
ORIGINAL ARTICLE

Tumor-associated macrophages of the M2 phenotype contribute
to progression in gastric cancer with peritoneal dissemination

Takahisa Yamaguchi1 • Sachio Fushida1 • Yasuhiko Yamamoto2 • Tomoya Tsukada1 •

Jun Kinoshita1 • Katsunobu Oyama1 • Tomoharu Miyashita1 • Hidehiro Tajima1 •

Itasu Ninomiya1 • Seiichi Munesue2 • Ai Harashima2 • Shinichi Harada3 •

Hiroshi Yamamoto2 • Tetsuo Ohta1

Received: 17 September 2015 / Accepted: 13 November 2015 / Published online: 30 November 2015

� The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract

Background Tumor-associated macrophages (TAMs) of

the M2 phenotype are known to promote tumor prolifera-

tion and to be associated with a poor prognosis in numer-

ous cancers. Here, we investigated whether M2

macrophages participate in the development of peritoneal

dissemination in gastric cancer.

Methods The characteristics of peritoneal macrophages in

gastric cancer patients with or without peritoneal dissemi-

nation were examined by flow cytometry and the real-time

quantitative polymerase chain reaction. The effects of M2

macrophages on phenotypic changes of the gastric cancer

cell line MKN45 were assessed with a direct or indirect co-

culture system in vitro and an in vivo mouse xenograft

model.

Results The number of peritoneal macrophages with the

M2 phenotype (CD68?CD163? or CD68?CD204?) was

significantly higher in gastric cancer patients with peri-

toneal dissemination than in those without peritoneal dis-

semination. Higher expression of the M2-related

messenger RNAs (IL-10, vascular endothelial growth fac-

tor A, vascular endothelial growth factor C, matrix

metalloproteinase 1, and amphiregulin) and lower expres-

sion of M1-related messenger RNAs (TNF-a, CD80,

CD86, and IL-12p40) were also confirmed in the TAMs.

Macrophage co-culture with gastric cancer cells converted

M1 phenotype into M2 phenotype. Moreover, the coexis-

tence of MKN45 cells with M2 macrophages resulted in

cancer cell proliferation and an acceleration of tumor

growth in the xenograft model.

Conclusions Intraperitoneal TAMs in gastric cancer

patients with peritoneal dissemination were polarized to the

M2 phenotype, and could contribute to tumor proliferation

and progression. Therefore, intraperitoneal TAMs are

expected to be a promising target in the treatment of

peritoneal dissemination in gastric cancer.
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Introduction

Globally, gastric cancer is one of the commonest cancers

and a frequent cause of cancer-related deaths [1]. Peri-

toneal dissemination is an aggravated type of metastasis in

gastric cancer. Although various approaches have been

assessed for the treatment of peritoneal dissemination,

including systemic chemotherapy, intraperitoneal

chemotherapy [2, 3], extensive intraoperative peritoneal

lavage [4], and aggressive surgery [5], sufficiently satis-

factory outcomes have not yet been achieved [6, 7]; this

indicates the need for novel therapeutic strategies.

The peritoneal cavity is a large free space in the human

body and contains a high number of cells. The connections

between tumor cells and their surrounding tumor
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microenvironment play important roles in tumor initiation

and progression. The tumor microenvironment consists of

many different kinds of cells, including endothelial cells,

fibroblasts, lymphocytes, and macrophages [8–11]. We

have previously reported that human peritoneal mesothelial

cells activated by transforming growth factor (TGF)-b1
contribute to tumor progression and fibrosis in gastric

cancer [12]. Furthermore, fibrocytes derived from bone

marrow play an important role in the microenvironment of

tumor sites, enhancing tumor proliferation [13]. Targeting

the tumor microenvironment is essential for controlling

tumor development and metastasis. In the present study, we

focused on macrophages. Tumor-associated macrophages

(TAMs) can be classified into two phenotypes: M1 (clas-

sically activated macrophages) and M2 (alternatively

activated macrophages). M2 macrophages are oriented

toward promoting tumor growth, remodeling tissue, pro-

moting angiogenesis, and suppressing adaptive immunity

[14, 15]. Recently, several studies have reported that the

density of M2 macrophages is associated with poor prog-

nosis in patients with glioma, lymphoma, renal cell carci-

noma, and intrahepatic cholangiocarcinoma [16–19].

TAM infiltration into gastric cancer tissue has been

found to be positively correlated with the depth of inva-

sion, nodal status, and clinical stage [20]. However, few

reports have described the role of macrophages in the

peritoneal dissemination of gastric cancer. High numbers

of M2 macrophages in ascites were reported to be corre-

lated with poor prognosis in patients with ovarian cancer

[21]. Consequently, we hypothesize that M2 macrophages

could be concerned with a key regulator of peritoneal

dissemination in gastric cancer.

In the current study, we examined intraperitoneal mac-

rophages from ascites or peritoneal lavage samples in

gastric cancer patients, and evaluated their phenotype (M1

and M2). In addition, we assessed whether M2 macro-

phages contribute to tumor malignant phenotypes in gastric

cancer.

Materials and methods

Patient samples

Ascites or peritoneal lavage samples were collected from

11 gastric cancer patients with peritoneal dissemination. At

the time of surgery, 50 ml of ascites or 100 ml of peri-

toneal lavage sample was collected. Control samples (ten

patients) were obtained from patients with benign tumors

(gastrointestinal stromal tumor) or patients with stage I

gastric cancer. The clinicopathological characteristics of

the patients are presented in Table 1. All procedures fol-

lowed were in accordance with the ethical standards of the

responsible committee on human experimentation and with

the Helsinki Declaration of 1964 and later versions.

Informed consent was obtained from all patients according

to the protocols approved by the Kanazawa University

Hospital Review Board (study number 1463).

Fluorescence-activated cell sorting

Samples were centrifuged at 1500 rpm for 5 min, then

washed with fluorescence-activated cell sorting buffer

(phosphate-buffered saline plus 2 % fetal bovine serum).

The samples were filtered through a 100-lm mesh for flow

cytometry. The cells were subsequently stained with the

following surface markers for 30 min at 4 �C: phycoery-
thrin (PE)–Cy7-labeled anti-human CD45 (BD Bio-

sciences, San Diego, CA, USA); PE-labeled anti-human

CD163 (BD Biosciences); PE-labeled anti-human CD204

(R&D Systems, Minneapolis, MN, USA); and PerCP–

Table 1 Clinicopathological characteristics of gastric cancer patients

with peritoneal dissemination and controls

Variable Peritoneal dissemination

Positive (n = 11) Negative (n = 10)

Sex

Male 7 (63.6 %) 8 (80 %)

Female 4 (36.3 %) 2 (20 %)

Age (years)

\70 1 (9.1 %) 1 (10 %)

]70 10 (90.1 %) 9 (90 %)

GIST 0 (0 %) 1 (10 %)

Tumor classification

T1 0 (0 %) 9 (90 %)

T2 0 (0 %) 0 (0 %)

T3 3 (27.2 %) 0 (0 %)

T4a 6 (54.5 %) 0 (0 %)

T4b 2 (18.2 %) 0 (0 %)

TNM stage

I 0 (0 %) 9 (90 %)

II 0 (0 %) 0 (0 %)

III 0 (0 %) 0 (0 %)

IV 11 (100 %) 0 (0 %)

Histological type

Well-mod 2 (18.2 %) 7 (70 %)

Por-sig 9 (81.8 %) 2 (20 %)

Ascites

Positive 9 (18.2 %) 0 (0 %)

Negative 2 (81.8 %) 10 (100 %)

GIST gastrointestinal stromal tumor, mod moderately differentiated

adenocarcinoma, por poorly differentiated adenocarcinoma, sig signet

ring cell adenocarcinoma, well well-differentiated adenocarcinoma
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Cy5.5-labeled anti-human CCR2 (BioLegend, San Diego,

CA, USA). Intracellular staining (30 min, 4 �C) was per-

formed with fluorescein isothiocyanate labeled anti-human

CD68 (BD Biosciences) after permeabilization for 20 min

at 4 �C with a BD Cytofix/Cytoperm Plus fixation/perme-

abilization kit (BD Biosciences). As negative controls,

isotype control antibodies (Biolegend) were used. Cells

were analyzed by flow cytometry by means of an Attune

acoustic cytometer (Applied Biosystems; Life Technolo-

gies, Carlsbad, CA, USA). Data were transferred and

reanalyzed with FlowJo (Tree Star, Oregon, OR, USA).

Quantitative real-time reverse transcription

polymerase chain reaction

Total RNA was extracted from the macrophages with use

of RNeasy mini kits (Qiagen, Germantown, MD, USA) and

was treated with an RNase-free DNase set (Qiagen). The

integrity of isolated RNA was verified by analytical agar-

ose gel electrophoresis. First-strand complementary DNA

was prepared from 2-lg aliquots of DNase-treated RNA

with use of complementary DNA synthesis kits. The pri-

mers for tumor necrosis factor a (TNF-a), CD80, CD86,
interleukin (IL)-12p40, IL-10, vascular endothelial growth

factor (VEGF)-A, VEGF-C, matrix metalloproteinase

(MMP)-1, epidermal growth factor (EGF), amphiregulin,

and TATA-binding protein (TBP) were designed with

Primer Express. The primers used for this analysis are

shown in Table 2. The expression of each of the primers

was normalized relative to that of TBP in the same sample.

The polymerase chain reaction (PCR) mixtures for TNF-a,
CD80, CD86, IL-12p40, IL-10, VEGF-A, VEGF-C, MMP-

1, EGF, amphiregulin, and TBP contained 13 SYBR Green

Master Mix (Life Technologies), complementary DNA

template, and optimized primer concentrations, diluted to a

final volume of 25 ml with nuclease-free water. All PCRs

were performed with an ABI Prism 7900 sequence detec-

tion system (Applied Biosystems, Foster City, CA, USA).

Cell lines and cell culture

Monocytes were isolated from healthy human donors.

Peripheral blood was collected from healthy volunteers in

conical tubes containing 0.5 ml heparin and mixed with an

equal volume of saline. Peripheral blood mononuclear cells

(PBMCs) were isolated with LymphoPrep tubes (Axis-

Shield, Dundee, UK) following the manufacturer’s proto-

col and cultured in RPMI-1640 medium supplemented with

10 % fetal bovine serum, penicillin, and streptomycin.

After 24 h the nonadherent cells were removed by gentle

aspiration, and the medium was replaced. We confirmed

that more than 90 % of adherent cells were CD14? by flow

Table 2 Primers used for

quantitative real-time reverse

transcription polymerase chain

reaction

Primer

TNF-a 50-TGGAGAAGGGTGACCGACTC-30 (forward primer)

50-TGCCCAGACTCGGCAAAG-30 (reverse primer)

CD80 50-TTTGACCCTAAGCATCTGAAGC-30 (forward primer)

50-ACCAGCCAGCACCAAGAG-30 (reverse primer)

CD86 50-TGGTGCTGCTCCTCTGAAGATTC-30 (forward primer)

50-ATCATTCCTGTGGGCTTTTTGTG-30 (reverse primer)

IL-12p40 50-CGGTCATCTGCCGCAA-30 (forward primer)

50-AACCTAACTGCAGGGCACAG-30 (reverse primer)

IL-10 50-GTCATCGATTTCTTCCCTGTG-30 (forward primer)

50-ACTCATGGCTTTGTAGATGCCT-30 (reverse primer)

VEGF-A 50-CCTTGCTGCTCTACCTCCAC-30 (forward primer)

50-ATGATTCTGCCCTCCTCCTT-30 (reverse primer)

VEGF-C 50-CACGAGCTACCTCAGCAAGA-30 (forward primer)

50-GCTGCCTGACACTGTGGTA-30 (reverse primer)

MMP-1 5-AGCTAGCTCAGGATGACATTGATG-30 (forward primer)

5-GCCGATGGGCTGGACAG-30 (reverse primer)

Amphiregulin 50-TTCTCAAAGGGACAGCCACG-30 (forward primer)

50-TCAAGCAGACCAGCCTTTCT-30 (reverse primer)

TBP 50-TGCACAGGAGCCAAGAGTGAA-30 (forward primer)

50-CACATCACAGCTCCCCACCA-30 (reverse primer)

IL interleukin, MMP matrix metalloproteinase, TBP TATA-binding protein, TNF tumor necrosis factor,

VEGF vascular endothelial growth factor
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cytometry. Monocytes were then differentiated into M1

macrophages by exposure to granulocyte-macrophage

colony stimulating factor (50 ng/ml; Wako, Tokyo, Japan)

for at most 5 days, and were treated with lipopolysaccha-

ride (100 ng/ml; Wako) and interferon-c (20 ng/ml;

Peprotech, Rocky Hill, NJ, USA) for 24 h [22]. To induce

M2 macrophages, monocytes were cultured with monocyte

colony stimulating factor (100 ng/ml; Wako) for at most

5 days, and were treated with IL-4 (20 ng/ml; Peprotech),

IL-10 (20 ng/ml; MACS, Miltenyi Biotec, Bergisch Glad-

bach, Germany), and IL-13 (20 ng/ml; R&D Systems) for

24 h [22].

Human gastric cancer cell lines, TMK-1 (poorly dif-

ferentiated adenocarcinoma) and MKN45 (poorly differ-

entiated adenocarcinoma), were obtained from American

Type Culture Collection (Rockville, MD, USA). TMK-1

and MKN45 cells were cultured in RPMI-1640 medium

supplemented with 10 % fetal bovine serum, penicillin,

and streptomycin. The cells were seeded in gelatin-coated

75-cm2 flasks (BD BioCoat, Boston, MA, USA) and cul-

tured in 10 ml of medium at 37 �C in a humidified atmo-

sphere of 5 % CO2 in air. We routinely checked

Mycoplasma infection, and negative results were obtained

with a PCR Mycoplasma test kit (Promokine, Heidelberg,

Germany).

Western blot analysis

Cells were lysed in radioimmunoprecipitation assay buffer

[50 mmol/l tris(hydroxymethyl)aminomethane–HCl (pH

8.0), 150 mmol/l sodium chloride, 0.5 w/v % sodium

deoxycholate, 0.1 w/v % sodium dodecyl sulfate, 1.0

w/v % NP-40 substitute (Wako)] containing 1 % protease

inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA)

and 1 % phosphatase inhibitor (Sigma-Aldrich); the protein

concentration of each lysate was measured with a bicin-

choninic acid protein assay kit (Pierce Biotechnology,

Rockford, IL, USA). Whole cell lysates were prepared in

denaturing sodium dodecyl sulfate sample buffer and

subjected to sodium dodecyl sulfate–polyacrylamide gel

electrophoresis (Bio-Rad, Philadelphia, PA, USA). Pro-

teins were transferred to poly(vinylidene fluoride) mem-

branes (Bio-Rad) and blocked with commercial gradient

buffer (EzBlock, Atto) at room temperature for 30 min.

Membranes were incubated with the following primary

antibodies: anti-phosphorylated signal transducer and

activator of transcription 3 (STAT3; rabbit monoclonal

IgG, diluted 1:1000; Cell Signaling Technology, Danvers,

MA, USA), anti-CD163 (mouse monoclonal IgG, diluted

1:200; Santa Cruz Biotechnology), anti-phosphorylated

EGF receptor (EGFR; rabbit monoclonal IgG, diluted

1:1000; Cell Signaling Technology), anti-phosphorylated

AKT (rabbit monoclonal IgG, diluted 1:1000; Cell

Signaling Technology), anti-phosphorylated extracellular-

signal-regulated kinase 1/2 (ERK1/2; rabbit monoclonal

IgG, diluted 1:1000; Cell Signaling Technology), and anti-

b-actin (mouse monoclonal IgG, diluted 1:10,000; Sigma-

Aldrich). After incubation with secondary antibodies, the

antibody–antigen complexes were detected with an ECL

Western blotting detection kit (GE Healthcare Japan) and a

LightCapture system (Atto).

Cell proliferation assay

MKN45 cells seeded at a density of 1 9 105 cells per well

in six-well plates were incubated alone (control) or in the

presence of a direct co-culture, with the same number of

M2 macrophages. A 1-lm pore Boyden chamber (BD

Falcon) was used for indirect incubation. Cells were

counted on days 1, 2, and 3 after seeding. After CD326

expression had been confirmed only in MKN45 cells, not in

M2 macrophages, by flow cytometry, the magnetic-acti-

vated cell sorting (Miltenyi Biotec) method with

microbead-labeled anti-human CD326 antibody (Miltenyi

Biotec) was applied to separate MKN45 cells from M2

macrophages.

Quantification of cytokine levels

Levels of amphiregulin and heparin-binding EGF-like

growth factor (HB-EGF) secreted in culture medium were

quantified by use of specific ELISA system kits (R&D

Systems).

Mouse xenograft model

Animals were treated in accordance with the Fundamental

Guidelines for Proper Conduct of Animal Experiment and

Related Activities in Academic Research Institutions,

under the jurisdiction of the Ministry of Education, Cul-

ture, Sports, Science and Technology of Japan. All animal

experiments were approved by the Committee on Animal

Experimentation of Kanazawa University. We used BALB/

c nu/nu mice (females aged 4–6 weeks; Charles River

Laboratories, Japan) as a xenograft model to see the effects

of co-inoculation of MKN45 cells and M2 macrophages.

The cells were injected subcutaneously into the dorsal side

of the mouse (n = 12). Into each of the six control mice,

7 9 106 MKN45 cells in 100 ll of phosphate-buffered

saline were injected, whereas we designed the cell

implantation with the same total number of 5 9 106

MKN45 cells plus 2 9 106 M2 macrophages in 100 ll of
phosphate-buffered saline in the experimental group

(n = 6). Xenograft tumor size was measured every other

day for 14 days. Tumor volume was estimated with the

equation V = (ab2)/2, where V is volume, a is the length of
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the major axis, and b is the length of the minor axis. After

14 days the mice were killed and the tumors were removed

for immunohistochemical examination.

Immunohistochemistry

Tumor specimens were fixed in 10 % neutral buffered for-

malin and embedded in paraffin. Sections were stained with

hematoxylin and eosin and immunostained with anti-Ki67

antibody (Santa Cruz Biotechnology) and anti-CD31 anti-

body (abcam, San Francisco, CA, USA). Deparaffinized

sections were pretreated by autoclaving in 10 % citric acid

buffer (pH 8.0) at 120 �C for 15 min. Following treatment

with protein block serum (Dako Cytomation, Kyoto, Japan)

for 10 min and incubation with 2 % skim milk for 30 min to

block nonspecific reactions, sections were incubated with

primary antibody at 4 �C overnight. The EnVision polymer

solution (horseradish peroxidase; Dako Cytomation) was

then applied for 1 h. Signals were developed in 0.02 % 3,30-
diaminobenzidinetetrahydrochloride solution containing

0.1 %. As negative controls, the sections were incubated

with tris(hydroxymethyl)aminomethane-buffered saline

with non-immunemouse IgG (Santa Cruz Biotechnology) or

non-immune rabbit IgG (Santa Cruz Biotechnology). Sec-

tions were then lightly counterstained with hematoxylin and

examined under a fluorescence microscope (Olympus,

Tokyo, Japan). For endothelial cell counting in tumors, five

vascularized areas in a visual field (9100) were chosen, and

the number of CD31? cells was then counted.

Statistical analysis

We investigated differences among the data sets by one-

way analysis of variance or two-sided Student’s t tests with

the computer software package SPSS 10.0 (SPSS, Chicago,

IL, USA). P values less than 0.05 indicated a statistically

significant difference.

Results

Intraperitoneal macrophages from gastric cancer

patients with peritoneal dissemination were

polarized to the M2 phenotype

Figure 1a shows photomicrographs obtained using phase

contrast microscopy of M1 macrophages, M2 macrophages

and TAMs from a gastric cancer patient with peritoneal

dissemination. PBMC-derived M1 macrophages exhibited

classical round macrophage morphology, in contrast to the

bipolar appearance of PBMC-derived M2 macrophages

(Fig. 1a). TAMs exhibited a bipolar appearance similar to

PBMC-derived M2 macrophages (Fig. 1a).

We also characterized the surface markers of the peri-

toneal macrophages in gastric cancer patients with or

without peritoneal dissemination by flow cytometry. Fig-

ure 1b shows the large number of cells positive for CD45

(pan-leukocyte marker) that existed in the peritoneal cavity

of a patient with peritoneal dissemination. The ratio of

macrophages positive for CD68 (pan-macrophage marker)

in CD45? cells (CD68?/CD45?) in gastric cancer patients

with peritoneal dissemination was significantly higher than

that in patients without peritoneal dissemination (Fig. 1c).

Moreover, the ratio of CD163? cells (M2 macrophage

marker) in CD68? cells (CD163?/CD68?), CD204? cells

(M2 macrophage marker) in CD68? cells (CD204?/

CD68?), or CCR2? cells in CD68? cells (CCR2?/CD68?)

in patients with peritoneal dissemination was significantly

higher than that in patients without peritoneal dissemina-

tion (P\ 0.01; Fig. 1c). These data indicate that macro-

phages abundantly accumulated with invaded gastric

cancer cells in the abdominal cavity of patients with peri-

toneal dissemination and largely tended to be of the M2

phenotype.

Gene expression profile of gastric cancer TAMs

Gene expression profiles of TAMs in various cancers have

been reported [23, 24]. With reference to the gene

expression pattern, we performed reverse transcription

PCR to compare gastric cancer TAMs with peritoneal

dissemination and representative M1 macrophages derived

from PBMCs in terms of expression levels of messenger

RNAs (mRNAs), which could be associated with tumor

progression or suppression. As a result, the levels of M1-

related gene expression of TNF-a, CD80, CD86, and IL-

12p40 were significantly lower in the TAMs relative to the

M1 macrophages (Fig. 2). In contrast, M2-related gene

expression levels such as for IL-10, VEGF-A, VEGF-C,

MMP-1, and amphiregulin were significantly increased in

the TAMs (Fig. 2). We could not find any significant dif-

ferences in mRNA levels of EGF, HB-EGF, MMP-2,

MMP-9, MMP-14, CCL17, CCL18, CCL22, and TGF-b
between the two (data not shown).

Co-culture of gastric cancer cells switched M1

macrophages to the M2 phenotype

Tumor-derived factors such as IL-4, IL10, and monocyte

colony stimulating factor are reported to cause TAMs to

polarize toward the M2 phenotype [15, 25, 26]. Therefore,

we next examined in vitro effects of MKN45 or TMK-1
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gastric cancer cells on macrophage characteristics by use of

co-culture systems. As shown in Fig. 3, M2 marker CD163

expression was found to be upregulated in PBMC-derived

M1 macrophages after they had been co-cultured with

MKN45 or TMK-1 cells for 24 or 48 h. In addition, the

level of phosphorylated STAT3, which is a key molecule

for the M2 phenotype, was also dramatically increased by

co-existence of MKN45 or TMK-1 cells (Fig. 3).

M1 Macrophages

a

b

TAM

M2 Macrophages

CD45

CD68

Stage IV

CD45

CD68

Control

CD68

CD163

Stage IVControl

CD68

CD163

CD68

CD204

Stage IVControl

CD68

CD204

CD68

CCR2

Stage IVControl

CD68

CCR2

Fig. 1 Intraperitoneal macrophage phenotype in gastric cancer

patients with peritoneal dissemination a Phase contrast microscopy

of M1 and M2 macrophages differentiated from peripheral blood

mononuclear cells and tumor-associated macrophages (TAM) from a

gastric cancer patient with peritoneal dissemination. Magnification

9400. b Intraperitoneal cells were collected from peritoneal lavage

samples or ascites with or without peritoneal dissemination, and

analyzed by flow cytometry. The fluorescence-activated cell sorting

profiles for a representative case are shown. In patients with

peritoneal dissemination, a large number of CD45?CD68?

macrophages were present in the peritoneal cavity. c The character-

istics of intraperitoneal macrophages in gastric cancer with or without

peritoneal dissemination were determined by flow cytometry. The

ratios of macrophages positive for CD68 in CD45? cells (CD68?/

CD45?), CD163 in CD68? cells (CD163?/CD68?), CD204 in

CD68? cells (CD204?/CD68?), and CCR2 in CD68? cells

(CCR2?/CD68?) were evaluated in gastric cancer patients with or

without peritoneal dissemination. Values represent the mean ± stan-

dard error (n = 21)
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Increase of gastric cancer cell proliferation by co-

culture with M2 macrophages

There may be some communication between peritoneal

disseminated gastric cancer cells and the M2 macrophages

accumulated in the peritoneal cavity, leading to the for-

mation of a tumor microenvironment. We next investigated

phenotypic changes in tumor cells by co-culture with M2

macrophages. The MKN45 cell number was elevated after

co-culture with M2 macrophages, and this increase was

significantly higher in the case of a direct co-cultured

system than in the case of an indirect one (Fig. 4a).

Increased expression of phosphorylation of EGFR,

AKT, ERK1/2, and STAT3 in MKN45 cells caused

by M2 macrophages

We next investigated cell-growth-related factors in

MKN45 cells after co-culture with M2 macrophages. Fig-

ure 4b shows time-dependent increases of expression in

phosphorylation of EGFR, AKT, ERK1/2, and STAT3 in

MKN45 cells after co-culture with M2 macrophages. We

then tried to identify the main regulator derived from

TAMs with the M2 phenotype, which could affect the

cancer cell biology. For that, we focused on EGFR, which

is known to be associated with the progression of various

tumor types [27, 28]. Moreover, the levels of its ligands

amphiregulin and HB-EGF are reported to be markedly

higher in malignant ascites in gastric cancer than in non-

malignant peritoneal exudates [29]. We thus measured the

levels of amphiregulin and HB-EGF in both the macro-

phages and MKN45 cells. HB-EGF was found to be under

the detection level in the macrophages and MKN45 cells

when we used an ELISA (data not shown). The level of

amphiregulin in M2 macrophages was detectable and sig-

nificantly higher than that in M1 macrophages (Fig. 4c).

Moreover, the level of amphiregulin in M2 macrophages

with MKN45 cells was significantly higher than that in M2

macrophages alone (Fig. 4c). A similar tendency was

observed in M1 macrophages with MKN45 cells (Fig. 4c),

suggesting that this might be caused by switching of

macrophages from the M1 to the M2 phenotype and the

resultant increase of amphiregulin expression in

macrophages.

In vivo effect of M2 macrophages on tumor growth

in a xenograft model

To see in vivo effects of TAMs on tumor phenotype, we

used a mouse xenograft model. MKN45 cells alone at

7.0 9 106 cells or 5.0 9 106 MKN45 cells plus 2.0 9 106

M2 macrophages were subcutaneously injected into the

dorsal side of BALB/c nu/nu mice. The xenografted tumor

size and volume were then evaluated, and the data obtained

are shown in Fig. 5a. We confirmed that PBMC-derived

M2 macrophages (CD163?) existed in the xenograft tissue

(Fig. 5c). At 15 days after inoculation, the mean volume of

the tumor grown from MKN45 cells and M2 macrophages

was significantly greater than that grown from MKN45

cells alone (P\ 0.01). Representative results for the

tumors are shown in Fig. 5b, and immunohistochemical

stainings with Ki-67 showed higher cell proliferation in the

co-inoculated group when compared with the control group

inoculated with MKN45 cells alone (Fig. 5d; P\ 0.05). In
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addition, immunohistochemical staining with anti-mouse

CD31 antibody was conducted to investigate the

microvessel density. CD31? endothelial cell number was

found to be significantly higher in the co-inoculated group

than in the control group (Fig. 5e), indicating that angio-

genesis was enhanced in the tumor by the coexistence of

M2 macrophages.

Discussion

The tumor microenvironment in the peritoneal cavity

consists of many different types of cells, including peri-

toneal mesothelial cells, macrophages, endothelial cells,

fibroblasts, and lymphocytes. Liu et al. [30] reported that

milky spot macrophages remodeled to the M2 phenotype

by gastric cancer cells promoted human peritoneal

bFig. 2 Gene expression profile of gastric cancer tumor-associated

macrophages and peripheral blood mononuclear cell (PBMC)-derived

M1 macrophages obtained by reverse transcription polymerase chain

reaction. The M1-related messenger RNAs (TNF-a, CD80, CD86,
and IL-12p40) and M2-related messenger RNAs [IL-10, vascular

endothelial growth factor A (VEGF-A), vascular endothelial growth

factor C (VEGF-C), matrix metalloproteinase 1 (MMP-1), and

amphiregulin] were measured in tumor-associated macrophages from

gastric cancer patients with peritoneal dissemination and PBMC-

derived M1 macrophages. Values represent the mean ± standard

error (n = 14). mRNA messenger RNA
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Fig. 3 Western blot analyses of CD163, a M2 macrophage marker,

and phosphorylated signal transducer and activator of transcription 3

(pSTAT3). M1 macrophages derived from peripheral blood mononu-

clear cells were co-cultured with MKN45 or TMK-1 cells for 24 or

48 h. b-Actin was used as an internal control
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Fig. 4 a Gastric cancer cell proliferation effects of a direct and an

indirect co-culture of MKN45 cells with or without M2 macrophages.

The MKN45 cell count was elevated, and cell count ratio is shown.

Values represent the mean ± standard error (n = 3). b Western blot

analyses of phosphorylated epidermal growth factor receptor

(pEGFR), phosphorylated AKT (pAKT), phosphorylated extracellu-

lar-signal-regulated kinase 1/2 (pERK1/2), and phosphorylated signal

transducer and activator of transcription 3 (pSTAT3). Levels of

phosphorylation of epidermal growth factor receptor, AKT, extracel-

lular-signal-regulated kinase 1/2, and signal transducer and activator

of transcription 3 were increased in MKN45 cells after they had been

co-cultured with M2 macrophages. c Amphiregulin levels in gastric

cancer cells and M1 and M2 macrophages measured by an ELISA

system. Values represent the mean ± standard error (n = 3)
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mesothelial cell injury, which contributed to the formation

of peritoneal dissemination. However, it is unknown if

macrophages contribute to the development of peritoneal

dissemination in gastric cancer. In this study, we first

investigated the phenotype of intraperitoneal macrophages

in gastric cancer. A high number of macrophages were

observed in patients with peritoneal dissemination, and

most had the M2 phenotype (Fig. 1c). In addition, most

macrophages in the peritoneal cavity were chemokine

receptor type 2 (CCR2)-positive cells (Fig. 1c). The CC

chemokine ligand CCL2 induces monocytes to migrate

from the bloodstream and enter the surrounding tissue to

become tissue macrophages [31]. CCR2-positive mono-

cytes could be preferentially recruited to CCL2 produced

by cancer cells. It is reported that this CCL2–CCR2 axis

can polarize macrophages to an alternatively activated M2

phenotype, thereby contributing to immunosuppression and

enhanced tumor survival [32, 33]. Therefore, it is reason-

able that macrophages are recruited to the peritoneal cavity

of patients with peritoneal dissemination. Furthermore, we

found that M1 macrophages were induced to differentiate

into the M2 phenotype by coexistence of gastric cancer

cells (Fig. 3). Cancer-cell-derived factors, including IL-6,

IL-10, TGF-b, and monocyte colony stimulating factor, are

believed to induce macrophages to polarize to the M2

phenotype [25]; TAMs are recruited from the circulating

monocytes that are attracted by tumor-derived chemokines

and are polarized to M2-resembling macrophages by
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Fig. 5 a In vivo effect of M2 macrophages on tumor growth in a

xenograft model. a The mean volume of the tumors co-inoculated

with MKN45 and M2 macrophages was evaluated until 15 days after

inoculation. Values represent the mean ± standard error (n = 6).

b Representative images showing the macroscopic appearance of the

tumors at day 15. c M2 macrophages derived from peripheral blood

mononuclear cells (anti-human CD163 antibody) were found in

xenograft tissue. d Immunohistochemical staining with Ki-67 in the

co-inoculated group and the control group inoculated with MKN45

cells alone. e Immunohistochemical staining with anti-mouse CD31

antibody. Microvessel density was evaluated as CD31? endothelial

cell number per visual field (9100)
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growth factors and cytokines in the tumor

microenvironment.

A hallmark of macrophages is their plasticity. Depend-

ing on external stimuli, macrophages can acquire different

phenotypes with partly opposing properties. From the

reverse transcription PCR data regarding macrophages in

the peritoneal cavity, M1-related mRNAs such as those of

TNF-a, CD80, CD86, and IL-12p40 were less strongly

expressed in TAMs relative to PBMC-derived M1 macro-

phages (Fig. 2). In contrast, M2-related mRNAs such as

those of IL-10, VEGF-A, VEGF-C, MMP-1, and

amphiregulin were more strongly expressed in TAMs.

(Figure 2). It is well known that VEGF plays a major role

in angiogenesis, and is associated with the development of

peritoneal metastasis and malignant ascites [34]. IL-10

produced by TAMs is an immunosuppressive cytokine,

contributing to the general suppression of anti-tumor

activities in the tumor environment [25]. MMP expression

has been implicated in tumor invasion and metastasis [35].

These data suggest that the soluble factors derived from

TAMs are responsible for the tumor activity in the

microenvironment, and stimulate tumor proliferation and

progression in peritoneal dissemination. No significant

differences were found in the mRNA levels of EGF, HB-

EGF, MMP-2, MMP-9, MMP-14, CCL17, CCL18, CCL22,

and TGF-b between TAMs and PBMC-derived macro-

phages (data not shown). In our study, most TAMs from

patients with peritoneal dissemination had the M2 macro-

phage markers (CD163 and CD204) (Fig. 1c). However,

this classification is a purely operational definition, because

macrophages can adopt a large variety of phenotypes

deviating from this classification, and may even acquire the

properties of both M1 and M2 cells [23, 36, 37].

We found that the proliferation of gastric cancer cells in

direct contact with M2 macrophages was significantly

higher than in the indirect co-culture system (Fig. 4a). This

finding indicates that not only macrophage-derived soluble

factors but also direct cell-to-cell contact can contribute to

malignant phenotypes of cancer cells. Komohara et al. [19]

reported that direct cell-to-cell contact between macro-

phages and cancer cells induced significant differentiation

of macrophages to the M2 phenotype with the expression

of CD163 and the production of IL-10. In addition, direct

co-culture with M2 macrophages significantly stimulated

STAT3 activation in cancer cells, resulting in cancer cell

proliferation and progression [19]. In vivo, subcutaneous

inoculation of MKN45 cells with M2 macrophages resulted

in significantly larger tumors than was the case for MKN45

cells alone (Fig. 5a). The Ki-67 index and microvessel

density were also higher in the co-inoculated group than in

the control group inoculated with MKN45 cells alone,

suggesting that the coexistence of M2 macrophages could

play a role in gastric cancer progression.

Previous studies have reported that a number of

cytokines, chemokines, and growth factors from macro-

phages promote tumor progression. In our study, the

mRNA levels of the EGFR ligand, amphiregulin, were

higher in TAMs from patients with peritoneal dissemina-

tion (Fig. 2). In addition, the level of phosphorylated

EGFR in MKN45 cells was enhanced after co-culture with

M2 macrophages (Fig. 4b). We also confirmed that

amphiregulin was produced more significantly by M2

macrophages in vitro (Fig. 4c). These results indicate that

the EGFR–amphiregulin axis is important in the develop-

ment of peritoneal dissemination in gastric cancer.

Amphiregulin receptor EGFR overexpression is likely to be

an independent indicator of poor prognosis in gastric can-

cer [27, 38, 39]. It was reported that EGFR was detected in

27.4–44.0 % of gastric cancer samples in several studies

[27, 38–41]. In contrast, overexpression of EGFR in gastric

cancer with peritoneal dissemination was 79 % [29].

Therefore, intracellular signaling pathways of EGFR might

relate to the formation and development of peritoneal

dissemination. EGFR is activated by binding to its ligands,

resulting in homodimerization or heterodimerization with

another member of the EGFR family [42]. This receptor

activation is followed by phosphorylation of specific tyr-

osine residues, including AKT, ERK1/2, and STAT3,

stimulating the downstream signaling pathway that regu-

lates cell proliferation, migration, adhesion, differentiation,

and survival. In this study, we found enhanced expression

of phosphorylation of AKT, ERK1/2, and STAT3 in gastric

cancer cells (Fig. 4b).

In conclusion, TAMs in the peritoneal cavity of gastric

cancer patients with peritoneal dissemination were polar-

ized to the M2 phenotype, and M2 macrophages con-

tributed to the development of peritoneal dissemination via

activation of the EGFR signaling pathways. Consequently,

intraperitoneal TAMs are expected to become a target for

treatment of peritoneal dissemination in gastric cancer.
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