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Abstract

The invasiveness of malignhant gliomas is one of the major obstacles in glioma therapy and the
reason for the poor survival of patients. Glioma cells infiltrate into the brain parenchyma and
thereby escape surgical resection. Glioma associated microglia/macrophages support glioma
infiltration into the brain parenchyma by increased expression and activation of extracellular
matrix degrading proteases such as matrix-metalloprotease 2, matrix-metalloprotease 9 and
membrane-type 1 matrix metalloprotease. In this work we demonstrate that, matrix-
metalloprotease 9 is predominantly expressed by glioma associated microglia/macrophages in
mouse and human glioma tissue but not by the glioma cells. Supernatant from glioma cells
induced the expression of matrix-metalloprotease 9 in cultured microglial cells. Using mice
deficient for different Toll-like receptors we identified Toll-like receptor 2/6 as the signalling
pathway for the glioma induced upregulation of microglial matrix-metalloprotease 9. Also in an
experimental mouse glioma model, Toll-like receptor 2 deficiency attenuated the upregulation of
microglial matrix-metalloprotease 9. Moreover, glioma supernatant triggered an upregulation of
Toll-like receptor 2 expression in microglia. Both, the upregulation of matrix-metalloprotease 9
and Toll-like receptor 2 were attenuated by the antibiotic minocycline and a p38 mitogen activated
protein kinase antagonist in vitro. Minocycline also extended the survival rate of glioma bearing
mice when given to the drinking water. Thus glioma cells change the phenotype of glioma
associated microglia/macrophages in a complex fashion using Toll-like receptor 2 as an important
signalling pathway and minocycline further proved to be a potential candidate for adjuvant glioma
therapy.
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Introduction

Gliomas are primary malignant brain tumors with poor prognosis. Glioblastoma multiforme
(GBM), the most aggressive and malignant glioma, accounts for more than 50% of all
gliomas with an average survival between 12 to 15 months?. Despite surgery, radiotherapy
and chemotherapy malignant gliomas are characterized by fast recurrence?. The glioma cells
are highly invasive and infiltrate into the brain parenchyma. Glioma invasion is promoted by
the expression of MMPs in the glioma environment, which degrade the extracellular
matrix3-2. Microglia/brain macrophages are one of the major cell populations infiltrating
glioma and can contribute up to 30% of the tumor mass® 7. Others and we have
demonstrated that the glioma cells and the tumor stroma cells (e.g. microglia) are able to
produce MMPs and thereby induce higher invasiveness of gliomas* 8.

In our previous studies, we characterized the interaction between glioma and microglial cells
in the context of MMP-2 activation. We found that the inactive proMMP-2 released from
glioma cells can be activated by the membrane-bound MT1-MMP expressed by microglia.
MT1-MMP expression in microglia is induced by factor(s) released from glioma cells and
acts via TLR2 signalling and p38 MAPK pathway® 9. The FDA approved antibiotic
minocycline interfered with the p38 pathway and reduced the MT1-MMP expression in
microglia. As a result, minocycline treatment of mice inoculated with glioma cells had a
reduced tumor growth19,

MMP-9, also named as gelatinase B, is thought to play a key role in promoting tumor
invasion as a member of the MMP family. MMP-9 levels were also significantly correlated
with the histological grade of malignancy in gliomas!!. Recent evidence indicated that
MMP-9 has a distinct role in tumor angiogenesis mainly in regulating the bioactivity of
vascular endothelial growth factor (VEGF), the most promising factor in interfering with
tumor angiogenesis and thus a new therapeutic target!2 13, It is known that cancer cells
release MMP-9 as well as the host tissuel4. So far it has been shown that in the context of
glioma MMP-9 is released from bone marrow derived myeloid cells2 15,

TLRs are one of the most important pattern recognition receptors in the immune system. Ten
TLR subtypes (TLR1-TLR10) have been identified in human and 12 (TLR1-TLR9 and
TLR11-TLR13) in micel®. TLRs recognize not only pathogen-associated molecular patterns
(PAMPs) like bacterial or viral components, but also endogenous mediators like proteins
released by cancer cells1’. We have previously shown that glioma induce the expression of
MT1-MMP in microglia/brain macrophages thereby promoting tumor invasion through
TLR2. In human glioma tissue (which contains a substantial proportion of microglia/brain
macrophages) TLR2 is highly expressed and inversely correlates with patient survival®.
Thus, TLR2 is a novel target for cancer therapy including gliomas?8.
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Although it has been shown that MMP-9 expression is related to TLR signalling, e.g. in
influenza infectionl9, the correlation between MMP-9 expression and TLR signalling in the
glioma context has not yet been explored. In the present study, we show that glioma induced
microglial MMP-9 expression through TLR2 signalling and established the role of p38
MAPK blocker minocycline in regulating microglial TLR2 and MMP-9.

Materials and Methods

Human brain tumor tissue

Animals

Cell culture

Analysis of resected human brain tumors was performed according to the rules by the
Ethical Committee (Charité, EA4/098/11). Briefly, tumor tissue was taken during surgery
while patients were under a general anesthetic, and was placed immediately in either culture
medium for establishment of cell culture or cell isolation or 4% paraformaldehyde for
performing immunofluorescent staining. Resected brain tumors from 5 patients (3 GBMs, 2
anaplastic astrocytomas) were provided by the Department for Neurosurgery Charité
University Hospital (Berlin, Germany).

C57BI/6 WT mice (Charles River Laboratories, Sulzfeld, Germany) and MyD88 k.o. and
TLRs 1, 2, 4, 6, 7 and 9 k.0. mice were used as described previously®, knock out efficiency
is shown in supplementary Fig. 3. The mice were bred and maintained in the animal house
facilities of the Max Delbriick Center and Charité University Hospital (Berlin, Germany) as
per rules of the local governmental institutions.

GL261 murine glioma cells (isogenic to C57BL/6 mice, National Cancer Institute) were
cultured in basic culture medium composed of DMEM with 200 mM glutamine, 50 units/ml
penicillin, 50 pg/ml streptomycin, and 10% FBS (Invitrogen, Darmstadt, Germany).
mCherry GL261 cells were generated as previously described and cultured as WT GL261
cells®. Mouse primary microglia was prepared from neonatal WT, TLR1, TLR2, TLR4,
TLR6, TLR7, and TLR9 KO mice on C57BL/6 background as previously described®. The
human glioblastoma cells (GBM 1 to 8) were derived from human tumor resections and
cultured in RPMI 1640 with 20 ug/ml EGF, FGF (both from Cell Systems, Troisdorf,
Germany) and supplements. GBM 1-8 were then established as primary cultures to exclude
non-tumor cells. All cells mentioned above were maintained in a 37°C incubator with a 5%
CO, humidified atmosphere.

Production of glioma conditioned medium (GCM)

GCM was prepared from the 80% confluent GL261 cultures by cultivation in basic culture
medium overnight. The GCM was collected, briefly centrifuged and sterile-filtered through
0.2 um filter mesh (Sartorius Stedim Biotech GmbH, Goettingen, Germany) and applied for
further experiments.
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Microglia stimulation with GCM and minocycline or SB202190

Primary cultured microglial cells were pretreated for 3 hours with either SB202190 (10uM,
Sigma-Aldrich, Munich, Germany) or minocycline (25uM or 50uM, Sigma-Aldrich) in
cultivation medium. GCM was added either with or without drugs to the microglial cells,
after 24 hours stimulation, cells were further cultured for 24 hours in serum free medium.
Cell supernatant was collected for western blot or gelatin zymography while cells were
collected for RNA isolation, protein extraction or flow cytometry analysis.

Mouse glioma model

C57BL/6 (8-10 weeks old) mice were handled according to governmental (LaGeSo) and
internal (MDC) rules and regulations. Briefly, after anesthetization, the mouse head was
placed onto a stereotactic frame (David Kopf Instruments, Tujunga, USA). Through a
midline incision, a burr hole was made by drilling at 1 mm anterior and 1.5 mm lateral to the
bregma. Canals were created by inserting a 1 uL Hamilton syringe 4 mm ventral from dural
mater and retracted to a depth of 3 mm from the dural surface. Total of 1 uL (2x10%cells/uL)
GL261 cell suspension was slowly injected. The needle was then slowly taken out from the
injection canal and skin was sutured with a surgical sewing cone (Johnson & Johnson,
Neuss, Germany).

Magnetic cell separation of human brain tumor tissue

Glioma associated brain microglia/macrophages were isolated from the human tumor
resected tissues. Fresh tissue was dissociated immediately after resection using a neural
tissue dissociation kit (MiltenyiBiotec, Bergisch Gladbach, Germany). Erythrocytes were
lysed by adding 5 ml ammonium chloride solution. Thereafter, cells were resuspended in
PBS containing 0.5% BSA and 2 mM EDTA. Magnetic sorting for CD11b+ cells was then
performed by using CD11b MicroBead kit (MiltenyiBiotec) following the manufacturer’s
instruction. Magnetic activated cell sorting (MACS) into CD11b negative (Flow-through)
and CD11b positive (CD11b+) enriched cell populations was done using several MACS
columns in series. Both CD11b negative and CD11b+ fractions were collected. A purity
check was performed after MACS by flow cytometry analysis of a small fraction of the
sorted populations.

Flow cytometry

For all the flow cytometry analysis, after the treatment or isolation, cells were incubated for
30 min at 4 °C, using the following fluorescently conjugated antibodies: Phycoerythrin
(PE)-conjugated anti-mouse TLR1, TLR2 or TLR6; fluorescein isothiocyanate (FITC)-
conjugated CD11b (eBioscience, San Diego, CA) and their recommended isotype controls
(Imegenex or eBioscience, San Diego, CA). Flow cytometry was done by BD FACS Aria
and data were analyzed using FlowJo software (Treestar, Ashland, OR, USA). Flow
cytometry data were quantified by mean fluorescence intensity (MFI) and presented in
histograms.
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Semi-quantitative and quantitative Real-Time Polymerase Chain Reaction

To assay MMP-9 expression in human tumor cells and mouse microglia, total cellular RNA
was isolated with an RNeasy-kit (Qiagen, Hilden, Germany). First-strand cDNA was
synthesized with SuperScript 11 reverse transcriptase (Invitrogen) by using 50ng-250ng
RNA and oligo-dT primer. PCR was performed with a High Fidelity kit (Invitrogen).
Sequences for RT-PCR primer sets were as follow: for mouse MMP-9 forward 5’-
CATTCGCGTGGATAAGGAGT-3’, reverse 5’~ACCTGGTTCACCTCATGGTC-3’, and
for actin forward 5'-CCCTGAAGTACCCCATTGAA-3', reverse 5'-
GTGGACAGTGAGGCCAAGAT'-3’. For mouse TLR and MyD88, specific primers were
purchased from biomol (Hamburg, Germany) and described as previously20. Real-time
quantitative RT-PCR was performed for 40 cycles on a Fast Real-Time PCR System
(Applied Biosystems, Carlsbad, USA) using SYBR Green kit (Applied Biosystems). human
MMP-9 primers are: forward 5’-AAGGCGCAGATGGTGGAT-3’, reverse 5'-
TCAACTCACTCCGGGAACTC-3'.

Western blotting

Total cellular lysates from mouse microglia were obtained by RIPA buffer (Sigma-Aldrich)
containing EDTA-free protease inhibitor cocktail tablets (Roche Diagnostics GmbH,
Germany) at 4 °C. Cellular debris was removed by centrifugation, and protein quantification
was performed using the bicinchoninic acid (BCA) assay (Thermo Fisher
Scientific,Rockford, USA). Proteins were resolved on 10% SDS-PAGE gels, and
immunoblotting was performed using the following primary antibodies: rabbit polyclonal
anti-MMP-9 (Abcam, Cambridge, United Kingdom) and mouse monoclonal anti-B-actin
(Sigma-Aldrich). Anti-rabbit HRP-conjugated secondary antibody (Cell signaling, Danvers,
USA) was used and visualized using enhanced chemiluminescence (Amersham Biosciences,
Piscataway, USA).

Enzyme-linked immunosorbent assay (ELISA)

Supernatant collected from mouse primary cultured microglia (from WT, TLRs 1, 2,4, 6, 7
and 9 KO mice) determined for total MMP-9 by ELISA Kits according to the manufacturer’s
protocols (R&D systems, Abingdon, United Kingdom). The colometric reaction was read on
a Tecan Infinite F-500 photometer. Results were presented as picograms of MMP-9 per
1x108 cells.

Gelatine zymography

For activity of MMP-9 (gelatinase B) analysis, microglia conditioned medium was mixed
with sample buffer and electrophoresed in 10 % SDS gels containing as substrate procaine
gelatine. The detailed procedure was described previously*. Briefly, after electrophoresis,
gels were washed in a solution of 2.5% Triton X-100, and incubated overnight at 37 °C in
developing buffer. Gels were then stained with Coomassie Brilliant Blue R250 and
destained in a solution of 10 % acetic acid and 40 % methanol. Recombinant human MMP-9
(R&D systems) was used as a positive control.
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Immunofluorescent staining and image processing

Resected human glioma tissue and mouse brains were prepared as previously described??.
After cryosection, 16 pm-thick brain sections were mounted onto glass slides. Sections were
then washed with PBS (pH 7.4), followed by antigen retrieval using sodium citrate buffer,
pH 6, at 95°C for 25 min in a water bath. Nonspecific staining in sections was blocked using
10% donkey serum in 0.1% Tween 20-PBS for 1 h at room temperature. Primary antibodies
were added overnight at a dilution of 1:350 for goat Iba-1 (Abcam), 1:1000 for rabbit
MMP-9 (Abcam) at 4°C. Alexa 488-conjugated donkey anti-goat 1gG (1:200, Jackson Lab,
Suffolk, United Kingdom) or Cy3-conjugated donkey anti-rabbit 1gG (1:200, Jackson Lab)
were subsequently applied. The nuclei were counterstained with DAPI (Sigma-Aldrich).
Images were taken using a confocal microscope (TCS SP5, Leica, Wetzlar, Germany) with
20X, 40X, or 63X oil objectives. Iba-1 positive labeled cells were counted using Image J
software (NIH, Bethesda, USA).

In vivo assessment of mouse survival with minocycline treatment

C57BL/6 mice bearing glioma were treated with minocycline (Sigma-Aldrich). Briefly,
minocycline powder was dissolved in drinking water. The oral treatment started on the same
day with tumor inoculation. Mice were kept under cautious observation and median survival
time was also analyzed. Survival rate was calculated by the Kaplan-Meier method
(MedCalc, Ostend, Belgium) by log rank analysis.

Statistical analysis

Results

All data represent the average of at least 3 independent experiments. Error bars represent
standard error of the mean. Data sets were analyzed statistically by SPSS11.5 software and
tested for normality by Shapiro-Wilks test. For non-parametric analysis, the Mann-Whitney-
U test was used. Parametric testing was done with Student-t test. Comparisons between
multiple groups were done using one-way ANOVA with Scheffé post-hoc test. Statistical
significance was determined at p values < 0.05 (*) and <0.01 (**) while n.s. implied a non-
significant p value.

Microglial MMP-9 is up-regulated by glioma supernatant and in the glioma environment

To test whether glioma cells trigger MMP-9 upregulation in microglia, mouse primary
microglial cell cultures were treated with normal medium (as controls) or glioma
conditioned medium (GCM). After 3, 6, or 24 h, cells were lysed and MMP-9 RT-PCR was
performed. Compared to control medium, microglial MMP-9 mRNA was up-regulated upon
GCM treatment already after 3 h and was further increased after 6 and 24 h (Fig. 1A). In
GL261 cells, MMP-9 expression could not be detected. We further performed quantitative
PCR and found that after 24 h of GCM treatment, microglial MMP-9 mRNA level was
increased by 17 times (6, p=0.02) when compared to non-treated controls (Fig. 1A). This
effect was further verified by western blot and gelatin zymography where we observed a
significant increase in MMP-9 production and secretion, respectively, upon GCM treatment
(Fig. 1B). To examine the MMP-9 expression in an experimental glioma model, WT or
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mCherry GL261 cells were inoculated into mouse brains. Mice were sacrificed after two
weeks of glioma growth, and brain sections were stained with Iba-1 and MMP-9 antibodies.
As shown in Fig.1C, we detected strong immunolabelling for MMP-9 in the glioma tissue,
but not in the tumor free area. The glioma associated Iba-1-positive microglia/brain
macrophages, but not the tumor cells were the dominant cell population expressing MMP-9
(Supplementary Fig. 4).

Microglia are main source of MMP-9 in the mouse and human glioma tissue

It has been reported that glioma cell lines as well as primary GBM tissue expressed
MMP-922. 23 while for a mouse glioma model the main source of MMP-9 were glioma
infiltrating CD45+ cells, which was essential and sufficient to initiate angiogenesis by
increasing VEGF activityl2. We analyzed the MMP-9 expression in human GBM patient
tissue by immunohistochemistry. As seen in Fig. 2B, MMP-9 was predominantly expressed
by Ibal+ cells, indicating glioma associated microglia/brain macrophages are the
predominant cells expressing MMP-9. We also isolated these cells by MACS directly after
tumor resection and analyzed MMP9 gene expression in CD11b+ cells (i.e. glioma
associated microglia/macrophage) and flow-through cells (i.e. mainly glioma cells). CD11b
+ cell purity was analyzed by flow cytometry (see Supplementary Fig. 1). The MMP-9
expression was normalized to the level of the expression in CD11b+ cells, and the level of
MMP-9 expression in flow through cells was compared to that. In the human glioma
samples MMP-9 expression was predominately from GAMs as determined by gPCR from
MACS isolated cells and flow through cells (Fig. 2C). When we compared MMP-9
expression by RT-PCR in 8 different established primary human glioma cell lines, we found
MMP-9 expression in only one (Fig. 2A). Moreover, the GL261 mouse glioma cell line also
did not express MMP-9 (Fig. 1A).

Glioma released factors induced microglial MMP-9 expression through MyD88-TLR2

signalling

We have previously shown that glioma-released factor(s) induced microglial MT1-MMP
production mediated through the TLR2 signalling pathway®. To check if microglial MMP-9
induction is also regulated by TLRs, we cultured microglial cells from WT mice and from
mice deficient for TLR1, TLR2, TLR4, TLR6, TLR7, TLR9 and the intracellular adaptor
molecule MyD88. The microglial cells were stimulated for 24 h with GCM and incubated
for another 24 hours with serum free cultivation medium. MMP-9 expression in the cell
supernatant was analyzed by gelatin zymography, Elisa and Western blot. As seen in Fig.
3A, GCM induced MMP-9 functional expression as revealed by zymograpy in WT and
TLR1KO, TLR4 KO, TLR7 KO, TLR9 KO, but not in the Myd88, TLR2 and TLR6
deficient microglia. These effects were further verified by Elisa (Fig. 3B); GCM stimulated
microglia released significant higher amount of MMP-9 compared to the untreated control
(Control: 0.33+0.17ng/ml, GCM: 3.95+0.46ng/ml, p=0.002), and this expression level was
not altered when TLR1 (control: 0.05£0.003ng/ml, GCM: 3.68+1.06ng/ml, p=0.026), TLR4
(control: 0.17+0.08ng/ml, GCM: 4.16+0.68ng/ml, p=0.004), TLR7 (control:
0.35+0.15ng/ml, GCM: 4.89+0.06ng/ml, p<0.001) or TLR9 (control: 0.55+0.24ng/ml,
GCM: 4.65+0.41ng/ml, p=0.001) was absent. In contrast, microglial MMP-9 induction by
GCM was impaired from mice deficient for MyD88 (control: 0.08+£0.001ng/ml, GCM:
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0.08+0.006ng/ml, p=0.378), TLR2 (control: 0.14+0.023ng/ml, GCM: 0.3+0.17ng/ml,
p=0.409) or TLR6 (control: 0.12+0.07ng/ml, GCM: 0.238+0.08ng/ml, p=0.107). Cell lysate
analyzed by Western blot confirmed that the GCM induced microglial MMP-9 up-regulation
depends on TLR2 signaling since increased protein level was observed in WT microglia, but
not in TLR2 KO microglia (Fig. 3C). To confirm that microglial MMP-9 secretion can be
induced by TLR2 activation, primary microglia from WT mice were stimulated for 24 h
with the TLR2 agonists Pam3CSK4, PG-LPS from P. gingivalis and HKLM (heat-killed
Listeria monocytogenes). Subsequently cell supernatant was collected and gelatin
zymography was performed. As shown in Fig. 4A, all three agonists induced the expression
of MMP-9.

TLR2-deficient mice show reduced MMP-9 in vivo

We used an experimental mouse glioma model to study MMP-9 expression in GAMs in
vivo. Cells of the mouse glioma cell line GL261 were inoculated into WT and TLR2 KO
mice. After 2 weeks of glioma growth, brain tissue was analyzed by immunohistochemistry
for MMP-9 expression. MMP-9 fluorescence intensity was quantified and normalized to
DAPI with Imag J software. As shown in Fig. 4B, we observed an increase in MMP-9
immunoreactivity within the tumor in WT mice, whereas in TLR2 KO mice, the
immunoreactivity of MMP-9 was significantly lower compared to the WT controls (WT
121%+10%, TLR2KO 76%+8%, p=0.008).

TLR2 expression is upregulated by GCM

We addressed the question whether microglial TLR2 expression is affected by GCM.
Primary cultured microglia were incubated with GCM for 24 hours, and microglial TLR2
expression levels were analyzed by flow cytometry. GCM stimulated microglia had higher
levels of TLR2 as compared to the unstimulated controls (Fig.4C). We quantified the data
by analyzing the mean fluorescence intensity (normalized to isotype); microglial TLR2
expression is significantly (1.58+0.13 folder) up-regulated after GCM treatment (n=6).
Since TLR1 and TLR6 are heterodimers of TLR2, we also determined TLR1 and TLR6
expression under GCM stimulation. We could not see any significant difference between
control and GCM stimulated microglia (see supplementary Fig. 2).

Minocycline attenuated glioma-induced MMP-9 and TLR2 expression in vitro

Our previous data have shown that minocycline and the p38 MAPK inhibitor SB202190
inhibit MT1-MMP expression in glioma associated microglia® 10. We therefore tested
whether minocycline and the p38 MAPK inhibitor SB202190 can also interfere with the
induction of MMP-9 expression. Mouse microglial cells were first pretreated with either
minocycline or SB202190 for 3h, following 24 hours treatment either with GCM alone or
GCM together with SB202190 or minocycline. Cells were further incubated for another 24
hours with serum free medium. Cell lysate was then collected to perform Western blot and
supernatant to perform gelatin zymography. 50 M minocycline and 10 pM p38 MAPK
inhibitor (SB202190) reduced MMP-9 production from GCM treated microglia as analyzed
in Western blot and gelatin zymography (Fig. 5A).
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We also tested whether minocycline would affect the up regulation of TLR2 by GCM. As
shown in Fig. 5B, we detected significantly lower levels of microglial TLR2 expression
when GCM-stimulated cells were treated with minocycline (Mean fluorescence intensity
was normalized to isotype, 25uM: 1.23+0.1 p=0.02; 50uM: 1.11+0.1 p<0.001) compared to
the cells treated with GCM only (GCM: 1.59+0.18).

Minocycline prolonged survival time of glioma bearing mice

We showed previously that minocycline could reduce glioma growth in an experimental
mouse glioma model%. We now analyzed survival time comparing minocycline-treated
mice with untreated controls. After tumor inoculation into mice brains, the mice received
minocycline (30mg/kg/day) in the drinking water from the day of implantation. We could
demonstrate that treatment with minocycline significantly improved the mouse survival by
Kaplan Meier analysis, p=0.02 (Fig. 5C).

Discussion

In this study we demonstrate that soluble factors released from glioma cells induce MMP-9
expression in microglial cells/macrophages via a MyD88/TLR2 signalling pathway using
mouse cell culture, mouse in vivo glioma model and human glioblastoma samples. Moreover
we show that the FDA-approved drug minocycline attenuates the glioma induced MMP-9 as
well as TLR2 expression in microglia and thereby qualifies as possible adjuvant therapy for
gliomas.

There are several studies which highlight the importance of MMP-9 for glioma growth and
invasiveness24. It has been reported, that silencing of MMP-9 either by ShRNA or antisense
RNA approach in the human glioma cell lines diminishes its proliferation, tumor growth and
neovascularisation both in vitro and in vivo?> 26, There is also evidence that glioma
associated microglia or infiltrated myeloid cells are major MMP-9 producers!2 27,
Treatment with a microglia inhibitor (propentophyline) down regulated microglial MMP-9
expression and decreased glioma growth and invasiveness in a rat glioma model?’.
Hagemann showed that human GBM samples expressed high level of MMP-9 in passage 1,
while the expression successively decreased and almost disappeared at passage 1028, This
could indicate that primary samples contain MMP-9 expressing microglia, which are diluted
with each passage until they disappear at late passages. Our data support the statement that
MMP-9 is predominantly expressed in glioma-associated microglia/macrophages and
considerably less in glioma cells. Gene regulation (e.g. MMPs) in microglia might be
species-dependent?®, however, MMP-9 expression pattern was similar in mouse and human
glioma tissue from which we were able to isolate and separate the two cell populations,
microglia and glioma cells.

Microglia/macrophages associated with human gliomas express higher levels of TLR1, 2, 3
and 4 as compared to control microglia, but the activation of these receptors did not lead to
the secretion of pro-inflammatory cytokines such as tumor necrosis factor alpha, interleukin
1, or interleukin 630, Nevertheless, experimental TLR stimulation was employed for
inducing anti-tumoral immunity in mouse gliomas and TLR9 stimulation lead to decreased
tumor growth31, We have recently demonstrated that TLR2 is an important signalling
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pathway for inducing MT1-MMP in GAMs®. Here we demonstrate that TLR2 is equally
important for the induction of MMP-9 in these cells thus sharing a similar pathway. While
for the induction of MT1-MMP both heterodimers TLR1/TLR2 and TLR2/TLR6 play a role,
we show in the present study that the induction of MMP-9 predominantly requires the
presence of TLR2/TLR6 only. TLR1, 4, 7 and 9 did not play a significant role as in cells
deficient for these TLRs the induction of MMP-9 by GCM was not different compared to
control cells. We could confirm the importance of TLR2 since we could mimic the effect of
GCM on the induction of MMP-9 by specific TLR2 agonists. Moreover, these results were
also supported by in vivo data, since we observed lower levels of MMP-9 in TLR2KO
animals injected with glioma cells compared to wild type animals. We showed that glioma
cells increase the expression of TLR2 on GAMS and utilize this signalling pathway to
upregulate MMP-9 and thus provide the substrate of extracellular matrix degradation to
promote glioma cell invasion. In our gel zymography we could only detect the latent form
(pro-form) of MMP-9 while in western blot both latent and active form of MMP-9 were
found. The activation of MMP-9 involves other molecules like MMP-3 and TIMP-1, these
could be provided by tumor cells or microglia32.

In this study, we used minocycline to attenuate the pro-tumorigenic phenotype of GAMs.
Minocycline is a tetracycline based antibiotic and an FDA approved drug. It has been
demonstrated to inhibit microglial activation in different disease models including glioma33.
Minocycline down-regulates MMP-9 expression in T lymphocytes34 and other MMPs such
as MT1-MMP in microglia®. It has also been shown that minocycline could impede
microglial TLR2 during infections. Minocycline even attenuated LPS or bacteria induced
TLR2 up-regulation in microglial cells38: 37, We now could show that minocycline
attenuated the deleterious upregulation of TLR2 and subsequently MMP-9 in GAMs.
Moreover, recent studies also demonstrated that minocycline reduced glioma growth by
inducing glioma autophagy38: 39.

Minocycline is currently used in many experimental and clinical studies showing beneficial
effects on chronic inflammatory diseases such as Huntington’s and Alzheimer’s

disease34 40. 41 byt also in cancer. In an ovarian cancer mouse model the authors
demonstrated the inhibitory effect of minocycline on ovarian cancer growth?2. In a study of
combined treatment with minocycline and Celecoxib (COX-2 inhibitor) in a mouse model
for breast cancer metastasis into bone the authors showed that MMP-9 was downregulated in
the tumor tissue next to the metastasis site*3. Finally, the University of Utah has started a
clinical study using repeated radiation, minocycline and VEGF monoclonal blocking-
antibody Bevacizumab (Avastin®) in treating recurrent glioblastomas (http://
clinicaltrials.gov/ct2/show/NCT01580969?term=minocycline+glioma&rank=1). Thus
minocycline has the potential to become a standard element inglioma therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Impact Statements

Glioma converts microglia into a tumor-supportive phenotype via Toll-like receptor
(TLR) signaling. We now demonstrate that activation of the TLR2/6 pathway in
microglia induces the expression of MMP-9, a member of the matrix metalloprotease
family important for tumor invasion as well as angiogenesis. In parallel, TLR2 receptors
are upregulated. Both mechanisms, MMP-9 and TLR2 upregulation, are attenuated by the
antibiotic minocycline qualifying it as an adjuvant for glioma therapies.
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Fig. 1. Microglial cellsare upregulating MM P-9 when associated with gliomas
(A) MMP-9 gene expression in microglia stimulated with GCM for 3h, 6h and 24h was

analyzed by RT-PCR (left). GL261 cells were also analyzed for MMP-9 expression. 3-actin
serves as a loading control. Microglial MMP-9 expression was quantified with gRT-PCR
after 24h stimulation with GCM (right). Bars represent the meanzs.e.m. from 3 independent
experiments. (B) Western blot from both cell lysate (left panel) and gelatin zymography
from supernatant (right panel) showed MMP-9 induction in microglia upon GCM
stimulation for 24h. (C) Mouse brains injected with GL261 glioma cells were stained for
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microglial marker Iba-1(green) and for MMP-9 (red). In the tumor free area the level of
MMP-9 was low (left, out of the dash line) while within the tumor MMP-9 is expressed
mainly in Iba-1 positive cells (right).
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Fig. 2. Glioma associated microglia/macr ophages but not gliomas are the main MM P-9
producing cells
(A) 8 primary cultured human GBM cell lines were analyzed for MMP-9 expression in

mRNA level by RT-PCR (B-Actin serves as a loading control). In only one line MMP-9 was
detected. (B) Human GBM tissues were analyzed by immunohistochemistry showing that
Ibal positive cells (green) express MMP-9 (red). (C) MACS freshly isolated CD11b+ cells
and flow-through (i.e. mainly glioma cells) from 3 GBM and 2 anaplastic astrocytoma were
analyzed for MMP-9 expression by qRT-PCR (Dash line represents MMP-9 expression in
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CD11b+ cells in each sample, solid bars represent folder changes of MMP-9 expression in
flow through cells compared to CD11b+cells).
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Fig. 3. TLR2 signalling trigger s glioma associated microglial MM P-9 up-regulation
(A) Microglia from WT and MyD88 or TLR 1, 2, 4, 6, 7 and 9 deficient mice were

stimulated with GCM for 24h, cell supernatant was collected for gelatin zymography.
Recombinant MMP-9 was used as a standard, GCM and DMEM were loaded as controls.
Images were representative from 3 independent experiments. (B) Elisa was performed on
cell supernatant for quantification of total MMP9 release. GCM and conditioned medium
from primary cultured astrocytes were used as controls. Bars represent the meanzs.e.m.
from 3 independent experiments. (C) Cell lysate and supernatant from WT and TLR2 KO
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microglia treated with GCM for 24h were further analyzed by western blot and compared to
an untreated control (B-actin served as a loading control).
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Fig. 4. Microglial MMP-9 aswell as TLR2 isregulated by GCM stimulation
(A) The influence of TLR2 ligands on MMP-9 expression was determined in primary

microglia from WT mice. Microglial cells were stimulated with 3 different TLR2 agonists
for 24h and levels of MMP-9 in the supernatant were analyzed by gelatin zymography. (B)
Slices from glioma inoculated WT and TLR2 KO mice were immunohistologically labeled.
Microglia/brain macrophages were identified by the expression of Ibal (green) and MMP-9
by immunolabelling in red (left), fluorescence intensity was quantified by ImagJ and
normalized to DAPI (right). (C) TLR2 expression of microglia upon GCM stimulation for
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24 h was analyzed by flow cytometry. Representative histogram of flow cytometry was
shown (left panel), mean fluorescence intensity (normalized to isotype control) was used to
quantify the expression of TLR2 (right panel). Bars represent the meanzs.e.m. from 6
independent experiments.
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Fig. 5. Minocyclineinterferswith glioma associated microglial MM P9 and TL R2 induction
(A) MMP-9 expression is shown by Western blot in the lysate (left) and Gelatin

zymography in the supernatant (right) obtained from primary cultured microglia. On the left,
cells were stimulated with GCM alone or with GCM combined with either 50 uM
minocycline (Mino, upper panel) or 10uM MAPK inhibitor SB202190 (SB, lower panel) for
24h. Similarly on the right panel MMP-9 expression is shown for the supernatant obtained
from cells stimulated with GBM alone or combined with minocycline and SB. (B) Microglia
was either treated with GCM or GCM together with 25uM or 50uM minocycline for 24 h
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and TLR2 in microglia was analyzed by flow cytometry (left panel: representative
histogram). On the right panel, mean fluorescence intensity was quantified. Bars represent
the meanzs.e.m. from 5 independent experiments. (C) The Kaplan-Meier survival curve
represents the survival rate of mice bearing tumor with or without minocycline treatment
through drinking water (30mg/kg/day).
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