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macrophage infiltration in tumors were associated with dis-
ease progression and reduced GC patient survival. In con-
clusion, our data indicate that IL-6 induces M2 macrophage 
differentiation (IL-10highTGF-βhighIL-12p35

low) by activating 
STAT3 phosphorylation, and the IL-6-induced M2 mac-
rophages exert a pro-tumor function by promoting GC cell 
proliferation and migration.

Keywords Gastric cancer · IL-6 · STAT3 · M2 
macrophages · Tumor progression
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Bcl-xL  B-cell lymphoma-extra large
CCK8  Cell counting kit 8
CCL2  Chemokine (C–C motif) ligand 2
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M-CSF  Macrophage colony-stimulating factor
PBMC  Peripheral blood mononuclear cell
p-STAT3  Phosphorylated STAT3
PVDF  Polyvinylidene difluoride
SEM  Standard error of mean
siRNA  Small interfering RNA
SOCS3  Suppressor of cytokine signaling 3
TAMs  Tumor-associated macrophages
TBST  Tris-buffered saline with Tween-20
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Introduction

Macrophages are a heterogeneous cell population in the 
immunologic system that plays a significant role in our 
body’s defense against bacterial, viral, and parasitic infec-
tion. Macrophages that infiltrate the tumor microenviron-
ment are called tumor-associated macrophages (TAMs). 

Abstract Interleukin 6 (IL-6) was abundant in the tumor 
microenvironment and played potential roles in tumor pro-
gression. In our study, the expression of IL-6 in tumor tis-
sues from 36 gastric cancer (GC) patients was significantly 
higher than in non-tumor tissues. Moreover, the number of 
 CD163+CD206+ M2 macrophages that infiltrated in tumor 
tissues was significantly greater than those infiltrated in 
non-tumor tissues. The frequencies of M2 macrophages 
were positively correlated with the IL-6 expression in GC 
tumors. We also found that IL-6 could induce normal mac-
rophages to differentiate into M2 macrophages with higher 
IL-10 and TGF-β expression, and lower IL-12 expression, 
via activating STAT3 phosphorylation. Accordingly, knock-
ing down STAT3 using small interfering RNA decreased 
the expression of M2 macrophages-related cytokines (IL-10 
and TGF-β). Furthermore, supernatants from IL-6-induced 
M2 macrophages promote GC cell proliferation and migra-
tion. Moreover, IL-6 production and  CD163+CD206+ M2 
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TAMs are derived from circulating monocytes recruited 
locally by chemokine (C–C motif) ligand 2 (CCL2), mac-
rophage colony-stimulating factor (M-CSF), and vascular 
endothelial growth factor (VEGF) [1]. LPS or IFN-γ can 
induce macrophage differentiation to M1 (classically acti-
vated) macrophages [2, 3]. IL-4 and IL-13 promote mac-
rophage polarization to an M2 type (alternatively activated) 
[2]. M1 macrophages are potent effector cells that kill 
microorganisms and primarily produce pro-inflammatory 
cytokines, such as tumor necrosis factor-α (TNF-α) and 
IL-12 [4], and are essential for clearing bacterial, viral, and 
fungal infections [5]. However, M2 macrophages suppress 
these inflammatory and adaptive Th1 responses by produc-
ing anti-inflammatory factors [such as IL-10 and transform-
ing growth factor-β (TGF-β)] [3, 6]. M2 macrophages also 
play a significant role in responses to parasitic infection, 
tissue remodeling, angiogenesis, and tumor progression [7] 
and present an IL-12lowIL-10high phenotype [8, 9]. However, 
the regulatory mechanisms by which M2 macrophage differ-
entiation occurs and their relevance to human gastric cancer 
(GC) are yet to be elucidated.

IL-6 has a dual function in the immune system: it exerts 
a pro-inflammatory [10] or an anti-inflammatory [11] effect 
dependent on the local immune microenvironment. IL-6 is 
pleiotropic because of its hormone-like attribute that affects 
vascular disease, lipid metabolism, insulin resistance [12], 
and neuropsychological behavior [13]. IL-6 is known as a 
strong activator of STAT3, the activated, phosphorylated 
STAT3 (p-STAT3) rapidly translocates into the nucleus, 
and binds to a recognition sequence in the promoter of 
target genes including Cyclin D1, B-cell lymphoma-extra 
large (Bcl-xL) c-Myc, and VEGF [14], thereby increasing 
the transcription and expression of these target genes. IL-
6-dependent STAT3 activation plays a pivotal role in tumor 
progression such as breast cancer [15], colorectal cancer 
[16], and head and neck cancer [17]. IL-6-stimulated mac-
rophages showed a robust increased expression of IL-10. 
IL-6 induces STAT3 to bind to IL-4Ra promoter, therefore, 
promoting IL-4-dependent activation of STAT6 [11]. IL-
4-STAT6 pathway regulates macrophage polarization by 
inducing M2-associated genes such as mannose receptor 
1 (Mrc1), arginase 1(Arg1), IL-10, and resistin-like alpha 
(Retnla) [18]. Moreover, it was demonstrated that myeloid 
cell-specific disruption of suppressor of cytokine signaling 
3 (SOCS3), the negative regulator of the IL-6-STAT3 axis, 
skews macrophages towards an M2 phenotype [19]. The 
mechanism and associated clinical relevance of IL-6-STAT3 
pathway in M2 macrophage differentiation in GC are not yet 
elucidated in humans.

In the present study, we showed that IL-6 expression in 
the tumor tissues of GC patients was higher than in the non-
tumor tissues. Moreover, the number of  CD163+CD206+ M2 
macrophages infiltrating GC tumors was also increased. The 

number of  CD163+CD206+ M2 macrophages was positively 
correlated with IL-6 production in GC. We also found that 
IL-6 could induce normal macrophages to differentiate into 
M2 macrophages that had a phenotype that induced higher 
IL-10 and TGF-β expression and lower IL-12p35 expres-
sion via activating STAT3 phosphorylation. The superna-
tants from IL-6-induced M2 macrophages promoted gastric 
cancer cell proliferation and migration. Therefore, our data 
indicate that IL-6 induces M2 macrophage differentiation 
(IL-10highTGF-βhighIL-12p35

low) by activating STAT3 phos-
phorylation, and the IL-6-induced M2 macrophages exert a 
pro-tumor function by promoting GC cell proliferation and 
migration.

Materials and methods

Patients and tissue samples

Tumor and non-tumor (at least 5 cm from the tumor site, 
no cancer cell infiltration as confirmed by histopathology) 
gastric tissues were obtained from patients who underwent 
surgical resection at the Southwest Hospital of the Third 
Military Medical University. None of the patients had 
received radiotherapy or chemotherapy before sampling. 
The clinical stages of tumors were determined according to 
the TNM classification system of the International Union 
Against Cancer (Edition 7). The study was approved by the 
Ethics Committee of the Southwest Hospital of the Third 
Military Medical University. Written informed consent was 
obtained from each subject.

Immunohistochemistry

For immunohistochemistry, paraffin-embedded samples 
of GC tissues were cut into 4-µm sections. Sections were 
pre-incubated with normal goat serum at 37 °C for 30 min 
followed by incubation with primary mouse anti-IL-6 anti-
body (Abcam, Cambridge, MA, USA) or anti-CD163 rabbit 
monoclonal antibody (Abcam) overnight at 4 °C, and then 
incubated with horseradish peroxidase (HRP-) conjugated 
anti-mouse or anti-rabbit secondary antibody (Zhongshan 
Biotechnology, Beijing, China) at 37 °C for 30 min. Polink 
DS-MR-Hu A2 Kit (Zhongshan Biotechnology) was used 
for double staining of CD163 and CD206 with anti-CD163 
rabbit antibody and anti-CD206 mouse antibody (Abcam) 
according to the manufacturer’s instructions. All sections 
were analyzed independently by two experienced patholo-
gists who did not have access to the clinical data of patients. 
Five fields were observed in each section, and the cells with 
uniform brown granules were counted at 200× magnification 
in each case using average values.
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ELISA analysis

Tumor and non-tumor tissues from specimens were col-
lected; the total protein was extracted with 1 ml RIPA Lysis 
and Extraction Buffer (Pierce, Rockford, USA) and centri-
fuged. Concentrations of cytokine in the tissue supernatants 
were determined using ELISA kits for IL-6 [20] (eBiosci-
ence, CA, USA); concentrations of cytokine in the cell cul-
ture supernatants were determined using ELISA kits for 
IL-10 (eBioscience) and TGF-β (eBioscience) according to 
the manufacturer’s instructions.

Cell isolated and M2 macrophage induction

Human peripheral blood mononuclear cells (PBMCs) were 
separated from fresh blood samples from healthy donors by 
density gradient centrifugation using Ficoll-Hypaque (GE 
Healthcare, NJ, USA).  CD14+ monocytes were isolated 
from PBMCs using a Human CD14 Positive Selection Kit 
(Stem Cell Technologies, Vancouver, Canada) according to 
the manufacturer’s instructions. Then, the purity of mono-
cytes was measured by flow cytometry. Cells were cultured 
in a 12-well plate with 5 × 105 per well and were induced 
to differentiate to normal macrophages (M0) with M-CSF 
(PeproTech, NJ, USA) for 5 days with a final concentration 
of 100 ng/ml. On day 6, human recombinant IL-6 (50, 100, 
and 200 ng/ml) (Pepro Tech, NJ, USA) was added to induce 
M0 macrophages (purity of M0 macrophages was 60–70%, 
data not shown) to differentiate into M2 macrophages for a 
period of 24 h. All cells were cultured at 37 °C in a humidi-
fied incubator with 5%  CO2.

Immunofluorescence

M0/M2 macrophages (5 × 105 per well) were induced as 
described above. Cells were washed in PBS and blocked for 
30 min with 20% goat serum in PBS, and then incubated 
with rabbit anti-human p-STAT3 antibody (Cell Signal-
ing Technology, MA, USA) diluted in 5% goat serum. The 
bound antibody was detected with tetramethylrhodamine 
conjugated goat anti-rabbit antibody (Zhongshan Biotech-
nology). After washing with PBS, cells were examined with 
a fluorescence microscope.

Transfection of macrophages with siRNA

M0 macrophages (5  ×  105 per well) were induced as 
described above and were transfected with either STAT3 
targeting or non-silencing control siRNA with a final con-
centration of 40 pmol/ml, according to the manufacturer’s 
recommendations (GenePharma, Shanghai, China). After 
a 6-h transfection, the cells were further cultured in fresh 
RPMI-1640 medium supplemented with 10% FBS and 

M-CSF (100 ng/ml) for 24 h. After this culture period, cells 
were induced to differentiate to M2 macrophages in the pres-
ence of IL-6 (100 ng/ml) for 24 h.

Quantitative RT‑PCR

Total RNA was extracted from cultured cells using Trizol 
reagent according to the manufacturers’ instructions (Inv-
itrogen). The RNA (500 ng in 10 μl volume) was reverse 
transcribed with a reverse transcription kit (Takara, Otsu, 
Japan). cDNA was obtained and diluted with 10 μl nuclease 
free water. Real-time PCR was performed on a BIO-RAD 
CFX96-Tm Real-Time System by mixing 2 µl cDNA with 
SYBR Green Master Mix (Applied Biosystems, USA), using 
the following forward and reverse primers (GenePharma, 
Shanghai, China): human IL-10 (forward 5′-GCT GTC ATC 
GAT TTC TTC CC-3′, reverse 5′-CTC ATG GCT TTG TAG 
ATG CCT-3′, 103 bp); IL-12 (forward 5′-AGG GCC GTC 
AGC AAC ATG -3′, reverse 5′-TCT TCA GAA GTG CAA 
GGG TAA AAT TC-3′, 68 bp); TGF-β (forward 5′-AAC TAC 
TGC TTC AGC TCC AC-3′, reverse 5′-TGT GTC CAG GCT 
CCA AAT GTA-3′, 155 bp); CD163 (forward 5′-CGA GTT 
AAC GCC AGT AAG G-3′, reverse 5′-GAA CAT GTC ACG 
CCAGC-3′, 146 bp); CD206 (forward 5′-CGA GGA AGA 
GGT TCG GTT CACC-3′, reverse 5′-GCA ATC CCG GTT 
CTC ATG GC-3′, 84 bp); STAT3 (forward 5′-GGG TGG 
CGA AGG ACA TCA GCG GTA A-3′, reverse 5′-GCC GAC 
AAT ACT TTC CGA ATGC-3′, 198 bp); and β-actin (forward 
5′-GGC ATC GTG ATG GAC TCC G-3′, reverse 5′-GCT GGA 
AGG TGG ACA GCG A-3′, 613 bp). The relative expression 
of target mRNAs was calculated using the  2−△△CT method 
(using β-actin as a calibrator).

Western blot analysis

The total protein was extracted by RIPA Lysis and Extrac-
tion Buffer (Pierce) with protease and phosphatase inhibitors 
(Roche, Basel, Switzerland) according to the manufacturer’s 
protocol. Protein samples (10 µg) boiled with SDS-PAGE 
loading buffer were separated by 10% SDS–polyacrylamide 
gels, and then proteins were transferred to PVDF (polyvi-
nylidene difluoride) membranes (Millipore, Bedford, MA, 
USA). The membranes were incubated with primary anti-
bodies against STAT3 (1:500; Santa Cruz Biotechnology, 
CA, USA), p-STAT3 (phospho-Tyr705) (1:1000; CST), and 
β-actin (1:000; Santa) overnight at 4 °C, respectively, and 
then incubated with horseradish peroxidase (HRP)-conju-
gated secondary antibodies (diluted 1:10,000 in 3% BSA 
blocking buffer) (Zhongshan Biotechnology) for 45 min at 
room temperature. After washed in TBST (Tris-buffered 
saline with Tween-20), the membranes were incubated with 
 SuperSignal™ West Dura Extended Duration Substrate 
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(Thermo  Scientific™) for 1 min. The blots were analyzed 
using chemiluminescence.

Collection of supernatants

M0 macrophages were induced as described above. On day 
6, for M0 macrophage group, cells were cultured for 24 h 
without IL-6; for the M2 macrophage group, IL-6 (100 ng/
ml) was added to induce the macrophage differentiation to 
M2 macrophages for 24 h. Then, the medium for both M0 
and M2 macrophage groups was exchanged with 400 µl fresh 
RPMI-1640 (10% FBS) medium per well; cell-free super-
natants from M0 or M2 macrophage group were harvested 
after another 24-h culture.

Cell proliferation and migration analysis

For cell proliferation, 5 × 103 cells per well of GC cell lines 
(AGS and SGC-7901) were co-cultured with M2 mac-
rophage supernatants (100%) with or without antibodies 
against IL-10 (10 µg/ml) (Biolegend, San Diego, CA, USA) 
or TGF-β (10 µg/ml) (Abcam) in 96-well plates. The OD 
values were measured at 24, 48, and 72 h with a Cell Count-
ing Kit 8 (CCK8) (DOJINDO, Tokyo, Japan) according to 
the manufacturer’s instructions. Cell migration was ana-
lyzed using a 24-well plate that contained transwell inserts 
(Corning, MA, USA). The AGS or SGC-7901 cells were 
suspended in serum-free RPMI-1640 medium, and 1 × 105 
of these cells were seeded per insert. Then, 600 µl of the M2 
macrophage supernatants with or without antibodies against 
IL-10 (10 µg/ml) or TGF-β (10 µg/ml) were added to the 
lower chamber of the corresponding groups and incubated 
at 37 °C. After 24 h, migrated cells on the lower surface of 
the membrane were stained, and cells were counted in five 
fields of vision and photographed under microscopy at 200 
× magnification.

Statistical analysis

Results are expressed as the mean ± SEM (standard error of 
mean). The statistical significance of the differences between 
the two groups was determined by Student’s t test. ANOVA 
was performed for multi-group data analysis. Correlations 
between parameters were assessed using the Pearson corre-
lation analysis and linear regression analysis, as appropriate. 
Overall patient survival was defined as the interval between 
the date of surgery and the date of death or last follow-up, 
whichever occurred earlier. The known tumor-unrelated 
deaths (e.g., intercurrent disease and accidental death) were 
excluded from the death record for this study. Cumulative 
survival time was calculated by the Kaplan–Meier method, 
and survival was measured in months; the log-rank test was 
applied for comparison between two groups. SPSS statistical 

software (version 13.0) was used for all statistical analyses. 
All data were analyzed using two-tailed tests, and p < 0.05 
was considered statistically significant unless otherwise 
specified.

Results

Patients’ characteristics

A total of 36 never-treated GC patients were collected from 
March 2014 to August 2015. The baseline clinical and 
pathological characteristics are presented in Supplementary 
Table 1.

M2 macrophage infiltration and IL‑6 production are 
enhanced with close correlation in GC

Using immunohistochemistry, we first evaluated IL-6 
expression between tumor and non-tumor tissues of GC 
patients. IL-6 expression was significantly higher in tumor 
tissues compared with non-tumor tissues (Fig.  1a). To 
further verify this result, we assessed IL-6 production by 
ELISA, and the results showed that IL-6 production in tumor 
tissues (44.82 ± 19.95 pg/mg) was significantly higher than 
that in non-tumor tissues (26.67 ± 13.80 pg/mg) (p < 0.01) 
(Fig. 1b).

The immunohistochemical staining for  CD163+ mac-
rophage and  CD163+CD206+ M2 macrophage infiltration 
also showed their significantly increased infiltration into 
tumor tissues (Fig. 1c, e). Statistical analysis showed that 
the number of  CD163+ macrophages (34.81 ± 15.29 cells/
field) (Fig.  1d) and  CD163+CD206+ M2 macrophages 
(16.22 ± 6.91 cells/field) (Fig. 1f) in tumor tissues were sig-
nificantly higher than that in non-tumor tissues (3.19 ± 2.04 
and 1.47 ± 1.23 cells/field), respectively (p < 0.01). Further 
analysis showed that the number of  CD163+ macrophages 
was positively correlated with IL-6 production (N = 36, 
R2 = 0.6407, p < 0.01) (Fig. 1d). Moreover,  CD163+CD206+ 
M2 macrophages were also positively correlated with IL-6 
production (N = 36, R2 = 0.4300, p < 0.01) (Fig. 1f). There-
fore, our data indicate that M2 macrophage infiltration and 
IL-6 production are enhanced and positively correlated in 
GC.

IL‑6 induces M2 macrophage differentiation

IL-6 production and its correlation with increased local M2 
macrophage infiltration increased in GC tumors (Fig. 1e, 
f); therefore, we stimulated the M-CSF-induced M0 mac-
rophages with different concentrations of IL-6 to investi-
gate whether this stimulation was capable of inducing the 
differentiation of M0-to-M2 macrophages. After a 24-h 
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stimulation, the total RNA was extracted, and RT-PCR was 
applied to identify the M2 macrophage markers (IL-10, 
TGF-β, and CD206). The results showed that the expres-
sion of IL-10, TGF-β, and CD206 increased along with the 
increased concentration of IL-6 (Fig. 2a–c). Moreover, the 
expression of M1 macrophage marker IL-12p35 decreased 
along with the increased concentration of IL-6 (Fig. 2f). 
To further identify this, we detected the concentrations of 
IL-10 and TGF-β in the cell culture supernatants by ELISA. 
Results showed that both the IL-10 and TGF-β productions 
raised with the increased concentration of IL-6 (Fig. 2d, e). 
These data indicate that IL-6 induces the polarization of M0 
macrophages to M2 macrophages (IL-10highTGF-βhighIL-
12p35

low) in a dose-dependent manner.

IL‑6 induces macrophage STAT3 phosphorylation

To investigate the underlying mechanism of how IL-6 
induces M2 macrophage differentiation, we focused on 
the IL-6-induced downstream STAT3. After IL-6 stimula-
tion, the total RNA and total protein of macrophages were 
extracted, and RT-PCR was used to determine the STAT3 
gene transcription level. Our results showed that increas-
ing IL-6 stimulation did not significantly increase the total 
STAT3 expression in macrophages at the gene level (data 
not shown). Next, we determined the protein levels of total 
STAT3 and activated p-STAT3 by Western blot and found 
that the total STAT3 protein levels remain unchanged, but 
the activated p-STAT3 protein levels were significantly 

Fig. 1  Expression of IL-6 and distribution of  CD163+CD206+ M2 
macrophages in gastric tumor and non-tumor tissues. a Representa-
tive images of IL-6+ cell (brown) in non-tumor and tumor tissues; 
images were taken at ×200 magnification. b Expression of IL-6 in 
tumor and non-tumor tissues was determined using ELISA; IL-6+ 
cells infiltrating tumor and non-tumor tissues were counted and ana-
lyzed, and the data are presented as the mean ± SEM, **p < 0.01. 
c Representative images of  CD163+ macrophages (brown) in non-
tumor and tumor tissues; images were taken at ×200 magnification. d 
 CD163+ macrophages infiltrating tumor and non-tumor tissues were 

counted and analyzed; the data are presented as the mean  ±  SEM, 
**p  <  0.01; the correlation of infiltrated  CD163+ macrophages 
and IL-6 production in gastric tumor tissues; N  =  36, R2  =  0.641, 
p  <  0.01. e Representative images of  CD163+CD206+ M2 mac-
rophages in non-tumor and tumor tissues; images were taken at ×200 
magnification. f  CD163+CD206+ M2 macrophages infiltrating tumor 
and non-tumor tissues were counted and analyzed; the data are pre-
sented as the mean ± SEM, **p < 0.01; the correlation of infiltrated 
 CD163+CD206+ M2 macrophages and IL-6 production in gastric 
tumor tissues; N = 36, R2 = 0.43, p < 0.01
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increased with increasing IL-6 concentration (Fig. 3a, b). 
The immunofluorescence results corroborated this result and 
showed that the activated p-STAT3 level in the IL-6-induced 
M2 macrophages was significantly higher than that of the 
controls (Fig. 3c, d). Moreover, the p-STAT3 in M2 mac-
rophages was primarily localized in the nucleus (Fig. 3c). 
Taken together, these results indicate that the STAT3 signal-
ing pathway is significantly activated during the process of 
IL-6-induced M2 macrophage differentiation.

IL‑6 induces M2 macrophage differentiation via STAT3 
phosphorylation

To further examine the regulatory role of the p-STAT3 
in IL-6-induced M2 macrophage differentiation, we used 
siRNA to pre-interfere with STAT3 expression. We then 
repeated the IL-6-induced M2-type macrophage differ-
entiation test. The results showed that the gene expres-
sion (Fig. 4a) and protein production (Fig. 4b) of STAT3 
were significantly knocked down compared with control 
siRNA and control groups. Notably, we also found that the 

p-STAT3 protein level decreased in the STAT3 siRNA-
treated group compared with control siRNA and control 
groups (Fig. 4b). These results confirmed that siRNA sig-
nificantly inhibits the expression of total STAT3, thereby 
decreasing the level of phosphorylated STAT3 when IL-6 
added.

To further clarify whether the down-regulation of 
p-STAT3 expression was crucial for the IL-6-induced 
M2 macrophage differentiation, the expression of IL-10, 
TGF-β, CD206, and IL-12p35 was analyzed. The expres-
sion of IL-10, TGF-β, and CD206 significantly decreased 
in the STAT3 siRNA group compared with control siRNA 
and control groups when IL-6 was added. The IL-10 and 
TGF-β production in the cell culture supernatant also 
decreased in the STAT3 siRNA group when IL-6 was 
added (Fig. 4d). Moreover, the expression of IL-12p35 
increased in the STAT3 siRNA group (Fig. 4c). Taken 
together, these data indicated that IL-6 induces M2 mac-
rophage differentiation with the IL-10highTGF-βhighIL-
12p35

low phenotype via STAT3 phosphorylation.

Fig. 2  Expression of IL-10, TGF-β, CD206, and IL-12p35 in IL-6-in-
duced macrophages. a Relative expression of IL-10 increased with 
the increasing IL-6 dose. b Relative expression of TGF-β increased 
with the increasing IL-6 dose. c Relative expression of CD206 
increased with the increasing IL-6 dose. d Production of IL-10 in the 

cell culture supernatants increased with the increasing IL-6 dose. e 
Production of TGF-β in the cell culture supernatants increased with 
the increasing IL-6 dose. f Relative expression of IL-12 decreased 
with the increasing IL-6 dose; *p < 0.05, **p < 0.01 compared to the 
control (0 ng/ml)
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Supernatants from IL‑6‑induced M2 macrophages 
promote GC cell proliferation and migration

To investigate the functions of IL-6-induced macrophages, 
we collected the supernatants from IL-6-induced M2 
macrophages and studied the effect of these supernatants 
on the proliferation and migration of GC cells (AGS and 
SGC-7901).

First, for proliferation analysis, GC cell lines were co-
cultured with M2 macrophage supernatants with or without 
antibodies against IL-10 or TGF-β; the  OD450 values were 
determined with a CCK8 proliferation assay kit. The  OD450 
value at 72 h for the GC cells in M2 macrophage superna-
tants group (AGS 1.25 ± 0.12; SGC 1.33 ± 0.14) was sig-
nificantly higher than that in the RPMI-1640 control group 
(AGS 0.90 ± 0.02; SGC 0.98 ± 0.07) (Fig. 5a, b). Moreover, 
the pro-proliferation effect of M2 macrophage supernatants 
was attenuated in the presence of IL-10 or TGF-β antibodies 
(Fig. 5a, b).

Next, for migration analysis, GC cell lines were co-cul-
tured with M2 macrophage supernatants with or without 
antibodies against IL-10 or TGF-β. The migration abilities 

of the GC cells co-cultured with different supernatants were 
evaluated with the statistics counts of cancer cells that per-
meated the basement membrane. For the AGS cell line, the 
number of the migrated cells in the M2 macrophage superna-
tant group (257.6 ± 6.26) was higher than that in the RPMI-
1640 medium group (187.8 ± 6.09) (Fig. 5c, e). For the SGC 
cell line, the number of migrated cells in the M2 macrophage 
supernatants group (218.6 ± 4.62) was also higher than that 
in the RPMI-1640 medium group (152.0 ± 7.91) (Fig. 5d, 
f). Meanwhile, the pro-migration effect of M2 macrophage 
supernatants was attenuated by blocking IL-10 or TGF-β 
with neutralizing antibodies. Taken together, these data 
indicate that IL-6-induced M2 macrophages release soluble 
factors (IL-10 and TGF-β) to promote GC cell proliferation 
and migration.

Enriched IL‑6 and M2 macrophages are correlated 
with the tumor stage and survival in patients with GC

Finally, we studied whether increased IL-6 production 
and M2 macrophage infiltration were associated with the 
tumor stage and GC patient survival. We observed that IL-6 

Fig. 3  Expression of STAT3 and p-STAT3 in IL-6-induced M2 mac-
rophages. a Total STAT3 protein and p-STAT3 protein levels were 
determined with western blot, and β-actin was used as a reference 
control. b Relative intensity of total STAT3 protein and p-STAT3 
protein. c Immunofluorescence staining for IL-6 (100 ng/ml) induced 
M2 macrophages (Scale bar 200  μm). The red signal represents 

the staining of activated p-STAT3, and the blue signal represents 
the DAPI-stained nuclei. d p-STAT3+ cells in IL-6(100  ng/ml) and 
control group were counted and analyzed, data are presented as the 
mean  ±  SEM; *p  <  0.05, **p  <  0.01, n.s. indicates p  >  0.05 for 
groups connected by horizontal lines compared in b 
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production increased with the advancement in tumor stage 
(Fig. 6a). The number of infiltrated M2 macrophages in GC 
tumors also increased with tumor progression (Fig. 6b).

Moreover, we assessed the relationship between increased 
IL-6 production or M2 macrophage infiltration and the sur-
vival of GC patients. The median values of IL-6 production 

Fig. 4  Expression of IL-10, IL-12p35, and TGF-β in IL-6-induced M2 
macrophages with or without knocking down STAT3 gene. a STAT3 
gene expression was knocked down (depressed) with siRNA, and 
the silence efficiency was determined with RT-PCR. b STAT3 and 
p-STAT3 protein levels in the siRNA group and the normal induced 
M2 group were determined by western blot; relative intensity of 
STAT3 and p-STAT3 were analyzed. c Expression of IL-10, TGF-

β, CD206, and IL-12p35 in the siRNA group and the normal induced 
M2 group was determined using RT-PCR. d Production of IL-10 and 
TGF-β in the cell culture supernatants of the siRNA group and the 
normal induced M2 group were determined using ELISA (*p < 0.05, 
**p < 0.01, n.s. indicates p > 0.05 for groups connected by horizon-
tal lines)
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and M2 macrophage density were used as cut-off points to 
divide the patients into a low group or high group. Further 
association of M2 macrophage and IL-6 production with 
survival was assayed using Kaplan–Meier survival curves. 
Comparing patients with high (above median level) versus 
low (below median level) IL-6 production, the 2-year sur-
vival rate was significantly higher for those with the lower 
IL-6 production (p < 0.05) (Fig. 6c). Moreover, the 2-year 
survival rate of GC patients with higher M2 macrophage 
density group was significantly lower than those with lower 
M2 macrophage density (p < 0.05) (Fig. 6d). Taken together, 
these data indicate that enriched IL-6 and M2 macrophages 
are correlated with tumor stage and survival in patients with 
GC.

Discussion

Macrophages act as versatile cells, because they can differ-
entiate into many subsets in response to the cytokine milieu. 
Interleukin 6 has a broad effect on both cells in the immune 

system and those not in the immune system [21]. Tumor-
associated leukemia inhibitory factor and IL-6 skew mono-
cyte differentiate into tumor-associated macrophage-like 
cells by enabling autocrine/paracrine M-CSF consumption 
[22]. Previously reported results demonstrated that M-CSF 
favored monocyte recruitment at the tumor site and murine 
TAM survival [23, 24]. The IL-6-induced macrophages pre-
sent increased IL-10 mRNA expression and decreased IL-
12p35 and IL-23p19 mRNA after LPS stimulation [22]. IL-6 
can stimulate IL-10 expression and release. Both IL-10 [25] 
and IL-6 [11] can directly induce IL-4R gene expression in 
macrophages, and thus, promote macrophages differentiate 
into M2 macrophages in an IL-4-dependent manner. High 
level of TAM infiltration is related to aggressive features 
and is an independent prognostic factor in gastric cancer 
[26]. In this study, we found that IL-6 was highly expressed 
in tumor tissues. Our data showed that tumors with a high 
production of IL-6 also have a high density of  CD163+ 
macrophages (R2 = 0.6407) and  CD163+CD206+ M2 mac-
rophages (R2 = 0.4300). Thus, we can conclude that the 
high IL-6 expression at the tumor site was closely related to 

Fig. 5  Supernatants from IL-6-induced M2 macrophages promote 
GC cell proliferation and migration. The proliferation of AGS (a) 
and SGC-7901 (b) GC cells co-cultured with the supernatants from 
M2-type macrophages with or without antibodies for IL-10 or TGF-
β, and  OD450 values were measured to evaluate the proliferation. 
 OD450 values are presented as the mean ± SEM, n = 5, p < 0.05. c, 
d Migration abilities of the GC cells co-cultured with supernatants 
from M2-type macrophages with or without antibodies for IL-10 or 

TGF-β were evaluated with the statistical counts of cancer cells that 
permeated the basement membrane. Representative images (×200 
magnification) of the migration of AGS GC cells (c), and the num-
bers of migrated cells are presented as the mean ± SEM (e). Repre-
sentative images (×200 magnification) of the migration of SGC-7901 
GC cells (d), and the numbers of migrated cells are presented as the 
mean ± SEM (f) (n = 5, *p < 0.05, **p < 0.001.)
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macrophage accumulation and M2 macrophage differentia-
tion in gastric cancer.

To elucidate the underlying mechanism of IL-6-induced 
macrophage differentiation, we built a differentiation system 
using IL-6 to stimulate the macrophages in vitro. The activa-
tion of STAT3 contributed to M2 macrophage polarization 
reported in many cancers [27–29], but it was not investi-
gated in gastric cancers. The measurement of the STAT3 
and phosphorylated STAT3 levels in the macrophages stimu-
lated by different concentrations of IL-6 showed that the 
expression of total STAT3 was not changed, but the level 
of phosphorylated STAT3 was significantly increased with 
the increase in IL-6 concentration. This result indicated that 
STAT3 activation occurs in an IL-6-dose-dependent manner. 
It is accepted that IL-10 and TGF-β are mainly produced by 
M2-polarlized macrophages [30]. Our study showed that IL-
6-induced macrophages tend toward IL-10highTGF-βhighIL-
12p35

low phenotypic polarization. Knocking down the expres-
sion of STAT3 resulted in the decreased p-STAT3 levels 
when IL-6 was added accordingly. Notably, the expression 
of IL-10 and TGF-β significantly decreased. However, the 
expression of IL-12p35 restored when STAT3 was silenced 
in the IL-6-induced M2-like macrophages, which is also 
supported by previous report [22]. Hence, IL-6 negatively 
regulates IL-12p35 expression through STAT3 pathway that 
promotes macrophages M2 differentiation. These results 
provide evidence that a high density of M2 macrophages 

infiltrating gastric cancer was induced by the high produc-
tion of IL-6 via activating STAT3.

Furthermore, our study found that the production of IL-6 
in gastric cancer tissues was correlated with tumor stages 
and a high production of IL-6-predicted poor prognosis of 
gastric cancer patients. This result is consistent with a previ-
ous report [31]. Increased IL-6 expression also predicts poor 
prognosis in oral squamous cell carcinoma [32] and head 
and neck squamous cell carcinoma [33]. The proliferation 
and migration abilities of gastric cancer cells co-cultured 
with M2-type macrophages’ supernatant in vitro were signif-
icantly increased compared with the control group. However, 
neutralization of IL-10 or TGF-β by adding the antibod-
ies to the M2 supernatants attenuated the pro-proliferation 
and pro-migration of M2 supernatants. This finding may 
explain why the high density of M2 macrophages infiltra-
tion in tumors, thus predicting a poor prognosis in our study 
and previous reports [34]. M2 macrophages produce IL-10 
and TGF-β, leading to a suppression of general anti-tumor 
immune responses, promoting tumor neoangiogenesis by 
the secretion of pro-angiogenic factors, and defining the 
invasive microenvironment to facilitate tumor metastasis 
and dissemination [35]. It is now extensively acknowledged 
that M2-type macrophages have a significant effect on the 
tumor development and metastasis of many solid tumors, 
such as breast cancer [36, 37], pancreatic cancer [38], B cell 
lymphoma [39], and ovarian cancer [40]. The correlation 

Fig. 6  IL-6 and M2 macrophages are enriched in tumors and corre-
late with tumor stage and survival in GC patients. a Correlation of the 
production of IL-6 in tumor tissues and TNM stage was compared, 
combined or separated. b Numbers of  CD163+CD206+ macrophages 
per field in TNM stages were compared, combined or separated. c 
Kaplan–Meier curve for overall survival with median IL-6 concentra-

tion. Survival significantly decreased as a function of the increasing 
concentration of IL-6. d Kaplan–Meier curve for overall survival with 
the median  CD163+CD206+ macrophage number per field. Survival 
significantly decreased as a function of the increasing number of 
 CD163+CD206+ macrophages. The horizontal bars in a and b repre-
sent mean values. Each ring (in a and b) represents one patient
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between M2 TAMs infiltration and poor survival has also 
been demonstrated in several other cancer types [38, 41, 
42]. Therefore, IL-6 in tumor sites induces M2 macrophage 
differentiation and promotes M2 macrophage secretion of 
IL-10 and TGF-β and even other pro-tumor cytokines [22], 
thus favoring tumor growth and tumor metastasis in gastric 
cancer [43].

In conclusion, our data suggest that the increased produc-
tion of IL-6 in tumor sites may play a major role in promot-
ing M2 macrophage differentiation via activating STAT3 
during GC establishment and progression. Therefore, block-
ing STAT3 activation may provide a new therapeutic direc-
tion for GC patients.
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