
INTRODUCTION
Glioblastoma multiforme (grade IV)

remains one of the most difficult cancers
to treat, with a median survival rate of
12 months after diagnosis (1,2). This re-
sult is primarily because high-grade
glioblastomas are highly locally invasive
and, as a result, a relatively large popula-
tion of invading cells is left behind after
surgical resection (3). Therefore, target-
ing the motile properties of this tumor is

an attractive strategy for therapeutic in-
tervention. Although progress has been
made in elucidating the genetic alter-
ations and oncogenic signaling pathways
responsible for glioblastoma, the molecu-
lar mechanisms of glioblastoma cell inva-
sion are still largely undefined.

It is becoming increasingly clear in the
field of cancer biology that the tumor mi-
croenvironment, which includes stromal
cells such as fibroblasts and cells of the

immune system, plays a critical role in
disease progression (4). Tumor-associated
macrophages are an important class of
cells in the microenvironment that can
potentiate carcinoma cell invasion and
metastasis (5–8).

There is emerging evidence that the res-
ident macrophages of the central nervous
system, microglia, may play a similar role
in aiding glioblastoma progression.
Glioblastoma tumors contain substantial
numbers of microglia and/or
macrophages, especially at the invasive
border (9). Brain slices cultured ex vivo and
depleted of microglia using clodronate li-
posomes are refractory to glioblastoma cell
invasion (10,11). Micro glial-secreted trans-
forming growth factor (TGF)-β can act as a
chemoattractant for glioblastoma cells in
in vitro invasion assays (12). Importantly,
recent studies have reported that in vivo
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ablation of microglia results in a signifi-
cant reduction in glioblastoma tumor size
(13,14). Interestingly, there also is genetic
evidence that microglia promote the
growth of optic glioma in Nf1+/– mice (15).
However, the glioblastoma-produced fac-
tors that influence microglial behavior re-
main undefined. In this study, we demon-
strate a role for epidermal growth factor
receptor (EGFR) and colony stimulating
factor 1 receptor (CSF-1R) signaling dur-
ing  microglia-stimulated glioblastoma
 invasion.

MATERIALS AND METHODS

Cell Culture and Reagents
The cells used in this study were GL261

murine glioblastomas (obtained from the
National Cancer Institute, Frederick, MD,
USA), U251 human glioblastomas (Ameri-
can Tissue Culture Collection, Manassas,
VA, USA) and normal murine micro glia
originally isolated from C57Bl/6J mice, as
previously described by Dobrenis (16).
Primary microglia cultures were gener-
ated from high-density mixed cell-type
cultures of neonatal neocortex by differen-
tial adhesion methods producing highly
purified (>99%) microglial populations, as
assessed by cell-type specific markers in-
cluding F4/80 (13). To further maximize
and ensure purity for experiments, the
isolated cells were subcultured an addi-
tional three times with stringent selective
adhesion on nontissue culture-treated
“suspension cell” plates (Sarstedt) to fur-
ther limit nonmicroglial cells. All cultures
were maintained in Macrophage-SFM
(MSFM; Life Technologies Corporation,
Grand Island, NY, USA) with 10% fetal
calf serum. Microglia were supplemented
with 10 ng/mL recombinant mouse gran-
ulocyte macrophage– colony-stimulating
factor (GM-CSF) (R&D Systems, Minne-
apolis, MN, USA). All cells were cultured
in a humidified incubator containing 5%
CO2 at 37°C. Recombinant human colony
stimulating factor 1 (CSF-1) was a gift
from Chiron Corporation. Iressa was ob-
tained from AstraZeneca. A novel CSF-1R
receptor inhibitor, 4-cyano-1H-pyrrole-2-
carboxylic acid [4-(4-methyl-piperazin-1-

yl)-2-(4-methyl-piperidin-1-yl)-phenyl]-
 amide (hereafter referred to as “JnJ”), pro-
vided by Johnson & Johnson Pharmaceu-
tical Research & Development (Johnson &
Johnson, New Brunswick, NJ, USA), was
used at 10 nmol/L (17). Two additional
novel CSF-1R inhibitors, PLX3397 and
PLX5622, were provided by Plexxikon.
Small interfering RNA (siRNA) si-GE-
NOME duplexes targeting mouse CSF-1R
were acquired from Dharmacon, and 
microglia were transfected with 2 μL
Dharmafect Reagent #1 with 20 nmol/L
si-GENOME siRNA against murine 

CSF-1R (Dharmacon/Thermoscientific).
Microglia were seeded 24 h before trans-
fection in a six-well plate at 70% conflu-
ency. The siRNA and Dharmafect mixture
was added to 1.6 mL complete microglia
growth media (MSFM) with 10% fetal
bovine serum and 10 ng/mL GM-CSF)
and added to the cells. Cells were incu-
bated with transfection mix for 72 h be-
fore the  experiment.

Invasion Assays
GL261 and microglial (MG) cells 

were stained with cell tracker green 
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Figure 1. Microglia enhance GL261 glioblastoma cell invasion. (A) Schematic of glioblas-
toma-microglia coculture invasion assay. GL261 cells and microglia are stained, combined
and plated on Matrigel-coated chambers, followed by incubation for 48 h and then eval-
uation of the number of cells that have crossed the filter. (B) Representative images of in-
vading cells with 100,000 green-labeled GL261 cells cocultured with an additional unla-
beled 100,000 GL261 cells (left) or with 50,000 red-labeled microglia and 50,000 unlabeled
GL261 (right). Scale bar = 50 μm. (C) Quantitation of invasion by use of 100,000 green-
 labeled GL261 cells cocultured with an additional unlabeled 100,000 GL261 cells (open
bar) or with 50,000 red-labeled microglia and 50,000 unlabeled GL261 (closed bar). Means
± stand error of the mean (SEM) of data from six independent experiments. *P < 0.001. (D)
Invasion of labeled U251 (100,000 per chamber) cells plated with an equal number of ei-
ther additional unlabeled (open bar) or with red-labeled microglia (closed bar). Means ±
SEM of data from four independent experiments. **P < 0.05 control (+U251) versus +MG.



(5-chloromethylfluorescein diacetate
(green) [CMFDA]) and with cell tracker
red (CMTPX; Invitrogen), respectively,
and then cocultured on Matrigel-coated
invasion chambers (BD, Franklin Lakes,
NJ, USA). For most assays, to maintain
constant cell numbers, cells were plated
at a density per invasion chamber of
100,000 labeled GL261 cells with an ad-
ditional 100,000 unlabeled GL261 cells
or with 50,000 unlabeled GL261 and
50,000 MG cells in MSFM with 0.3%
bovine serum albumin (BSA) supple-
mented with 10 ng/mL GM-CSF. Inva-
sion chambers were incubated for 48 h,
after which they were fixed in 3.7%
paraformaldehyde in  phosphate-
buffered saline (PBS). Imaging of the
cells on the bottom of the filter was per-
formed with a Bio-Rad Radiance 2000
Confocal microscope. The extent of in-
vasion was quantified by counting the
number of glioblastoma cells (green)
that were on the underside of the filter
in at least seven 20× fields.

Chemotaxis Assays
GL261 cells were plated on 8-μm pore

transwells (Costar) that were lightly pre-
coated with approximately 100 ng/mL
Matrigel for 2 h at room temperature.
GL261 cells were plated at a density of
100,000 cells in a 100-μL volume of
MSFM with 0.3% BSA on the top of the
chamber, whereas the bottom contained
media alone, 10 nmol/L epidermal
growth factor (EGF) or 50 ng/mL CSF-1
and was incubated for 4 h. Transwells
were then fixed in 3.7% paraformalde-
hyde and stained with 0.2% crystal vio-
let. The extent of chemotaxis was quanti-
fied by counting the number of cells on
the underside of the filter.

Enzyme-Linked Immunosorbent
Assays

Conditioned media were collected
from GL261 cells alone, stimulated with
10 nmol/L EGF or cocultured with mi-
croglia overnight in MSFM + 0.3% BSA
and 10 ng/mL GM-CSF. Supernatants
were harvested, centrifuged at 144g to re-
move any cellular material and then sub-

jected to enzyme-linked immunosorbent
assay (ELISA) for mouse CSF-1 (MMC00)
performed according to the Quantikine
protocol (R&D Systems).

Western Blotting
Cell cultures of microglia starved

overnight in MSFM 0.3% BSA and mi-
croglia stimulated with CSF-1 in the
presence of various inhibitors were lysed
directly into 1× sample buffer (2%
sodium dodecyl sulfate [SDS], 10% glyc-
erol, 62.5 mmol/L Tris) containing 
β-mercaptoethanol and loaded onto 10%
SDS–polyacrylamide gel electrophoresis
(PAGE) gels. The proteins were resolved
and transferred to a polyvinylidene fluo-
ride (PVDF) membrane and blotted
using an anti-phospho CSF-1R Y723
(#3155; Cell Signaling Technology) or
anti-phospho ERK antibody (#9101; Cell
Signaling Technology), followed by sec-
ondary blot using goat anti-rabbit anti-
body conjugated to IR800 in Licor Block-
ing Buffer (Licor). For detecting EGF,
blotting was carried out using anti-EGF

(sc-1342; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) at a concentration of
1:100 followed by secondary donkey
anti-goat antibody conjugated to IR800
(Licor). For detecting CSF-1R, blotting
was carried out using a rabbit antibody
that recognizes the C-terminus of the
CSF-1R (C-15 [18]). Blots were scanned
on the Odyssey system. Blots were
stained with anti– total ERK (#137F5; Cell
Signaling Technology) and actin (A5441;
Sigma-Aldrich) for loading control.

Immunofluorescence
Microglia were plated on glass-

 bottomed MatTek dishes and cultured
in MSFM supplemented with GM-CSF
for 48 h. Cells were then fixed in 3.7%
paraformaldehyde in PBS for 15 min
and blocked with 5% fetal calf serum in
PBS for 1 h. Primary antibody staining
was carried out by using either control
goat IgG or anti-EGF (M-20) (Santa Cruz
Biotechnology; sc-1342) at a concentra-
tion of 4 μg/mL overnight at 4°C. After
washing with PBS, cells were stained
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Figure 2. Iressa blocks microglia-stimulated glioblastoma invasion but not growth. (A) Inva-
sion of GL261 cells plated with additional GL261 (open bar), microglia (closed bar; + MG)
or microglia in the presence of 5 μmol/L Iressa (closed bar; + MG, Iressa). Means ± SEM of
three independent experiments. *P < 0.05 + MG versus + MG Iressa. (B, C) SRB assay show-
ing growth of either GL261 (B) or microglia (C) cultured under invasion assay conditions in
DMSO (open bars) or 5 μmol/L Iressa (closed bars). Results are normalized to the day of
drug addition. Means ± SEM from three independent experiments. A.U., arbitrary units.



with secondary anti-goat antibody con-
jugated to Cy3. Images were acquired
by use of a Bio-Rad Radiance 2000 Con-
focal microscope.

Sulforhodamine B Proliferation Assays
The effect of the inhibitors on

 proliferation/survival was assessed by
use of sulforhodamine B (SRB) prolifera-

tion assays as described by Skehan et al.
(19). GL261 cells (20,000) and microglia
(10,000) were plated on 96-well plates
and fixed by using 10% trichloro acetic
acid (Sigma Aldrich) after incubation
with dimethyl sulfoxide (DMSO),
5 μmol/L Iressa or 10 nmol/L JnJ for 
48 h. After fixation, 0.2% SRB reagent in
1% acetic acid was used to stain the cells
and was solubilized with 10 mmol/L un-
buffered Tris base solution for 30 min.
The absorbance was measured at 490 nm.

Intracranial Injection of Glioma Cells
All procedures involving mice were

conducted in accordance with the Na-
tional Institutes of Health regulations
concerning the use and care of experi-
mental animals. The study of mice was
approved by the Albert Einstein College
of Medicine Animal Use Committee. For
intracranial injection, C57BL/6J mice
(10–12 wks old; Jackson) were anes-
thetized with isofluorane. A hole was
made 1 mm lateral and 2 mm anterior
from the intersection of the coronal and
sagittal sutures (bregma). The 2 × 104

GL261 cells were injected using a Hamil-
ton syringe series 7000 at a depth of ap-
proximately 1 mm in a volume of 0.2 μL
in the cortex. Mice were allowed to re-
cover 24 h after injection and then fed ei-
ther control chow or chow containing
PLX3397 (Research Diets). Two weeks
after injection, animals were killed and
their brains were fixed in formalin for
72 h, paraffin embedded and sectioned.
Microglia were visualized by immuno-
histochemistry with an Iba1 antibody
(Wako; #019-19741). Invasion was mea-
sured by counting the number of tumor
cells, visualized with anti-Ki67 antibody
(Vector; #VP-R451), that were found out-
side the tumor border. The total number
of cells found outside of the tumor bor-
der in each field was counted and nor-
malized to the total length of the border
(in mm) for that field.

Fluorescent In Situ Hybridization
Fluorescent probes directed against

murine CSF-1 were obtained from
 Stellaris (Novato, CA, USA), and the pro-
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Figure 3. Microglial stimulation of glioma invasion depends on CSF-1R signaling. (A) West-
ern blot showing the effect of the indicated concentrations of CSF-1R inhibitor on CSF-
1–stimulated CSF-1R (Y723) and ERK phosphorylation levels. Result is representative of
three independent experiments. (B) Invasion of GL261 cells alone (open bar) or with mi-
croglia (closed bars) in the presence of DMSO, 10 nmol/L JnJ, 1 μmol/L PLX3397 or
1 μmol/L PLX5622. Means ± SEM of data from six independent experiments. *P < 0.01 com-
pared with +MG control. (C, D) Growth of either GL261 (C) or microglia (D) cultured under
invasion assay conditions in DMSO, 10 nmol/L JnJ, 1 μmol/L PLX3397 or 1 μmol/L PLX5622.
Results are normalized to the SRB measurement of cells on the day of drug addition.
Means ± SEM of data from three independent experiments. (E) Western blot showing the
extent of CSF-1R knockdown by siRNA. Blot shown is representative of three experiments.
(F) Invasion of GL261 cells alone (open bar) or with microglia (closed bars) transfected
with control siRNA or siRNA targeting CSF-1R. Means ± SEM of data from four experiments.
*P < 0.05 compared with +MG control siRNA.



cedure was carried out according to the
manufacturer’s protocol. Briefly, paraffin-
 embedded sections containing GL261
tumor were deparaffinized, rehydrated in
PBS and incubated overnight in for-
mamide, 2× sodium chloride–sodium cit-
rate and 2.5 μmol/L CSF-1 probe at 37°C.
Samples were then washed, stained with
DAPI for 10 min, sealed with a cover slip
in mounting medium (1% n-propyl gal-
late, 100 mmol/L Tris, pH 8.0, and 50%
glycerol) and visualized by use of a con-
focal fluorescence microscope.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Microglia Are Able to Stimulate
Glioblastoma Cell Invasion

We first established a microglia–
glioblastoma coculture assay that allows
quantification of microglia-stimulated cell
invasion. As described in Materials and

Methods, GL261 glioblastoma cells and
microglia were stained with fluorescent
green (CMFDA) and fluorescent red
(CMTPX) dyes, respectively. Cells were
plated on Matrigel-coated invasion cham-
bers at a ratio of 3:1 glioblastoma to mi-
croglia cells (similar proportions to what is
often observed in glioblastoma tumors)
and incubated for 48 h. The extent of
glioblastoma cell invasion was determined
by confocal imaging and counting the
glioblastoma cells (stained green), which
had migrated to the bottom surface of the
filter (Figures 1A, B). Coculture with mi-
croglia enhanced the invasion of GL261
cells on average by eightfold (Figures 1B,
C). Coculture of microglia with the human
GBM cell line U251 also resulted in an en-
hancement of invasion (Figure 1D).

Microglia-Stimulated Glioblastoma
Invasion Depends on EGFR Signaling

Work from our laboratory and collabo-
rators has shown that a paracrine loop
exists between breast carcinoma cells and

tumor-associated macrophages that in-
volves EGF and CSF-1 (or M-CSF) (7).
Blockade of either EGF/EGF receptor
(EGFR) or CSF-1/CSF-1 receptor (CSF-
1R) signaling was sufficient to block
macrophage-mediated breast carcinoma
cell invasion both in vitro and in vivo
(7,8). We therefore investigated the role
of EGFR and CSF-1R in mediating the
stimulatory effect of microglia-
 stimulated glioblastoma invasion.

To examine the role of EGFR in
 microglia-stimulated glioblastoma
 invasion, we used the EGFR-specific
 tyrosine kinase inhibitor Iressa. Addition
of Iressa (5 μmol/L) significantly reduced
 microglia-stimulated glioblastoma inva-
sion (Figure 2A). There was no inhibitory
effect of Iressa on basal GL261 invasion
(not shown), which indicates that the
EGFR pathway is involved in mediating
microglial stimulation of glioblastoma in-
vasion and not autocrine signaling. Im-
portantly, as shown by SRB staining, this
concentration of Iressa did not have any
effect on the proliferation of either cell
type cultured in the same conditions
used in the invasion assay (Figures 2B,
C). This demonstrates that the effect of
Iressa seen on glioblastoma invasion was
specific to invasion pathways and not a
result of a decrease in cell proliferation or
an increase in  apoptosis.

Microglia Stimulation of Glioblastoma
Invasion Depends on CSF-1R Signaling

To test the involvement of the CSF-1R,
we used CSF-1R kinase domain ATP bind-
ing site inhibitors provided by Johnson &
Johnson (17) and Plexxikon (PLX3397 and
PLX5562). We first determined the concen-
tration of these inhibitors needed to
achieve complete inhibition of CSF-1R sig-
naling by measuring their ability to block
CSF-1 induction of CSF-1R phosphoryla-
tion and activation of the mitogen-
 activated protein kinase/ extracellular
 signal–related kinase pathway. Microglia
were treated with JnJ, PLX3397 or PLX5622
for 1 h before a 5-min stimulation with re-
combinant human CSF-1 (100 ng/mL).
Western blotting of extracts harvested
from these cells showed that there was
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Figure 4. Glioblastoma and microglia cells express CSF-1R and EGFR ligands. (A) Relative
CSF-1 concentrations in supernatants from GL261 cells cultured in serum-free media with
0.3% BSA alone (open bar) or with microglia (closed bar; MG), 10 nmol/L EGF (closed bar;
EGF), DMSO or 1 μmol/L Iressa overnight were determined by ELISA. Results are normalized
to GL261 alone and are the means ± SEM of three independent experiments. (B) Western
blot of microglia extracts using an anti-EGF antibody. Blot is representative of four experi-
ments. (C) Immunofluorescence of paraformaldehyde-fixed microglia using an anti-EGF
antibody. Image is representative of four independent experiments. Scale bar = 50 μm.
A.U., arbitrary units.



minimal CSF-1R-Y723 or ERK phosphory-
lation in starved cells, whereas there was
an appreciable signal after 5 min of CSF-1
treatment (Figure 3A). The JnJ CSF-1R in-
hibitor at 10 nmol/L was sufficient to
nearly completely inhibit CSF-1–stimulated
CSF-1R and ERK phosphorylation (see
Figure 3A). The Plexxikon inhibitors were
each effective at 1 μmol/L, but not when
used at eightfold lower concentrations (see
Figure 3A).

Using the concentrations of CSF-1R in-
hibitors that were effective at inhibiting
CSF-1–induced CSF-1R and ERK phos-
phorylation, we next tested their effects
on microglia-stimulated glioma invasion.
A total of 10 nmol/L JnJ or 1 μmol/L of
either PLX compound completely blocked
microglia-stimulated glioma invasion
(Figure 3B). Basal GL261 invasion was un-
affected by any of the inhibitors (data not
shown). None of these inhibitors at the
concentrations used in the invasion assay
had any influence on proliferation rate or

survival of either cell type under the 
duration time of these experiments (Fig-
ures 3C, D). As a complementary ap-
proach to pharmacological inhibition, we
examined the role of CSF-1R by RNA in-
terference. We delivered siRNA duplexes
that target CSF-1R by transient transfec-
tion into microglia. We achieved at least
50% knockdown of CSF-1R at the protein
level (Figure 3E). When cocultured with
GL261 cells, CSF-1R–depleted microglia
were unable to stimulate glioblastoma in-
vasion (Figure 3F). These data demon-
strate that the activity of the CSF-1R re-
ceptor in micro glia is necessary for
microglial stimulation of glioma invasion.

Glioblastoma Cells and Microglia
Generate Ligands for CSF-1R and
EGFR, Respectively

Given the importance of CSF-1R signal-
ing in microglial enhancement of inva-
sion, we evaluated the expression of CSF-1
by ELISA. GL261 cells produced signifi-

cant amounts of CSF-1 (>5,000 pg/ mL
CSF-1 in the conditioned media from a
confluent monolayer of GL261 cells; Fig-
ure 4A), whereas microglia did not pro-
duce any detectable CSF-1 (data not
shown). This result is consistent with an
interaction in which the glioblastoma
cells can stimulate microglia through
CSF-1 activation of the CSF-1R on mi-
croglia. It was previously observed that
stimulation of MTLn3 rat breast carci-
noma cells by EGF results in an increase
in CSF-1 mRNA (7). However, neither
overnight stimulation of GL261 cells
using 10 nmol/L EGF nor coculture with
microglia produced an increase in CSF-1
production by GL261 cells (see
Figure 4A). Furthermore, addition of
Iressa to GL261 cells also had no effect on
CSF-1 production, indicating that basal
EGFR signaling in GL261 cells is not re-
sponsible for this high constitutive CSF-1
secretion (see Figure 4A). These results
demonstrate that in GL261 glioblastoma
cells, CSF-1 levels are not influenced by
the EGFR pathway. We next determined
if microglia express ligands for EGFR.
Using an ELISA specific for murine EGF,
we were unable to detect EGF in the su-
pernatants harvested from either mi-
croglia or microglia cocultured with
GL261 cells (data not shown). However,
immunoblotting of microglial cell lysates
with an anti-EGF antibody showed that
they express the 180-kDa precursor for
EGF (Figure 4B). Furthermore, we de-
tected the expression of EGF in immuno-
fluorescence assays by staining unperme-
abilized microglia, suggesting that EGF is
primarily associated with the plasma
membrane in these cells (Figure 4C).

Glioblastoma and Microglia Respond
to EGF and CSF-1, Respectively

We confirmed that GL261 glioblastoma
cells and microglia were responding to
EGF and CSF-1, respectively. In the ab-
sence of microglia, GL261 cell migration
was increased by a gradient of EGF but
not CSF-1 (Figure 5A). Consistent with
this result, a Western blot of lysates from
GL261 and microglia showed that only
microglia express CSF-1R (Figure 5B).
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Figure 5. Glioblastoma and microglia respond to EGF and CSF-1, respectively. (A) Glio blas -
toma cells respond to EGF but not CSF-1R. GL261 cells (100,000) were plated on transwell
chambers lightly coated with Matrigel, and migration in response to buffer (open bar), 
50 ng/mL CSF-1 (closed bar; +CSF1), or 10 nmol/L EGF (closed bar; +EGF) in the bottom well
was measured. Transwells were fixed and stained with crystal violet, and the extent of mi-
gration relative to buffer was determined by counting the cells on the underside of the fil-
ter. Means ± SEM of data from three experiments. *P < 0.01 compared with buffer control.
(B) Western blot of GL261 and microglia extracts using an anti–CSF-1R antibody. Blot is rep-
resentative of three experiments. (C) Microglia are induced to invade by CSF-1 but not EGF.
Microglia (100,000) were cultured on Matrigel-coated transwells, and invasion in response to
buffer (open bar), 50 ng/mL CSF-1 (closed bar; +CSF1) or 10 nmol/L EGF (closed bar; +EGF)
in the bottom well was measured. Transwells were fixed and stained with crystal violet, and
the extent of migration was determined by counting the cells on the underside of the filter.
Means ± SEM of data from three experiments. *P < 0.01 compared with buffer control.



Conversely, in the absence of GL261
cells, microglia invaded Matrigel-coated
chambers in response to a gradient of
CSF-1 but not EGF (Figure 5C). The se-
lective and complementary response of
microglia and GL261 cells to CSF-1 and
EGF, respectively, supports an interaction
between the cells mediated by EGFR sig-
naling in tumor cells and CSF-1R signal-
ing in microglia as being important for
microglial enhancement of glioblastoma
invasion.

Blockade of CSF-1R Inhibits
Glioblastoma Invasion In Vivo

Next, we wanted to see if CSF-1R was
playing a role in glioblastoma invasion
in an animal model. Wild-type C57
mice were orthotopically injected with
GL261 cells and fed with control chow
or chow containing the PLX3397 com-
pound. We confirmed by fluorescent in
situ histochemistry on paraffin sections

that CSF-1 was expressed in the tumor
cells in vivo (Supplementary Figure 1).
After 2 wks, tumors in the control
group showed extensive microglia infil-
tration revealed by Iba1 staining (Fig-
ure 6). In animals fed PLX3397, how-
ever, there was a substantial reduction
in the number of Iba1- positive cells at
the tumor (see Figure 6). We next inves-
tigated the degree of GL261 invasion by
staining with Ki67, a marker that was
used to more clearly differentiate tumor
cells from the paren chyma. As shown in
Figure 7, GL261 tumors in control ani-
mals are highly invasive, displaying a
diffuse infiltration into the parenchyma
reminiscent of human glioblastoma
(Figure 7A). Tumors in animals fed
PLX3397, however, were significantly
less invasive (Figures 7A, B). We ob-
served many regions at the tumor–brain
interface in the PLX3397-fed animals
where the tumor border was clearly de-

lineated, illustrating that the invasive-
ness of these tumors is strongly inhib-
ited. These in vivo observations provide
a compelling rationale for using
anti–CSF-1R therapy in the treatment of
high-grade gliomas.

DISCUSSION
The results from this study provide

new insight into the mechanisms of
glioblastoma invasion. Coculturing of
glioblastoma cells with proportions of
microglia similar to what has been ob-
served in human patients results in a dra-
matic increase in glioblastoma invasion.
Microglia-stimulated glioblastoma inva-
sion was strongly inhibited by blockade
of either EGFR or CSF-1R, implicating
these receptors in mediating communica-
tion between these two cell types during
invasion. We propose that the constitu-
tive production of CSF-1 by glioblastoma
cells can attract and stimulate microglia
from the surrounding parenchyma. As
microglia approach the glioblastoma cells
in response to the CSF-1, microglia in
turn stimulate glioblastoma cell invasion
via, at least in part, EGFR activation.

In some breast cancer models, EGFR
and CSF-1R stimulate production of the
other receptor’s ligands (7). In our stud-
ies, we find no evidence of stimulated
secretion of the ligands by coculture or
by stimulation with EGF or CSF-1. We
conclude that production of CSF-1 by
glio blastoma is necessary for the gener-
ation of interactions between microglia
and glioblastoma cells that stimulate
glioblastoma cell invasion. We observe
that EGFR is necessary for microglia
stimulation of glioblastoma invasion
and that microglia express EGF. The
most straightforward interpretation for
these data is that microglia activate
EGFR on glioblastoma. The EGF precur-
sor is a membrane-spanning protein of a 
150– 180 kDa that is expressed on the
plasma membrane in an orientation that
allows cleavage and release of EGF (20).
Because the precursor itself has EGF ac-
tivity (21), the surface expression of EGF
raises the possibility that microglia can
activate EGFR signaling on glioblastoma

R E S E A R C H  A R T I C L E

M O L  M E D  1 8 : 5 1 9 - 5 2 7 ,  2 0 1 2  |  C O N I G L I O  E T  A L .  |  5 2 5

Figure 6. Blockade of CSF-1R in vivo inhibits microglia/macrophage recruitment to GL261 tu-
mors. (A) GL261 cells (2 × 104) were intracranially injected into 8- to 12-wk-old C57BL/6 mice
and allowed to recover for 24 h. Animals were then split into two groups: one fed control
chow (CTL) and one fed with chow containing PLX3397. After 2 wks, animals were sacrificed
and brains were fixed in formalin solution and paraffin embedded followed by immunohis-
tochemistry staining using Iba1. Representative images were taken with a 10× objective.
Scale bar = 100 μm. (B) The degree of microglia/ macrophage infiltration in tumors isolated
from animals fed with control chow (open bar) or PLX3397 chow (closed bar) was quanti-
fied by counting the number of Iba1+ cells per mm2 of tumor. Results shown are means ±
SEM of data of at least eight tumors. *P < 0.001 compared with control.



cells in a juxtacrine fashion. Alterna-
tively, it is possible that proteases re-
quired for EGF processing are present
on glioblastoma cells and EGFR activa-
tion is triggered by EGF release only
when glioblastoma and microglia cells
are in close proximity. Any EGF released
in this fashion might be rapidly taken
up by EGFR on the glioblastoma surface
and endocytosed. This result perhaps
explains our inability to detect EGF in
the supernatant of cocultures using
ELISA (data not shown). Alternatively,
other ligands for EGFR, such as he-
parin-binding (HB)-EGF or TGF-α,
might be expressed by microglia and re-
quired for the stimulation of glioblas-
toma invasion through activation of
EGFR. The expression of these addi-
tional EGFR ligands by microglia is cur-
rently being investigated. Finally, it is
possible that microglia induce glioblas-
toma cells to activate EGFR by an auto -
crine mechanism. For example, pro-
teases expressed on the surface of
microglia may process EGFR ligand pre-

cursors on glioblastoma cells once the
two cell types are in  proximity.

Several studies have observed an ef-
fect on GL261 tumor growth in vivo
when macrophages/microglia were ab-
lated using the CD11b-TK system (13,14).
Although treatment with PLX3397 sub-
stantially reduces the number of
 microglia/ macrophages associated with
the tumor to a level that is similar to 
that of gancyclovir-treated tumors in
CD11-TK mice (Figure 6), we did not ob-
serve any obvious difference in tumor
size between control and PLX3397-
treated animals. Thus, it is possible the
microglia/ macrophages that remain in
the CD11-TK mice are also affected by
the gancyclovir treatment and are unable
to promote tumor growth. We also note
that our investigation examines the effect
of blocking CSF-1R signaling, which rep-
resents a more subtle treatment than
eliminating these cells. Indeed, it is pos-
sible that blockade of CSF-1R signaling,
while interfering with the ability of mi-
croglia to promote cell invasion into nor-

mal brain, has little or no effect on their
 support of tumor proliferation. Further
studies will need to be carried out to elu-
cidate the mechanisms of microglia-
 dependent invasion versus growth.

CONCLUSION
Consistent with our observations, it

has been reported that glioblastoma
specimens from human patients express
CSF-1 and that expression of CSF-1 cor-
relates with the degree of glioblastoma
progression (22). This study also
demonstrated that CSF-1 expression cor-
related with the increased presence of
macro phages bearing markers that are
associated with the so-called “M2 phe-
notype,” which are believed to be one 
of the critical subpopulations of macro -
phages involved in tumor progression
(6). In addition, a recent study used the
Sleeping Beauty transposon mutagene-
sis technique in the brains of whole ani-
mals to screen for novel genes associ-
ated with glioma oncogenesis (23). It
was discovered that >60% of the high-
grade astro cytoma occurrence was a re-
sult of  transposon- mediated enhanced
expression of the Csf-1 gene. Using
PLX3397, a small molecule inhibitor of
CSF-1R that crosses the blood–brain bar-
rier, we show that interfering with 
CSF-1R signaling in vivo prevents
glioblastoma cells from invading into
the parenchyma. Recent results from the
Coussens laboratory show that inhibi-
tion of CSF-1R in a breast carcinoma an-
imal model synergizes with paclitaxel in
preventing metastasis and improving
animal survival (22). It will be interest-
ing to determine whether PLX3397
alone, or in combination with standard
regimens currently used for treating
glioblastoma, is able to extend survival
of tumor-bearing animals. Clinical trials
involving PLX3397 in treating glioblas-
toma, lymphoma, leukemia and breast
carcinoma are currently underway or
are in planning. Our results provide a
mechanistic explanation for the involve-
ment of CSF-1 in glioblastoma progres-
sion and indicate that inhibition of CSF-
1R signaling could provide a novel
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Figure 7. Blockade of CSF-1R inhibits glioblastoma invasion in vivo. (A) C57Bl/6 mice were
intracranially injected with GL261 cells and fed control (CTL) or PLX3397 chow as de-
scribed in Figure 6. After paraffin embedding, sections were made and stained with Ki67,
which was used to identify tumor cells. Representative images were taken with a 10× ob-
jective. Scale bar = 100 μm. (B) Invasion in tumors isolated from animals fed with control
chow (open bar) or PLX3397 chow (closed bar) was quantified by counting the number
of tumor cells that were beyond the border and normalized to the length of the border
(in μm). Results shown are means ± SEM of data of six tumors. *P < 0.05 compared with
control.



approach to limiting glioblastoma
 invasion.
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