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Background. Glioblastomas are the most aggressive
primary brain tumors in humans. Microglia/brain
macrophage accumulation in and around the tumor cor-
relates with malignancy and poor clinical prognosis of
these tumors. We have previously shown that microglia
promotegliomaexpansion throughupregulationofmem-
brane type 1 matrix metalloprotease (MT1-MMP). This
upregulation depends on signaling via the Toll-like recep-
tor (TLR) adaptor molecule myeloid differentiation
primary response gene 88 (MyD88).
Methods. Using in vitro, ex vivo, and in vivo techniques,
we identified TLR2 as the main TLR controlling micro-
glial MT1-MMP expression and promoting microglia-
assisted glioma expansion.
Results. The implantation of mouse GL261 glioma cells
into TLR2 knockout mice resulted in significantly
smaller tumors, reduced MT1-MMP expression, and en-
hanced survival rates compared with wild-type control
mice. Tumor expansion studied in organotypic brain
slices depended on both parenchymal TLR2 expression
and the presence of microglia. Glioma-derived soluble

factors and synthetic TLR2 specific ligands induced
MT1-MMP expression in microglia from wild-type
mice, but no such change in MT1-MMP gene expression
wasobserved in microglia from TLR2 knockout mice. We
also foundevidence thatTLR1 andTLR6cofunctionwith
TLR2 as heterodimers in regulating MT1-MMP expres-
sion in vitro.
Conclusions. Our results thus show that activation of
TLR2 along with TLRs 1 and/or 6 converts microglia
into a glioma supportive phenotype.

Keywords: glioma, glioma-associated microglia/brain
macrophages, MT1-MMP, TLR.

G
liomas are tumors of the CNS accounting for
nearly 50% of all brain neoplasms, with an inci-
dence of 7.3 per 100 000 persons per year.1

Gliomas are caused by somatic mutations in neural stem
and precursor cells, and glioma expansion can be promot-
ed by the brain microenvironment, which supports path-
ological properties like angiogenesis, proliferation,
migration, invasion, and survival.2–4

Microglia, the brain-resident macrophages, generally
exhibit a ramified morphology in the healthy brain.
Pathological insult leads to their activation and acquisi-
tion of ameboid morphology.5 Despite similarity in mor-
phology of activated microglial cells, their individual
functions can be quite distinct.6 Along with blood-borne
macrophages,microglia contribute asmuch as30%to the
total tumor mass and are positively associated with
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histopathological grade, malignancy, and invasiveness of
gliomas.7,8 Despite their cytotoxic and phagocytic func-
tion,6,9 the immune function of glioma-associated micro-
glia/brain macrophages (GAMs) is suppressed, thereby
reflecting an M2-macrophage phenotype.3,10 GAMs
promote rather than suppress glioma expansion.
Depletion of microglia reduced glioma invasion in orga-
notypic brain slices11 and decreased glioma expansion
in vivo.12 One important tumor-supportive mechanism
is the upregulation of membrane type 1 matrix metallo-
protease (MT1-MMP) in GAMs by glioma-derived
soluble factor(s) that activate the Toll-like receptor
(TLR) adaptor molecule myeloid differentiation
primary response gene 88 (MyD88) and p38 mitogen-
activated protein kinase (MAPK) in microglia.12

Blocking this pathway has potential therapeutic benefits
in glioma patients.12,13

TLRs belong to the superfamily of pattern recogni-
tion receptors that classically activate and mediate
pro-inflammatory responses in innate immune cells by
recognizing invading pathogens. They are type I trans-
membrane proteins, characterized by an extracellular
domain of leucine-rich repeats and an intracellular Toll/
interleukin (IL)-1 receptor domain. A total of 13 mamma-
lian TLR orthologs (10 in humans and 12 in mice) have
been described so far.14,15 TLRs 1, 2, 4, 5, and 6 localize
to the plasma membrane, while TLRs 3, 7, 8, and 9
are found in intracellular compartments of endosomes
and lysosomes.16 The expression and function of these re-
ceptors is also found not just in immune cells but also in
nonimmune cells.17 TLRs recognize conserved molecular
signatures on microorganisms called pathogen-associated
molecular patterns and rapidly alert the host to potential
dangers.15 Apart from their role in host defense mecha-
nisms, TLRs 1, 2, 3, 4, 6, 7, and 9 have critical functions
in pathologies like diabetes,18,19 cancer,20,21 cardiovas-
cular diseases,22,23 kidney diseases,24,25 gastrointestinal
diseases,26,27 endocrine dysfuntionalities,28 and CNS dis-
eases.29,30 In the present study, we identified TLR2 as
one of the crucial TLRs that mediates the protumorigenic
effect of microglia on glioma growth and expansion.

Materials and Methods

Animals

All in vitro, ex vivo, and in vivo experiments were done
using C57Bl/6 wild-type (WT) mice (Charles River
Laboratories) and TLR1, 2, 6, 7, and 9 knockout (KO)
mice on a C57Bl/6 background. The TLR KO mice
were generated by Dr Shizuo Akira and colleagues from
Osaka University, Japan, and obtained from Oriental
BioServices.31–35 The mice were bred and maintained in
the animal house facilities of the Max Delbrück Center
and Charité University Hospital (Berlin, Germany) as
per rules of the local governmental institutions. The
mice were housed with a 12-h/12-h light/dark cycle
and received food and water ad libitum. For all in vivo
tumor inoculations, mice were anesthetized by i.p. injec-
tions of a 1.5% ketamine hydrochloride (Ketanest) and

0.1% xylazyne (Rompun) mixture in 0.9% NaCl. For
perfusions followed by immunohistochemistry, tumor-
bearing mice were anesthetized by i.p. injections of
Narcoren. For estimation of tumor volume in vivo by
MRI, mice were anesthetized with 2.8% isoflurane in an
oxygen/air mixture (2:1) with a flow rate of 750 mL/min
and maintained at 1.5%–2% for the entire experiment.

Cell Culture

Murine GL261 glioma cells (National Cancer Institute)
were grown in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal calf serum (FCS), 200 mM glu-
tamine,100 U/mLpenicillin, and100 mg/mLstreptomy-
cin (Invitrogen). Microglial cells were prepared from
neonatal WT and TLR1, 2, 6, 7, and 9 KO mice according
to previously established protocols.11,36 Microglial cell
cultures were used for experiments 1–2 days after
plating. All cells were maintained in a 378C incubator
with a 5% CO2 humidified atmosphere.

Microglia/Macrophage Isolation From Naı̈ve
and Tumor-bearing Mice

GAMs were acutely isolated from naı̈ve and tumor-
bearing WTand TLR2 KOmice 2weeksafter tumor inoc-
ulation for RNA isolation using magnetic beads as per the
manufacturer’s instructions (Miltenyi Biotec). Briefly,
after anesthetization and decapitation of the mice,
brains were removed, weighed, and enzymatically digest-
ed into single-cell suspension using the Neural Tissue
Dissociation Kit (Miltenyi Biotec). The tissue was
further dissociated, and debris was removed by applying
a 40-mm cell strainer (Miltenyi Biotec). After removal of
myelin with antimyelin beads, cell suspensions were incu-
bated with CD11b microbeads in magnetic affinity cell
sorting (MACS) buffer (PBS supplemented with 0.5%
bovine serum albumin and 2 mM EDTA) for 10 min.
The cells were then loaded onto a MACS column
(Miltenyi Biotec), after washing of the column with
MACS buffer. The CD11b-positive cells were eluted
from the column. Then a fraction of the isolated cells
were stained with CD11b antibody for fluorescence acti-
vated cell sorting analysis to verify cell purity. The pure
populations of CD11b-positive cells from naı̈ve and
tumor-bearing WT and TLR2 mice were then used for in-
vestigating gene expression changes in MT1-MMP by
real-time quantitative (q)PCR.

Generation of EGFP-GL261 and mCherry-GL261 Cells

GL261 glioma cells were transfected with the pEGFP-N1
vector for stable expression of enhanced green fluorescent
protein (EGFP; Clonetech) using Lipofectamine 2000
transfection reagent (Invitrogen) according to the manu-
facturer’s instructions. The pEGFP-N1 vector contains
the human cytomegalovirus promoter, which drives high-
level expression of the EGFP in transfected cells. Using the
Genetecin-G418 selection method (600 mg/mL; Gibco),
stably transfected clones of GL261 cells were established.

Vinnakota et al.: The role of TLR2 in glioma progression

1458 NEURO-ONCOLOGY † N O V E M B E R 2 0 1 3

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article/15/11/1457/1052138 by guest on 21 August 2022



Viable cells with bright fluorescence were selected by
fluorescence activated cell sorting analysis. These cells
were used for glioma inoculation in organotypic brain
slices. On the day of injection, 90%–95% of cells were
fluorescent.

The mCherry-GL261 cell line was generated by trans-
fecting OmicsLink nontargeted short hairpin RNA
tagged with mCherry (GeneCopoeia) according to the
manufacturer’s instructions. Transfected GL261 cells
were then selected by treating with 5 mg/mL puromycin
and used further for in vivo tumor implantation experi-
ments. The mCherry-GL261 cell line was chosen over
EGFP-GL261 cells for in vivo studies due to higher stabil-
ity of its fluorescence signal.

Preparation of Glioma-conditioned Medium

GL261 cells were seeded at a density of 1 × 106 cells in
75 cm2 tissue culture flasks and grown to 80% conflu-
ence. Cells were then replenished with fresh complete
growth medium, which was left on the cells for 16–18 h
beforebeing harvested. The conditioned medium wascol-
lected, briefly centrifuged to remove cell debris, filtered
using a 0.2-mm filter (Sartorius Stedim Biotech), and
used for all further experiments.

TLR Subtype-specific Ligands

Different TLR subtype-specific agonists and TLR2-
specific agonists (Cayla-Invivogen) were used to investi-
gate MT1-MMP gene expression in microglial cells
from WT mice. The following concentrations of agonists
were used based on the maximal effects observed in cyto-
kine/chemokine induction assays: TLR1/2 agonist,
palmitoyl-3-cysteine-serine-lysine-4 (Pam3CSK4; 10 ng/
mL); TLR3 agonist, polyinosinic:polycytidylic acid
(poly(I:C)) (10 mg/mL); TLR4 agonist, lipopolysaccha-
ride (LPS; 100 ng/mL); TLR5 agonist, flagellin (500 ng/
mL); TLR2/6 agonist, macrophage-activating lipopep-
tide (MALP)2 (500 ng/mL); TLR7/8 agonist, polyuri-
dine (polyU; 5 mg/mL); and TLR2 agonists, heat-killed
Listeria monocytogene (HKLM; 1 × 105 cells/mL) and
Porphyromonas gingivalis (PG)–LPS (1 mg/mL).
Microglial cells were stimulated with these ligands for
6 h to analyze changes in MT1-MMP gene expression
by real-time qPCR.

Real-time qPCR and Western Blot

Total RNA was isolated from microglia obtained from
WT and TLR1, 2, 6, 7, and 9 KO mice using the
Invitrap Spin Universal RNA mini kit (Invitek); quality
and yield were determined by NanoDrop 1000 (PeqLab
Biotechnologie). Complementary DNA was synthesized
using 100–250 ng total RNA by the extension of oligo-
deoxythymidine12–18 primers (0.5 mg/mL) with 200 U/
mL SuperScript II reverse transcriptase (Invitrogen).
Gene amplification was done in triplicate using SYBR
Green PCR mix (Roche Diagnostics) with the following
PCR conditions for MT1-MMP: 958C for 2 min, 958C
for 15 s, 558C for 15 s, and 688C for 20 s for 35 cycles

using the Realplex Mastercycler (Eppendorf); for TLR2
and IL-10: 958C for 10 min, 958C for 15 s, and 608C
for 60 s for 40 cycles using the 7500 Fast real-time
qPCR System (Applied Biosystems). Sequences of primers
used were: sense 5′-GTGCCCTATGCCTACATCCG-3′,
anti-sense 5′-CAGCCACCAAGAAGATGTCA-3′ (MT1-
MMP); sense 5′- CCCTGTGCCACCATTTCC-3′, anti-
sense 5′- CCACGCCCACATCATTCTC-3′ (TLR2); sense
5′-GCTCTTACTGACTGGCATGAG-3′,anti-sense5′-CG
CAGCTCTAGGAGCATGTG-3′ (IL-10), sense 5′-CCCT
GAAGTACCCCATTGAA-3′, anti-sense 5′-GTGGACAG
TGAGGCCAAGAT’-3′ (b-actin). Changes in MT1-MMP
or TLR2 gene expressions were analyzed by the compara-
tive 2(2DDCt) method relative to b-actin gene expression
levels. The same PCRconditions were used for investigating
MT1-MMP IL-10 gene expression changes in
CD11b-positivecells isolatedfromnaı̈veandtumor-bearing
WTandTLR2KOmice.TotalRNAfrom4independentbi-
ological experiments were used for determining mean fold
change differences+SEM in MT1-MMP gene expression.

Whole-cell protein extracts were prepared from
glioma conditioned medium (GCM)–treated microglia
of WT and TLR2 KO mice using radioimmunoprecipita-
tion assay lysis buffer (Sigma-Aldrich) containing
EDTA-free protease inhibitor cocktail tablets (Roche
Diagnostics). Protein concentration was determined by
a bicinchoninic acid protein assay kit (Thermo Fisher
Scientific), and 20 mg of total protein of each sample
was resolved on a 10% sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis gel, followed by wet trans-
fer of resolved proteins onto a polyvinylidene difluoride
membrane (Amersham GE). The membranes were
blocked in 5% bovine serum albumin (Carl-Roth) in
phosphate buffered saline (PBS)–Tween 20, pH 7.4,
followed by overnight incubation at 48C with rabbit
anti–MT1-MMP antibody (1:1000; Epitomics). The
membranes were incubated with a secondary anti-rabbit
horseradish peroxidase antibody (1:2000; Cell Signaling
Technology), developed with the SuperSignal West
Pico Chemiluminescence substrate kit (Thermo Fisher
Scientific) and the signal detected by a Molecular
Imager Gel Doc XR system (Bio-Rad Laboratories).
Differences in MT1-MMP protein expression between
WT and TLR2 KO microglia were densitometrically
analyzed using ImageJ software (National Institutes of
Health).

Flow Cytometry

Primary neonatal microglial cells from WT or TLR2 KO
mice were incubated with isotype control (immunoglobu-
lin G2a) or anti-mouse CD282/TLR2-phycoerythrin an-
tibody (clone mT2.7, eBioscience), and the expression of
TLR2 was determined by an LSR II flow cytometer (BD
Biosciences). Data analysis was done using FlowJo soft-
ware (Treestar).

Chemotaxis Boyden Chamber Assay

To determine whether TLR2 agonists induced migration
in microglia, chemotaxis experiments were performed as
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described previously.37 The TLR2 agonists Pam3CSK4

(10 ng/mL), HKLM (1 × 105 cells/mL), and PG-LPS
(1 mg/mL) in serum-free DMEM were pipetted into the
lower compartments of a 48-well microchemotaxis
chamber (Neuroprobe), which was then assembled with
an 8-mm pore polycarbonate membrane (Neuroprobe).
As a positive control, we used 100 mM adenosine-5′-
triphosphate (ATP; Sigma Aldrich). Primary microglial
cells from WT mice in suspension (1000 cells/mL) were
added to the upper compartment of the chamber. After
6 h incubation at 378C/5% CO2, the membrane was
fixed and stained with the Diff Quik staining kit
(Medion Diagnostics), dried, and mounted on a glass
slide. Nonmigrated cells on the upper side of the mem-
brane were wiped off with a cotton swab. Microglial
cell migration was determined by counting 4 represen-
tative fields per well from 3 wells per experiment.
The data represent mean+ SEM from 3 independent
experiments.

Organotypic Brain Slice Model and Tumor Inoculation

Brain slices were derived from 16-day-old WT and TLR2
KO mice. Mice were decapitated and brains were
removed within 2–3 min and placed in ice-cold PBS
under sterile conditions. The forebrain was dissected
from the brainstem, glued with cyanoacrylate glue
(Uhu) onto a magnetic block, and cut in the coronal
plane into 250-mm sections with a vibratome (Leica
VT1000S). Brain slices were transferred into cell culture
inserts of 0.4-mm pore size (Becton Dickinson) that were
fitted into wells of a 6-well plate. Thereafter, 1 mL of
culture medium containing DMEM (Gibco) supplement-
ed with 10% heat inactivated fetal calf serum (FCS;
Invitrogen), 0.2 mM glutamine, 100 U/mL penicillin,
and 100 mg/mL streptomycin (all from Gibco) was
added into each well and the brain slices were incubated
in the inserts at an air/medium interface. After overnight
equilibration, the culture medium was exchanged for cul-
tivation medium that contained 25% heat-inactivated
FCS, 50 mM sodium bicarbonate, 2% glutamine, 25%
Hank’s Balanced Salt Solution, 1 mg/mL insulin (all
from Gibco), 2.46 mg/mL glucose (Braun Melsungen),
0.8 mg/mL vitamin C (Sigma-Aldrich), 100 U/mL peni-
cillin, 100 mg/mL streptomycin (Gibco), and 5 mM
Tris in DMEM (Gibco).

Selective depletion of microglia in organotypic brain
slices (OBS) was achieved following a previously estab-
lished protocol38 byadding liposome-encapsulated clodr-
onate diluted with culture medium (1:10) to the slices.
The slices were left with clodronate for 24 h, which led
to a 90% ablation of microglia. After 24 h, the culture
medium containing clodronate was replaced by fresh cul-
tivation medium and slices were left undisturbed for 72 h.
After 3 days, slices from WT and TLR2 KO mice were in-
oculated with EGFP-GL261 cells to investigate the effect
of microglia depletion on tumor growth.

Five thousand EGFP-GL261 glioma cells in a volume
of 0.1 mL were inoculated into brain slices of WT and
TLR2 KO mice using a 1-mL syringe mounted on a

micromanipulator. This device allowed placement of
the tip of the syringe consistently at the same defined
region on the slice surface. An injection canal was
formed that reached 150 mm deep into the 250-mm-
thick slice. The needle was then retracted by 50 mm,
leaving a cavity of �50 mm in length. The cell suspension
was injected slowly into this canal in the slices. To ensure
identical experimental conditions, glioma cells were
always inoculated into the same area of the slices, into
the globus pallidus in the cortex. Directly after glioma in-
jection, tumor cells remained at the inoculation site.
Careful control of the injection procedure ensured that
no cells spilled onto the surface of the slices, which
could migrate over the surface rather than invade
through the tissue.

In vivo Glioma Implantation

WT and TLR2 KO mice were used for all in vivo studies
to investigate MT1-MMP expression by immunohisto-
chemistry, tumor expansion, and survival rates. Briefly,
mice were anesthetized, immobilized, and mounted onto
a stereotactic head holder (David Kopf Instruments) in
the flat-skull position. After skin incision 1 mm anterior
and 1.5 mm lateral to the bregma, the skull was carefully
drilled with a 20G needle tip. A 1-mL syringe with
a blunt tip (Mikroliterspritze 7001N) was inserted to
a depth of 4 mm and retracted to a depth of 3 mm from
the dural surface into the right caudate putamen. Over
2 min, 1 mL (2 × 104 cells/mL) of mCherry-GL261
glioma cell suspension was slowly injected into the brain.
The needle was then carefully retracted from the injection
canal and the skin was sutured with a surgical sewing
cone (Johnson & Johnson International). After surgery,
the mice were kept warm until awake and their postopera-
tive condition was monitored daily.

Immunohistochemical Detection of MT1-MMP

All immunohistochemical stainings were performed on
40-mm-thick free-floating brain sections from WT and
TLR2 KO mice. Sections were washed with PBS-Tween
20, pH 7.4, followed by antigen retrieval using sodium
citrate buffer, pH 6, at 958C for 20 min in a water bath.
Nonspecific staining in sections was blocked using 3%
donkey serum in PBS-Tween 20 for 1 h at room tempera-
ture followed by overnight incubation at 48C with
primary antibodies for goat anti-Iba1 (1:500; Abcam)
and rabbit anti–MT1-MMP (1:200; Epitomics). MT1-
MMP expression was detected using anti-rabbit biotin
streptavidin peroxidase–conjugated immunoglobulin G
(1:200; Jackson Immunoresearch) and streptavidin-
conjugated Cy5 (1:200; Jackson Immunoresearch). Iba1
was detected using the secondary antibody anti-goat
DyLight 488 (1:200; Jackson Immunoresearch). Nuclear
staining was visualized using 4′,6′-diamidino-2-
phenylindole (1:1000; Sigma-Aldrich). The GL261
glioma cells were identified by red fluorescence of the
mCherry construct.
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In vivo Assessment of Glioma Expansion

Glioma growth was assessed in vivo in WT and TLR2 KO
mice by MRI. Mice were anesthetized with 2.8% isoflur-
ane in an oxygen/air mixture (2:1) with a flow rate of
750 mL/min and maintained at 1.5%–2% for the
entire experiment as described before. Respiration rate
and body temperature were continuously monitored by
aModel1025system(SAInstruments).Body temperature
was maintained at 378C throughout the experiment using
a heated circulating water system.

The 2 groups of WT and TLR2 KO mice (n ¼ 11 per
group) were imaged 21 days after intracerebral inocula-
tion of GL261 cells. All MR imaging was performed on
a horizontal bore 9.4 T small animal MRI system
(Biospec 94/20, Bruker Biospin) using a cryogenically
cooled H-probe head (Z106543, 400 MHz, Bruker
BioSpin MRI). T2-weighted images (rapid acquisition
with relaxation enhancement [RARE], effective echo
time ¼ 60 ms; repetition time ¼ 3268 ms; RARE
factor ¼ 12) were acquired with the same slice geometry
(field of view ¼ 18 mm, matrix size ¼ 350 × 350, slice
thickness ¼ 270 mm, in-plane spatial resolution ¼
51 mm), 21 coronal slices covering a brain region of
5.67 mm starting at the frontal end of the cerebral
cortex (approx bregma 3.56 to 22.11 mm).39 The T2

contrast was optimized beforehand in pilot experiments
to achieve good tumor delineation. The total experimen-
tal time, including animal preparation, was �70 min per
animal. Tumor volumes were calculated by manual seg-
mentation using the software mipav (http://mipav.cit.
nih.gov). A region of interest (ROI) following the tumor
borders was drawn with exclusion of the needle path
(stemming from the tumor cell injection) in the
T2-weighted images. The whole tumor volume was calcu-
lated by adding up the voxel volumes within the ROIs of
all image slices.

Unbiased Stereology for Tumor Volume Estimation

Mice were anesthetized with Narcoren 14 days after
tumor inoculation, brains perfused and fixed, and result-
ing brain slices were subsequently used to analyze tumor
expansion in vivo. The tumor volume in hematoxylin
and eosin (H&E) stained brain slices of glioma-bearing
WT and TLR2 KO mice (n ¼ 8 per group) was quantified
according to the Cavalieri principle by determining tumor
area in every 12th 40-mm-thick brain slice and then mul-
tiplying this area by the factor 12 × 40 mm.40

Analysis of Survival

To investigate a possible effect of TLR2 on survival in
tumor-bearing mice, adult female WT and TLR2 KO
mice (n ¼ 15 per group) were intracranially implanted
with gliomas. Briefly, 2 × 104 cells/mL of GL261
glioma cell suspension was slowly injected into the brain
as statedpreviously.Analysisof cumulativemean survival
time by Kaplan–Meier plots in tumor-implanted WT and
TLR2 KO mice was based on the endpoint event (mice

alive after a certain time). The endpoint was 36 days,
the longest time of survival of tumor-implanted TLR2
KO mice.

Image Acquisition and Processing

Images of immunohistochemically stained brain slices
were taken using a Leica confocal microscope with a
40X oil objective. Fluorescent images were taken from
at least 3 random fields of interest (microglia in the
tumor periphery) from WT and TLR2 KO mice. Cells
positively labeled for Iba1 in these images were counted
using ImageJ software.

REMBRANDT Data

The microarray gene expression and clinical data for TLR2
were acquired from the Repository of Molecular Brain
Neoplasia Data (REMBRANDT; http://rembrandt.
nci.nih.gov) on June 7, 2012. Kaplan–Meier survival
curves for differential TLR2 gene expression were plotted
for 454 glioma patient samples versus 28 nontumor cases.
A log-rank P-value determined significant differences in
survival between the upregulated, downregulated, and in-
termediate samples. A 2-fold difference from the mean ex-
pression level within a given data set was defined as
upregulation (.2-fold) or downregulation (,2-fold).

Statistical Analyses

All analyses were performed using SPSS software and
Microsoft Excel 2007. Statistically significant changes
in MT1-MMP gene expression were determined by the
Mann–Whitney U-test and Student’s t-test. Differences
in tumor volumes between WT and TLR2 KO mice
were estimated using the unpaired Wilcoxon rank-sum
test. The Kaplan–Meier method was used for assessing
cumulative survival times, and significant differences
between WT and TLR2 KO mice were compared by the
log-rank test. Statistical significance was determined at
P , .05 (*) and P , .01 (**), while n.s. implied a nonsig-
nificant P-value.

Results

TLR2-deficient Mice Show Reduced Glioma Growth and
MT1-MMP Expression and Enhanced Survival Rate

To investigate whether ablation of the TLR2 gene locus
interfered with tumor expansion in vivo, we inoculated
GL261 cells into WT and TLR2 KO mice (for knockout
efficiency, see Supplementary materials, Fig. S1) and mea-
sured tumor volumes. Tumor volumes were calculated by
2 different approaches—firstly by unbiased stereological
estimation (Cavalieri method) after tumor-implanted
mice were sacrificed, and secondly by MRI of WT and
TLR2 KO tumor-bearing mice. Tumor volumes were sig-
nificantly reduced in TLR2 KO mice compared with WT
mice in both methods of evaluation. The H&E stained
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image in Fig. 1A represents the gross morphologyof glioma
in WT and TLR2 KO mice as assessed by the Cavalieri
method. After 2 weeks of tumor implantation, the tumor
volume in TLR2 KO mice was significantly reduced to
34% (P¼ .031) relative to the tumor volume in WT
mice.Figure1BrepresentsaT2-weightedMRimageofahy-
perintense tumor (delineated by dotted black circle) of WT
and TLR2 KO mice. Here, the relative tumor volume was
significantly reduced to 46.4% (P ¼ .018) in the TLR2
KO mice compared with that in the WTmice as determined
21 days after glioma implantation.

To investigate whether TLR2 mediates glioma-
induced upregulation of microglial MT1-MMP, we
examined the expression of MT1-MMP in WT and
TLR2 KO mice inoculated with glioma cells. After 2
weeks of tumor growth, brain tissue was analyzed by im-
munohistochemistry for MT1-MMP expression. GL261
glioma cells were identified by stable expression of
mCherry, while GAMs were identified by immunolabel-
ing with the microglia/macrophage-specific antibody
Iba1. We observed an increase in MT1-MMP immunore-
activity in GAMs closely associated with the invasive edge
of the glioma tumor in WT mice (Fig. 1C upper panel),
whereas in TLR2 KO mice, the immunoreactivity of
MT1-MMP in GAMs was decreased (Fig. 1C lower
panel). GAMs closely associated with the tumor margin
in WT mice had an ameboid morphology, while GAMs
in TLR2 KO mice appeared more ramified (Fig. 1C
insets). Moreover, we also examined whether the TLR2
KO condition caused a reduction in GAM density at the
invasive edge of the glioma. There was only a modest re-
duction in GAM density in the TLR2 KO mice compared
with the WT mice (Fig. 1C), indicating that TLR2 is not
the only signaling pathway responsible for attraction of
microglia/brain macrophages to the tumor edge.

Since the in vivo fluorescent quantification of
MT1-MMP in brain slices from tumor-implanted WT
and TLR2 KO mice was difficult, we determined
MT1-MMP gene expression in microglia/brain macro-
phages freshly isolated from naı̈ve and glioma-bearing
WT and TLR2 KO mice by real-time qPCR (Fig. 1D).
MT1-MMP gene expression in GAMs from WT mice
was increased 4.08-fold (+0.204; P ¼ .002) relative to
that in GAMs from naı̈ve microglia from WT mice. In
GAMsderived from TLR2KOmice,MT1-MMPgeneex-
pression was 2.19-fold (+0.26; P ¼ .02) upregulated rel-
ative to its expression in naı̈ve microglia from TLR2 KO
mice. Overall, MT1-MMP gene expression in GAMs
from TLR2 KO mice was significantly lower (P ¼ .045)
than that in GAMs from WT mice. To assess whether
MT1-MMP had any effect on specific M2 type macro-
phage markers in glioma-associated and naı̈ve microglia,
weevaluated the gene expression of the classic M2 macro-
phage marker IL-10 by real-time qPCR with the same
samples used above. We could not observe any significant
differences in IL-10 gene expression between the naı̈ve
microglia and GAMs, as also previously reported by
Gabrusiewicz et al.41 Furthermore, there was no diffe-
rence in IL-10 gene expression in the TLR2 KO GAMs
compared with the WT GAMs (see Supplementary mate-
rial, Fig. S4).

We also investigated survival rates of glioma-bearing
WT and TLR2 KO mice. As seen in Fig. 1E, deletion of
the TLR2 gene locus led to significantly increased
survival rate (P ¼ .006) in TLR2 KO mice compared
with tumor-bearing WT mice, thereby suggesting that
TLR2 expression relates to poor prognosis in mice
models of experimental gliomas.

TLR2 Deletion and Microglia Ablation Interfere
With Glioma Growth Ex vivo

Tumor expansion can be well documented in microglia-
containing or -depleted organotypic brain slices.
Microglia in brain slices were depleted using liposome-
encapsulated clodronate11 followed by inoculation of
EGFP-GL261 glioma cells into the slices 2 days after
clodronate treatment (Fig. 2A). We analyzed the area oc-
cupied by glioma cells 5 days later (Fig. 2B). Tumor size in
microglia-depleted brain slices from WT mice was signifi-
cantly reduced to 48% (P ¼ .0031) relative to tumor size
in microglia-containing brain slices from WT mice. The
average tumor size in microglia-containing slices from
TLR2 KO mice was reduced to 46% (P ¼ .026) relative
to tumor size in brain slices from WT mice. The ablation
of microglia in brain slices from TLR2 KO mice led to a
further reduction of tumor size to 28% (P ¼ .022) relative
to that in microglia-containing brain slices of TLR2 KO
mice. These results indicate that microglia-induced
glioma expansion is mediated by TLR2-dependent and
-independent mechanisms.

To test whether other TLR(s) apart from TLR2 were
involved in glioma growth ex vivo, we prepared organo-
typic brain slices from WT and TLR7 KO mice (p16 in
age). In slices from both types of mice, tumors were
significantly smaller when microglial cells were depleted
(P , .001 in WT and P , .01 in TLR7 KO mice;
Supplementary material, Fig. S2A and B), but there
was no difference in the tumor sizes between microglia-
containing WT and TLR7 KO groups (P ¼ .45), hence
indicating that TLR7 is dispensable for glioma growth.

TLR2 Ligands Mimic the Effect of GCM on Microglial
MT1-MMP Gene Expression but Do Not Alter
Microglial Cell Migration In vitro

To investigate whether MT1-MMP gene expression in
microglia could be induced by distinct TLRs, we stimulat-
ed primary microglia from WT mice with both specific
TLR ligands and GCM for 6 h and analyzed changes in
MT1-MMP gene expression by real-time qPCR
(Fig. 3A). The TLR1/2 ligand Pam3CSK4 induced a
3-fold (+0.075; P ¼ .0076) increase in MT1-MMP
gene expression relative to the untreated control, while
in the GCM-stimulated microglia there was a 2.5-fold
(+0.07; P¼ .035) increase in MT1-MMP gene expres-
sion. There was no significant change induced by the
TLR3 agonist poly(I:C), with a 1.4-fold change (+0.051;
P¼ .082) in MT1-MMP gene expression relative to the
WT control. The TLR4 ligand LPS induced a 1.8-fold
change (+0.055; P¼ .067), while the TLR2/6 agonist
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Fig. 1. Absence of TLR2 results in reduced tumorexpansion, decrease in MT1-MMPexpression, and increased survival. (A) Deletion of the TLR2

gene locus impacts tumorexpansion in vivo.MouseGL261cells were i.c. implanted into WTandTLR2 KO mice. The imageson the left show H&E

stained slices from glioma-bearing WTand TLR2 KO mice. On the right, the relative tumor volume in WT versus TLR2 KO animals was evaluated

based on unbiased stereology. Scale bar is 500 mm . (B) A representative MRI T2-weighted image of a hyperintense tumor (delineated by dotted

black circle) from WT and TLR2 KO mice. The relative tumor volume in WT and TLR2 KO mice is shown on the right. Statistical significance was

analyzedbyWilcoxon’s rank-sumtestandsignificancewas takenat P , .05(*)andP , .01(**). The significance is indicated in thebars. (C)Slices

from glioma inoculated WTand TLR2 KO mice were immunohistologically labeled. Glioma cells were identified by stable expression of mCherry,

microglia/brain macrophages by the expression of Iba1, and MT1-MMP by immunolabeling. The insets illustrate the morphology of GAMs in

WTand TLR2 KO mice. While WT GAMs had ameboid morphology, GAMs in the TLR2 KO mousewere more ramified. Scale bars are 50 mm and

10 mm (for insets). The GAM cell density near the invasive edge of glioma is shown in the graph on the right. (D) WT and TLR2 KO mice were

i.c. implanted with glioma tumors, and GAMs were isolated 14 days after gliomacell injection. Naı̈ve tumor-free brain was used as a control. Data

were collected from 3 different mice in each group. Differences in MT1-MMP gene expression were analyzed by 2(2DDCT) method. MT1-MMP

gene expression in WT GAMs is 4.08-fold upregulated (+0.204, P ¼ .002) compared with WT naı̈ve microglia, while in TLR2 KO GAMs,

MT1-MMP gene expression was 2.19-fold upregulated (+0.26, P ¼ .02). MT1-MMP gene expression in TLR2 KO GAMs is significantly

decreased compared with WT GAMs (P ¼ .045). Statistical significance was analyzed by Student’s t-test and significance was taken at

P , .05(*) and P , .01(**). (E) The Kaplan–Meier curves represent the cumulative survival of WT and TLR2 KO mice after glioma cell

injection (P ¼ .006).
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MALP2 caused a modest but significant 1.7-fold
(+0.096; P ¼ .04) upregulation in MT1-MMP gene ex-
pression, compared with untreated control. The TLR5
agonist flagellin (1-fold; P¼ .098) and TLR7/8-specific
polyU (0.7-fold; P¼ .105) did not cause any significant
changes in MT1-MMP gene expression.

To analyze whether MT1-MMP gene expression
changes were specific to TLR2 activation, primary micro-
glia from WT mice were further stimulated with known
TLR2 agonists such as PG-LPS from P. gingivalis and
HKLM for 6 h. A robust induction of MT1-MMP gene
expression with both agonists was observed (GCM:
4.4+1.5, P ¼ .046; Pam3CSK4: 5.4+0.9, P ¼ .033;
HKLM: 6.2+0.4, P ¼ .023; PG-LPS: 4.0+0.7,

Fig. 2. TLR2 interferes with glioma growth ex vivo. TLR2 expressed

by microglia contributes to glioma expansion in organotypic brain

slices. Brain slices from 16-day-old WT and TLR2 KO mice were

implanted with 5000 EGFP-GL261 glioma cells, and the area

occupied by glioma cells was measured after 5 days. (A) The

fluorescence micrograph of EGFP-labeled glioma cells in both

microglia-containing and -depleted brain slices for WT (left) and

TLR2 KO (right) mice. Scale bar is 10 mM. (B) Tumor area was

quantified in both microglia-containing (+) and -depleted (2)

slices from WT and TLR2 KO mice. Statistical significance was

analyzed by Wilcoxon’s rank-sum test and significance was taken at

P , .05(*) and P , .01(**).
Fig. 3. TLR agonists differentially regulate microglial MT1-MMP

gene expression but do not alter chemotaxis in microglia. (A) The

influence of subtype-specific ligands of TLRs on MT1-MMP gene

expression was determined in primary microglia from WT mice.

Microglia were stimulated with agonists and GCM for 6 h and

differences in MT1-MMP gene expression were analyzed by the

2(2DDCT) method. (B) Microglia were stimulated with TLR2-specific

agonists PG-LPS and HKLM for 6 h, which showed a significant

induction of MT1-MMP gene expression. Statistical significance

was analyzed by Mann–Whitney U-test and significance was taken

at P , .05(*) and P , .01(**). (C) The impact of the TLR2 agonists

Pam3CSK4, PG-LPS, and HKLM on microglial chemotaxis was

determined in a 48-well microchemotaxis chamber. ATP was used

as a positive control. No significant differences were observed in

microglia migration between the control group (only DMEM) and

TLR2 agonists group after 6 h of incubation.
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P ¼ .061; Fig. 3B). These results indicate that TLR2 is the
major TLR mediating changes in MT1-MMP gene
expression in microglial cells.

To investigate whether TLR2-specific ligands promote
migratory activity in microglia, we studied chemoattrac-
tion using the Boyden chamber chemotaxis assay. None
of the TLR2-specific agonists (ie, Pam3CSK4, PG-LPS,
and HKLM) stimulated migration in primary microglial
cells within 6 h compared with control conditions. ATP
served as a positive control and triggered a high rate of
chemotaxis in microglia (Fig. 3C).

Costimulation of TLR1/TLR6 Is Required for Inducing
TLR2-dependent MT1-MMP Gene Expression
in Microglia

TLR2 signaling can be mediated by heterodimerization
with TLR1 and TLR6. To determine the contribution
of TLR1 and TLR6 to glioma-induced MT1-MMP gene
expression in microglia, we stimulated microglial cells
from WT, TLR1, and TLR6 KO mice with GCM.
Microglial cells were incubated for 6 h with GCM, and
MT1-MMP gene expression was analyzed by real-time
qPCR. Indeed, absence of TLR2 did not lead to an
increase in MT1-MMP gene expression (Fig. 4A),
whereas in WT microglia used as controls, we detected
a 2.51-fold (P ¼ .027) increase in MT1-MMP gene
expression. In microglia from TLR1 and TLR6 KO
mice, we observed a 1.7-fold (P ¼ .041) and a 1.3-fold
(P ¼ .023) change, respectively, in MT1-MMP gene
expression, thus lower compared with microglial cells
from WT control mice (Fig. 4B and C).

We further stimulated microglial cells from TLR7 and
TLR9 KO mice with GCM for 6 h and observed a robust
increase in MT1-MMP gene expression (4.8-fold, P ¼
.021 in TLR7 KO and 3.05-fold, P ¼ .076 in TLR9 KO
group) as also seen in microglia from WT mice (Fig. 4D
and E). Consistent with our data from real-time qPCR,
we also observed that TLR2 is needed to induce
MT1-MMP protein expression in GCM-stimulated
microglia as observed by immunoblotting (Fig. 4F).

These results support our in vivo data that TLR2 in
GAMs is required to mediate microglial MT1-MMP
gene and protein expressions and identified TLR1 and
TLR6 as potential heterodimeric partners of TLR2 in
this process.

TLR2 Is Highly Expressed in Human Gliomas and Its
Expression Inversely Correlates With Patient Survival

We used REMBRANDT to analyze whether high TLR2
expression correlated with clinical data from human
glioma patients. Indeed, TLR2 was highly expressed
in all gliomas (n ¼ 454) compared with 28 cases of
nontumor tissue (Supplementary material, Fig. S3A).
Comparing the probability of survival in all glioma
cases, patients with upregulated TLR2 revealed a lower
survival rate (Supplementary material, Fig. S3B). This
may indicate that patients with high TLR2 expression
usually suffer from a higher-grade glioma and that

patients with lower TLR2 expression have a lower-grade
glioma. Moreover, even survival rates within a homoge-
neous group of tumors (ie, astrocytomas) correlated
with the expression of TLR2. Patients with high TLR2
expression levels presented with reduced survival com-
pared with patients having lower TLR2 expression
(Supplementary material, Fig. S3C).

Discussion

Our present study highlights the importance of microglial
TLR2 in inducing MT1-MMP gene and protein expres-
sions for promoting glioma expansion and progression
in an experimental mouse model of glioma. In a previous
study, we observed that the TLR adaptor protein MyD88
was required for upregulating microglial MT1-MMP
gene and protein expression induced by GCM.12

MyD88 is involved in signaling by TLRs 1, 2, 4, 5, 6, 7,
8, and 9, butnot in TLR3 signaling.42 Microglial cells rep-
resent the predominant TLR-expressing cells in the
CNS.43 We used TLR subtype-specific agonists to stimu-
late different TLRs and analyzed the gene expression of
MT1-MMP as a most relevant read-out. We found that
the TLR1/2 agonist Pam3CSK4 mimicked the response
to GCM by inducing a 3-fold upregulation in
MT1-MMP gene expression in primary microglia after
6 h. The involvement of TLR2 was further confirmed by
the effect of TLR2-specific agonists, namely PG-LPS
and HKLM, on microglial MT1-MMP gene expression.
Agonists of other TLR subtypes like LPS (TLR4),
MALP2 (TLR2/6), flagellin (TLR5), and polyU (TLRs
7/8) induced only a minor or no change in MT1-MMP
gene expression. The involvement of TLR2 in mediating
the protumorigenic effect of GAMs was confirmed
through our studies on TLR2-deficient mice. TLR2 KO
mice inoculated with glioma cells had smaller tumors an-
alyzed after 2 weeks of tumor implantation and showed
better survival rates in comparison with tumor-bearing
WT mice. Furthermore, there was a marked reduction
inbothMT1-MMP mRNAexpressionand immunolabel-
ing in glioma-associated microglia/brain macrophages
from TLR2 KO mice compared with WT mice, but only
a modest reduction in intra- and peritumoral microglia
density. Consistently, our in vitro data indicated that
TLR2 signaling did not mediate chemotaxis in microglia.
Altogether, our data point out that TLR2 signaling specif-
ically mediates MT1-MMP expression, but not tumor
tropism in microglia.

Our studies on organotypic brain slices injected with
glioma cells further confirmed that TLR2 exerts a signifi-
cant effect on tumor expansion. In slices obtained from
TLR2 KO mice, the glioma cells occupied a smaller area
compared with slices from WT mice. When we compared
glioma expansion in microglia-containing or microglia-
depleted brain slices from TLR2 KO, we found that
TLR2 wasa major but not the sole signaling pathwaycon-
trolling microglia-mediatedglioma expansion. Data from
other TLR KO mice, such as TLR7 KO mice, revealed that
glioma tumor expansion ex vivo specifically required
TLR2 (see Supplementary material, Fig. S2).
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TLRs are considered as receptors binding to various
nonself signals such as bacterial cell wall components or
viral products. There is, however, increasing evidence
that TLRs can also be activated by endogenous host-
derived ligands.44 Our cell culture studies showed that
glioma cells release still unidentified soluble factor(s)
that activate TLR2 in GAM cells. Gliomas constitutively
release heat-shock proteins, high-mobility group box
(HMGB)1 protein, and hyaluronan,45–48 and these
factors recognize and interact with various TLRs, in par-
ticular TLRs 2 and 4. Moreover, TLRs can also be activat-
ed in vivo by factors liberated due to sterile inflammation,
hypoxia, or necrosis, which are common pathologic
events associated with malignant, invasive, or dying
glioma cells. Curtain et al.47 induced glioma cell death
through cytotoxic therapies. They showed that the
dyinggliomacells releasedHMGB1 andtherebyrecruited
myeloid dendritic cells through TLR2 signaling. These re-
cruited dendritic cells led to tumor regression. However,
in our study, we had no cytotoxically induced dying
glioma cells and focused rather on elucidating the molec-
ular mechanism of the protumorigenic impact of micro-
glial TLR2 on glioma expansion and infiltration
through MT1-MMP. Additionally, TLR signaling can
be activated by the degradation of extracellular
matrix.49 In the context of gliomas, this may lead to the
generation of a vicious cycle in which TLRs induce and
enhance metalloprotease activity that in turn leads to a
positive regulation of the TLR signaling, thus boosting
glioma pathology.

TLRs form dimers to initiate their signaling, by
forming either homodimers with themselves or hetero-
dimers with other TLR subtypes. TLR2 can heterodimer-
ize with TLR1 or TLR650 to induce a MyD88-dependent
signaling cascade. Indeed, we observed that microglia
derived from TLR1- and TLR6-deficient mice showed a
reduction inMT1-MMPgeneexpressionuponstimulation
with GCM when compared with WT mice, indicating that
TLR1 and TLR6 are potential partners required for medi-
ating TLR2 signaling in GAMs. Glioma-released factor(s)
influence GAMs via TLR2 signaling to increase MT1-
MMP gene and protein expression and thereby contribute
to tumor expansion. Results from our current study identi-
fied TLRs, especially TLR2 expressed by GAMs, as a
promising and potential target for immune-based treat-
ment options for glioma patients. Indeed, hampering
glioma-controlled intracellularpathwaysofmicroglia acti-
vationwithadrugsuchasminocycline11,40 orpropentofyl-
line51 has the potential to impair experimental glioma
growth in mice. We anticipate that these and other
studies in the future will initiate clinical trials to target
glioma-associated microglia/brain macrophages TLRs
for successful treatment of malignant gliomas.

Supplementary Material

Supplementary material is available at Neuro-Oncology
Journal online (http://neuro-oncology.oxfordjournals.
org/).

Fig. 4. MT1-MMP gene expression induced by GCM in microglia from different TLR-deficient mice. (A) Microglia from WT and TLR2 KO mice

were stimulated withGCMfor 6 h andMT1-MMP geneexpressionwasanalyzedby real-timeqPCRandcomparedwithanunstimulated control.

Similarly, MT1-MMP gene expression was analyzed in (B) TLR1, (C) TLR6, (D) TLR7, and (E) TLR9 KO mice. (F) A representative western blot

image of MT1-MMP protein expression in GCM-stimulated microglial cells from TLR2 KO and WT control. MT1-MMP expression is reduced in

TLR2 KO microglia, as seen in the quantification of the western blot (values indicated below the bands).

Vinnakota et al.: The role of TLR2 in glioma progression

1466 NEURO-ONCOLOGY † N O V E M B E R 2 0 1 3

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article/15/11/1457/1052138 by guest on 21 August 2022

http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not115/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not115/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not115/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not115/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not115/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/not115/-/DC1


Acknowledgments

We are thankful to Dr Nico van Rooijen for providing us
with liposome-encapsulated clodronate for microglial
cell depletion. We sincerely thank Sabrina Lehmann,
Karen Rosenberger, and Katja Drekow for their extensive
help in providing TLR 2, 7, and 9 KO mice from Charité,
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