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We previously showed tumor-associated macrophages/microglia
(TAMs) polarized to the M2 phenotype were significantly
involved in tumor cell proliferation and poor clinical prognosis in
patients with high grade gliomas. However, the detailed molecu-
lar mechanisms involved in the interaction between TAMs and
tumor cells have been unclear. Current results reveal that, in
coculture with human macrophages, BrdU incorporation was
significantly elevated in glioma cells, and signal transducer and
activator of transcription-3 (Stat3) activation was found in both
cell types. Direct mixed coculture led to stronger Stat3 activation
in tumor cells than did indirect separate coculture in Transwell
chamber dishes. Screening with an array kit for phospho-receptor
tyrosine kinases revealed that phosphorylation of macrophage-
colony stimulating factor receptor (M-CSFR, CD115, or c-fms) is
possibly involved in this cell–cell interaction; M-CSFR activation
was detected in both cell types. Coculture-induced tumor cell
activation was suppressed by siRNA-mediated downregulation of
the M-CSFR in macrophages and by an inhibitor of M-CSFR
(GW2580). Immunohistochemical analysis of phosphorylated (p)
M-CSFR, pStat3, M-CSF, M2 ratio, and MIB-1(%) in high grade
gliomas revealed that higher staining of pM-CSFR in tumor cells
was significantly associated with higher M-CSF expression and
higher MIB-1(%). Higher staining of pStat3 was associated with
higher MIB-1(%). High M2 ratios were closely correlated with
high MIB-1(%) and poor clinical prognosis. Targeting these mole-
cules or deactivating M2 macrophages might be useful therapeu-
tic strategies for high grade glioma patients. (Cancer Sci 2012;
103: 2165–2172)

M acrophages that infiltrate cancer tissues are called
tumor-associated macrophages (TAMs) and are closely

involved in development of the tumor microenvironment by
inducing angiogenesis, immunosuppression, and invasion.(1,2)

Tumor-associated macrophages are generally thought to belong
to the alternatively activated macrophage population (M2)
because of their anti-inflammatory functions.(3) In many kinds
of malignant tumors, including melanoma, malignant lym-
phoma, leiomyosarcoma, pancreatic tumors, intrahepatic cho-
langiocarcinoma, renal cell carcinoma, and high grade glioma,
the presence of M2-polarized TAMs is associated with poor
clinical prognosis.(4–11) Although it is well known that many
TAMs infiltrate into high grade gliomas and are associated
with angiogenesis and immunosuppression,(12–15) results of this
study show that M2-polarized TAMs are significantly involved
in glioma tumor cell proliferation and are related to poor prog-
nosis of high grade glioma patients.(6)

Signal transducer and activator of transcription-3 (Stat3)
affects the tumor microenvironment and tumor development
by virtue of its association with immunosuppression, angiogen-
esis, and cancer cell proliferation.(16,17) In some kinds of
malignant tumors, including high grade glioma, patients with

high Stat3 activation in tumor cells have significantly worse
clinical prognosis.(18) Therefore, Stat3 is thought to be an
important target molecule for anticancer therapy, and many
researchers have introduced various kinds of Stat3 inhibitors
as anticancer drugs.(19) Stat3 signaling in macrophages is
known to participate in regulating immune responses. Targeted
disruption of Stat3 signaling resulted in activation of antigen-
specific T cells, and suppressed tumor development in murine
cancer models.(20–22) In patients with glioblastoma, inhibition
of Stat3 not only suppressed tumor cell growth but also
reversed immune tolerance by impairing the immune-
suppressive function of alternatively activated macrophage/
microglia.(23)

In this study, M2 macrophages were found to support prolif-
eration of glioma cells through Stat3 activation. Cell–cell
interaction during direct contact between tumor cells and
macrophages contributes to strong activation of macrophages,
which in turn activates tumor cells. In vitro results of the use
of a receptor-type tyrosine kinase (RTK) array revealed the
importance of macrophage-colony stimulating factor receptor
(M-CSFR) activation in this cell–cell interaction. The crucial
role of macrophage-colony stimulating factor (M-CSF), espe-
cially membrane-type M-CSF (mM-CSF), and its binding to
M-CSFR during direct cell–cell interactions between tumor
cells and macrophages was determined.

Materials and Methods

Macrophage culture. Peripheral blood mononuclear cells were
obtained from three healthy volunteer donors and written
informed consent for experimental use of the same was supplied
by all donors. CD14+ monocytes were isolated using CD14
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany).
Monocytes were plated in 6-well (1 9 105/well) or 12-well
(5 9 104/well) plates and cultured with granulocyte M-CSF
(2 ng/mL) (Wako, Tokyo, Japan) for 5 days to induce immature
macrophages. After PBS washes, cells were stimulated with
c-interferon (1 ng/mL) (PeproTech, Rocky Hill, NJ, USA) to
induce M1 macrophages. These cells were stimulated with 50%
tumor-cell supernatant (TCS) to induce M2 macrophages,
because TCS contains many anti-inflammatory cytokines and
pushes macrophage polarization toward the M2 phenotype.(6)

Cell lines. Tumor-cell supernatant was prepared as described
previously.(6) The human glioblastoma cell line T98G was pur-
chased from ATCC (Manassas, VA, USA) and was maintained
in DMEM supplemented with 10% FBS, 100 U/mL penicillin,
100 lg/mL streptomycin, and 0.1 mg/mL sodium pyruvate.
The mycoplasma test was carried out using a PCR detection
kit (Takara Bio, Otsu, Japan). Human myeloid leukemia TF-1
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cells expressing M-CSFR were cultured in DMEM with 10%
FBS and granulocyte M-CSF, as described previously.(24)

Coculture experiment. To investigate the cell–cell interaction
between tumor cells and macrophages, coculture experiments

were carried out as described previously.(25) Briefly, after mac-
rophages were washed in PBS, they were co-incubated with
T98G cells for 2 days to evaluate the significance of direct
cell–cell contact. To examine the influence of indirect cell–cell

(a) (b)

(c)
Fig. 1. Tumor cell proliferation by coculture with
macrophages. (a) Primary monocyte-derived
macrophages were stimulated with c-interferon
(M1) or tumor-cell supernatant (M2), and
cocultured with T98G cells for 2 days. Double
immunostaining of CD204 and BrdU was carried
out to evaluate BrdU incorporation by tumor cells.
CD204+ cells (red) indicate macrophages. (b) BrdU+

cells among CD204� tumor cells were counted
under a microscope. (c) The number of tumor cells
per 1 mm2 was counted under a microscope.

(a)

(b) (c)

(d) (e)

Fig. 2. Signal transducer and activator of
transcription-3 (Stat3) activation in cocultured cells.
(a) T98G cells were cocultured with tumor-cell
supernatant-stimulated M2 macrophages, and Stat3
activation was analyzed by double immunostaining
of pStat3 (red) and CD204 (green). Blue indicates
nuclear staining. Scale bar = 50 lm. (b) Following
double immunostaining, 100 CD204� T98G cells
were counted, and the percentage of pStat3+ cells
was calculated (n = 3 or 4 for each group). (c) BrdU
incorporation in conditional medium-stimulated
T98G cells was evaluated with or without Stat3
siRNA. (n = 3 for each group). Downregulation of
Stat3 protein in T98G cells was also confirmed by
Western blot analysis. (d) Interleukin (IL)-10
production was evaluated as a marker of
macrophage activation (n = 4 for each group). (e)
Double immunostaining of activated Stat3 (brown)
and Iba-1 (marker of macrophages/microglia; blue)
was carried out.
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interaction, Transwell chamber dishes (Nunc, Rochester, NY,
USA) were used.

BrdU incorporation and immunostaining. BrdU incorporation
and immunostaining was carried out using the BrdU ELISA kit
(Roche, Basel, Switzerland) according to the manufacturer’s
protocol with minor modifications. Briefly, after culture with
BrdU for 90 min, cells were fixed by acetone. CD204 (clone
SRA-E5; Transgenic, Kumamoto, Japan) was stained and visu-
alized using the Warp Red chromogen kit (Biocare Medical,
Concord, CA, USA). After washes in glycine buffer (pH 2.2),
cells were stained with anti-BrdU antibody and visualized using
the diaminobenzidine substrate system (Nichirei, Tokyo, Japan).

Immunofluorescence staining of pStat3. Paraffin-embedded
cell block specimens were prepared and sectioned as described
previously.(25) Mounted sections were deparaffinized in xylene
and rehydrated in a graded ethanol series. Following treatment
for antigen retrieval, sections were reacted with anti-CD204
antibody (mouse monoclonal, clone SRA-E5) and anti-pStat3
antibody (Tyr705, clone D3A7; Cell Signaling Technology,
Denver, MA, USA). Antibodies were diluted with CanGetSig-
nal (Toyobo, Tokyo, Japan). Alexa Fluor 488 goat anti-mouse
IgG and Alexa Fluor 546 goat anti-rabbit IgG (Invitrogen,
Camarillo, CA, USA) were used as secondary antibodies.

Inhibitor. The M-CSFR inhibitor GW2580 (Calbiochem,
Nottingham, UK) was used at either 20 nM or 30 nM concen-
trations.

Small interfering RNA in human macrophages. Human macro-
phages were transfected with siRNA against human Stat3
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) or
M-CSFR (Santa Cruz Biotechnology) using Lipofectamine
RNAi MAX (Invitrogen). Control siRNA (Santa Cruz Biotech-
nology) was used as a negative control. Downregulation of Stat3
and M-CSFR was evaluated by Western blot and real-time PCR,
respectively, as described previously.(9)

Evaluation of cytokine secretion in supernatant. The interleu-
kin (IL)-10 concentration in supernatants was determined using
ELISA kits (PeproTech).

Phospho-receptor tyrosine kinase array analysis. The relevant
phospho-receptor tyrosine kinase (RTK) array was purchased
from R&D Systems (Minneapolis, MN, USA), and used
according to the manufacturer’s protocol.

Flow cytometry. Cells were detached from wells using
enzyme-free Cell Dissociation Buffer (Gibco, Grand Island,
NY, USA) and immediately fixed with 4% paraformaldehyde.
After incubation with 0.1% saponin, cells were reacted with
anti-pM-CSFR antibody and anti-CD68 antibody (mouse mono-
clonal, clone PM-1K(26)). Then FITC-labeled anti-mouse IgG
and phycoerythrin-labeled anti-rabbit IgG were used as second-
ary antibodies, and cells were analyzed by FACSCalibur.

Human glioblastoma samples. From January 2006 to Septem-
ber 2009, paraffin-embedded tissue samples from 62 patients
with high grade gliomas (nine patients with anaplastic astrocy-
toma and 53 patients with glioblastoma) were prepared for this
study. Cases with massive necrosis were not enrolled.
Informed written consent was obtained from all patients in
accordance with protocols approved by the Kumamoto Univer-
sity Review Board. Tissue samples were fixed in 10% neutral
buffered formalin and were embedded in paraffin.(6)

Immunostaining and double immunostaining of surgical
specimens. Sections were deparaffinized in xylene and rehydrat-
ed in a graded ethanol series. Anti-pStat3 antibody (clone D3A7;
Cell Signaling Technology), anti-pM-CSFR antibody (Tyr 723,
clone 49C10; Cell Signaling Technology), anti-M-CSF antibody
(clone EP1179Y; Novus Biologicals, Littleton, CO, USA), anti-
CD163 antibody (clone 10D6; Novocastra, Newcastle, UK),
anti-Iba-1 (polyclonal; Wako), and anti-Ki-67 (clone MIB-1;
Dako, Glostrup, Denmark) were used as primary antibodies.
Horseradish peroxidase-labeled or alkaline phosphatase-labeled

antibodies (Nichirei) were used as secondary antibodies. Reac-
tions were visualized by the diaminobenzidine system (Nichirei),
Fast Blue solution (Sigma, St. Louis, MO, USA), or HistoGreen
(Linaris Biologische, Wertheim-Bettingen, Germany). Macro-
phage-colony stimulating factor receptor activation and M-CSF
expression was scored as 0 (negative), 1 (weak), or 2 (strong)
by two pathologists (Y.K. and H.H.) who were blind to the
sample data, then the sum of scores for each sample was cat-
egorized as “low” (score 0–2) or “high” (score 3–4). The
MIB-1 index and M2 ratio (CD163+ cells/Iba-1+ cells) were
determined by two pathologists (Y.K. and H.H.) and the val-
ues obtained were averaged. Because a previous study
showed that the ratio of CD163+ TAMs is closely correlated
with tumor cell proliferation and clinical prognosis,(6) patients
were divided into two M2 ratio groups, low (<30%) and high
(� 30%). Stat3 activation was scored as 0 to 8 as described
previously,(27) then the sum of scores for each sample was
categorized as “low” (score 0–4) or “high” (score 5–8).

Statistics. Statistical analysis of in vitro and in vivo data was
carried out using JMP10 (SAS Institute, Chicago, IL, USA).
All data from in vitro studies represent results of two or three
independent experiments. Data are expressed as the
mean ± SD. The Mann–Whitney U-test was used for two-
group comparisons. A value of P < 0.05 was considered statis-
tically significant.

Results

Glioblastoma cells were activated by coculture with M2
macrophages. In the first experiments, the effects of cell–cell
interaction between macrophages and T98G cells were inves-
tigated by means of the coculture system. BrdU incorporation
into T98G cells was evaluated by double immunostaining,
and was found to be significantly upregulated by coculture
with macrophages; M2, rather than M1, cells caused a nota-
ble increase of BrdU incorporation by T98G cells (Fig. 1a,b).

(a) (b)

(c) (d)

Fig. 3. Effect of selective signal transducer and activator of transcrip-
tion-3 (Stat3) silencing in macrophages on Stat3 activation in glioma
cells. (a) Western blot analysis confirmed suppression of Stat3 in mac-
rophages. (b) Two days after suppression of Stat3 in macrophages,
T98G cells were added to the culture. After coculture for 2 days, dou-
ble immunostaining of CD204 and BrdU was carried out. Percentages
of BrdU+ cells among CD204� tumor cells were calculated. (c) In the
same conditions, interleukin (IL)-10 concentration in supernatants was
determined. (d) After the same treatment, cells were prepared as cell
block specimens and double immunostaining of CD204 and pStat3
was done. Percentages of pStat3+ cells among the CD204� tumor cells
were calculated.
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The proliferation of T98G cells was increased by coculture
with M1 and M2, but notably higher proliferation was
induced by M2 (Fig. 1c).
As Stat3 is one of the signaling molecules related to cell

proliferation and survival, Stat3 activation was evaluated in the
coculture system. When M2 cells and T98G cells were cocul-
tured, both cell types showed strong nuclear staining of pStat3
(Fig. 2a,b). In contrast to indirect coculture conditions, direct
cell–cell interaction caused significantly stronger Stat3 activa-
tion in cancer cells (Fig. 2b). Stat3 activation in T98G cells
was more strongly induced by coculture with M2 cells com-
pared with M1 cells (Fig. 2b). The proliferation of T98G cells
was induced by stimulation with conditional medium of cocul-
tured M2 cells and T98G cells, and this effect was signifi-
cantly suppressed by blocking Stat3 in T98G cells (Fig. 2c).

To evaluate macrophage activation in the coculture system,
IL-10 concentrations in supernatants were determined, because
no IL-10 secretion was detected in supernatants of T98G cell
monocultures. As shown in Figure 2(d), IL-10 secretion was
induced by coculture and, notably, direct coculture induced
significantly increased IL-10 secretion. We next evaluated
Stat3 activation in human glioma tissues. Among 12 high
grade glioma samples analyzed, 10 showed distinct infiltration
of pStat3+ TAMs (Fig. 2e). These observations indicate a
critical role for Stat3 in cell–cell interaction between tumor
cells and macrophages.

Activation of Stat3 involved in cell–cell interaction between
glioma cells and macrophages. We next suppressed Stat3 in M2
macrophages using siRNA before coculture with T98G cells to
ascertain whether Stat3 activation in macrophages contributes
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Fig. 4. Receptor-type tyrosine kinase array and
flow cytometry. (a) Receptor-type tyrosine kinase
array analyses were carried out and results for
cocultured cells (T98G + Mac) and T98G cells in
monoculture (T98G) were compared. CT, positive
control. (b) Phosphorylation of macrophage colony-
stimulating factor receptor (M-CSFR) was evaluated
by flow cytometry. Representative data from one of
two experiments.
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to the cell–cell interaction (Fig. 3a,b). Incorporation of BrdU
into T98G cells was significantly inhibited by Stat3 suppres-
sion in macrophages (Fig. 3b). Secretion of IL-10 from macro-
phages was also inhibited by Stat3 suppression (Fig. 3c). As
Figure 3(d) shows, Stat3 activation in T98G cells was
decreased by blocking Stat3 in macrophages. These data indi-
cate that macrophage activation through Stat3 signaling is
important for tumor cell activation in coculture.

Activation of M-CSFR involved in cell–cell interaction. Direct
contact with tumor cells significantly induced macrophage acti-

vation. Therefore, we hypothesized that RTK mediates this
effect, and RTK array analysis was carried out. Activation of
RTK in cocultured cells was compared with that of macro-
phages and T98G cells cultured separately, and significant acti-
vation of M-CSFR was found in cocultured macrophages
(Fig. 4a), as well as, interestingly, in the cocultured T98G cells
(Fig. 4b).

Activation of M-CSFR involved in macrophage activation by
direct cell–cell interaction, and induced Stat3 activation in tumor
cells. Next, we investigated whether M-CSFR is involved in

(a) (b) (c)

(d) (e) (f)

(g) (h)

Fig. 5. Involvement of macrophage colony-
stimulating factor receptor (M-CSFR) in direct cell–
cell interaction. (a) Membrane-type M-CSF
(mM-CSF) was expressed on the surface membranes
of T98G cells. (b) T98G cells were cocultured with
macrophages in the presence of anti-
M-CSF antibody for 2 days, and interleukin (IL)-10
in the supernatant was measured by ELISA. Non-
immunized rabbit IgG was used as the control. (c)
Downregulation of M-CSFR by siRNA was confirmed
by real-time PCR. (d) T98G cells were cocultured
with macrophages having silenced M-CSFR for
2 days, and IL-10 in the supernatant was measured.
(e) Macrophages and T98G cells were mixed and
cultured with the M-CSFR inhibitor GW2580 for
2 days, and IL-10 in the supernatant was measured.
(f) M-CSFR of macrophages was silenced by siRNA,
and coculture proceeded for 2 days. Signal
transducer and activator of transcription-3 (Stat3)
activation in macrophages was evaluated by double
immunostaining. (g) Macrophages were stimulated
with M-CSF (100 ng/mL) for 1 or 2 h, and Stat3
activation was evaluated. (h) M-CSFR of
macrophages was silenced by siRNA, and coculture
proceeded. BrdU incorporation and Stat3 activation
in T98G cells was examined by double
immunostaining (n = 3 or 4 for each group).

Table 1. Clinicopathologic factors, macrophage-colony stimulating factor receptor (M-CSFR) activation, macrophage-colony stimulating factor

(M-CSF) expression, and signal transducer and activator of transcription-3 (Stat3) activation in high grade glioma

Variable n

M-CSFR

activation
P-value

M-CSF

expression
P-value

Stat3 activation
P-value

Low High Low High Low High

Age, years

<60 26 15 11 P = 0.700 12 14 P = 0.760 11 15 P = 0.025

� 60 36 19 17 18 18 6 30

Gender

Male 40 18 22 P = 0.036 18 22 P = 0.470 8 32 P = 0.077

Female 22 16 6 12 10 9 13

M-CSFR activation

Low 33 – – – 25 8 P < 0.001 11 22 P = 0.270

High 29 – – 3 26 6 23

M-CSF expression

Low 30 – – – – – – 10 20 P = 0.310

High 32 – – – – 7 25

M2 macrophages

Low 25 15 10 P = 0.27 17 8 P = 0.011 9 16 P = 0.210

High 37 17 20 13 24 8 29

Bold text indicates statistically significant results, calculated using the chi-squared test.
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macrophage activation by coculture with T98G cells. The
T98G cells expressed mM-CSF on their cell surface mem-
branes (Fig. 5a). Neutralizing antibody for mM-CSF and
silencing of M-CSFR significantly inhibited IL-10 secretion in
direct coculture (Fig. 5b–d). An inhibitor of M-CSFR
(GW2580) also suppressed IL-10 secretion (Fig. 5e). Activa-
tion of Stat3 was inhibited by silencing M-CSFR in macro-
phages (Fig. 5f) and was significantly induced by M-CSF
stimulation in macrophages (Fig. 5g). These data indicate that
M-CSFR signaling contributes to Stat3 activation in cocultured
macrophages.
We then tested if M-CSFR signaling in macrophages influ-

ences tumor cell activation. Both BrdU incorporation and Stat3
activation in cocultured tumor cells were decreased by silenc-
ing M-CSFR in macrophages (Fig. 5h).

M2 ratio and M-CSFR activation associated with MIB-1 index in
high grade glioma. Immunostaining for pM-CSFR, M-CSF,
CD163, Iba-1, and MIB-1 was carried out in 62 cases of
high grade glioma. Mutual correlations of their expression
and the association with clinical prognosis were statistically
evaluated (Tables 1,2). The specificity of anti-pM-CSFR
antibody was confirmed using M-CSFR-expressing TF-1
histiocytic cells (Fig. 6a). Both M-CSF expression and M-
CSFR activation, as well as M2 phenotype, were classified
into two groups, high and low, as described above
(Fig. 6b). A positive pM-CSFR signal was seen in both
tumor cells and macrophages (Fig. 6c). Activation of Stat3
was also classified into two groups (Fig. 6d). Higher activa-
tion of M-CSFR in tumor cells was closely associated with
higher M-CSF expression and a higher MIB-1 (%)
(Table 1, Fig. 6d). A higher M2 ratio (CD163+ cells/Iba-1+

cells), higher M-CSF expression, and higher Stat3 activa-
tion was also correlated with a higher MIB-1(%) (Fig. 6e).
In addition, the patients with higher ages, M2 ratios, or
MIB-1(%) had statistically significant shorter survival

periods (Fig. 6f, Table 2). The patients with higher M-
CSFR and Stat3 activation had shorter survival periods, but
this result was not statistically significant (Fig. 6g,h). In

Table 2. Univariate Cox regression analysis of potential prognostic

factors

Univariate analysis

n
Mean survial

(weeks)

P-value

Log–rank

P-value

Wilcoxon

Age, years

<60 26 88 0.034 0.006

� 60 36 57

Gender

Male 40 72 0.42 0.91

Female 22 65

pM-CSFR

Low 34 78 0.054 0.089

High 28 64

M-CSF

Low 33 72 0.49 0.57

High 29 65

Stat3 activation

Low 17 124 0.058 0.22

High 45 85

M2 ratio

Low 25 98 0.003 0.004

High 37 62

MIB-1 (%)

<30 26 113 0.0005 0.0007

� 30 36 56

Bold text indicates statistically significant results. M-CSF, macrophage-
colony stimulating factor; pM-CSFR, phosphorylated M-CSF receptor;
MIB-1, anti-Ki-67; Stat3, transducer and activator of transcription-3.

(a)

(c)

(b)

(d) (e)

(f) (g)

(h) (i)

Fig. 6. Immunohistochemical determination of phosphorylated
macrophage-colony stimulating factor receptor (pM-CSFR), macro-
phage-colony stimulating factor (M-CSF), phosphorylated signal
transducer and activator of transcription-3 (pStat3), anti-Ki-67 (clone
MIB-1), and M2 ratios in human high grade gliomas. (a) TF-1 culture
cells were stimulated by M-CSF for 5 min and activation of M-CSFR
was evaluated by immunostaining with anti-pM-CSFR. Strong activa-
tion of pM-CSFR was detected on cell surfaces of M-CSF-stimulated
TF-1 cells. (b) Immunostaining of pM-CSFR, M-CSF, and double immu-
nostaining of CD163 (green) and Iba-1 (brown) were carried out.
Results for patient (Pt.) no. 15 and no. 42 are shown. (c) By double
immunostaining ofIba-1 (green) and pM-CSFR (brown), pM-CSFR was
detected in both tumor cells and macrophages. (d) Immunostaining of
pStat3 was also carried out to evaluate the Stat3 activation in tumor
cells. (e) M2 ratio, M-CSFR activation, Stat3 activation, and M-CSF
expression were correlated with the MIB-1 index. The Kaplan–Meier
method was used to determine (f) M2 ratio, (g) M-CSFR activation, (h)
Stat3 activation and (i) M-CSF expression.
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addition, M-CSF expression was not significantly associated
to clinical prognosis (Fig. 6i).

Discussion

The importance of TAMs in tumor growth has been well docu-
mented, and TAMs are thought to contribute to tumor progres-
sion and invasion.(28,29) In this study, we showed that direct
contact with glioma cells induces macrophage activation,
which in turn activates tumor cells. Macrophage activation
through M-CSFR/Stat3 signaling was shown to play an impor-
tant role in cell–cell interaction. Analysis of human glioma
samples indicated that M-CSFR activation and M2 ratios are
associated with tumor cell proliferation.
The importance of direct cell–cell contact in cell–cell inter-

action has been a focus for several researchers. Direct cell–cell
contact between macrophages and tumor cells protected tumor
cells from chemotherapy drug-induced apoptosis, whereas cell
–cell interaction without direct contact did not.(30) A previous
study showed that Stat3 activation in ovarian and kidney can-
cer cells was significantly induced by direct coculture with
macrophages.(9,25) As Stat3 is associated with cancer cell pro-
liferation and survival,(16,17) macrophages are thought to sup-
port cancer cell proliferation and survival in patients with
malignant tumors. A selective Stat3 inhibitor and Stat3 siRNA
reversed cytokine expression levels and suppressed tumor
growth in vivo, and this indicated a major contribution of
Stat3 signaling in the immunosuppression by glioma-derived
factors.(31,32)

It is well known that mM-CSF induces stronger activation of
M-CSFR than soluble M-CSF, although details of the mecha-
nisms involved have been unclear.(33,34) In this study, the pos-
sible involvement of mM-CSF–M-CSFR binding on strong
Stat3 activation in tumor microenvironment was shown. It is
well known that M-CSFR signaling activates some signal mol-
ecules including Stat3 activation,(35) and the results shown in
Figure 5 indicate that M-CSFR signaling was significantly
related to Stat3 activation in this coculture system. Stat3
activation plays an important role in maintenance of glioma
stem cells (GSCs),(36) and unknown Stat3-related cytokines
derived from GSCs induce macrophage polarization into the
M2 phenotype.(37) Although M-CSF expression in GSCs has,
to the best of our knowledge, never been reported, the current
results suggest that cell–cell interaction between macrophages
and GSCs is involved in creating the stem-cell niche of high
grade gliomas.
Some studies have shown the efficacy of M-CSFR inhibitors

in murine cancer models. Recently, the M-CSFR inhibitor
Ki20227 was shown to suppress tumor angiogenesis, lymphan-
giogenesis, and metastasis, and these effects were suggested to

be caused by macrophage dysfunction.(38) GW2580 inhibited
the recruitment of myeloid cells into tumor tissues and combi-
nation therapy with an anti-angiogenic agent significantly sup-
pressed tumor growth.(39,40) These data indicate that blocking
of M-CSFR is effective as an anticancer therapy through
abrogating the functions of myeloid cells.
In a previous study, we showed that the M2 ratio of TAMs

is significantly associated with high tumor cell proliferation
and poor clinical prognosis in patients with high grade gli-
oma.(6) As shown in Figure 6, the current study indicated that
poor clinical prognosis was statistically significantly associated
with higher M2 ratio, higher age, and higher MIB-1(%), con-
firming observations consistent with the previous study. In
addition, M-CSFR activation in tumor cells was correlated
with M-CSF expression and MIB-1(%) but not macrophage
phenotype. These findings indicate that further studies are nec-
essary to elucidate detailed mechanisms underlying the effects
of cell–cell interaction in the glioma microenvironment.
Results showing that blocking M-CSFR and Stat3 in mac-

rophages suppressed tumor cell activation indicate that some
soluble factors derived from activated macrophages contrib-
ute to tumor cell activation in coculture experiments.
Although we were not able to identify macrophage-derived
soluble factors, it was previously reported that glioma-derived
factors enhanced Stat3 activity in microglia, and induced
increased production of transforming growth factor-b, IL-6,
and IL10 in a murine model.(31) A selective Stat3 inhibitor
and Stat3 siRNA reversed cytokine expression levels and sup-
pressed tumor growth in vivo, indicating a major contribution
of Stat3 signaling to immunosuppression by glioma-derived
factors.(31,32)

In summary, results of the present study indicate that macro-
phage activation through M-CSFR/Stat3 signals plays an
important role in cell–cell interaction between macrophages
and tumor cells. The M-CSFR/Stat3 signals might be potential
targets for therapeutic inhibition of macrophage-related cell–
cell interaction, an approach that may well prove promising
for patients with high grade glioma.
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