receptors (PAR1, PAR3, and PAR4) were pur-
chased from Abcam (Cambridge, UK). Monoclonal neu-
tralizing IL-8 antibody was from Abcam (Cambridge,
UK). Interleukin 10 (IL-10), matrix metallopeptidase 2
(MMP2), CXC chemokine ligand 2 (CXCL2), transform-
ing growth factor beta (TGF-f), tumor necrosis factor
alpha (TNF-«) and IL-12 expression was determined
using a commercial enzyme-linked immunosorbent assay
(ELISA) kit (R&D Systems, Minneapolis, MN, USA).
Fluorescence-activated cell sorting (FACS) antibody
[phycoerythrin (PE) anti-human CD163, fluorescein iso-
thiocyanate (FITC) anti-human CD68 (macrosialin), PE
anti-human CD14 monoclonal antibodies] were purchased
from eBioscience, Inc (San Diego, CA, USA). Matrigel
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invasion kit was purchased from BD Biosciences (Bed-
ford, MA 01730 USA). Transfactor Kits AP-1 and STAT
families of transcription factors were from Active Motif
(Carlsbad, CA, USA); Inflammation 1 and Oncogenesis 3
kits were from Clontech (Mountain View, CA, USA). The
signal pathway antibody for Phospho-NF-kB pl05
(Ser933) (18E6) Rabbit mAb and NF-xkB1 p105/p50 for
Western blot were purchased from Cell Signaling Tech-
nology, Inc. (Danvers, MA, USA).

Ovarian cancer and monocyte cell lines

Ovarian cancer cell lines ES-2, SKOV3, and the human
monocytic cell line THP-1 (from ATCC, Rockville, MD),
and ovarian cancer cell line HO-8910 cells (from the cell
bank of Chinese Academy of Sciences, Shanghai, China)
were used in this study. ES-2, HO-8910 and THP-1 cells
were maintained in RPMI 1640 medium (Invitrogen, USA)
supplemented with 10% FBS (Invitrogen, USA), SKOV3
cells were cultured in McCoy’s SA (Gibco, USA) with 10%
FBS added.

Monocytes/macrophages isolation and culture

TAMs were isolated from the ascites fluid of EOC patients
(n=8). Ascites fluid was collected aseptically and stored
at 4°C to prevent the adhesion of the macrophages to the
plastic. TAMs were isolated by standard Ficoll-Paque
(Shanghai Hengxin Chemical Reagents Company, China)
density-gradient centrifugation (2,500 rpm, 20 min, 4°C,
no brake). Monocytes were obtained from the mononu-
clear cell layer according to the method of Denholm and
Wolber [12]. CDI14* TAMs were purified by positive
selection using magnetic-activated cell sorting (MACS)
technology (Miltenyi Biotec, Bergisch Gladbach,
Germany).

Peripheral monocyte/macrophages (MOs) were obtained
from healthy women (n=18). Blood was diluted with
Hanks’ balanced salt solution (HBSS, Gibco, USA) (1:1).
Peripheral blood mononuclear cells (PBMCs) were
obtained from the upper 5 mm of the gradient by standard
Ficoll-Paque density-gradient centrifugation. Then, cells
were collected and cultured in RPMI 1640 medium with
10% FBS on 24-well plates (1.0 x 10°cells per well; Cos-
tar, Cambridge, MA, USA). After incubation for 240 min at
37°C in a humidified atmosphere (95% air and 5% CO,),
nonadherent cells were removed from the wells by three
washes of 400 pL of HBSS (Gibco, USA), and the remain-
ing adherent cells were incubated. More than 90% of the
adherent cells were with the morphological appearance of
MOs by FACS. MOs were made quiescent for 12 h by
incubation in fresh RPMI medium before the experiments.
In the following experiments, they were incubated with
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Table 1 Real-time PCR primers
NCBI reference Size (bps) Sequence Position
sequence
CCR?2 [45] NM-000647 100 Sense primer: 5'- TACCTTCCAGTTCCTCATTTTT-3’ 1,636-1,658
Antisense primer: 5'-ACATTTACAAGTTGCAGTTTTCAGC-3’ 1,711-1,735
CCLI18 [46] NM-002988 131 Sense primer: 5'-TACCTCCTGGCAGATTCCAC-3' 162-181
Antisense primer: 5'-CCCACTTCTTATTGGGGTCA-3’ 273-292
IL-10 [46] NM-000572 201 Sense primer: 5'-CTGGGGGAGAACCTGAAGA-3' 454-473
Antisense primer: 5'-GGCCTTGCTCTTGTTTTCAC-3' 1,034-1,057
IL-12 [47] NM-002187 109 Sense primer: 5'-CAGCCTGGGAAACATAACAAGAC-3’ 1,722-1,744
Antisense primer: 5'-CTCCTGCCTCATCCTCCTGAA-3’ 1,810-1,830
CXCL-8 [48] NM-000584 170 Sense primer: 5'- CAGAGACAGCAGAGCACACAA -3’ 21-41
Antisense primer: 5'-TTAGCACTCCTTGGCAAAAC-3’ 171-190
TGF-p NM-000660 166 Sense primer: 5'-CATCAACGGGTTCACTACC-3’ 1,572-1,590
Antisense primer: 5'-CTCCGTGGAGCTGAAGCA-3’ 1,720-1,737
p-Actin [46] NM-001101 94 Sense primer: 5'-CCAACCGCGAGAAGATGAC-3’ 425-443
Antisense primer: 5'-GAGGCGTACAGGGATAGCACA-3’ 498-518
CXCR1 [49] NM-000634 201 Sense primer: 5'-GAG CCC CGA ATC TGA CAT T-3' 1,466-1,484
Antisense primer: 5'-AGC AGA CAC TGC AAC ACA C-3' 1,648-1,666
CXCR2 [49] NM-001557 193 Sense primer: 5'-ACA GCT ACT TGG GAG GCT GA-3’ 1,924-1,943
Antisense primer: 5'-TGC AGT GGT CAC ACC ATT TT-3’ 2,097-2,116

1 U/ml [13] of thrombin with/without the specific inhibitor
hirudin (1 U/mL) [14], or EOC ascites fluid.

Ascites, peripheral blood, and any other specimen sam-
ples were obtained with written informed consent of study
participants in accordance with the requirements of the
institutional review board at Renji Hospital, Shanghai Jiao-
Tong University School of Medicine.

Fluorescence-activated cell sorting (FACS) analysis

Phenotypes of MOs (n = 3) stimulated with thrombin or
with (thrombin + hirudin) for 24 h and TAMs from EOC
(n =3) purified by CD14" selection were analyzed using
FITC-labeled anti-CD68, and PE-labeled anti-CD14 and
anti-CD163. Results are expressed as percentage of
immune cell subpopulation by positive markers.

Phagocytic function detection of MOs and TAMs

Uptake of India ink (diluted 1:10) was used to measure
macrophage phagocytosis [15]. India ink was added to the
medium of untreated MOs (n = 3), thrombin-MOs (n = 3),
or TAMs (n=6) for 60 min at 37°C. Cell morphologic
examinations were performed with light microscopy by the
same observer. The numbers of the cells stained with India
ink in cytoplasm were counted at eight random microscopic
fields per well (magnification, 100x); then the percentage
of engulfing India ink cells was calculated. Data was
expressed as mean £ SD.

Cytokines secretion quantification

MOs isolated from healthy female peripheral blood (n = 6)
were incubated with thrombin for 3, 12, and 24 h. TAMs
from EOC ascites (n = 4) were incubated for 24 h. The cell
culture medium was collected and stored at —20°C. Cyto-
kines secretion expression, including IL-10, MMP2, IL-8,
TGF-f5, TNF-« and IL-12 were measured by a commercial
ELISA kit (R&D Systems, USA) according to the manu-
facturer’s instructions.

Real-time polymerase chain reaction (PCR) analysis

Thrombin or (thrombin + hirudin) treated MOs (n = 3) for
12 h were collected, and mRNA of the following cytokines
and chemokines were analyzed by real-time PCR: IL-10,
IL-12, IL-8, CCL18, CCR2, TGF-f, CXCR1, and CXCR2.
The primer sequences are listed in Table 1. Total RNA was
extracted using Trizol and reverse transcribed using the
Superscript II RNaseH-reverse transcriptase (both from
Invitrogen, Carlsbad, CA). For real-time PCR, amplification
was performed with iQ SYBR Green Supermix (Bio-Rad,
Hercules, CA) and specific gene expression was calculated
using the 2724T method (with f-actin as calibrator).

Matrigel invasion assay

Matrigel invasion assay was performed according to the
manufacturer’s instructions. Invasion chambers were
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warmed to room temperature and 0.5 ml of warm (37°C)
medium (RPMI 1640 for ES-2 and HO-8910, McCoy’s SA
for SKOV3) was added to the interior of the inserts and bot-
tom of wells. Chambers were allowed to rehydrate for 2 h
in a humidified tissue culture incubator (37°C, 5% CO2
atmosphere). ES-2, HO-8910, and SKOV3 cell suspensions
were prepared in culture medium (RPMI 1640 with 0.1%
BSA). After removing the rehydrating medium, 0.5 ml of
ES-2, HO-8910, SKOV3 cell suspensions containing
2.5 x 10* cells were immediately added to each insert.
Then, 0.75 ml of invasion buffer containing different condi-
tioned medium (supernatant of MOs, MOs treated with/
without hirudin, TAMs, EOC ascites) as chemoattractants
was added to the lower wells. The negative control chemo-
attractant was pure medium, and the positive control che-
moattractant was EOC ascites.

Cells were incubated for different lengths of time in a
humidified tissue culture incubator: 12 h for ES-2 (n = 6),
24 h for SKOV3 (n=2), and 20 h for HO-8910 (n = 2).
After incubation, the non-invading cells were removed
from the upper surface of the membrane by scrubbing with
cotton tipped swabs. The cells on the lower surface of the
membrane were fixed with 100% methanol for 2 min, and
then stained with 1% toluidine blue in 1% borax for 2 min.
After washing with double-distilled water, the inserts were
allowed to air dry. The cells that migrated to the lower sur-
face of the membrane were counted using a PC-based
image-analyzing system (Stereo Investigator, VT) attached
to a Nikon microscope (magnification 200x) from eight
consecutive fields, representing 60% total area of the mem-
brane. Data was expressed as mean + SD [16].

In blocking experiments, IL-8 neutralization antibodies
(0.1, 1.0, and 10 mM) were added to the conditioned
medium of thrombin-stimulated MOs and TAMs. The
method of fixing, staining, and counting invading cells was
the same as described above.

TransFactor kits screening

TransFactor kits identify DNA—protein interactions and are
used for rapid, high-throughput detection. Cell nuclear
extracts are prepared using TransFactor extraction kit
according to manufacturer instructions. After centrifugation
at 20,000 x g for 5min at 4°C, supernatants (nuclear
extracts) were analyzed. An equal amount (30 ng) of
nuclear lysate was added to incubation wells precoated with
the DNA-binding consensus sequence. The presence of
nuclear factors was assessed using TransFactor kits includ-
ing AP-1 family (c-Fos, FosB, Fra-1/2, c-Jun, JunB, JunD),
STAT family (STATI1, STAT2, STAT3, STAT4, STAT
5A/5B, STAT6), Inflammation 1 family (ATF2, CREB,
c-Fos, c-Rel, NF-kB-p50, NF-xB -p65) and Oncogenesis 3
family (c/EBPa, Egr-1, HIF-1, Oct I, Oct II). After the addi-
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tion of chromogen, plates were read in a Dynatech MR
5000 plate reader at 450 nm (Dynatech Laboratories, Chan-
tilly, VA). Data was expressed as mean =+ SE.

Signal pathway assay

THP-1-derived macrophages were plated in 24-well dishes
at a density of 3 x 10° per well. Serum-starved cells were
incubated in presence of thrombin (1 U/mL) or thrombin
(1 U/mL) + hirudin (1 U/mL) for 0, 5, 15, 30, 60, and 120 s
at 37°C and then lysed in 2x gel loading buffer. Cell lysates
were resolved by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE), transferred to mem-
branes, and then immunoblotted with anti-phospho-NF-xB
p65 and NF-xB pP105/p50 antibodies. To detect total NF-
kB p65 and NF-xkB p105/p50, membranes were stripped
and reprobed with an anti-NF-xB p65 and NF-xB p105/p50
antibody. Immunoblots were developed, imaged, and quan-
titated using a Bio-Rad Fluo-S multi-imager.

Statistical analysis

Data are expressed as mean £ SD or standard error (SE)
and were analyzed with the Mann—Whitney test, one-way
ANOVA, or ¢ tests by using SPSS (version 10.0, Chicago,
USA.). If an ANOVA F value was significant, then post
hoc comparisons were performed among groups. The P
value <0.05 was considered statistically significant.

Results
Thrombin receptor expression on MOs and TAMs

Thrombin-associated receptors (PAR1, PAR3 and PAR4)
were expressed both on MOs from healthy donors and
TAMs from EOC ascites as shown by direct immunofluo-
rescence using confocal microscopy (Fig. 1). They pro-
vided the basis for thrombin activation. The presence of
these receptors could provide a potential pathway for
thrombin activation.

Thrombin switches MOs phenotype into TAM-like cells

To explore the mechanism by which thrombin influences
MOs phenotype changes, the percentages of CD14+,
CD68+ and CD163+ on MOs, MOs treated with thrombin
or (thrombin + hirudin) for 24h and CD14+ selected
TAMs were compared by FACS. Polarized M2 macro-
phages exhibit higher percentages of CD14 and CD163. As
shown in Fig. 2a, TAMs (n=3) expressed M2 macro-
phages trait, the percentage of CD14, CD68 and CD163
was 93.02 £6.77, 63.49 £5.58, 25.74 &+ 3.85%. While
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Fig. 1 Immunofluorescence
staining of MOs and TAMs.
Cells were stained with PAR1,
PAR3, PAR4 antibodies. Row 1
shows the expression of PAR1,
PAR3, PAR4 on MOs/MAs iso-
lated from healthy women. Row
2 shows the expression of PAR1,
PAR3, PAR4 on TAMs from
EOC ascites. Hoechst counter-
stain was used to label nuclei

IHoechst

IHoechst

TAM

thrombin-stimulated MOs expressed a higher percentage of
CDI163 (3.82 4+1.93%) than MOs stimulated with
thrombin + hirudin (0.56 + 0.28%) or untreated MOs
(1.02 + 0.38%; P < 0.05; n = 3). Although the varying ten-
dency in CD14 and CD68 were similar to that of CD163,
no statistical difference was observed: untreated MOs
(CD14+4, 40.06 £ 8.06%; CD68+, 5.0 &= 2.99%) compared
with thrombin-stimulated MOs (CD14+, 50.23 4 4.34%;
CD68+, 7.9243.12%) and MOs treated with
thrombin + hirudin  (CD14+4, 32.37 £ 6.24%; CD68+,
6.07 £ 3.19%). These findings suggested that thrombin
might induce MOs differentiation toward a TAMs-like phe-
notype and its inhibitor might block this effect.

Thrombin induces MOs differentiation into M2-like
macrophages with TAMs characteristics

MOs isolated from six healthy female peripheral blood were
incubated with thrombin for 3, 12, and 24 h . TAMs from
four EOC patients’ ascites were incubated for 24 h. The
cytokines secretion expression, including IL-10, MMP2,
IL-8, TGF-f, TNF-« and IL-12 was determined by ELISA.
Relative protein levels are displayed in Fig. 2b. In MOs,
with thrombin stimulation, MMP2 and TNF-a were present
in low concentrations and did not alter very much. In
contrast, IL-8, IL-10, and TGF-f expression was upregu-
lated and reached peak expression at 3h (IL-8: range
158.37-515.82 pg/ml; mean 298.15 pg/ml; IL10: range
94.73-518.92 pg/ml; mean 321.97 pg/ml; TGF-p:
range 49.10-91.60 pg/ml; mean 69.36 pg/ml). IL-12
expression reached peak value at the 12 h point (IL-12:
range 38.46-158.40 pg/ml; mean 87.59 pg/ml) and showed
a relatively low expression at 24 h. IL-8, TNF-« and IL-12

/Hoechst /Hoechst

/Hoechst {Hoechst

are expressed at a higher level in M1 macrophages while the
other cytokines are expressed higher in M2 macrophages
[9]. Accordingly, TAMs expressed high level of IL-10
(range 139.26-1,105.08 pg/ml; mean, 633.91 pg/ml), MMP-
2 (range 31.49-109.97 pg/ml; mean 64.47 pg/ml), TGF-f
(range 69.09-180.42 pg/ml; mean 111.93 pg/ml), and rela-
tive low level of IL-8 (range 144.67-507.24 pg/ml; mean
269.94 pg/ml), TNF-a (range 21.07-54.33 pg/ml;
mean 39.16 pg/ml) and IL-12 (range 60.49-74.42 pg/ml;
mean 65.74 pg/ml) which showed a M2 phenotype (Fig 2b).
Real-time PCR was performed to detect a broader spectrum
of cytokines and chemokines of total RNA extracted from
thrombin-stimulated MOs (12 h) (Fig 2c). The expression of
IL-8, IL-10, IL-12, CXCR2, CCR2, and CCL18 mRNA was
increased compared to untreated cells; in contrast, a lower
expression of CXCRI and TGF-f mRNA was observed.
Thus, thrombin-stimulated MOs exhibited a CD163"<"[L-
10"ehCCL18MeN-8"eh TAMs-like phenotype, which was
different from classical M1, M2a, M2b, M2c [9], and
recently reported M2d macrophages [17].

Thrombin did not influence MOs phagocytosis function
significantly

India ink was used to test the phagocytic potential of MOs.
The percentage of cells engulfing India ink was used to
indicate result. TAMs (0.66 &= 0.11) exhibited stronger
phagocytic ability than MOs (0.35 + 0.13; P < 0.05). How-
ever, after thrombin stimulation, MOs did not exhibit sig-
nificantly higher phagocytic activity (0.36 £ 0.15)
compared with untreated MOs (Fig. 3). Thus, thrombin did
not have significant impact on the phagocytic ability of
MOs.
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Fig. 2 a The percentage of CD14-, CD68-, and CD163-positive cells
were compared by FACS on MOs stimulated with thrombin (n = 3) or
(thrombin + hirudin) (n = 3) for 24 h and on TAMs from EOC purified
by CD14+ selection (n = 3). *P < 0.05. b MOs (n = 6) were incubated
with thrombin for 3, 12, and 24 h. TAMs (n = 4) were incubated for
24 h. Cytokines secretion expression, including IL-10, MMP2, IL-8,
TGF-f, TNF-o and IL-12 was determined. Relative cytokine protein

Fig. 3 The percentage of mac-

Thrombin stimulated Cytokine Secretion

CIMO Control

2.44 33 (MO+T hrombin) 3h
£33 (MO+T hrombin) 12h

B (MO+T hrombin) 24h

EXITAM 24h

10 MMP2 IL-8

GF-B

C MO RealTime
B Thrombin+hirudin
Thrombin

IL-12

TGF-£1

IL-10

CXCR2

CXCR1

CXCL8

CCR2

CCL18

o 2 4 ] 8 10 12
Fold changed compared to untreated cells

levels are expressed as mean £ SD. ¢ After 12-h treatment with throm-
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CXCLS8 (IL-8), CCR2 and CCL18 mRNA levels of MOs (n = 3) were
determined by real-time PCR. Results were calculated using the
27T method with GAPDH as calibrator and untreated MOs as con-
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Fig. 4 a The invasion potential of ES-2 was measured by the Matrigel
invasion assay. Micrographs show cells invading through 8-pum pores
on the lower side of the filters. The results are expressed as mean £+ SD
of invading cells per field (average of eight fields per filter) from six
independent experiments performed in duplicate. The chemoattrac-
tants used were: A cell culture medium only (negative control); B me-
dium added thrombin (1 U/mL); C conditioned medium from
untreated MOs; D conditioned medium from thrombin-stimulated
MOs; E conditioned medium from (thrombin + hirudin)-stimulated
MOs; F EOC ascites fluid (positive control). Bar 100 um. *P < 0.05;
**P <0.01, ***P < 0.001 (ANOVA, n =6). Error bar SD. b IL-8 neu-

Enhanced invasion of EOC cells when incubated with
conditioned medium from thrombin-stimulated MOs

As determined by ELISA, IL-8, IL-10 and TGF-f; secretion
level all reached peak value after MOs were incubated with
thrombin for 3 h. Therefore, the conditioned medium from
thrombin-stimulated MOs (n = 6) was collected at 3 h and
prepared for Matrigel analysis. Ascites fluid, which may
contain many factors that could promote invasion, was used
as a positive chemoattractant control [18]. Untreated cul-
ture medium was used as a negative control. We found that
conditioned medium from thrombin-stimulated MOs pro-
moted invasion and migration of EOC cells. In Fig 4a, the
number of invading ES-2 cells significantly increased when
exposed to conditioned medium from thrombin-stimulated

Cells [ field

Thrombin-MO + IL8-Ab Transwell

Madium
ALBAB-1.

SHLBAB(DA}  SILEBAB(1D)  SILEAB(IO})  +issdgl

tralizing monoclonal (IL-8 nmAb) was used as a blocking agent to
determine whether I1-8 played a role in inducing ES-2 cellular inva-
sion. The chemoattractant used were: A MOs culture medium only
(negative control); B medium + IL-8 nmAb (1.0 mM); C conditioned
medium from MOs; D conditioned medium from thrombin-stimulated
MOs; E conditioned medium from thrombin-stimulated MOs + IL-8
nmAb (0.1 mM); F conditioned medium from thrombin-stimulated
MOs + IL-8 nmAb (1.0 mM); G conditioned medium from thrombin-
stimulated MOs + IL-8 nmAb (10 mM); H conditioned medium from
thrombin-stimulated MOs + IgG isotype Ab. Bar 100 pm; *P < 0.05;
**P <0.01; ***P < 0.001; (ANOVA, n = 6). Error bar SD

MOs (161.9 &£ 31.61) compared with untreated MOs
(47.25 £ 12.25). These results were similar to those
obtained from ES-2 cells exposed to ascites fluid
(157.5 £ 2.04) from six patients with advanced EOC. Inter-
estingly, when the thrombin inhibitor hirudin was added to
conditioned medium of thrombin-stimulated MOs, the
number of invading cells was significantly reduced
(73.5 £ 17.3; P<0.01) compared with those exposed to
conditioned medium of thrombin-stimulated MOs or asci-
tes fluid. Similar results were observed with SKOV3
(n =3) and HO-8910 cells (n = 3) (see supplemental data).
An IL-8-neutralizing monoclonal antibody (IL-8 nmAb)
was used to determine whether IL-8 played a role in EOC
cell invasion. IL-8 nmAb produced a concentration-depen-
dent inhibitory effect on the number of ES-2 invading cells
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Fig. 5 a Expression of transcription factors (Inflammation 1 family,
Oncogenesis 3 family, STAT family, and AP-1 family) were shown as
of the value of OD 450 nm. Transcription factors from untreated MOs,
thrombin-stimulated MOs, MOs treated with (thrombin + hirudin)
(n=4) and TAMs (n=3) were analyzed. Data are expressed as
mean + SE. b THP-1-derived macrophage cell lysates were immuno-
blotted to assess NF-«B p65 and NF-«xB p50 activation; anti-f§ actin

(124.8 £16.36, 0.1 mM IL-8 nmAb; 95.57 & 14.66,
1.0 mM; and 79.27 £ 12.63, 10.0 mM) (Fig 4b). Notably,
1.0 and 10.0 mM IL-8 nmAb significantly reduced the
number of invading cells compared to cells exposed to con-
ditioned medium from thrombin-stimulated MOs
(159.2 £ 12.7; n=6). This Matrigel transwell assay with
IL-8 nmADb blocking was repeated using the other two EOC
cell lines, SKOV3 (n = 3) and HO-8910 (n = 3) and similar
results were obtained (see supplemental data). The condi-
tioned medium from TAMs (n = 3) added IL-8 nmAb also
could block ES-2 cells invasion in Matrigel assay in a con-
centration-dependent manner. (see supplemental data, S
Fig. 1; 157.5 = 11.6, TAM medium; 121.4 + 7.7, 0.1 mM
IL-8 nmAb; 102.8 £4.55 1.0 mM IL-8 nmAb; 73.75 +
8.62 10.0 mM IL-8 nmAb). While hirudin did not interfere
with TAM’s function solely. This result confirmed IL-8
stimulates ovarian cancer cell invasion. TAMs might play
an important role in promoting cancer cell invasion via IL-8
expression independently.
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antibody was used as loading control. Dynamic phosphorylation was
observed after thrombin or (thrombin + hirudin) was added. / Phos-
phorylation of NF-xB p65 (Ser536) with thrombin; // phosphorylation
of NF-xB p65 (Ser536) with thrombin + hirudin; /I phosphorylation
of NF-xB p105 (Ser933) with thrombin; /V phosphorylation of NF-xB
p105 (Ser933) with thrombin + hirudin. Representative of three inde-
pendent experiments

Transcription factor profiling assay

Nuclear extracts (30 pg) of MOs, MOs treated with or with-
out hirudin for 12 h and TAMs were analyzed with the tran-
scription factor profiling assay (AP-1, STAT, Inflammation
1, and Oncogenesis 3 family kits) to determine the possible
pathways involved. As shown in Fig. 5a, for TAMs (n = 3),
most of the transfactors in the inflammation family, AP-1
family and Oncogenesis 3 family were activated. Mean-
while, almost all inflammation-associated factors and onco-
genes were activated in thrombin-stimulated MOs (n = 4).
As displayed in Fig 5a, the following transcription factors
were activated by thrombin, and their activation was sig-
nificantly inhibited by hirudin (P < 0.05): NF-kB p50 and
p65, c-Fos, CREB in the inflammation family and c¢/EBPa,
Egr-1, HIF-1a, Oct I, Oct II in the Oncogenesis 3 family.
Transcriptional activity of the STAT family transcription
factors was not altered; in the AP-1 family, Fra-2 activity
was increased almost twofold in thrombin-stimulated MOs.
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Fig. 5 continued

Analysis of the NF-«xB signaling pathway

In the present study, NF-«xB p105/p50 and p65 were found
to be involved in the signal pathway of MOs stimulated
with thrombin (Fig. 5a). When THP-1-derived macrophages
were treated with thrombin (1 U/mL), phosphorylation of
NF-xB p65 and p105/p50 was increased at 5 s (Fig. 5b, |
and III), then moved toward plateau after 60 s. However,
hirudin (1 U/mL) inhibited the rapid phosphorylation of
NF-xB p65 and p105/p50; this inhibitive effect on NF-«xB
p65 phosphorylation continued for 60 s, when phosphoryla-
tion was almost the same as that of thrombin-stimulated
cells. However, for NF-xkB p105/p50, the inhibitive effect

was observed only at the 5 s time point, after which phos-
phorylation was similar between cells treated with throm-
bin and cells treated with thrombin + hirudin.

Discussion

Macrophages play key roles in chronic inflammation; they
can be phenotypically polarized by the microenvironment
to mount specific functional programs [19]. Polarized mac-
rophages can be broadly classified into two main groups:
classically activated macrophages (M1) and alternatively
activated macrophages (M2). [20]. M1 macrophages
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produce IL-1p, 1L-12, IL-23, and TNF-«, as well as reac-
tive oxygen and nitrogen intermediates, support Thl
responses, and mediate resistance to tumors and intracellu-
lar pathogens. Conversely, M2 cells secrete IL-10, express
scavenger and mannose receptors, contribute to Th2
responses, enhance phagocytosis, eliminate parasites, and
promote tissue repair. M2 macrophages are generally con-
sidered to be more heterogeneous than M1 cells and, to refl-
ect these differences, have been further subdivided into
M2a, M2b, and M2c cells. Tumor-associated macrophages
(TAMs) displaying M2 polarization are key regulators of
inflammatory status in cancer [21]. It is thought that MOs
are recruited into tumors from the peripheral circulation by
chemokines and are usually polarized towards M1 or M2
phenotypes. Once these cells arrive in the microenviron-
ment of EOC they may lose some ability to migrate away
from the tumor [22]. Some mediators of polarization have
been identified, including interferon (IFN)-y and lipopoly-
saccharide (LPS) for M1 activation, IL4 and IL13 for M2a,
immune complex and LPS for M2b, and IL-10 for M2c [9];
one recent study suggested that M2d polarization could be
defined when stimuli IL-6 and leukemia inhibitory factor
(LIF) were given. Like TAMs, M2d presented immunosup-
pressive properties. [17]. In addition, ovarian cancer cells
[23] and CD4+CD25+ regulatory T cells [24] also steer
MO polarization toward the TAM phenotype.

Thrombin’s effect is mediated by PARs, which are G
protein-coupled receptors. Four subtypes of PARs have
been identified in human tissues. PARI is the major effec-
tors protease of the coagulation cascade and transmits cel-
lular responses to thrombin. PAR3 and PAR4 also respond
to thrombin, whereas PAR?2 is activated by trypsin, tryp-
tase, factor VIla, and factor Xa [25]. Thrombin may be the
underlying mechanism for tumor progression via PARs
with or without blood coagulation [26, 27]. Our study dem-
onstrated that PAR1, PAR3, and PAR4 were expressed and
distributed in similar proportions on the surface of circulat-
ing MOs and TAMs from EOC ascites, which provides a
potential pathway for thrombin activation. Although phago-
cytic ability of thrombin-stimulated MOs was elevated,
TAMs demonstrated remarkable phagocytic potential
reflecting M2 characteristics [9]. IL-10 is known to aug-
ment macrophage phagocytosis [28] and the overexpres-
sion of IL-10 was confirmed in this study.

Peritoneal specimens from advanced EOC confirmed the
existence and expanded distribution of CD163+ macro-
phage [4], and increased expression of CD163 was
observed in M2 macrophages. CD163 has been identified as
a receptor involved in clearance and endocytosis [29].
CD163 expression can be upregulated by IL-10 and IL-6
[30]. Conversely, proinflammatory mediators, including
LPS, IFN-y, and TNF, suppress CD163 mRNA and protein
expression [30]. In this study, we first determined that
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thrombin could mediate polarization of MOs toward M2-
like phenotypes with characteristics of increasing CD163
expression.

Based on FACS, ELISA, real-time PCR results, we sug-
gested that thrombin-stimulated MOs exhibited a
CD163MeML-10"eCCL18Me -8  TAMs-like pheno-
type distinct from classical M2a, M2b, M2c subtypes [9],
and different even from the most recently reported M2d
subtype [17]. IL-10"e"CCL18"eh is the typical M2 pheno-
type; however, IL-8MeM reflects some M1 characteristics.
Thus, we might identify a novel functional macrophage
phenotype mediated by thrombin stimulation. Further vali-
dated work is needed in the future.

CCL18 had been identified as the most abundant chemo-
kine in the ascetic fluid of EOC [31]. The source of CCL18
was traced to TAMs, with no production by ovarian cancer
cells [20]. In ovarian cancer, CCL18 may be involved in the
immunosuppression of the host antitumor response by
attracting tumor-infiltrating lymphocytes and additional
immature dendritic cells (DCs) toward suppressive macro-
phages or DCs [32]. Increased CXCR2 and CCR2 expres-
sion was observed in thrombin-stimulated MOs. CXCR1
and CXCR?2 are receptors for IL-8 [9], and CCR2 plays a
role in MOs recruitment and activation [9].

The invasion potential of EOC cell lines (ES-2, SKOV3,
and HO-8910) could be intensified when exposed to condi-
tioned medium of thrombin-stimulated MOs. The condi-
tioned medium is thought to contain mediators that promote
tumor cell invasion. Based on mRNA and protein analysis,
we assumed that IL-8 was a likely mediator. Elevated lev-
els of IL-8 have been detected in ovarian tissue and ascites
fluid of EOCs [33]. IL-8 is considered to play an important
role in EOC progression and has been linked with unfavor-
able prognosis in EOC [4]. To confirm this hypothesis, an
IL-8-neutralizing antibody was added to the conditioned
medium, and it attenuated EOC cell invasion in a concen-
tration-dependent manner. Thus, IL-8 was found to be a
major chemokine mediating EOC migration and invasion,
secreted from thrombin-stimulated MOs. Previous studies
have identified the following factors promoting EOC inva-
sion and migration: epidermal growth factor (EGF) and
hepatocyte growth factor (HGF) by MMP9 [34], lysophos-
phatidic acid (LPA) through IL-8 [35] and vascular endo-
thelial growth factor (VEGF) receptor-2 [36], sphingosine-
1-phosphate (S1P) through MMP2, urokinase-type plas-
minogen activator (uPA) and cadherin [37]. Thrombin may
directly interact with tumor cells to promote tumor invasion
and metastasis [27]. However, we found that conditioned
medium from thrombin-stimulated MOs stimulated
induced EOC cell migration and invasion via IL-8, which
produced a greater effect compared with EOC cells treated
with thrombin. These findings suggest that MOs stimulated
with thrombin could induce EOC invasion better than the
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direct action of thrombin on EOC. Interestingly, one study
found that depletion of peritoneal macrophages, but not
neutrophils or natural killer (NK) cells, reduced tumor pro-
gression, as assessed by ascites formation and peritoneal
metastasis in an EOC animal model [38]. These findings
suggest that inflammation promoting ovarian cancer metas-
tasis is largely mediated by macrophages [38].

Thrombin is known to interact with different cells via
diverse signaling pathways. Thrombin stimulates the
release of proinflammatory chemokines from endothelial
cells via a p38 MAPK-dependent pathway [39]. In fibro-
blasts, an ERK/ets-like protein 1 (Elk-1) signaling pathway
has been shown to mediate thrombin-induced stress-
response chemokines [40]. In lung epithelial cells, throm-
bin activating the phosphoinositide—phospholipase C/PKC/
c-Src/IKKa//NF-xB signaling pathway has been identified
[41]. Most recently, a study reporting that thrombin induces
IL-8 in THP-1-derived macrophages and primary human
macrophages showed that Rho/JNK cascade was a novel
signaling cascade for IL-8 transcription; thrombin activates
PARI1 to promote the recruitment of AP-1 and NF-xB to
the IL-8 gene promoter [42]. Our results are consistent with
other studies characterizing mediators of inflammation. In
this study, IL-8 reached its peak expression at 3 h after
thrombin stimulation. A previous study also demonstrated
that the IL-8 mRNA was elevated significantly 1-6 h after
thrombin stimulation [42]. These findings correlate well
with the timing of the interaction of NF-xB with the IL-8
promoter, which starts to increase 30—60 min after stimula-
tion and is maintained as long as 2 h after stimulation. Our
study supported the idea that the NF-xB pathway is defi-
nitely involved in thrombin induction of IL-8 in THP-1-
derived macrophages. NF-kB signaling pathway is impor-
tant in cancer-related inflammation and progression of
malignancy; several studies have described a new role for
NF-xB in cancer in maintaining the immunosuppressive
phenotype of TAMs [43, 44]. 1IxB kinase (IKK) f is the
major activator of NF-xB. Both studies suggested that by
targeting IKKf to block NF-xB activity, TAM was polar-
ized toward the M1 phenotype [43, 44].

In conclusion, the present study links activated thrombin
with the abundance of macrophages involved in EOC
migration and invasion. Thrombin was first proposed as a
mediator in the EOC microenvironment for inducing MOs
differentiation and polarization toward TAM-like cells.
Interaction between MOs and thrombin occurring in the
peritoneum near EOC implants may promote EOC cell
invasion via chemokine signaling. The newly described
relationship between thrombin and macrophages may help
characterize the roles of the coagulation cascade and
inflammatory cells in the tumor microenvironment. These
findings offer novel perspectives to increase the efficacy of
monocytes/macrophages-based and coagulation factors-

based cancer therapy by subverting TAM-induced immu-
nosuppression.
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