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Synergistic Toll-like Receptor 3/9 Signaling Affects
Properties and Impairs Glioma-Promoting Activity of
Microglia
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In murine experimental glioma models, TLR3 or TLR9 activation of microglial/macrophages has been shown to impair glioma
growth, which could, however, not been verified in recent clinical trials. We therefore tested whether combined TLR3 and TLRY acti-
vation of microglia/macrophages would have a synergistic effect. Indeed, combined TLR3/TLR9 activation augmented the suppression
of glioma growth in organotypic brain slices from male mice in a microglia-dependent fashion, and this synergistic suppression
depended on interferon P release and phagocytic tumor clearance. Combined TLR3/TLRY stimulation also augmented several func-
tional features of microglia, such as the release of proinflammatory factors, motility, and phagocytosis activity. TLR3/TLR9 stimulation
combined with CD47 blockade further augmented glioma clearance. Finally, we confirmed that the coactivation of TLR3/TLR9 also
augments the impairment of glioma growth in vivo. Our results show that combined activation of TLR3/TLR9 in microglia/macro-
phages results in a more efficient glioma suppression, which may provide a potential strategy for glioma treatment.
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Glioma-associated microglia/macrophages (GAMs) are the predominant immune cells in glioma growth and are recently con-

sidered as antitumor targets. TLRs are involved in glioma growth, but the TLR3 or TLR9 ligands were not successful in clinical

trials in treating glioma. We therefore combined TLR3 and TLRY activation of GAMs, resulting in a strong synergistic effect

of tumor clearance in vitro, ex vivo, and in vivo. Mechanisms of this GAM-glioma interaction involve IFNf signaling and

increased tumor clearance by GAMs. Interfering with CD47 signaling had an additional impact on tumor clearance. We pro-
Kpose that these signaling pathways could be exploited as anti-glioma targets.
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Glioblastoma is the most common malignant tumor in the
CNS (Gladson et al., 2010) with a median survival time of 12—
15 months (Mellinghoff and Gilbertson, 2017). In the last years,
it has become evident that the microenvironment of glioma
has an impact on tumor progression and treatment resistance
(Hambardzumyan et al, 2016). Microglia and macrophages
derived from the periphery infiltrate glioma tissue and make up
to 30% of the tumor mass. There are various aspects in which
interactions between glioma-associated microglia/macrophages
(GAMs) and glioma cells play a role, including cytokine signal-
ing and release and activation of extracellular matrix-degrading
enzymes. As a consequence of these interactions, GAMs
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promote glioma growth (Hu et al, 2015). Moreover, glioma
cells change GAM properties, resulting in a specific, protumori-
genic phenotype that is distinct from the classical M1/M2 phe-
notype (Szulzewsky et al., 2015). Toll-like receptors (TLRs) and
associated signaling pathways mediate glioma/GAM interaction.
These pattern recognition receptors recognize pathogens
(Trinchieri and Sher, 2007; Lehnardt, 2010) and in the CNS are
prominently expressed on microglia. In human, the TLR family
consists of 10 members (i.e., TLR1-TLR10). While TLR3 recog-
nizes double-stranded RNA and subsequently initiates Type I
interferon production (Barton and Medzhitov, 2003; Trinchieri
and Sher, 2007), TLRY preferentially detects single-stranded
DNA and triggers signaling pathways, resulting in the release of
proinflammatory cytokines (Barton and Medzhitov, 2003;
Trinchieri and Sher, 2007). Poly(I:C) is structurally similar to
double-stranded RNA and has been widely used as a TLR3 ago-
nist, while oligodeoxynucleotides with unmethylated cytosine-
phosphate-guanine (CpG) motifs as short single-stranded DNA
represent an established TLRY activator (Lehnardt, 2010).

TLR3 and TLRY activation was previously described to sup-
press tumor progression, including glioma growth (Salaun et al.,
2006; Krieg, 2007; Morikawa et al., 2007; Chiappinelli et al.,
2015). Several clinical trials tested either Poly(I:C) or CpG treat-
ment on patients with primary or recurrent glioma (Krieg, 2007;
Butowski et al., 2009; Rosenfeld et al., 2010). The outcome so far
was not promising. Since TLR3 and TLR9 activate distinct path-
ways, namely, signaling via IRF/TRIF adaptor protein and
MyD88, respectively, we hypothesized that combined TLR3 and
TLRO activation leads to synergistic effects with regard to tumor
growth suppression. We therefore evaluated the effects of com-
bined treatment with Poly(I:C) and CpG on growth of different
glioma cell lines, in a mouse glioma model, and on diverse
microglial functions, including phagocytosis, cell motility, and
cytokine release.

Material and Methods

Animals. For all experiments, we used C57BL6] mice or
MacGreen mice on C57BL6] background. MacGreen mice were
derived from a transgenic line expressing EGFP under the con-
trol of a promoter for macrophage colony-stimulating factor re-
ceptor (CSF-1R) (Sasmono and Williams, 2012). Mice of either
sex were used for primary neonatal microglia culture, and male
mice were used for organotypic brain slices and in vivo experi-
ments. These animals were handled according to the regulations
and rules of LaGeSo and Max-Delbrueck-Center. C57BL6] mice
used for in vivo experiments were handled according to in vivo
experiments, guidelines pertaining to animal experimentation
approved by the Committee on Animal Research of Tongji
Medical College of Huazhong University of Science and
Technology, China.

Human material. All patients were operated at the Department
of Neurosurgery, University Medical Center Schleswig-Holstein,
Campus Kiel. The study was approved by the Ethics Committee of
the University of Kiel (approval #D477/18) and was in accordance
with the Helsinki Declaration of 1964 and its later amendments.
Informed consent was obtained from all individual patients. Freshly
resected tumor tissue was stored in DMEM at 4°C for << 24 h until
further experimental workup.

Cell culture. Murine glioma cell line GL261 (American Type
Culture Collection), human glioma cell lines U87 (ECACC), U251
(ECACC, #89181493), and LN229 (American Type Culture
Collection, ATCC-CRL-2611) were cultured in DMEM with
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supplements (10% FCS), 50 units/ml penicillin, 50 pg/ml strepto-
mycin, and 200 mm glutamine (all purchased from Invitrogen).
THP1 cells (American Type Culture Collection) were cultured in
RPMI-1640 medium with 10% FCS, 50 units/ml penicillin, 50 pig/
ml streptomycin, 200 mum glutamine (Invitrogen), and 0.05 mm 2-
mercaptoethanol (Invitrogen/Thermo Fisher Scientific). Before
the experiment, THP1 cells were treated with PMA for 48 h.
Primary microglia were prepared and harvested from neonatal
C57BL6 (WT) mouse brain as previously described (Minelli et
al., 2000). GL261mCherry, U87mCherry, U251mCherry, and
LN229mCherry cells were generated as previously described
(Vinnakota et al., 2013). For conditioned medium collection, pri-
mary microglia were seeded into a 6-well plate overnight until
adherence, followed by adding 10 pg/ml Poly(I:C) (Invivogen)
and 2 uM CpG (Invivogen) for 24 h. Supernatant was harvested
and filtered using membranes with 0.2 tM pores (Corning).

Human GAMs isolation by magnetic activated cell sorting
(MACS). GAMs were freshly isolated by MACS as previously
described (Vinnakota et al., 2013). Briefly, after washing with
PBS, tumor tissue from human glioma samples was enzymati-
cally digested into single-cell-suspension using Adult Brain
Dissociation Kit (Miltenyi Biotec). Tissue was further dissoci-
ated, and debris was removed by applying a 40 um cell strainer
(Miltenyi Biotec). Next, cell suspension was incubated with
CD11b microbeads in MACS buffer (PBS supplemented with
0.5% BSA and 2 mm EDTA) for 15 min. Cells were then loaded
onto a MACS column (Miltenyi Biotec), after washing the col-
umn with MACS buffer. CD11b" and CD11b™ cells were eluted
from the column. A fraction of the isolated cells was stained with
CD11b antibody for FACS analysis to verify cell purity.
Populations of CD11b" and CD11b™ cells were used for investi-
gating gene expression changes by qRT-PCR.

Total RNA isolation and PCR. Total RNA was isolated using
Promega RNA mini kit (Stratec) according to the manufacturer’s
instructions. Quality and yield were determined by NanoDrop
1000 (PeqLabBiotechnologie). cDNA was synthesized using
100 ng total RNA with SuperScript II reverse transcriptase kit
(Invitrogen). RT-PCR gene amplification was performed in
duplicate using SYBR Green PCR mix (Applied Biosystems) and
7500 Fast Real-Time PCR System (Applied Biosystems). Primer
sequences generated by Biotex were listed as follows: interleukin
12 (il12: sense 5'-TGGTTTGCCATCGTTTTGCTG-3', anti-
sense 5'-ACAGGTGAGGTTCACTGTTTCT-3'), nitric oxide
synthase 2 (nos2: sense 5'-TCACGCTTGGGTCTTGTTCA-3,
antisense 5'-TGAAGAGAAACTTCCAGGGGC-3'), interleukin
1B (il1B: sense 5'-GCAACTGTTCCTGAACTCAACT-3', anti-
sense 5'-ATCTTTTGGGGTCCGTCAACT-3"), Tumour Necrosis
Factor alpha (tnfo: sense 5'-CCCTCACACTCAGATCATCTTCT-
3’, antisense 5'-GCTACGACGTGGGCTACAG-3'), interferon 3
(ifnP: sense 5-CAGCTCCAAGAAAGGACGAAC-3', antisense
5'- GGCAGTGTAACTCTTCTGCAT-3"), TATA-binding protein
(thp: sense 5'-AAGGGAGAATCATGGACCAG-3', antisense 5'-
CCGTAAGGCATCATTGGACT-3'), B-cell lymphoma 2 (bcl2:
sense 5'-ATGCCTTTGTGGAACTATATGGC-3', antisense 5'-
GGTATGCACCCAGAGTGATGC-3'), myeloid cell leukemia 1
(mcll: sense 5 -AAAGGCGGCTGCATAAGTC-3', antisense 5'-
TGGCGGTATAGGTCGTCCTC- 3’), Bcl-2-associated X protein
(bax: sense 5'-TGAAGACAGGGGCCTTTTTG-3', antisense 5'-
AATTCGCCGGAGACACTCG-3"), Sppl (sense 5-AGCAAGA
AACTCTTCCAAGCAA-3', antisense 5-GTGAGATTCGTCA
AGATTCATCCG-3'), Glycoprotein NMB (gpnmb: sense 5'-
GCTGGTCTTCGGATGAAAATGA-3', antisense 5-CCACAA
AGGTGATATTGGAACCC-3"), matrix metallopeptidase 9 (mmp9:
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sense 5'-CTGGACAGCCAGACACTAAAG-3', antisense 5'- CT
CGCGGCAAGTCTTCAGAG-3'), matrix metallopeptidase 14
(mmpl4: sense 5'-CAGTATGGCTACCTACCTCCAG-3', anti-
sense 5'-GCCTTGCCTGTCACTTGTAAA-3"), cd86 (sense
5-TGTTTCCGTGGAGACGCAAG-3', antisense 5'- TTGAG
CCTTTGTAAATGGGCA-3"), ¢d206 (sense 5'-CTCTGTTCA
GCTATTGGACGC-3', antisense 5'-CGGAATTTCTGGGATT
CAGCTTC-3'), bad (sense 5'-AAGTCCGATCCCGGAATCC-3/,
antisense 5'-GCTCACTCGGCTCAAACTCT-3"), bim (sense
5'-CCCGGAGATACGGATTGCAC-3', antisense 5'-GCCTC
GCGGTAATCATTTGC-3'), Toll like receptor 3 tir3 (sense
5'-GTGAGATACAACGTAGCTGACTG-3’, antisense 5'-TC
CTGCATCCAAGATAGCAAGT-3"), and tlr9 (sense 5'-
ATGGTTCTCCGTCGAAGGACT-3’, antisense 5'-GAGGCT
TCAGCTCACAGGG-3'). The results were analyzed by
pAACT ways normalized to tbp and were presented as fold
change normalized to control group.

Protein extraction and Western blot. Whole-cell protein
extracts were prepared from primary microglia treated with Poly
(I:C) and/or CpG or GL261, U87, U251, and LN229 glioma cells
using RIPA lysis buffer (Sigma Millipore) containing EDTA-free
protease inhibitor cocktail tablets (Roche Diagnostics). Protein
concentration was determined by a BCA protein assay kit
(Thermo Fisher Scientific), and 20 ug of total protein of each
sample was resolved on a 10% SDS-PAGE gel, followed by wet
transfer of resolved proteins onto a PVDF membrane (GE
Healthcare). Membranes were blocked and followed by over-
night incubation at 4°C with rabbit anti-phosphorylated-Akt
(Ser473) (CST), anti-GAPDH (CST), or anti-total-Akt antibodies
(CST). For GL261, U87, U251, and LN229 glioma cell line, pri-
mary antibodies, including anti-CD47 (Thermo Fisher Scientific)
and anti-GAPDH (CST), were used. Membranes were incubated
with a secondary anti-rabbit HRP antibody (1:2000; Cell
Signaling Technology), developed with SuperSignal West Pico
Chemiluminescence substrate kit (Thermo Fisher Scientific).
Signal was detected by Molecular Imager Gel Doc XR system
(Bio-Rad).

Immunofluorescent staining and image processing. For mu-
rine tumor slices, mice brains were harvested and perfused with
PBS followed by 4% PFA solution (Sigma Millipore); 40 pm free-
floating tumor sections were prepared as previously described
(Vinnakota et al., 2013). Human glioma specimens were prepared
following the procedure previously described (Vinnakota et al.,
2013). Slices were washed 3 times with PBS for 5 min and blocked
with 5% of donkey serum and 0.1% Triton-X (Sigma Millipore).
For glioma cell immunostaining, cells on coverslips treated with
recombinant IFNP were fixed with 4% PFA followed by blocking
with 5% of donkey serum and 0.1% Triton-X. Primary antibodies
were added overnight at 1:100 for cleaved caspase-3 (CST), 1:500
dilution for Iba-1, 1:200 for TLR3 (Abcam), or 1:100 for TLR9
(Abcam) at 4°C. TLR3 and TLR9 were detected using the second-
ary antibody Cy3-conjugated goat anti-rabbit IgG (1:200; Jackson
ImmunoResearch Laboratories), and cleaved caspase-3 was
detected using Alexa-488-conjugated donkey anti-mouse second-
ary antibody, while Iba-1 was detected using the secondary anti-
body anti-goat DyLight 488 (1:200; Jackson ImmunoResearch
Laboratories). Nuclei were counterstained with DAPI (Sigma
Millipore). Images were taken using a confocal microscope
(LSM710, Carl Zeiss) with 20x or 40x oil objectives. For human
glioma specimens, TLR3-, TLR9-, and Iba-1-labeled cells were
counted using Imaris software (Bitplane).

Organotypic brain slice (OBS) model and tumor inoculation.
OBSs were prepared as described previously (Markovic et al.,
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2009). Briefly, 14-d-old WT or MacGreen mice were decapitated,
and brains were cut in coronal plane into 250 pm sections with a
vibratome (Leica Microsystems, VT1000S). Brain slices were col-
lected with a sterile plastic pipette (7 mm diameter) and trans-
ferred onto cell culture inserts with 0.4 pm pores (Becton
Dickinson), which were fitted into wells of a 6-well plate; 1 ml
culture medium containing DMEM supplemented with 10%
heat-inactivated FCS, 0.2 mm glutamine, 100 U/ml penicillin,
and 100 mg/ml streptomycin was added into each well; and after
overnight incubation, medium was changed with cultivation me-
dium containing 25% heat-inactivated FCS, 50 mm sodium bicar-
bonate, 2% glutamine, 25% Hanks balanced salt solution, 1 mg/
ml insulin (Invitrogen), 2.46 mg/ml glucose (Braun Melsungen),
0.8 mg/ml vitamin C (Sigma Millipore), 100 U/ml penicillin,
100 mg/ml streptomycin, and 5 mm Tris in DMEM (all from
Invitrogen). To deplete microglia in OBSs, liposome-encapsu-
lated clodronate or liposome-encapsulated PBS diluted with
culture medium (1:10) was added into the well. After 24 h incu-
bation, medium containing clodronate liposomes was replaced
by cultivation medium and incubated for another 48 h. After-
ward, 5000 GL261mCherry cells were slowly injected into the
caudate putamen region of the slice in 150 pm depth of both
hemispheres. Careful control of the injection procedure ensured
that no cells spilled onto the surface of the slice, which could
migrate over the surface rather than invade through the tissue.
After 5 d, slices were washed and fixed with 4% PFA. Tumor vol-
umes were measured by confocal microscopy (LSM710, Carl
Zeiss) with z-stack scanning and were reconstructed by Imaris
into 3D model for exact volume evaluation. For determining
microglial density in normal brain slices and tumor containing
slices, we quantified the EGFP fluorescence intensity or numbers
using Imaris software. To define the tumor area within the slices,
we used the mCherry fluorescence. For treatment, Poly(I:C)/
CpG, recombinant IFNB (R&D Systems), normal IgG control
(IgG, R&D Systems), IFNf-neutralizing antibody (alFN, R&D
Systems), rat IgG2a isotype control (Isotype, Bioxcell), or CD47-
neutralizing antibody (Bioxcell) were applied to the medium af-
ter tumor implantation, and every other day, fresh agonists,
recombinant protein, antibody, or isotype were added during
medium change.

For microglia isolation from organotypic brain slices 5 d after
tumor inoculation, we harvested the tumor tissue with scalpel
and transferred it into 1.5 ml Eppendorf tubes. For control
microglia, cells were similarly collected from nontumor slices.
Then the tissues were enzymatically digested to obtain a single-
cell-suspension using Adult Brain Dissociation Kit (Miltenyi
Biotec) followed by the microglia isolation procedure by MACS
as described previously.

Glioma implantation and treatment administration in vivo.
GL261 cells were inoculated into mouse brain as described previ-
ously (Hu et al., 2015; Szulzewsky et al., 2015). Briefly, anesthe-
tized mice were immobilized and mounted onto a stereotactic
head holder (David Kopf Instruments) in flat-skull position.
After skin incision 1 mm anterior and 1.5 mm lateral to bregma,
the skull was carefully drilled with a 20G needle tip. A 1l sy-
ringe with a blunt tip (Mikroliterspritze 7001N, Hamilton) 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
2min, 0.5ul (2 x 10* cells/ul) of glioma cell suspension was
slowly injected into the brain. After surgery, mice were kept
warm, and postoperative condition was monitored daily.

After 14d of tumor inoculation, for Poly(I:C) administration,
tumor-bearing mice were intraperitoneally injected with 200 pg
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Poly(I:C) every 3 d. For CpG administration, mice were first
anesthetized, and 100 pg CpG in 2 pl volume was administered
intratumorally. All animal experiments were performed at least
in triplicate. For tumor volume quantification, mice were killed
28 d after tumor inoculation, and tumor volumes were deter-
mined by H&E staining every 12th slices according to the
Cavalieri principle (Hu et al., 2015) as we used previously
(Vinnakota et al., 2013).

CCK-8 kit assay. A total of 10,000 GL261 cells per well were
seeded in a 96-well plate. After treatment with either conditioned
medium from microglia or recombinant IFN for 6, 12, 24, or 48
h, CCK-8 reagent (Toyobo) was added (10 pl per well) in a 98-
well plate and incubated for 2 h. Plates were measured with a
multireader at 450 nm absorbance. Results were normalized to
the absorbance of the control group at 6 h.

Assessment of phagocytosis. Primary microglia were seeded
on coverslips in a 24-well plate for 6 h to adhere. Poly(I:C) and/
or CpG was added to the medium for 24 h. Subsequently, YF flu-
orescent beads (Polysciences) were added for 30 min. Coverslips
were then washed 3 times with PBS for 5 min and fixed with 4%
PFA for 1 h at room temperature. Cells were stained with Iba-1
as primary antibody overnight in 4°C. After washing, cells on
coverslips were incubated with secondary antibody Alexa-647
donkey anti-goat and DAPI at room temperature for 2 h.
Coverslips were mounted with Aquapolymount (Polysciences),
and images were taken by a confocal microscope (LSM710, Carl
Zeiss). Phagocytosis index was calculated as total number of
beads divided by 100 number of DAPI-positive cells.

To quantify phagocytosis of glioma cells by microglia, 5000
microglia were seeded on coverslips in a 24-well plate for 6 h and
treated with Poly(I:C) and/or CpG for 24 h at 37°C. A total of
25,000 GL261mCherry cells were added to coverslips and incu-
bated for 2 h. After washing, cells on coverslips were fixed and
stained for Iba-1 as described above. Coverslips were scanned
with a confocal microscope (LSM710, Carl Zeiss). The number
of mCherry fluorescence within the ibal volume was determined
with Imaris software as a proxy for glioma phagocytosis.

Flow cytometry. Cultured primary microglia or THP1 macro-
phages were first treated with Poly(I:C), CpG, Poly(I:C) + CpG, or
CD47 antibody (Bioxcell) for 24 h. GL261mCherry cells were added
to primary microglia, whereas U87mCherry, U251mCherry, and
LN229mCherry glioma cells were applied to THP1 macrophages.
The ratio between microglia/macrophages to tumor cells was 1:1.
After 2 h coincubation, cell suspension was washed and incubated
with CD11b primary FACS antibody (BD Bioscience). Flow cytom-
etry data were quantified for the population of cd11b and mCherry
fluorescence-positive cells. Data were analyzed using FlowJo soft-
ware (TreeStar).

Agarose spot assay and Boyden chamber assay. Agarose spot
assay was performed as previously described (Ifuku et al., 2016).
Briefly, 0.1 g of low-melting point agarose (Promega) was solved
in 20 ml PBS. The solution was then heated until boiling and
subsequently cooled down to 40°C. Afterward, 90 pl of agarose
solution was mixed with 10 pl of PBS with or without Poly(I:C),
CpG, and Poly(I:C) + CpG in a 0.5 ml Eppendorf tube; 10 pl of
mixed solution was rapidly plated into 35 mm glass-bottom
dishes (MAktek) and were cooled down for 10 min at 4°C. Four
spots were pipetted in one dish: two containing PBS only and
two with Poly(I:C) or CpG or Poly(I:C) + CpG. These substan-
ces were also added to the medium; 5 x 10° WT microglial cells
were plated in the dish in 2 ml DMEM supplemented with 10%
FCS and incubated at 37°C for 3 h. Subsequently, cells inside the
spot were counted at the microscope. Six repetitions per
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individual experiment and three individual experiments were
performed.

Boyden chamber assay were performed as previously
described (Ifuku et al., 2016). Briefly, polycarbonate filter (8 um
pore size; Poretics) was used to separate upper and lower wells.
Microglial cells in serum-free DMEM were added to the upper
compartment, while the lower wells contained the TLR ligands
in medium. Culture medium was used as a control. The chamber
was incubated at 37°C and 5% CO, for 6 h. Cells remaining on
the upper surface of the membrane were removed by wiping,
and cells in the lower compartment were fixed in methanol for
10min and subjected to Diff-Quik stain (Medion Grifols
Diagnostics). The rate of microglial migration was calculated by
counting cells in four random fields of each well using a 20 x
bright-field objective. The number of cells in each field was
normalized to the average in control condition (100%). Five rep-
etitions per individual experiment and three individual experi-
ments were performed.

Experimental design and statistical analysis. We investigated
the potential synergistic effect of microglial TLR3/TLR9 activa-
tion using neonatal primary cultures from P1-P3 C57BL6] mice.
Each replication represents the fresh preparation of primary cul-
tures. Using the TLR3 ligand Poly(I:C) and the TLR9 ligand
CpG, we studied the combined application on microglial and
macrophage cytokine release, motility, and phagocytosis activity.
When comparisons were made between single or combined
treatment to test synergistic effects, one-way ANOVA with
Tukey post hoc test was used. Conditioned medium from TLR3/
TLR9-stimulated microglia was tested on their effect on glioma
proliferation and apoptosis. Comparisons were conducted
between control conditioned medium and TLR3/TLR9-activated
conditioned medium. When using neutralizing antibodies, com-
parisons were made to isotype IgG (Isotype or IgG) groups.
Survival analysis was performed by Log-rank analysis. All data
represent the average of at least three independent experiments.
Error bars indicate SD. Datasets were analyzed statistically by
Prism 7.0 software (GraphPad) and tested for normality by
Shapiro-Wilks test. Parametric testing was done with Student’s ¢
test. Comparison between multiple groups was performed using
one-way ANOVA with Tukey post hoc test.

Results

TLR3 and TLR9Y costimulation impairs glioma growth in a
microglia-dependent fashion

To test for the impact of TLR3 and TLR9 signaling on glioma
growth, we applied the TLR3 and TLR9 ligands Poly(I:C) and
CpG, respectively, to an organotypic brain slice glioma model.
GL261mCherry glioma cells were injected into brain slices from
mouse cortex, maintained for 5d, and the volume occupied by
mCherry-labeled glioma cells was subsequently determined by
confocal microscopy. Application of Poly(I:C) or CpG alone dur-
ing the entire tumor growth period resulted in a slight reduction
of tumor volume (ctrl vs Poly(I:C), p =0.0318, n =18 per group;
ctrl vs CpG, p=0.018, n=18 per group). When the two ligands
were added in a combined manner, there was a stronger reduc-
tion in glioma expansion (ctrl vs Poly(I:C) + CpG, p=0.0003,
n=18 per group; Fig. 1A,B).

We verified previous observations that microglia accumulate in
the glioma tissue and acquire a defined phenotype (Extended data
Fig. 1-1). We found that infiltrating microglia expressed signifi-
cant higher level of Secreted Phosphoprotein 1 (Spp1, p =0.0001),
Glycoprotein Nmb (Gpnmb, p =0.0014), Matrix Metallopeptidase
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Figure 1. TLR3 and TLRY costimulation impairs glioma growth mediated by microglia. A, OBS cultures were inoculated with GL26TmCherry cells and treated with Poly(l:C), CpG, or
Poly(I:C) + CpG compared with untreated control (ctrl). We compared slices with microglia (ctrl) with slices depleted of microglia by clodronate. Representative images of mCherry labeling are
shown after 120 h of glioma growth. Scale bar, 500 wm. B, Tumor volumes in slices described in A were quantified by confocal microscopy with z-stack scanning and 3D reconstruction. C,
Proliferation of GL261 glioma cells was determined by ki67 immunofluorescence staining after 48 h of treatment with medium conditioned by microglia (CM). Cultured microglia were stimu-
lated with 10 g/ml Poly(l:C), 2 uM CpG, or Poly(l:C) + CpG for 24 h compared with an unstimulated control (ctrl). After medium change, cells were maintained for another 24 h, and result-
ing conditioned medium was used to tumor cell incubation. Left, Images of samples. Right, Quantification of Ki67 staining. Scale bar, 50 um. n=5 per group. D, Proliferation rate of GL261
glioma cells was determined using CCK-8 cell counting kit. Glioma cells were treated as described in € for 24 and 48 h. Data are normalized to proliferation rate measured after a 6 h treatment
with control medium from unstimulated microglia; n =3 per group. E, Three different human glioma cell lines (i.e., U7, U251, and LN229) were treated for 24 h with medium harvested from
THP1 cells treated with a similar paradigm as described in C. Proliferation rate of glioma cells was measured with CCK-8 cell counting kit assay and normalized to control stimulation; n =6 per
group. F, qPCR was used to evaluate both proapoptosis marker and antiapoptosis marker expression levels after 48 h treatment of GL261 glioma cells with supernatant harvested from micro-
glia. Microglia were treated with the same paradigm as described in C. G, OBCs were inoculated with GL26TmCherry cells. Yellow represents mCherry labeling. Immunofluorescence labeling
with Ph3 (red), cleaved caspase-3 (green), and DAPI (blue). Right, The image in which all labeling is merged. Slices were either untreated (top row, Ctrl) or treated with Poly(l:() + CpG (bot-
tom row). Scale bar, 50 wm. H, Quantification of Ph3 (left) and cleaved caspase-3 (right) immunofluorescence after treatment with 10 pg/ml Poly(1:C), 2 pM CpG, or 10 pg/ml Poly(l:C) +
2 UM CpG compared with untreated slices. C-Caspase 3 = cleaved-caspase 3. ns = no significance. *p << 0.05, **p << 0.01, ***p < 0.001, ****p < 0.0001.

14 (MMP14, p =0.0243), and Matrix Metallopeptidase 9 (MMP9,  which resulted in a depletion of microglia as previously described
p=0.0204, n =3, Extended data Fig. 1-1D), which is similar to our ~ (Markovic et al., 2009). Subsequently, glioma cells were inocu-
previous published RNA-sequencing datasets (Szulzewsky et al.,  lated and maintained for 5 d as described above. Confirming pre-
2015). vious reports, tumors were smaller in microglia-depleted slices

To test whether the observed tumor reduction was mediated ~ compared with control slices (ctrl vs clodronate, p=0.0038,
by microglia, brain slices were treated with clodronate for 24 h, = n=18). However, combined treatment with Poly(I:C) + CpG
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did not significantly reduce tumor volume when microglia were
not present (clodronate (n=18) vs clodronate + Poly(I:C) +
CpG (n=19), p=0.628; Fig. 14,B).

Factors released from microglia/macrophages activated
through TLR3/TLR9 impair glioma viability and induce
apoptosis

To examine whether the impact of microglial TLR3/TLR9 signal-
ing on glioma growth is because of factors released from microglia,
cultured neonatal microglia were stimulated with Poly(I:C), CpG,
or combination of Poly(I:C) + CpG for 24 h. Supernatant was
harvested and added to GL261 glioma cells. Using Ki-67 immuno-
fluorescence staining, we tested the impact of 48 h treatment with
conditioned medium on proliferation of GL261 cells. Medium
from Poly(I:C)-treated microglia significantly reduced glioma cell
proliferation after 48 h compared with control medium (ctrl
83 = 3% vs Poly(I:C) 65 = 2%, p=0.0032, n=5), whereas medium
from CpG-treated microglia did not induce such a change (ctrl
83+ 3% vs CpG 80 = 3%, n=>5). Medium of Poly(I:C) + CpG-
stimulated microglia led to an increased reduction compared with
Poly(I:C) alone (ctrl 83 = 3% vs Poly(I:C) + CpG 42 = 4%, n=5,
P <<0.0001, Poly(I:C) + CpG vs Poly(I:C), p=0.0013, n=5; Fig.
1C).

Next, we measured proliferation of GL261 cells via CCK-8
cell counting after treatment with conditioned medium for 6, 12,
24, and 48 h. After 6 and 12 h, there was no significant difference
between the different media conditions (data not shown). After
24 h treatment, neither Poly(I:C) nor CpG conditioned media
(CM) suppressed GL261 proliferation, whereas Poly(I:C) + CpG
significantly inhibited GL261 cell proliferation (ctrl vs Poly
(:C) + CpG, p=0.0281; n=3, Fig. 1D). After 48 h treatment,
Poly(I:C) + CpG CM was even more effective (ctrl vs Poly
(I:C) + CpG, p=0.0001, n=3; Fig. 1D). To test for potential tu-
mor-suppressing effects mediated by Poly(I:C)- and CpG-stimu-
lated human monocytes, we stimulated the human macrophage
cell line THP1 with Poly(I:C) and CpG alone and combined for
24 h and applied the conditioned medium to the human glioma
cell lines U87, U251, and LN229 for 48 h. CM from Poly(I:C)-
stimulated THP1 cells inhibited U87 (p=0.0366, n=6), U251
(p=0.0182, n=6), and LN229 (p=0.0010, n=6) human glioma
cell growth (Fig. 1E). This inhibition was further enhanced when
Poly(I:C) was applied in combination with CpG (U87:
p=0.0128, n=6; U251: p=0.0184, n=6; LN229: p=0.0291,
n=6; Fig. 1E). We also tested whether supernatant from Poly(1:
C)-, CpG-, and Poly(I:C) + CpG-treated microglia triggers apo-
ptosis in GL261 cells. To this end, we examined the expression of
proapoptosis markers Bcl-2-like protein 11 (bim), Bcl-2-associ-
ated death promoter (bad), Bcl-2-associated X protein (bax), and
antiapoptosis markers B-cell lymphoma 2 (Bcl2), myeloid cell
leukemia 1(mcll) by qPCR. As shown in Figure 1F, combined
TLR3 and TLRY stimulation led to maximum expression of all
three proapoptosis markers (bad: p=0.0001; bim: p < 0.0001;
bax: p=0.002, n = 3; Fig. 3F), with no significant changes of anti-
apoptosis genes (bcl2: p =0.9984; mclI: p=0.9827, n=3; Fig. 3F).
Furthermore, we detected cleaved caspase-3, a further key mole-
cule in apoptosis, on tumor slices by immunofluorescence (Fig.
1G), and quantified the number of cleaved caspase-3-positive
cells. Combined application of Poly(I:C) and CpG induced much
more cleaved caspase-3-positive cells within glioma tissue com-
pared with single treatment (Fig. 1H). In addition, we tested for
the proliferation marker Phospho-Histone H3 (Ph3) and found
that Poly(I:C) and CpG synergistically suppress Ph3 expression
in glioma tissue (Fig. 1G,H).
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TLR3 and TLR9 costimulation induces microglial cytokine
and NOS2 expression

Since we found that costimulation of microglia with Poly(I:C)
and CpG suppressed tumor growth via soluble factor(s), we
searched for potential candidates responsible for this effect.
Primary microglia were treated with Poly(I:C), CpG, or Poly
(:C) + CpG for 6 h, and mRNA expression of TNFo, IFNB,
IL1B, NOS2, IL6, and IL12 was analyzed by qPCR (Fig. 2A). Poly
(I:C) alone increased tnfo, ifuf, il1P, nos2, and il6 expression,
whereas CpG increased tnfo, il1f, and il6 expression. Combined
application of Poly(I:C) + CpG augmented tnfo, ifuf, nos2, and
il12 expression compared with single stimulation with either
Poly(I:C) or CpG (Fig. 2A). IL6 expression was augmented by
CpG stimulation, but combined application of Poly(I:C) + CpG
resulted in lower expression level compared with the condition
where CpG alone was used. ELISA analysis revealed that Poly(I:
C) and CpG costimulation augmented the release of IL12, nitric
oxide (NO), and TNFa, whereas IL6 levels were lower compared
with stimulation with CpG alone, thereby confirming the data
on mRNA expression changes on protein level (Fig. 2B).

Properties of microglial IFNp release after TLR3 and TLR9
costimulation

We considered IFN as an interesting candidate to mediate the
interaction between microglia and glioma via Poly(I:C)/CpG-
induced TLR signaling, since TLR3 and TLR9 signaling both
activate IRF/Type I IEN signaling. IFNf as crucial member of
Type I IEN has been identified as a potent antitumorogenic fac-
tor in multiple cancers (Borden, 2019). We therefore analyzed
different time periods of stimulation and different agonist con-
centrations with respect to IFNf release. According to the qPCR
result shown in Figure 2A, mRNA of ifnf} was most prominently
increased after costimulation with Poly(I:C) and CpG compared
with control (58,548-fold upregulation). To confirm this effect
on protein level, microglia were treated with Poly(I:C), CpG, or
Poly(I:C) + CpG in combination for 3, 6, and 24 h, and IFNf
release was determined by ELISA. After both 3 and 6 h, Poly(I:C)
increased IFNP expression, whereas CpG had no effect com-
pared with control (data not shown). After 24 h, however, the
combined application of Poly(I:C) and CpG strongly enhanced
IFNB release compared with treatment with Poly(I:C) alone (Poly
(I.C) 515.8 £115.8 vs Poly(I:C) + CpG 11350 = 1121, p =
0.0028, n = 3; Fig. 3A).

To test whether microglia priming with either Poly(I:C) or
CpG plays a role in the observed IEN release, we first applied
Poly(I:C) for 3 or 6 h alone and then added CpG to continue
stimulation for 24 h. Conversely, we first applied CpG alone for
3 or 6 h and then added Poly(I:C) for the rest of the 24 h stimula-
tion. To reach the synergistic effect of augmented IFN release,
as described above, CpG had to be present in the beginning.
When Poly(I:C) was applied for 3 or 6 h alone, subsequent addi-
tion of GpG did not result in such a synergistic effect (Fig. 3A).

To test whether the synergistic effect of IFN release described
above is dose-dependent, we tested different Poly(I:C) concentra-
tions in our experimental setup. While 0.1 pg/ml resulted in a
small effect, IFNf release was increased when higher dosages,
such as 1 and 10 pug/ml, were used. Concentrations at 20 pg/ml did
not further enhance the release. If 1 or 2 UM CpG was added to
Poly(I:C) treatment, the release was augmented in a dose-depend-
ent manner (10 pg/ml Poly(I:C) vs 10 pg/ml Poly(I:C) + 1 pM
CpG, p=0.0008, n=4; 10 pg/ml Poly(I:C) +1 pM CpG vs 10 pg/
ml Poly(.C)+2 pM CpG, p<<0.0001, n=4; Fig. 3B), while
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supernatant derived from Poly(I:C) + CpG-
stimulated microglia, we added an IFN(-
neutralizing antibody (Yang et al., 2013) to
the CM from microglia treated with Poly
(C) + CpG. As shown in Figure 3E, pro-
liferation of GL261 cells decreased when su-
pernatant from Poly(I:C) + CpG-treated
microglia was added to GL261 cells for 24 or 48 h. When the
IFNf-neutralizing antibody was added to the respective superna-
tant, proliferation rate was no longer reduced (24 h: p>0.05,
n="5; 48 h: p > 0.05, n=5; Fig. 3E), indicating that IFNf mediates
the main antiproliferative activity of Poly(I:C) + CpG-treated
microglia (Fig. 3E).

We also determined the impact of IFNB-neutralizing anti-
body on glioma growth in the glioma brain slice model. As a
control, we used IgG antibody. We incubated the slices after
inoculation with GL261mCherry cells with Poly(I:C) + CpG in
the presence of IFNP antibody and compared this treatment
with control condition using IgG antibody instead. As described
above, Poly(I:C) + CpG treatment decreased glioma growth,
whereas antibody treatment significantly restored glioma growth
(p=0.0195, n=12; Fig. 3F). Treatment with IFNf antibody alone
did not affect glioma growth. Next, we treated human glioma
cells U87, U251, and LN229 with different concentrations of

(pG, or 10 pg/ml Poly(l:C) + 2 uM CpG for 6 h and compared with untreated control. mRNA expression of il12, tnfo,
ifn, il1B, nos2, and il6 were determined by qPCR (n=3 per group). B, Microglia were treated as described in A.
Subsequently, protein levels of TNFor, IL12, and IL6 were determined by ELISA (n =3 per group). *p << 0.05, **p < 0.01,
**%p <0001, ****p < 0.0001.

human recombinant IFN (hrIFNp) for 48 h and analyzed their
proliferation activity. hrIFNP inhibited human glioma cell
growth (Fig. 3G).

Finally, we tested whether glioma cell apoptosis can be
induced by IFN. To this end, GL261 cells were treated with
increasing concentrations (1, 10, 100 ng/ml) of murine IFN,
for 48 h. Gene expression of proapoptosis markers (bad,
bim) and an antiapoptosis marker (bcl2) was determined by
qPCR. IFN treatment upregulated Bad and Bim expression
in GL261 cells in a dose-dependent manner, while no signifi-
cant change of bcl2 was observed at all concentrations (Fig.
3H). To further verify that glioma cell apoptosis is induced
by IENP, glioma cell lines U87, U251, LN229, and GL261
were treated with 10 ng/ml IFNP for 48 h, and protein level
of cleaved caspase-3 was examined by immunofluorescence
staining. IFNP treatment significantly increased cleaved cas-
pase-3 expression in all glioma cell lines (U87: p=0.0006;
U251: p<<0.0001; LN229: p=0.0014; GL261: p=0.0009,
n=5; Fig. 3I).
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Figure 3.  Properties of IFN[3 release from microglia after TLR3 and TLR9 costimulation and its impact on glioma growth.

A, Left, Microglia were treated with 10 p1g/ml Poly(I:C), 2 pm CpG, or 10 pg/ml Poly(l:C) + 2 pM CpG for 24 h, and IFNJ
levels in the supernatant were measured by ELISA. A, Right, Microglia were pretreated with 10 pg/ml Poly(l:C) or 2 pM
(pG for 3 or 6 h. After this pretreatment period and a medium change, cells were incubated with 10 pg/ml Poly(l:C) + 2
LM CpG for 24 h. IFN levels in the supernatant were measured by ELISA. B, Microglia were treated with different concen-
trations of Poly(1:C) from 0.1 to 20 pg/ml or 2 uM CpG for 6 h as indicated. At 10 pg/ml Poly(I:C), the ceiling level was
reached. In an additional set of experiments shown in the same graph, microglia were treated with 10 pg/ml Poly(l:C)
combined with 1, 2, or 4 uM CpG. IFNf3 levels in the supernatant were determined by ELISA. C, GL261 tumor cells were
treated with 1, 10, or 100 ng/ml of murine recombinant IFNf3 or vehicle for different time periods as indicated, and prolif-
eration was determined by CCK-8 kit. Results were normalized to control group treated for 6 h. D, OBS cultures were inocu-
lated with GL261mChenry and treated with 1, 10, and 100 ng/ml murine recombinant IFN{3 for 120 h. Subsequently,
tumor volume was determined. E, Conditioned medium from microglia stimulated with Poly(l:() + CpG along with or
without IFN3-neutralizing antibody (oIFN) and compared with an isotype control antibody (IgG) for 6, 24, or 48 h were
added to GL261 cells. Proliferation of GL261 cells was determined by CCK-8 proliferation assay. F, Organotypic brain slices
inoculated with GL26TmCherry cells were treated with Poly(l:C() + CpG with or without oIFN and compared with gG.
Tumor volume was determined. G, Proliferation rate of human glioma cell lines U87, U251, and LN229 was determined
with CCK-8 proliferation assay after treatment with 1, 10, and 100 ng/ml human recombinant IFN[3 for 48 h. Data are nor-
malized to proliferation rate of untreated cells. H, Gene expression of proapoptosis markers (Bad and Bim) and an antia-
poptosis marker (bcl2) in GL261 glioma cells treated with 0.1, 1, 10, and 100 ng/ml mouse recombinant IFN for 48 h
compared with the untreated control. /, Human glioma cell lines U87, U251, and LN229 were treated with human recombi-
nant IFNf3 for 48 h; subsequently, the percentage of cleaved-caspase 3 (C-C3, green) positive cells was determined by im-
munofluorescence staining normalizing to DAPI signals. Left, Representative figures. Right, quantification. Scale bar,
50 um. n =5. ns = no significance. *p << 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Synergistic TLR3 and TLRY activation
increases microglial phagocytosis
activity

IFNP blockade did not completely abolish
Poly(I:C)- and CpG-attributed tumor sup-
pression, indicating that TLR3 and TLR9
activation may affect additional microglial
properties (Fig. 3F). Thus, we tested the
impact of TLR3/TLRY stimulation on
microglial phagocytosis activity represent-
ing a key function of microglia. Cultured
microglia were pretreated with single Poly
(I:C) or CpG, or combined treatment for
24 h. Subsequently, we used a bead phago-
cytosis assay to quantify phagocytosis activ-
ity (Von Zahn et al., 1997). Application of
Poly(I:C) or CpG alone increased the phag-
ocytosis activity compared with control
(ctrl 0.5%0.1 vs Poly(I:C) 0.9*+0.2, p =
0.0475, CpG 1.1 +03, p=0.0012, n=9),
and the combined treatment with both ago-
nists led to increased phagocytosis (Poly
(IC) + CpG 1.8 % 0.5, p<0.0001, n="9;
Fig. 4A,B).

We then analyzed the ability of microglia
to phagocytose glioma cells. Microglia were
seeded on coverslips and maintained for 6 h.
To quantify this phagocytic activity, cells
were subsequently fixed and analyzed with
Imaris software. We determined the amount
of mCherry-fluorescent material within the
compartment of Ibal-labeled microglia.
Next, we compared this microglial activity
observed under control conditions with the
microglial activity after treatment with Poly
(I:C), CpG, or combined Poly(I:C) + CpG
for 6 h before the exposure to GL261 cells.
While Poly(I:C) alone did not change phago-
cytic activity compared with control, CpG
alone increased phagocytic activity (p <
0.0001, n=9; Fig. 4C,D). However, treatment
with both Poly(I:C) + CpG induced a fur-
ther increase in phagocytosis (p << 0.0001,
n=9; Fig. 4D). To validate the enhanced
microglial phagocytosis of tumor cells
induced by Poly(I:C) and CpG coadministra-
tion, we pretreated microglia with single ago-
nists or combined Poly(I:C) and CpG
treatment for 24 h, then added GL261m
Cherry cells to microglia for 2 h. Sub-
sequently, we used FACS to quantify the
number of microglial cells, which had
phagocytosed glioma cells by determining
the population of cells being double-posi-
tive for mCherry and CD11b. Similarly to
the findings using immunofluorescence
analysis described above, using flow
cytometry, Poly(I:C) alone did not inc-
rease phagocytic activity, while a large
population of mCherry-positive micro-
glia was detected after CpG stimula-
tion (ctrl 3.4*0.3 vs CpG, 13.6 * 1.0,
p <0.0001, n=6). An even higher rate of
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Figure 4.  Synergistic activation of TLR3 and TLR9 increases microglial phagocytosis activity. A, Cultured microglia were treated with 10 pg/ml Poly(l:C), 2 uM CpG, or 10 pg/ml Poly(l:
() + 2 pM CpG for 24 h. Subsequently, YFP-fluorescent beads were applied for 30 min, and microglial cells were stained with Iba-1. Yellow represents beads. Red represents Iba-1 labeling
(n=9). Scale bar,50 um. B, Quantification of phagocytosis from images as shown in A. C, Cultured microglia were pretreated with 10 pg/ml Poly(l:C) + 2 uM CpG for 24 h, and
GL261mCherry cells were subsequently added for 2 h. Green represents Iba-1 labeling. Red represents GL26TmCherry labeling. Blue represents DAPI labeling. DAPI labeled all nuclei. Scale
bar, 50 wm. D, The number of Iba-1-labeled microglial cells containing GL261mCherry was determined by confocal microscopy with Imaris software analysis and given as phagocytosis index.
E, In a similar experiment as described in C, cells were harvested from the culture. Subsequently, the cell suspension was labeled with (D11b and analyzed by flow cytometry. Cells were sorted
according to mCherry and (D11b fluorescence to determine the microglia containing mCherry material. F, Quantification of phagocytosis activity from experiments as shown in E. The percent-
age of cells containing mCherry material is given. Cultured mouse microglia were exposed to GL261 cells (n = 6 per group), whereas THPT macrophages were incubated with the human glioma
lines U87, U251, and LN229 (n =9 per group). G, Organotypic brain slices obtained from MacGreen mice, in which microglia are labeled by EGFP, were inoculated with GL26TmCherry cells. The
mCherry incorporation into microglia was analyzed by determining the overlap of red and green fluorescence. We compared control slices with slices treated with Poly(I:C) + CpG for 120 h.
Using Imaris 3D rendering, we determined the incorporation of mCherry material (red) into microglia (green). Right, Two images represent magnifications as indicated and show microglial cells
that had not incorporated mCherry material (top, Non-phago) and those with incorporation of mCherry material (bottom, Phago). Scale bars: Overview, 50 xm; Enlargement, 15 um. n=6. H,
In experiments as described in G, phagocytosis activity was determined in untreated slices and slices treated with Poly(l:C), CpG, or Poly(l:C) + CpG. *p << 0.05, **p << 0.01, ***p < 0.001,
*rty <0,0001.

mCherry-positive microglia was found in the combined treat-  Fig. 4G,H). As a previous study (Liu et al., 2019) reported on
ment group (CpG13.6 = 1.0 vs Poly(I:C) + CpG 24.0 = 1.5,  higher oxygen consumption as the metabolic reason of higher
p <0.0001, n = 6; Fig. 4E,F). We could confirm this finding for = phagocytic activity induced by CpG, we also determined the
the human system by using the THP1 macrophage cell line as  microglial basal oxygen consumption and indeed found that
a proxy for microglia combined with three different mCherry-  treatment with Poly(I:C) + CpG significantly induced higher
labeled human glioma lines (Fig. 4F). In addition, we used  basic oxygen consumption (Extended data Fig. 4-1).
MacGreen mice (CSFIR-EGFP) (Sasmono and Williams,

2012) to label microglia in brain slices inoculated with GL261  Synergistic TLR3 and TLR9 activation enhances microglial
glioma cells. Using z-stack confocal microscopy scanning and  motility via PI3K/Akt signaling

3D rendering by Imaris, we quantified mCherry fluorescence ~ As microglia infiltrate glioma tissue (Gutmann and Kettenmann,
within CSF1R-EGFP fluorescence as an indicator of glioma  2019), we tested whether TLR3/TLRY signaling would affect
cell phagocytosis. Combined treatment with Poly(I:C) and  microglial infiltration. To this end, brain slices were generated
CpG promoted phagocytosis of glioma cells (ctr]l 0.271 =  from MacGreen mice whose microglia express the fluorescent
0.027 vs Poly(I:C) + CpG 0.551 £0.035, p <0.0001, n=18; marker EGFP. After inoculation of GL261mCherry glioma cells,
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Figure 5.  Synergistic activation of TLR3 and TLR9 enhances microglial motility via PI3K/Akt signaling. A, Organotypic brain

slices were inoculated with GL26TmCherry cells, and accumulation of microglia within the tumor areas without treatment
and after 120 h treatment with Poly(l:() +CpG is shown. Microglia were labeled with GFP as MacGreen mice were used
(n =6 per group). Scale bar, 100 m. B, Quantification of total microglial number within the tumor area of organotypic sli-
ces of untreated and Poly(l:C)-, CpG-, and Poly(l:C) CpG-treated slices determined by confocal microscopy with Imaris 3D
reconstruction. €, Using the Boyden chamber assay, we determined microglia motility activity by applying 10 pg/ml Poly(l:
(), 2 uM CpG, or 10 pg/ml Poly(l:C) + 2 uM CpG into both compartments, and the number of cells migrating through the
membrane was quantified. Left, Cells on the membrane were labeled with Diff-Quik kit. Right, Data are quantified as cells/
mm? (5 repetitions per n, n=3 per group). D, Motility was evaluated using the agarose spot assay. Spots and fluid surround-
ing the spots contained either medium only or 10 pg/ml Poly(l:C), 2 uM CpG, or 10 pg/ml Poly(l:C) + 2 uM CpG. Left,
Images from sample spots. Right, Quantification of migrating cells normalized to PBS control. Values are normalized to aver-
age migration in control medium (6 repetitions per n, n=3). E, Protein lysate from cultured microglia treated with 10 g/
ml Poly(l:C), 2 uM CpG, or 10 pg/ml Poly(I:C) + 2 pM CpG for 24 h were analyzed for protein level of phosphor-Akt (p-Akt)
and total Akt (t-Akt) by Western blot (n = 3). F, Quantification of p-Akt relative to t-Akt Western blot data as shown in E. G,
Quantification of motility using the Boyden chamber of cells treated with 10 pg/ml Poly(l:() + 2 um CpG and with and
without the PI3K inhibitors LY294002 and wortmannin (5 repetitions per n, n=3). *p << 0.05, **p < 0.01, ***p < 0.001,
*rty <0.0001.

slices were treated with Poly(I:C), CpG, or Poly(I:C) + CpG in
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costimulation involves PI3K/Akt activa-
tion. First, we determined the expression
level of phosphor-Akt(p-Akt) in microglia
treated with Poly(I:C), CpG, or Poly
(I:C) + CpG combination by Western blot,
using GAPDH as loading control. Nor-
malized to Total-Akt (t-Akt) signal intensity,
both Poly(I:C) and CpG significantly
increased expression of p-Akt (Poly(L:C):
p=0.0134; CpG: p=0.0015, n= 3), whereas
combined treatment with Poly(I:C) + CpG
further upregulated the p-Akt expression
(Poly(I:C) vs Poly(I:C) + CpG, p=0.0011;
CpG vs Poly(I.C) + CpG, p= 0.007, n=3;
Fig. 5EJF). Next, we pretreated microglia
with the PI3K/Akt inhibitors LY294002 or
wortmannin and subsequently stimulated
them with Poly(.C) + CpG to test for
migration in the Boyden chamber. Both
LY294002 and wortmannin attenuated Poly
(C) + CpG-increased microglial motility
(Fig. 5G), indicating that Poly(I:C) + CpG-
triggered microglial migration is mediated
by PI3K/Akt signaling.

To determine microglial density within
murine glioma in vivo, GL261 cells were ino-
culated into C57BL/6 mice. According to a
previously reported Poly(I:.C) and CpG
delivery method (Jordan and Waxman,
2016; Garzon-Muvdi et al., 2018), 14 days af-
ter tumor inoculation, mice were then given
CpG intratumorally once a week and Poly(I:
C) peritoneally every 3 d for another 2 weeks
(Fig. 6A). We assessed microglia density
within the tumors of each treatment group.
Tumors with combined CpG and Poly(I:C)
treatment displayed a higher density of Iba-
1" cells compared with tumors within slices
treated with CpG or Poly(I:C) alone (Poly
(LC) + CpG vs CpG, 398 £ 0.8% vs
34.5 = 1.3%, p =0.0398; Fig. 6B).

Synergistic TLR3 and TLRY treatment
suppresses tumor growth in vivo

To study the impact of TLR3/TLR9 signal-
ing on glioma growth, we generated an

combination. Subsequently, we determined the density of micro-
glia within the glioma area by Imaris 3D rendering. The numbers
of infiltrating microglia were significantly increased in slices
incubated with Poly(I:C) + CpG combination (Fig. 5A,B).

Next, we tested the impact of TLR3/TLR9 signaling on motility
using two assays, namely, Boyden chamber and agarose spot assay
(Ifuku et al,, 2016). Using the Boyden chamber, microglia exhib-
ited enhanced migration across the membrane in the presence of
both Poly(I:C) + CpG compared with treatment with Poly(I:C) or
CpG alone (Poly(I:C) 41*4 vs Poly(I.C) + CpG, 86 =5,
p<0.0001; CpG 43 * 4 vs Poly(I:C) + CpG 86+ 5, p < 0.0001;
Fig. 5C). Similar results were obtained with the agarose spot assay
(Poly(I:C) 3.5+ 0.3 vs Poly(I:C) + CpG 5.7 * 0.3, p< 0.0001;
CpG 2.9 * 0.2 vs Poly(I:C) + CpG 5.7 * 0.3, p < 0.0001; Fig. 5D).

Since TLR3 and TLRY activation increases microglial migra-
tion via PI3K/Akt signaling (Ifuku et al, 2016), we tested
whether microglial migration in response to TLR3 and TLR9

immunocompetent mouse model by inoculating GL261 cells into
the brain of 7-week-old C57BL/6 mice. Fourteen days after tumor
inoculation, tumor-bearing mice were administered Poly(I:C),
CpG, or combined Poly(I:C) + CpG. Treatment with Poly(I:C)
alone diminished tumor volumes (Poly(I:C) 14.3 £ 1.1 vs ctrl,
19.9 + 1.9 mm’, p=0.0286, n=6; Fig. 6C), while treatment with
combined Poly(I:C) + CpG even further decreased tumor vol-
umes compared with treatment with single agonist (Poly(I:C) +
CpG 8.25 = 1.0 mm” vs Poly(I:C) 14.3 = 1.1 mm’, p=0.0069; Fig.
6C). Survival time of tumor-inoculated mice was monitored in a
different cohort of mice. Mice were killed if the following symp-
toms became apparent: hunchback, low reaction to stimulation,
tarnished fur, or movement problem. Mice that had received treat-
ment with Poly(I:C) + CpG in combination survived longer com-
pared with control mice, when 60 d was assigned as observation
endpoint (ctrl 29 d vs Poly(I:C) + CpG 52d, p < 0.0001; Fig. 6C).
Mice treated with Poly(I:C) alone exhibited longer median survival
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CD47 blockade and TLR3/TLR9 P;y(l?c) R . R ggys 5 6o

costimulation synergistically improve
microglia/macrophage-induced tumor

clearance

CD47 was recognized as suppressor of
phagocytosis in macrophages and micro-
glia in the context of glioma (Zhang et al.,
2016; Hutter et al., 2019). The Cancer
Genome Atlas (TCGA)-GBM/LGG data-
base (using GlioVis data portal for visual-
ization and analysis of brain tumor
expression datasets) (Bowman et al,
2017) indicates that CD47 mRNA expres-
sion is significantly increased in glioblas-
toma multiforme (GBM) compared with
low-grade glioma (LGG) (Extended data
Fig. 7-1). GBM from patients and control
healthy brain cortex tissue from biopsy
samples was immunolabelled with CD47.
We found that CD47 is highly expressed in
GBM specimen, whereas in normal brain
tissue CD47 expression levels are low (Fig.
7A). Further, all tested GL261mCherry,
U87, U251, and LN229 cell lines expressed
CD47 (Fig. 7B).

To test for potential interaction
between CD47 and TLR3/TLR9 signaling
in glioma growth control mediated by
microglia, we generated organotypic brain
slices inoculated with GL261mCherry cells
and directly applied increasing concentra-
tions of CD47 blocking antibody (BioXCell) to slices, using 10 g/
ml isotype as control condition. Glioma volume was measured af-
ter 5 d. While the isotype did not affect tumor volume (ctrl.
13.5 % 0.6 vs isotype 13.1 =0 0.7 x 10° um®, p> 0.05; Fig. 7C),
CD47 blocking antibody (10 pg/ml) reduced tumor growth (iso-
type 13.1 = 0.7 x 10° pum’ vs 10 pg/ml aCD47 10.5 * 0.4 x 10°
pm?, p=0.0090; Fig. 7C). An increase of CD47 blocking antibody
dosage to 100 pg/ml did not further decrease tumor volume
(10pg/ml aCD47 10.5* 0.4 x 10° pm® vs 100 pg/ml aCD47
10.4 = 0.5 x 10° um?, p> 0.05; Fig. 7C), while 1 ug/ml of CD47
antibody did not have a significant effect (Fig. 7C). To test whether
the effect of CD47 interference is mediated by microglia, we
depleted microglia in the slices described above by clodronate
treatment. In microglia-depleted slices, CD47 blocking antibody

Figure 6.

Poly(l:

TLR3 and TLRY synergistically suppress tumor growth in vivo. A, Scheme represents the experimental paradigms of
the glioma-injected and treated mice. Top, The survival experiment. Bottom, The determination of glioma volume and tissue
analysis. Mice were inoculated with GL261 cells and peritoneally injected with 200 1g Poly(l:C) every 3d and intratumorally
injected with 100 pig CpG every 7 d. B, Twenty-eight days after tumor inoculation, slices were prepared and Iba-1 (green) immu-
nofluorescence staining was used to label microglia/macrophages, DAPI (blue) for labeling nuclei. Bottom row represents the
merged labeling. Left, Representative figures. Right, Quantification of Iba-1"
Twenty-eight days after tumor inoculation, slices were prepared, and tumor volumes were quantified by H&E staining and based
on unbiased stereology (n = 6 per group). Right, Kaplan—Meier curves represent the cumulative survival of tumor mice with the
different treatment paradigms (n =11 per group). D, Left, Immunohistochemical labeling of glioma containing slices from mice
killed 28 d after tumor inoculation. Top two rows represent proliferation marker Ph3 (red) and apoptosis marker cleaved cas-
pase-3 (C-caspase3, green). Third row represents nucleus marker DAPI. Fourth row represents a merge of the three rows. Scale
bar, 50 pem. Right, Immunofluorescence labeling of Ph3 and cleaved caspase-3 was quantified by measuring the fluorescence
signal subsequently normalized to DAPI. *p << 0.05, **p << 0.01, ***p << 0.001, ****p << 0.0001.

cells (n=4 per group). Scale bar, 50 wm. G, Left,

did not affect glioma growth (clodronate 12.4 + 0.7 x 10° vs
clodronate + aCD47 13.1 = 0.7 x 10° um?, p > 0.05; Fig. 7D).
Finally, we combined CD47 blockade with combined Poly(I:C) +
CpG treatment. CD47 blockade and Poly(I:C) + CpG combination
synergistically suppressed tumor volume compared with either
mono-CD47 blockade or mono Poly(I:C) + CpG treatment (anti-
CDA47 + Poly(I:C) + CpG 9.0 = 0.5 x 10° um® vs Poly(I:C) + CpG
11.6 = 0.5 x 10° um? aCD47 + Poly(I:C) + CpG 9.0 = 0.5 x 10°
pm?’ vs aCD47 13.4 = 0.7 x 10° um’; Fig, 7E).

To verify whether microglia/macrophage-mediated tumor
phagocytosis is enhanced by combined treatment, including
CD47 blocking antibody and Poly(I:C) + CpG, we stimulated
cultured microglia with Poly(I:C) + CpG and CD47 antibody,
and added GL261mCherry. We found that parallel application of
CD47 antibody and Poly(I:C) + CpG promoted the engulfment
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Figure 7. (D47 blockade and TLR3/TLR9 costimulation synergistically improve microglia/macrophage-induced tumor clearance. A, Immunofluorescence staining of (D47
expression (green) in human GBM tissue compared with normal human brain cortex tissue. Nuclei are counterstained with DAPI. Scale bar, 50 um. B, (D47 protein level in
murine GL261 and human U87, U251, and LN229 glioma cell lines was detected by Western blot. GAPDH expression served as reference. €, Organotypic brain slices inoculated
with GL26TmCherry cells were treated with 1, 10, or 100 ptg/ml CD47 blocking antibody (aCD47) and compared with isotype control antibody. Tumor volumes were evaluated
(n=16 per group). D, Organotypic brain slices inoculated with GL26TmCherry cells were pretreated with clodronate for 48 h to deplete intrinsic microglia. Subsequently, sli-
ces were treated with 10 pg/ml (D47 blocking antibody (aCD47) for 120 h and compared with isotype control antibody (n =16 per group). E, Organotypic brain slices
injected with GL26TmCherry cells were treated with 10 pig/ml (D47 blocking antibody (aCD47) together with or without 10 pg/ml Poly(l:C) and 2 uM CpG, and tumor vol-
umes were assessed (n =16 per group). F, FACS assay was performed as described in Figure 4F to determine mCherry incorporation into cultured microglia treated with
10 pg/ml (D47 blocking antibody (aCD47), Poly(l:C) + CpG, or Poly(l:C) + CpG + (D47 blocking antibody (left). Right, Quantification of FACS data. Percentage of microglial
cells that had incorporated mCherry material is given. In addition, using this paradigm described above, we tested the effect on the incorporation of the human glioma cell
lines U87, U252, and LN229 into the macrophage cell line THP1. Isotype antibody served as a control (n=9 per group). ns = no significance, *p << 0.05, **p < 0.01,
#Exp < 0,001, #*%%p < 0.0001.

of tumor cells by microglia. We determined the percentage of
microglial cells that contained mCherry material (Poly(I:C) +
CpG + aCD47 26.83 £ 1.90% vs Poly(I:.C) + CpG. 19.64 =
1.26%; Poly(:C) + CpG+aCD47 26.83 £1.90% vs aCD47
19.41 = 1.38%; Fig. 7F). Also, we tested the effect of combined
Poly(I:C) and CpG treatment on the phagocytic activity of THP1
macrophages that were exposed to U87mCherry, U251mCherry,
or LN229mCherry cells. Combined treatment with Poly(I:C) +
CpG and CD47 antibody enhanced the engulfment of glioma cells.
Thus, we propose that the combination of CD47 interference with

TLR3/TLRY coactivation leads to synergistic antitumor activity of
microglia.

TLR3 and TLR9 are expressed on GAMs in human glioma
tissues

Since our present study focused on TLR3/TLR9 activation,
we determined the expression pattern of TLR3/TLR9 in micro-
glia, GL261, and astrocytes by qPCR. TLR3 was expressed sig-
nificantly higher in microglia compared with glioma cells
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Figure 8.

TLR3 and TLR9 expression in human GAMs and glioblastoma samples. TLR3 mRNA (4) and TLR9 mRNA (D) levels of microglia, GL261 glioma cell line, and murine primary astrocyte

were determined by qPCR. GAMs from 12 human glioblastoma samples were isolated by MACS, and total RNA was extracted. TLR3 mRNA (B) and TLR9 mRNA (E) levels of (D1b" and
(D11b" cells were measured by gPCR. Results were normalized to the housekeeping gene GAPDH. Relative expression of TLR3 (C) and TLRI (F) is given as fold-change of expression in CD11b™
cells normalized to expression in (D11b™ cells. G, Left, Representative figures show that TLR3 (red) and TLR9 (red) protein expression in glioma samples was analyzed by immunofluorescence
combined with the microglia/macrophage markers Iba-1 (green), and nuclei were stained with DAPI (blue) in slices of human GBM samples. Right, Proportion of TLR3 or TLR9 colocalized with
Iba-1-positive or Iba-1-negative cells (n = 8). Scale bar, 50 pm. *p << 0.05, **p << 0.01, ****p << 0.0001.

(p=0.0024, n=4; Fig. 8A) and astrocytes (p=0.0118, n=4).
TLR9 expression was at a similar level in microglia and glioma
cells (p > 0.05, n = 4; Fig. 8D), but lower in astrocytes (p =0.0128,
n=4). To compare the expression of TLR3 and TLRY in human
GAMs versus glioma cells, we separated CD11b" cells and
CD11b™ cells by MACS from 12 GBM tissue samples and subse-
quently analyzed expression levels of TLR3 and TLR9 by qPCR.
In almost all glioma samples, TLR3 expression was significantly
higher in CD11b™ cells compared with CD11b™ cells (p < 0.01;
Fig. 8B,C). Using GlioVis data portal for visualization and

analysis of brain tumor expression datasets (Bowman et al,
2017), we also found a significant correlation between the micro-
glial/macrophage-specific marker AIF1 (Ibal) and TLR3 expres-
sion in the TCGA RNA-seq database (r=0.56, p<<0.001;
Extended data Fig. 8-1). In contrast, TLR9 expression level was
similar in CD11b™" cells compared with CD11b" cells (Fig. 8E,F;
p>0.05), and correlation between Ibal and TLR9 was not signif-
icant in TCGA (r = —0.14, p > 0.05; Extended data Fig. 8-1). In
order to confirm the data on mRNA expression level, we used
immunohistochemical analysis of TLR3 and TLRY protein
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expression, combined with immunostaining using Iba-1 as a
marker for GAMs. We identified TLR3 and TLRY that colabeled
with Iba-1 expression in human GBM tissue. TLR3 positivity
was higher in Iba-1-positive cells compared with surrounding
glioma cells (Iba-1-positive 76.81 £ 3.00% vs Iba-1-negative
5.69 = 1.01%, p<<0.0001, n=8; Fig. 8G), while TLRY staining
was found at comparable level in both Iba-1-positive and Iba-1-
negative cells (Fig. 8G).

Discussion

In the last years, it has become apparent that the glioma
microenvironment has a profound impact on tumor growth
and infiltration. A number of mechanisms have been described
explaining how glioma convert GAMs into a defined phenotype
and how these cells influence glioma growth (Hambardzumyan
et al., 2016; Poon et al., 2017; Gutmann and Kettenmann, 2019).
One important signaling pathway for glioma with respect to
GAM intercellular communication is mediated by TLRs. Glioma
release endogenous factors, such as versican, which activate
TLR2 resulting in an upregulation of the metalloproteases
MMP9 and MMP14 (Vinnakota et al., 2013; Hu et al.,, 2014,
2015). Moreover, glioma stem cells upregulate IL-6 secretion in
GAMs via TLR4 signaling (Dzaye et al., 2016). let-7 microRNAs
suppress glioma growth by activating TLR7 (Buonfiglioli et al.,
2019). Here, we demonstrate that TLR3 and TLR9 impair glioma
growth in a synergistic fashion. Indeed, both TLRs have been
previously considered as therapeutic targets tested in clinical tri-
als. In preclinical studies administration of the TLR3 ligand Poly
(I:C) strongly retarded the growth of human tumor xenograft in
mice (Schaffert et al, 2011), and combined administration of
Poly(I:C) with peptide-based vaccination improved the survival
of tumor-bearing mice (Zhu et al., 2007). The involvement of
microglia in TLR3-mediated antitumor effects has also been
established (Kees et al., 2012). These preclinical observations
have been translated into clinical studies. However, multiple tri-
als using TLR3 ligand polyinosinic-polycytidylic acid-poly-1-ly-
sine carboxymethylcellulose (Poly-ICLC) have not vyielded
benefit in survival (Butowski et al., 2009; Rosenfeld et al., 2010).
Also, a TLR9 ligand, namely, synthetic CpG oligodeoxynucleo-
tide, also has been used in glioma-related trials. CpG treatment
has yielded mixed results in different types of lung tumor, non-
Hodgkin lymphoma, and meningitis (Belani et al., 2013; Witzig
et al.,, 2013; Ursu et al,, 2015). In a Phase II trial, glioma patients
treated with CpG reached very limited long-term survival benefit
(Carpentier et al., 2010; Carpentier and Lambert, 2017). Thus,
until now, single TLR3 or TLR9 activation in glioma patients did
not result in predominant survival improvement. We now pro-
vide evidence that combined application of TLR3 and TLR9 ago-
nists reveals strong synergistic action on inhibition of glioma
growth and several microglial functional properties. That TLRs
can have synergistic effects when applied in combination has al-
ready been demonstrated for different combined activation of
TLR2, TLR4, TLR7, and TLRY, which result in different inflam-
matory responses compared with single activation of a given
TLR (Rosenberger et al., 2014).

Combined activation of TLR3 and TLRY leads to an aug-
mented release of several cytokines, such as IL1f3, IFN, IL12, or
TNFa. Cytokines, such as IL12 and TNFa, are well-established
factors that interfere with tumor growth (van Horssen et al.,
2006; Lu, 2017). In the present study, we found that augmented
IFNB release from microglia by costimulation of TLR3 and
TLRY has a strong impact on glioma growth. We found that

J. Neurosci., August 12, 2020 - 40(33):6428-6443 - 6441

direct application of IFNP mimicked the responses triggered by
combined TLR3/TLRY stimulation, and an antibody interfering
with IFN signaling partially inhibited the TLR3/TLR9-mediated
responses. We also found that, at the ceiling dosage of Poly(I:C)
(i.e., at maximum of TLR3 stimulation), additional TLRY stimu-
lation by CpG led to a more than two fold IFN release. Indeed,
Type I interferons (IFNo and IFNf) mediate many direct (on
cancer cells) and indirect (through immune effector cells and
vasculature) effects on tumor, and a recent review highlights
these interferon-directed therapeutic opportunities (Borden,
2019). Further, a number of studies indicate that IFN directly
or indirectly induces tumor cell apoptosis, suppresses prolifera-
tion, decreases extravascular migration, and affects parameters
relevant to tumor function (Sims et al., 2010; Doherty et al.,
2017; Makowska et al., 2018).

We also found that combined TLR3/TLRY activation aug-
ments microglial functional parameters that are relevant in the
glioma context. We have previously reported on TLR9 activation
as a chemotactic signal for microglia, and this chemotaxis activity
depends on PI3K/Akt signaling (Ifuku et al, 2016). Here, we
describe that combined stimulation of TLR3 and TLR9 leads to
enhanced motility activity and that this effect depends on PI3K/
Akt signaling. Interestingly, higher density of microglia was
observed in Poly(I:C) + CpG-treated tumors, suggesting an
enhanced invasion of microglia into the tumor tissue. A second
glioma-relevant function that is affected by TLR3/TLR9 stimula-
tion is phagocytosis activity. Our study shows that microglia
have the capacity to phagocytose glioma cells and that this phag-
ocytic activity is most efficiently stimulated by combined TLR3
and TLRY activation. Obviously, under normal physiologic condi-
tions, microglia do not phagocytose glioma cells, which is because
of stop signals preventing phagocytes to attack cells in their envi-
ronment. Such a stop signal is represented by the membrane pro-
tein CD47, which broadly inhibits phagocytosis and is abundantly
expressed in all healthy cells (Alvey and Discher, 2017). We there-
fore used an approach to interfere with CD47 signaling and found
that TLR3/TLR9-controlled phagocytic activity could be further
enhanced. Indeed, tumor cells express CD47, which transduces
inhibitory signals through SIRPo to myeloid cells (Weiskopf,
2017). CD47 antibodies have been used in clinical trials in non-
Hodgkin’s lymphoma and other cancers (Advani et al., 2018; Sikic
et al,, 2019). Interesting in this context is the observation that
TLRY stimulation triggers metabolic activity in macrophages that
impart macrophages with antitumor potential capable of over-
coming inhibitory CD47 on cancer cells (Liu et al., 2019).

In conclusion, combined microglial TLR3 and TLRY activa-
tion triggers an antitumor phenotype of microglia, which affects
glioma cells via release of cytokines, stimulates their phagocytic
activity to directly attack glioma cells, and enhances migratory
activity, which may explain increased accumulation of microglia
in glioma tissue. Given the fact that single TLR3 and TLR9 stim-
ulation has so far failed in clinical trials, treatment with com-
bined stimulation of TLR3 and TLRY in concert with CD47
inhibition might provide a novel approach for glioma therapy.
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