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The role of microglia, the brain-resident macrophages,
in glioma biology is still a matter of debate. Clinical
observations and in vitro studies in the mouse model
indicate that microglia and macrophages that infiltrate
the brain tumor tissue in high numbers play a tumor-
supportive role. Here, we provide evidence that human
microglia isolated from brain tumors indeed support
tumor cell growth, migration, and invasion. However,
after stimulation with the Toll-like receptor 3 agonist
poly (I:C), microglia secrete factors that exerted toxic
and suppressive effects on different glioblastoma cell
lines, as assessed in cytotoxicity, migration, and tumor
cell spheroid invasion assays. Remarkably, these effects
were tumor-specific because the microglial factors
impaired neither growth nor viability of astrocytes and
neurons. Culture supernatants of tumor cells inhibited
the poly (I:C) induction of this microglial M1-like, onco-
toxic profile. Microglia stimulation before coculture
with tumor cells circumvented the tumor-mediated
suppression, as demonstrated by the ability to kill and
phagocytose glioma cells. Our results show, for the
first time to our knowledge, that human microglia
exert tumor-supporting functions that are overridden
by tumor-suppressing activities gained after poly (I:C)
stimulation.
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G
lioblastoma multiforme (GBM) belongs to the
most fatal cancers. Main obstacles for effective
treatments are their resistance to cell death and

their high invasive phenotype. Together with blood-
borne macrophages, microglia, the brain-resident
macrophages, infiltrate GBM tissues extensively, contri-
buting up to 30% of the total tumor mass.1 Despite their
cytotoxic and phagocytic functions,2 these tumor-
infiltrating microglia/macrophages (TIMs) seem to
support tumor growth rather than suppress it. Patients
with a higher number of TIMs have worse prognosis.
Several tumor-derived factors, such as transforming
growth factor (TGF)–b or interleukin (IL)–10 inhibit
microglial immune functions3 and induce these cells to
adopt an M2-like, tumor-supportive and anti-inflamma-
tory profile.4 Macrophages become tumoricide after
stimulation through their toll-like receptors (TLRs).5,6

Located at the cell membrane and in endosomes, TLRs
are activated by pathogen-associated molecular pat-
terns, such as lipopolysaccharides (LPS) or viral RNA
molecules, or by molecules released by tumor cells.6

This activation induces a pro-inflammatory M1 profile,
associated with secretion of factors, such as tumor
necrosis factor (TNF)–a, interferons (IFNs), and
IL-12, which can contribute to tumor growth suppres-
sion.4 Activation via TLR3 agonists, such as
polyinosinic-polycytidylic acid (poly [I:C]), seem to
induce the strongest pro-inflammatory response in
human microglia7 that enables these cells to mediate a
Th1 polarization of CD4 T cells.8 The pioneer studies
of Hussain et al. on TIMs freshly isolated from human
brain tumor tissues revealed an intact phagocytic func-
tion but an inactive immune profile, despite the
expression of TLRs, and a low tumoricidal capacity of
these cells.9 We hypothesized that, given microglial
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plasticity, a proper activation of TIMs may divert them
from their tumor-supporting functions and trigger their
tumor-suppressing activities. Here, we show that
human TIMs indeed support tumor growth and inva-
sion. However, after treatment with the TLR3 agonist
poly (I:C), they gain efficient and specific antitumor
activities that comprise tumor cell death and inhibition
of tumor cell growth and invasion.

Materials and Methods

Cells and Culture Media

Human primary (NCH82, 149, 210) and secondary
(NCH199) glioblastoma cell lines and the NCH421k
glioblastoma stem cell line were generated at
the Department of Neurosurgery, Heidelberg University
Hospital (Heidelberg, Germany)10,11 and were used at
low passage numbers (20–50). Non–stem cell cultures
were grown in complete growth medium (cDMEM)
made of Dulbeccos’s Modified Eagle Medium (DMEM
high glucose; Sigma), 10% heat-inactivated fetal calf
serum (FCS; PAA), 2 mm glutamine (Invitrogen), and
50 mg/mL gentamycin (Invitrogen). Stem cells were
grown in BIT-medium made of DMEM, 20% BIT
(bovine serum albumin [BSA], insulin, transferrin;
ProVitro) serum-free supplement, basic fibroblast and
epidermal growth factors (20 ng/mL each; ProVitro),
100 U/mL penicillin, and 100 mg/mL streptomycin
(Invitrogen). Human fetal astrocytes and neurons
(ScienCell) were cultured in astrocyte or neuron growth
medium (ScienCell), respectively, complemented with
2% FCS.

Isolation of TIMs

An isolation protocol was established on the basis of
protocols described previously.10,12 Brain tumor
tissues (1–5 g) from patients (Supplementary material,
Table S1) obtained at the Department of
Neurosurgery were used 1–24 h after surgery and
stored until preparation at 48C in DMEM, 10% FCS,
and 100 U/mL penicillin/100 mg/mL streptomycin
(see Supplementary Material for a list of the material
used and respective catalog numbers). Informed
consent was obtained from each patient according to
the research proposals approved by the Institutional
Review Board at Heidelberg Medical Faculty. Tissues
were weighed, mechanically dissociated, and washed
in Hanks’ Balanced Salts Solution (HBSS) (Sigma).
All centrifugation steps were performed at 300 g,
10 min, 108C. The pelleted material was enzymatically
digested with 10 mL/g of tumor tissue of HBSS con-
taining Liberase I Blendzyme (7 Wünsch Units/mL;
Roche) and DNase (250 U/mL, Roche) for 1 h at
378C. Digestion was stopped by addition of cDMEM.
After 1 wash with HBSS (optional), the cell suspension
was filtered sequentially with a 100 mm then with a
40 mm cell strainer (BD Falcon) and centrifuged. The
pelleted cells were resuspended and incubated in

erythrocyte lysis buffer (NH4Cl 0.15 M, KHCO3

10 mM, EDTA 0.1 mM [pH, 7.2]) for 10 min on ice.
Lysis was stopped by addition of cDMEM or HBSS
and centrifugation. Cells were resuspended in BIT
medium and seeded on 6 cm bacterial grade dishes
(Sarstedt) at 378C, 5% CO2, to enable TIMs to
adhere while tumor cells and other types of cells
remained in suspension. This adhesion step was per-
formed for 2 h and could be extended for up to 12 h.
At the end of the adhesion step, supernatants that con-
tained mainly tumor cells were removed and either dis-
carded or centrifuged to harvest primary tumor cells
that were kept in culture in cDMEM. Adherent TIMs
were washed 3 times with cDMEM and incubated in
cDMEM supplemented with granulocyte macrophage
colony-stimulating factor (GM-CSF; 50 U/mL;
ProVitro). The whole isolation procedure took up to
3 h. TIMs were cultured in the presence of GM-CSF
for 1 week and subsequently cultured in cDMEM for
1–2 weeks. This procedure yielded �4 × 105 TIMs
per 6 cm dish. Successful isolation and generation of
viable TIMs was achieved for �70% of the tumor
tissues. The material from each preparation (cells and
supernatant) was used once in various assays.

Generation of TIMs Supernatants

TIMs were treated with poly (I:C) (25 mg/mL;
InVivogen) in serum-free medium for 48 h. Culture
supernatants were used immediately or frozen at
2208C. Before their application to cells, supernatants
were treated with 0.05 mg/mL RNase A (Roche) at
378C for 1 h to neutralize remnant poly (I:C). TIM
supernatants and serum-free medium (control) were
complemented with FCS (heat-inactivated, 10% v/v
final) before their application to tumor cells or with
FCS (heat-inactivated, 2% v/v final) and astrocyte or
neuron growth supplement (1:100, ScienCell) before
their application to astrocytes or neurons, respectively.

Labeling of TIMs for Microglia/Macrophage Markers

Flow Cytometry Analysis.—TIMs were harvested with
EDTA (5 mm) in PBS (PBS-EDTA), washed in PBS, and
blocked for 30 min by incubation in 10% normal goat
serum (for CD11b labeling) or 10% normal mouse
serum (for CD11c and CD45 labeling) in PBS.
Incubation with primary antibodies was performed on
ice for 30 min in the dark. Cells were washed twice in
cold PBS and, when necessary, further incubated with a
secondary antibody for 30 min on ice in the dark. After
washes in cold PBS, cells were filtered through nylon
gauze before being analyzed with a FACSCalibur flow
cytometer (BD Biosciences).

The following antibodies were used: CD11b (IgG1
mouse anti-human, BD Biosciences), CD11c-FITC and
CD45-APC (IgG1 mouse anti-human; Immunotools);
and goat anti-mouse PE conjugated antibody (BD
Biosciences). The appropriate isotype control (mouse
IgG1; Immunotools) was used for each labeling.
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Immunofluorescence Analysis.—TIMs cultured in 6 cm
dishes were incubated at 378C with acetylated low
density lipoprotein (AcLDL; a scavenger receptor
ligand) coupled to Alexa 488 (2 mg/mL; Invitrogen).
After 30 min of incubation, cells were monitored by
microscopy.

Cytospin Analysis.—Cells in suspension or adherent
cells harvested with PBS-EDTA were washed twice with
PBS; 4 × 104 cells were centrifuged in 200 mL PBS in a
cytospin cup on a glass slide. Slides were dried at 378C
for 24 h, fixed in 2208C cold acetone for 10 min, and
stored at 2808C. The first antibody (CD68; BMA
Biomedicals) was applied in antibody-diluent (DAKO)
for 1 h at room temperature. After 3 washes in PBS, incu-
bation with the secondary antibody (biotinylated sheep
anti-mouse; Sigma) and detection were performed, as
described elsewhere,13 using the Vectastain Laboratories
Elite ABC Kit (Vector Laboratories).

Cytokine Measurement

Assays were performed in triplicate with material from 3
different patients who received a diagnosis of grade IV
GBM. TIMs and primary tumor cells from the same
patient were isolated as described above. TIMs
(105 cells/well) and tumor cells (105 cells/well) were
seeded in 12-well plates either alone or together. One
day after seeding, cells were left untreated or treated
with poly (I:C) (25 mg/mL). A set of TIMs was treated
with poly (I:C) in the presence of supernatants of conflu-
ent primary tumor cells cultures. Following incubation
for 48 h, supernatants were harvested, centrifuged, and
kept frozen. IL-10 and TNF-a secretion was measured
using IL-10 ELISA set (Immunotools) and OptEIA
human TNF ELISA set (BD) according to the manufac-
turers’ instructions. IL-1Ra and IL-12 (p40) were
measured with the BioPlex Cytokine Assay (BioRad),
according to the manufacturer’s instructions.

FACSArray Cytotoxicity Assay

Assays were performed in duplicate with the super-
natants of different TIM preparations, as previously
described.14 In brief, cells seeded in 96-well plates (per
well: 3000 tumor cells, 5000 astrocytes, 10 000
neurons) were treated 24 h later with TIM supernatants
for 96 h in the absence or presence of 3-methyladenine
(3-MA, 1 mm; SIGMA) or of the pan-caspase inhibitor
Z-VAD-fmk (dissolved in DMSO, 20 mM;
Calbiochem). At the end of the treatment, cells were incu-
bated for 1 h with 2.5 mg/mL of acridine orange (AO;
Sigma). Supernatants and cells were harvested, centri-
fuged in V-shaped 96-well plates, and resuspended in
FACS Sheath Solution with Surfactant (BD
Biosciences). Analysis was performed at the FACSArray
bioanalyzer (BD Biosciences) at the yellow parameter
(532 nm excitation, 564–606 nm emission) to detect
positive AO staining. AO staining depends on the pres-
ence of intact acidic vesicles in living cells. Dead cells

were therefore distinguished by their lack of AO labeling.
They were quantified as AO-negative cells using the
FACSArray internal analysis software and expressed as
a percentage of total cells in each well. Living treated
cells were expressed as a percentage of living control
(untreated) cells.

Wound Healing Assay

Monolayer wound healing assays were performed as
described elsewhere.15 Cells were grown to 90% conflu-
ence in 12-well plates. Growth medium was then
exchanged for PBS, and cell monolayers were wounded
with a plastic tip (1 mm), washed twice with PBS, and
incubated in different conditions. Migration was moni-
tored by photographing cells with an inverted Leica
DFC 350 FX phase contrast microscope coupled to a
Leica Firecam system (Leica, Germany) at 4×
(NCH82 cells) or 10× (NCH210 cells) magnification
at the indicated times.

Spheroid Culture and Invasion Assay

Invasion assays were performed as described elsewhere,14

with use of spheroids with a diameter of �800 mm.
Spheroids were generated from 25 mL drops of cell sus-
pensions (NCH82, 106 cell/mL; NCH210, 1.5 ×
106 cell/mL; mixed spheroids: TIMs 5 × 105 cell/mL,
NCH82 5 × 105 cell/mL). Photographic documentation
of migration was performed as described for the wound
healing assay. Measurement and calculation of invaded
areas were done with the Zeiss Axio Vision Release
4.6.3-SP1 software. The area covered by the initial spher-
oid at t ¼ 0 was subtracted from the area covered by the
spheroid and migrating cells at various times of treatment.
Means+ standard error of the mean of invaded areas
were calculated and expressed as percentage of the area
invaded in control conditions for each time.

Cocultures of Tumor Cells and TIMs

Cocultures in Collagen Matrix.—Tumor cells (before
spheroid generation) and TIMs (after 48 h treatment
with or without 25 mg/mL poly [I:C]) were labeled
with the lipophilic fluorescent dyes DiI and DiO, respect-
ively, as follows. TIMs (extensively washed to remove
any remnant poly [I:C]) and glioma cells (106/mL)
were resuspended in serum-free medium and incubated
with the dyes (2.5 mM; Invitrogen) for 15 min.
Following washes in growth medium, the TIMs were
resuspended in liquid collagen (2.5 × 105 cells/250 mL)
and distributed in 8-well LabTek chambers. Labeled
tumor cell spheroids were then added to the wells. After
solidification, matrices were overlaid with 150 mL
cDMEM. Cells were incubated for 2 weeks in cDMEM
(devoid of poly [I:C]), with medium changes every 5
days. Eventually, they were labeled with TO-PRO-3
(1 mM; Invitrogen) for at least 5 h before confocal
microscopy (Leica TCS SP5). Optical slices were acquired
in 1.5 mm steps to a total depth of �300 mm per stack.
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Scanning was performed in a sequential mode with a
10×/0.7 dry objective lens with the following par-
ameters: DiO (excitation: argon-laser 488 nm; emission:
498–553 nm), DiI (excitation: argon-laser 543 nm;
emission: 553–643 nm), TO-PRO-3 (excitation:
helium/neon-laser 633 nm; emission: 643–720 nm).
AmiraVis Amira (Visage Imaging) software was used
for the 3D modelling of captured stacks.

Two-photon microscopy was performed on an
Olympus FluoView 1000 MPE with an infrared (IR) cor-
rected 20×/1.2 objective lens with an excitation of
950 nm and a detection range of 495–540 nm (DiO)
and 575–630 nm (DiI).

Cocultures in Monolayers.—Growth medium of TIMs
cultured in 6 cm Petri dishes (�4 × 105 cells per dish)
was exchanged for serum-free medium or serum-free
medium containing poly (I:C) (25 mg/mL). After 2 days
of incubation, supernatants were removed, TIMs
washed 3 times with cDMEM, and 5 × 105 NCH82
cells labeled with carboxyfluorescein diacetate succinimi-
dyl ester (CFSE; 5 mM, 15 min, 378C) were added per
dish. Cells were co-incubated for 4 days and photo-
graphed with an inverted Leica DFC 350 FX phase
contrast microscope coupled to a Leica Firecam system.

Phagocytosis Assay

The assay was performed essentially as described else-
where.16 At day 0, TIMs (3 × 105 cells/well) and
NCH82 cells (106 cells/dish) were seeded in cDMEM
on 6-well plates and on 10 cm dishes, respectively. At
day 1, growth medium of TIMs was exchanged for
serum-free medium, and cells were either stimulated
with 25 mg/mL poly (I:C) or left unstimulated for
48 h. At day 2, NCH82 cells were intoxicated by
addition of 500 mg/mL etoposide in cDMEM and incu-
bated over night. At day 3, adherent NCH82 cells were
detached with PBS-EDTA, pooled with floating apopto-
tic cells, washed, and resuspended at 106 cells/mL in
serum-free DMEM. NCH82 cells were then labeled
with CFSE, washed 3 times in cDMEM, and 3 × 105

cells added to wells containing TIMs. After 1 h of
co-incubation, cells were washed, detached with
PBS-EDTA, labeled for CD11b as described above,
and analyzed at the FACSCalibur flow cytometer.
TIMs (CD11b positive, red fluorescence) that had
engulfed tumor cells (CFSE labeling, green fluorescence)
were identified as double positive cells.

Transcriptional Profile Analysis

The transcriptional profile was evaluated in 5 indepen-
dent TIM preparations (grades II to IV) either left
untreated or treated with poly (I:C) 25 mg/mL for 48 h.
Total cellular RNA was isolated using the miRNeasy
Mini kit (Qiagen). Global gene expression profiling
was conducted using Agilent Whole Human Genome
4 × 44 K Oligo Microarrays (Agilent Technologies)
according to the manufacturer’s recommendations.

Microarray read-out was obtained using an Agilent
Scanner G25505B with automatically adjusted PMT vol-
tages. Raw intensity tables of recorded images were gen-
erated using Feature Extraction 9.1 software and
processed on the in-house-developed ChipYard analysis
platform (http://www.dkfz.de/ChipYard/).

Statistical Analysis

Statistical significance was determined using the
Student’s t test (P , .05). Data are expressed as
mean+ standard error of the mean. The asterisks rep-
resent values significantly different from the control
group (medium, or treated cells in the absence of inhibi-
tors); *P , .05; **P , .01; ***P , .005.

Results

Phenotypic Characterization of TIMs

We first optimized the TIM isolation procedure to obtain
sufficient amounts of cells. Percoll gradients are usually
performed to separate TIMs from tumor cells.
Although it is convenient for ex vivo analysis,9 this pro-
cedure is not ideal if isolated cells are to be kept in
culture,17 namely because of an impaired viability (per-
sonal observations). To circumvent this problem, we
established another protocol based on the capability of
microglia and macrophages to adhere quickly and
firmly to bacterial-grade Petri dishes. Another important
modification was the use of BIT medium, which pro-
moted TIM adhesion while diminishing that of tumor
cells and, thus, strongly increased yields of TIMs. The
isolation procedure comprised mechanical dissociation,
enzymatic digestion, and incubation in BIT medium on
Petri dishes for 2 h (Fig. 1A). During this time, TIMs
attached to the plate surface while other cells stayed in
suspension. After this isolation step, adherent cells
were found to be positively stained for the phagocyte
marker CD68, whereas nonadherent cells were negative
(Fig. 1B). Following cultivation for 7 days in the pres-
ence of GM-CSF, adherent cells showed typical micro-
glial morphology (fusiform and amoeboid cells with
hair-like pseudopodia) (Fig. 1B). More than 90% of
these cells took up AcLDL, as shown by microscopy
(Fig. 1B) and flow cytometry analysis (not shown), indi-
cating expression of a functional scavenger receptor.
They were positive for the leukocyte common antigen
CD45 and the microglia/macrophage markers CD11b,
CD11c (Fig. 1B and C), and Iba1 (not shown).
Furthermore, they were able to engulf etoposide-treated
dead glioma cells (Fig. 1D and E). All together, these
data demonstrate that the modified procedure led to
the successful isolation of functional TIMs.

TIMs Acquire Tumor-Suppressing Activities after
Treatment with Poly (I:C)

Poly (I:C) was the only TLR agonist that triggered an
antiproliferative activity of TIMs toward the NCH82
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glioma cells (Supplementary material, Fig. S1A). Direct
application of the agonist on glioma cells only slightly
affected their proliferation (Supplementary material,
Fig. S1A). Pretreatment of TIM supernatants with
RNase ruled out a direct toxic effect of poly (I:C) on
tumor cells (data not shown). This lack of direct toxicity
was further confirmed by the viability and migration
capacity of NCH82 cells in spheroids treated with poly
(I:C) for up to 5 days (see Fig. 6A). Unsupervised
cluster analysis of whole transcriptome data indicated
a clear classification of untreated and treated TIMs in
2 distinct groups, strongly suggesting the absence of

gross individual variability among TIM preparations
(Fig. 2A). In addition to the expected morphological
change (Supplementary material, Fig. S1B), poly (I:C)
treatment polarized TIMs toward an M1-like profile,
as indicated by their secretion of high TNF-a and
IL-12 amounts (Supplementary material, Table S2) and
by their transcriptome expression (Fig. 2B,
Supplementary material, Table S3).

Cytotoxic and antiproliferative activities of TIM
preparations (n . 20; 4 representative preparations
shown) were assessed on 4 glioma cell lines. Treatment
with supernatants of poly (I:C)–stimulated TIMs

Fig. 1. Isolation and characterization of human tumor-infiltrating microglia. (A) Isolation procedure. (B) Cytospin preparations of

nonadherent cells (top) and adherent cells (middle) were labeled for CD68. Isolated TIMs take up fluorescent AcLDL (bottom; bar ¼

100 mm). (C) Flow cytometry analysis of isolated TIMs. (D, E) TIMs phagocytose etoposide-treated CFSE-labeled NCH82 cells. (D)

confocal microscopy (bar ¼ 50 mm). (E) Flow cytometry: CD11b-labeled TIMs (left) and CFSE-labeled, etoposide-treated NCH82 cells

(middle) were coincubated for 2 h (right). Red box: double-positive cells indicate TIMs that engulfed glioma cells. Data from one

representative TIM preparation (n ¼ 5).
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(SN+) led to a high (50%–90% dead cells; NCH82,
NCH149), intermediate (�40% dead cells; NCH199)
and low (,20% dead cells; NCH210) rate of glioma
cell death (Fig. 3A). The decreased number of living
NCH199 and NCH210 cells indicated a strong anti-
proliferative activity for these supernatants, which did
not affect astrocyte (Fig. 3A) or neuron (Fig. 3B)
survival.

Treatment with supernatants of unstimulated TIMs
(SN) did not affect the number of living cells; it even
increased that of some NCH cells and astrocytes.
Antiproliferative effects (see NCH210 cells) or cytotox-
icity (,20% dead cells) (Fig. 3A and B) were rarely
observed, indicating that tumor-specific toxic effects
resulted from TIM activation. Trypsin or heat

pretreatment of SN+ abolished its cytotoxicity, demon-
strating the proteinaceous nature of factors released by
TIMs after poly (I:C) stimulation (Supplementary
material, Fig. S1C). These factors triggered apoptosis
of the glioma cells as shown in Fig. 3C. Indeed addition
of the pan-caspase inhibitor Z-VAD strongly reduced
SN+-induced cell death, whereas addition of 3-MA,
an inhibitor of autophagosome formation,18 did not
protect the glioma cells from death.

Stimulated TIMs Secrete Factors that Decrease Glioma
Cell Invasion and Migration

In agreement with the hierarchical clustering of genes
reported in Fig. 2A, the various TIM preparations exhib-
ited a rather homogenous profile of activity toward
glioma and primary brain cells. Variations in the extent
of the effects mainly depended on the glioma cell lines.
Two cell lines, showing sensitivity (NCH82) or resistance
(NCH210) to SN+ toxicity, were chosen for further
characterization of TIMs’ antitumor activities.
Treatment of NCH82 spheroids with SN+ led to
decreased invasiveness (Fig. 4A) and to death, as indi-
cated by the rounded-up morphology of cells present in
the invaded area (Fig. 4A, magnified insert). Treatment
with SN slightly, but significantly, increased invasion of
cells that showed an elongated morphology (Fig. 4A)
similar to that observed in control conditions (not
shown). NCH210 spheroids treated with SN+ also
exhibited decreased invasiveness (Fig. 4B) but no mor-
phological evidence for death (Fig. 4B, magnified
insert), consistent with their resistant phenotype.
Invasion ability of NCH210 spheroids was not affected
by SN. The different effects exerted by TIM SN on
NCH82 and NCH210 spheroid invasion suggested that
different matrix MMP activities may be displayed by
the glioma cells and/or by the various TIM preparations.
This, however, was not the case, as indicated by zymogra-
phy analysis. The 4 glioma cell lines used in this study
showed the same profile of MMP9 low and MMP2
high activities. Of interest, every TIM preparation
tested exhibited a profile complementary to that of the
glioma cells (MMP9 high and MMP2 low). This profile
did not change after their stimulation with poly (I:C)
(Supplementary material, Fig. S2A). Spheroids of
glioma stem cells treated with TIM supernatants exhib-
ited an invasion profile comparable to that of NCH210
(Supplementary material, Fig. S2B).

Cytotoxic and antimigratory activities both contrib-
ute to changes in invasiveness. These activities were mon-
itored in wound healing assays that provided a measure
of cell migration and facilitated cell death assessment.
Migration profiles of NCH82 (Fig. 5A) and NCH210
(Fig. 5B and C) cells in any treatment condition were
very similar to that observed in collagen invasion
assays. We analyzed NCH82 and NCH210 cells at differ-
ent time points because they differed in the size of the gap
created after scratching. Morphological analysis con-
firmed the presence of migrating (elongated) NCH82
and NCH210 cells at the migration front of glioma

Fig. 2. Poly (I:C)–activated TIMs express an M1-like profile.

Unsupervised hierarchical cluster analysis of unstimulated and

poly (I:C)–stimulated (48 h) TIM samples based on (A)

whole-transcriptome analysis and (B) the expression of 29

M1-M2 related genes (see Supplementary material, Table S3)

shows clear separation of stimulated and unstimulated samples.

Numbers at the base of clusters indicate bootstrap support.

Heatmap (B) reflects the gene expression ratios of the M1-M2

classifier genes.
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cells kept in medium or treated with SN. NCH82 cells
treated with SN+ displayed a rounded up morphology
at the migration front and a disorganised cell layer,
suggesting ongoing cell death. Contrary to control and
SN-treated NCH210 cells, SN+-treated NCH210 cells
showed a smooth migration front and a dense cell layer,
suggesting active cell proliferation without migration
(Fig. 5C). Flow cytometry analysis (Supplementary
material, Fig. S3A and B) indicated an increased
number of dead NCH82 cells after SN+ treatment
(dead cells in medium: 38%; in SN: 40%; in SN+:
78%) that was not observed for NCH210 cells (dead
cells in medium: 12%; in SN: 8%; in SN+: 15%). This

demonstrates that factors secreted by stimulated TIMs
exert true antimigratory effects.

Glioma Cells Impair TIMs Poly (I:C) Stimulation

We next investigated whether TIM antitumor properties
could be activated by poly (I:C) in the presence of glioma
cells. For that purpose, we monitored tumor cell inva-
sion from mixed tumor cell-TIM spheroids after poly
(I:C) stimulation. After 24 h of treatment, cell migration
was detectable in all but one condition: that of poly
(I:C)-treated NCH82-TIM spheroids. This lack of

Fig. 3. TIM factors affect tumor cells viability. (A) Effect of supernatants of unstimulated (SN) and poly (I:C)–stimulated (SN+) TIMs on

glioma (NCH) cells and astrocytes (Astro) viability and death. (B) Effect of TIM supernatants on NCH149 cells and neuron viability and

death. Boxes to the right: identification number of patients from whom TIMs were derived. (C) SN+ induces apoptotic cell death in

glioma cells. NCH82 and NCH149 glioma cells were incubated in medium (black bar) or treated with SN+ (gray bar) in the absence (-)

or presence of Z-VAD (20 mM) or 3-MA (1 mm) for 4 days. SN+ gained from TIMs derived from NCH628 and NCH645 tissue samples

were used with NCH82 and NCH149 cells, respectively. A representative experiment is shown (NCH82, n ¼ 3; NCH149, n ¼ 2).
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migration was accompanied by the presence of cell-free
areas within the spheroids. This inhibitory effect was
no longer observed at 144 h, as indicated by similarities
in invasion areas, irrespective of treatment conditions or
spheroids composition (Fig. 6A), suggesting a deficient
stimulation of the numerous TIMs (Fig. 6B) in the pres-
ence of glioma cells. Analysis of primary glioma cells and

TIMs derived from the same tumor tissue showed that
IL-12 and TNF-a production by poly (I:C)–treated
TIMs was drastically decreased in presence of glioma
supernatants (Fig. 6C). Moreover poly (I:C) treatment
of primary glioma cells increased their production of
IL-1 receptor agonist (IL-1Ra) and IL-10, thereby poss-
ibly enhancing their anti-inflammatory activity.

Fig. 4. TIM factors affect tumor cell invasion. NCH82 (A; n ¼ 5) or NCH210 (B; n ¼ 3) spheroids were treated with medium or supernatant

of unstimulated (SN) or stimulated (SN+) TIMs. Pictures were taken at 0 h and 72 h of treatment. Bar ¼ 400 mm. Magnification (40×)

boxes: cell morphology at 72 h of treatment. Data from one representative TIM preparation. Graphs: quantification of area invaded by

cells at 72 h. Data are expressed as mean+SEM of invaded areas relative to medium condition.
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Prestimulated TIMs Kill and Phagocytose Glioma Cells

Because of the failure of poly (I:C) to stimulate TIMs
present in a tumor mass, we addressed the possibility
of using exogenously prestimulated TIMs to kill
glioma cells in the tumor tissue. We first assessed
whether poly (I:C)–stimulated TIMs keep their toxic
activities after withdrawal of the stimulus. In these
experiments, CFSE-labeled NCH82 cells were added to
TIMs after thorough washes of the poly (I:C) stimulus.
Unstimulated TIMs supported growth and survival of

glioma cells (Fig. 7A). Pre-poly (I:C)–stimulated TIMs
further cultured in absence of poly (I:C) with glioma
cells for 4 days induced tumor cell death, as indicated
by morphology (Fig. 7A, right panel) and flow cytometry
analyses (data not shown), and they phagocytosed dying
NCH82 cells (Fig. 8A). TIMs, therefore, keep their poly
(I:C)–induced tumoricidal properties after stimulus
withdrawal.

Using a collagen coculture model, we next investi-
gated the antitumor activities of unstimulated and pres-
timulated TIMs on spheroids of NCH82 cells.

Fig. 5. TIM factors affect tumor cell migration. Wound healing assays were performed with NCH82 (A; bar ¼ 200 mm) and NCH210

(B, bar ¼ 400 mm; C, bar ¼ 200 mm) cells treated with medium or supernatant of unstimulated (SN) or stimulated (SN+) TIMs. Black

lines in B: migration front. Data from one representative TIM preparation (n ¼ 4).
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Spheroids and their surrounding were monitored for
invasion, death, and phagocytosis of glioma cells by
live confocal microscopy performed over a total range
of 250–300 mm. After 2 weeks in culture, spheroids
implanted in a collagen matrix devoid of TIMs exhib-
ited a core filled with dead cells (depicted in red) sur-
rounded by a dense crown of living glioma cells
(depicted in green) and by an invasion area of lower
cellular density populated mainly by living cells

(Fig. 7B). The presence of unstimulated TIMs did not
induce drastic changes. TIMs were observed close to
the spheroid and often formed clusters surrounding
red dead cells (Fig. 7B). The presence of prestimulated
TIMs led to a strong increase in red dead cells within
the spheroid and in the invasion area and to a reduction
of the spheroid (Fig. 7B). Visualization of confocal
images using maximum intensity projection confirmed
that dead cells were glioma cells (Fig. 7C) and

Fig. 6. Poly (I:C) treatment of mixed spheroids does not affect cell invasion capacity. (A) Spheroids of NCH82 (NCH) and mixed NCH82

cells/TIMs (NCH/TIMs) were left untreated or treated with 25 mL/mL poly (I:C) and photographed at the indicated time points.

Bar ¼ 400 mm. (B) Mixed spheroids described in (A) were labeled at 144 h with fluorescent AcLDL for 30 min before microscopic

analysis in order to identify TIMs. Bar ¼ 200 mm. Data from one representative TIM preparation (n ¼ 3). (C) Cytokine response of TIMs

and tumor cells upon 48 h poly (I:C) treatment. Cells were left untreated (Me) or were treated with poly (I:C) in absence or presence of

primary tumor cell supernatant (TCSN; for TIMs only). Data (triplicates) from one representative cell preparation (n ¼ 3).
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confirmed the reduction in size (Fig. 7C). Larger clus-
ters of TIMs surrounding dead cells were also observed.
A closer analysis of these clusters using transparent pro-
jection indicated engulfment of dead (likely glioma)
cells by TIMs (Fig. 8A). The apparent cell tubular mor-
phology is attributable to modelling reconstruction.
Two-photon microscopy was performed to analyze
the core of the spheroids. Very few, if any, TIMs

were detected in the spheroid (red glioma cells)
(Fig. 8B) unless they were prestimulated (Fig. 8B).
Besides clusters of green cells, numerous double-labeled
areas (yellow color) were observed, suggesting ongoing
phagocytic activity within the spheroid. These results
demonstrate that poly (I:C) prestimulation of TIMs
overcomes glioma-mediated inhibition of TIM antitu-
mor potential.

Fig. 7. TIMs pretreated with poly (I:C) kill glioma cells. (A) TIM cytotoxic activity is kept after poly (I:C) withdrawal. TIMs untreated (TIM-)

or treated 48 h with poly (I:C) (TIM+) were cocultured with CFSE-labeled NCH82 cells for 4 days. TC: control culture of NCH82 cells in

cDMEM. Data from one representative TIM preparation (n ¼ 8). Bar ¼ 200 mm. (B, C) Pretreated TIMs kill tumor cells in spheroid

culture. TIM- and TIM+ (see legend in A) labeled with DiO were cocultured in collagen matrix with DiI-labeled NCH82 spheroids for

2 weeks. Control NCH82 spheroids (TC) were grown in the absence of TIMs. Dead cells were stained by TO-PRO-3 added 5 h before

confocal microscopy. Modeling of confocal images with the Amira software was used to reconstruct 3D views of TIMs (blue label),

tumor cells (green label) and TO-PRO-3 positive dead cells (red label). 3D iso-surface rendering view (B): visualization of individual

populations. Maximum intensity projection (C): visualization of merged labelings. Data from one representative TIM preparation (n ¼ 3).
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Discussion

Human Microglia/Macrophages Isolated From Brain
Tumor Tissues Support Tumor Growth and Invasion

Because of an improved isolation protocol, we could
purify microglia/macrophages from tumor tissues in
numbers high enough to perform various analyses of
the same preparation. Regardless of the grade of the
tumor that they originated from, these preparations

appeared to be very homogenous, as indicated by tran-
scriptional analysis and by the reproducibility in the
phenotypical and functional profile of untreated and of
poly (I:C)–treated TIMs. In view of the reported hetero-
geneity of tumor-infiltrating macrophages,19 we can only
speculate on the cause of this homogeneity (in vitro
culture conditions or grade-independent tumoral
factors). It is, however, remarkable that untreated TIMs
in vitro exhibited a skewed M2 phenotype, as described
for tumor-associated-macrophages4 and glioma-

Fig. 8. TIMs pre-treated with poly (I:C) phagocytose dying/dead tumor cells. (A) Top: TIM monolayers pre-treated 48 h with poly (I:C)

phagocytose CFSE labeled-NCH82 cells (green fluorescence) upon co-culture for 4 days (cell preparations shown in Fig. 7A). Bar ¼

50 mm. Middle and bottom images: pretreated TIMs phagocytose tumor cells in spheroid culture. Culture was performed as described in

legend to Fig. 7B–C. Modeling of confocal images with the Amira software (3D iso-surface rendering view) identifies dying or dead (red

label) tumor cells (green label) that are present inside TIMs (blue label) (framed areas). Data from one representative TIM preparation

(n ¼ 3). (B) Analysis of TIMs-tumor spheroid coculture (performed as described in legend to Fig. 7B–C) by 2-photon microscopy. Top

and middle images: tumor cells, red label; TIMs, green label; sites of tumor cells engulfment by TIMs, yellow label. Data from one

representative TIM preparation (n ¼ 2).
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associated microglia/macrophages,20 and tumor-
supportive features as observed in vivo. Similar to their
murine counterparts,14,21,22 human TIMs supported pro-
liferation, migration, and invasion of glioma cells via
soluble factors.

Poly (I:C) Activates a Range of Antitumor Activities
in TIMs

Human microglia isolated from healthy brain are highly
reactive to poly (I:C) and respond by secreting cytokines
like TNF-a and IL-6.7 We show here, for the first time to
our knowledge, that exogenously added poly (I:C) and
no other TLR agonist triggered TIMs to mount a
strong antitumor response mediated by soluble factors.
This antitumor response appears to be particularly effi-
cient because it is observed both toward glioma cell
monolayers and toward spheroids, which exhibit a
higher resistance to chemotherapeutic drugs than do
monolayers.23 TIM factors impaired tumor prolifer-
ation, migration, and invasion, and they induced cell
death. In agreement with this antitumor response, tran-
scriptome analysis showed polarization toward an
M1-like profile after poly (I:C) treatment.4 We are cur-
rently mining the TIM transcriptome in search of the
cytotoxic factors. TNF-a and IFN-a, 2 prominent cyto-
kines released after TLR3 stimulation, have been
reported to be tumoricidal.24 Single doses or combi-
nation of these cytokines did not kill the glioma cell
lines (data not shown). On the basis of our observations
in the mouse model,14 we suspect that various TIM
factors are responsible for this cytotoxicity.

Glioma cell lines responded with different sensi-
tivities to both supernatants of untreated and TIM cyto-
toxicity. This variability, which does not depend on TIM
preparations but on the glioma cell line used, most likely
reflects the individual nature of the tumor tissues from
which they derived and, possibly, the heterogenous
nature of the tumor mass. This variability and the
accompanying resistance to chemotherapeutic drugs
represents a main obstacle to efficient therapies. It is
therefore remarkable that tumor cells showing resistance
to TIM cytotoxicity were arrested in their growth or
migration abilities by these poly (I:C)–treated TIMs,
as was the glioma stem cell line that we tested, despite
the known resistance of these cells to cytotoxic
treatments.10

Similar to mouse LPS/IFN-g-treated microglia,14

human poly (I:C)–treated microglia secreted factors
that did not affect the viability of human astrocytes or
neurons. The conditioned medium of human inflamma-
tory macrophages has been reported to kill tumor cells
without affecting nontransformed cells.5 In our model,
specificity of action likely results from an appropriate
combination of TIM-secreted neuro/tumoricidal (eg,
TNF-a) and neurotrophic factors25 that trigger tumor
cell death and support survival of nontransformed
brain cells. TIMs therefore can be properly activated to
exert a range of antitumor activities that preserve non-
transformed cells. It will be very interesting to uncover

the molecular signature of such an M1-like, neuropro-
tective cell.

Poly (I:C) Fails to Stimulate TIM Cytotoxicity
in Presence of Glioma Cells

Observations that poly (I:C) induces direct tumor cell
death in vitro26 raised hope for its therapeutic use.
However, experiments in the mouse model demon-
strated a low efficiency of poly (I:C).27 Treatment of ana-
plastic glioma patients did not improve the 6 months
progression-free survival.28 Some of our observations
may provide an explanation to the limited success of
these studies. Indeed, direct application of poly (I:C) to
mixed tumor-TIM spheroids did not lead to tumor cell
death for at least 2 reasons: inhibition by glioma cell
supernatants of poly (I:C) activation of TIMs and
increased release of anti-inflammatory factors by poly
(I:C) treated glioma cells. A similar inhibition of
TLR-mediated activation of microglia by GBM cells
was reported by Kostianovsky et al.29 Together, these
results suggest that direct application of poly (I:C) to
the tumor mass is counter-productive, because it
enhances a protumor environment.

Poly (I:C)–Preactivated TIMs Suppress Tumor Growth
in Coculture Systems

Strategies based on ex vivo cell activation may help to
circumvent the glioma cell-mediated suppression of
TIM’s poly (I:C) activation. Protocols used in clinical
trials and based on ex vivo activation of T cells30 or
macrophages31 have shown few adverse effects and
promising clinical results. The success of this strategy
relies partly on the capacity of ex vivo activated cells
to remain viable and activated after stimulus withdra-
wal. This was the case for poly (I:C)–stimulated TIMs.
These cells infiltrated glioma cell spheroids in higher
number than did nonstimulated TIMs. Prestimulated
TIMs could kill and phagocytose tumor cells to a high
extent over the 2-week incubation period. We hypoth-
esize that tumor cells killed by TIMs at an early time
point further activated them, thereby leading to sus-
tained microglial activation. This activation may be
mediated by danger-associated molecular patterns
(DAMP) that are released by apoptotic cells and that
would interact with TLRs or other pattern recognition
receptors32 expressed by TIMs. Among these DAMP,
purinergic molecules, such as ATP, that are known to
attract microglia33 and mediate their activation,34 heat
shock proteins, or HMGB1,35 are highly relevant candi-
dates that may play a critical role in keeping TIMs
activated.

The capacity of TIMs to engulf dying/dead glioma
cells suggests that TIMs might eventually function as
antigen presenting cells. Jack et al. showed that poly
(I:C)–activated microglia derived from healthy brain
tissue can mediate Th1 polarization of T helper cells,
thereby possibly facilitating cellular adaptive immune
responses.8 In this context, it is worth mentioning that
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oncolytic viruses, such as Newcastle disease virus
(NDV), which generates double stranded RNA species
(the natural TLR3 ligands), have been used in clinical
trials. Steiner et al. reported that autologous glioma
cells derived from patients with GBM, infected ex vivo
with NDV, irradiated, and injected back to the patient
led to significant increases in progression-free and
overall survival.36 The high infiltration of tumor tissue
by CD8 T cells they observed suggests a successful acti-
vation of innate immune cells that mediated an adaptive
immune response.

Our study demonstrates that poly (I:C) is a potent
activator of human tumor-infiltrating microglia/macro-
phages and can divert these highly plastic cells from the
tumor influence to trigger their antitumor activities.
Ex vivo activation of TIMs with this TLR3 ligand
appears therefore as a very attractive and promising
approach. Its combination to current therapeutic strat-
egies might improve treatment efficiency and, thus,
deserves further investigation.

Supplementary Material

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