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Glioblastoma-derived extracellular vesicles modify the
phenotype of monocytic cells
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Glioblastoma multiforme (GBM) is the most common primary brain tumor and is without exception lethal. GBMs modify the
immune system, which contributes to the aggressive nature of the disease. Particularly, cells of the monocytic lineage, includ-
ing monocytes, macrophages and microglia, are affected. We investigated the influence of GBM-derived extracellular vesicles
(EVs) on the phenotype of monocytic cells. Proteomic profiling showed GBM EVs to be enriched with proteins functioning in
extracellular matrix interaction and leukocyte migration. GBM EVs appeared to skew the differentiation of peripheral blood-
derived monocytes to alternatively activated/M2-type macrophages. This was observed for EVs from an established cell line,
as well as for EVs from primary cultures of GBM stem-like cells (GSCs). Unlike EVs of non-GBM origin, GBM EVs induced modi-

fied expression of cell surface proteins, modified cytokine secretion (e.g., an increase in vascular endothelial growth factor
and IL-6) and increased phagocytic capacity of the macrophages. Most pronounced effects were observed upon incubation
with EVs from mesenchymal GSCs. GSC EVs also affected primary human microglia, resulting in increased expression of
Membrane type 1-matrix metalloproteinase, a marker for GBM microglia and functioning as tumor-supportive factor. In conclu-
sion, GBM-derived EVs can modify cells of the monocytic lineage, which acquire characteristics that resemble the tumor-

supportive phenotypes observed in patients.

Despite extensive treatment, the prognosis of patients with
glioblastoma multiforme (GBM), the most common primary
brain tumor in adults, remains dismal with a median survival
of only 15 months.! Many factors contribute to the malignant
potential of GBMs, including the capacity of GBMs to modu-
late the immune system.” Immune modulation occurs at a
systemic level, as well as in the tumor microenvironment,
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and involves different types of immune cells. Most patients
with GBM exhibit changes in the lymphocyte compartment,
with an overall decrease in the number of CD4+ helper
T-cells and a relative increase in regulatory T-cells with
immune-suppressive characteristics.” In addition, GBMs
strongly influence cells of the monocytic lineage (monocytes,
macrophages and microglia).* The blood of GBM patients
contains monocytes with altered characteristics, such as a
reduced expression of receptors involved in antigen presenta-
tion.>>® Locally, GBMs are characterized by the presence of
large numbers of tumor-associated macrophages (TAMs),
which constitute brain resident microglia as well as macro-
phages derived from peripheral monocytes.*”® Although
TAMs consist of different macrophages/microglia subtypes,
major part of the TAM population acquires an “alternatively
activated” (M2-type) phenotype.*”® As compared to the
“classically activated” (M1-type) macrophages, these cells
have a weakened capacity to activate the immune system,
and an increased capacity to induce tissue remodeling (by
stimulating vascularization and/or degradation of extracellular
matrix components), and are therefore considered as tumor
supportive. The accumulation and activity of the M2-type
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The prognosis of patients with glioblastoma multiforme (GBM) remains dismal. GBM tumors can modify the immune response,
both locally and systemically, which contributes to the aggressive nature of the disease. In this study, the authors found that
GBM-derived extracellular vesicles (EVs) were able to modify the phenotypes of immune cells such as microglia and blood-
derived monocytes in ways that made them more tumor-supportive. Changes included altered cytokine secretion by macro-
phages and increased expression of Membrane type 1-matrix metalloproteinase (MT1-MMP) by microglia. These results sug-
gest that blocking GBM-derived EVs may have therapeutic potential.

TAMs clearly distinguishes GBMs from lower grade gliomas.’
GBM'’s ability to modify different components of the immune
system may not only contribute to the tumor’s aggressive
proliferation and migration, but may also result in reduced
efficacy of (experimental) treatments (“immunotherapies”).10
Still, the mechanisms responsible for the immune modulatory
effects remain unknown.

Recently, it has been shown that extracellular vesicles
(EVs), including exosomes (50-150 nm vesicles formed by
fusion of multivesicular bodies with the cell membrane),
mediate local and systemic cell communication.'"'? Tumor
cells were found to transfer their contents, including RNAs
and proteins to different types of recipient cells, using EVs as
vehicles."”” This transfer provides a variety of tumor-
supportive features to the tumor environment, for instance
leading to the establishment of premetastatic niches.'*'> EVs
from GBM cells were reported to modify recipient cells (of
tumor or endothelial origin) via the transfer of cell-
transforming proteins and messenger RNAs [e.g., epidermal
growth factor receptor variant 3 (EGFRVIII)] and specific
types of small noncoding RNAs.'®*°

In this report, we describe the effects of GBM-derived EVs
on the phenotype of monocytic cells, including peripheral-
derived monocytes/macrophages and brain-resident microglia.
These data identify EVs as a mechanism for GBM to modify
the phenotype of monocytic cells, providing them M2-type/
alternatively activated phenotypes.

Material and Methods

Cell culture

The established cell lines U87-MG/EGFRvVIII (GBM) and
HOG (oligodendroglioma)*" were cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, CA) contain-
ing 10% fetal bovine serum (FBS; Invitrogen). The authenticity
of the cell lines was confirmed by short tandem repeat (STR)
analysis, using the AmpFLSTR®Identifiler” PCR Amplification
Kit (Applied Biosystems, Foster City, CA). Mesenchymal stem
cells (MSCs) were isolated from human bone marrow as
described previously,”* according to the official guidelines of
the Leiden University Medical Center (LUMC, Leiden, The
Netherlands). MSCs were cultured in alpha-MEM medium
(Invitrogen) containing 10% FBS (Invitrogen), 2 uM ascorbic
acid and 1 ng ml~' bFGF. The FBS was centrifuged at
100,000¢ for 16 hr to remove contaminating EVs. Primary
brain tumor cultures were established by enzymatic and
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mechanical dissociation from fresh tumor material collected
during brain tumor surgery (Department of Neurosurgery,
Erasmus Medical Center, Rotterdam; Department of Neuro-
surgery, St. Elisabeth Hospital, Tilburg, The Netherlands),
according to a previously described protocol and approved by
an institutional review board.”>** Tumors were classified as
GBM by histological diagnosis. RNA was isolated from tumor
material, followed by molecular subclassification, using previ-
ously described protocols.*** Partek Software (St. Louis, MO)
was used to perform Gene Set Enrichment Analysis. The
tumor-derived cultures were grown as glioma stem cell-like
(GSC) cultures in serum-free medium.?® All cell cultures were
maintained at 37 °C in a humidified atmosphere of 5% CO,.
Cell growth medium was supplemented with penicillin (100
units ml ') and streptomycin (100 pg ml™} Invitrogen).

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from blood after informed consent. PBMCs were
obtained by Ficoll-Paque PLUS (GE Healthcare Life Sciences,
Freiburg, Germany)-density gradient centrifugation. CD14+
monocytes were isolated magnetically on an LS MACS®
column (Miltenyi Biotec, Bergisch Gladbach, Germany).
PBMCs and monocytes were cultured in RPMI medium
(PAA Laboratories GmbH, Pasching, Austria) containing
10% FBS (Invitrogen).

Isolation of EVs

EVs were isolated from cell culture supernatants and blood
(Ficoll supernatants after PBMC-isolation), using previously
described protocols.***” Todixanol-based density-gradient iso-
lation (ultracentrifugation at 192,000¢ for 4 hr), followed by
purification on a 30% sucrose cushion (ultracentrifugation at
100,000¢ for 40 min) was used for the side-by-side isolation
of U87-MG/EGFRVIII and GS184 EVs.”” Sequential ultracen-
trifugation (two times at 100,000¢ for 70 min) was used for
the large-panel isolation of GBM and non-GBM EVs.*® Prior
to these ultracentrifugation procedures, cell culture superna-
tants and Ficoll supernatants were cleared from cellular
debris by centrifugation (300g for 10 min, followed by 4,000g
for 1 hr) and filtering (0.22-pum vacuum filter; Corning, NY).

Quantification and size profiling of EVs

Concentration and size of EVs were measured by tunable resis-
tive pulse sensing (tRPS), using the gNano platform (Izon Sci-
ence, Christchurch, New Zealand). This method relies on the
detection of nanosized particles upon their movement through
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a nanosized pore and allows for reliable and rapid measure-
ment of EVs in small sample volumes.”” In brief, purified EV's
or cell culture supernatants were spiked with polystyrene beads
of known concentration and size. The samples were applied to
the qNano and particle flow rates and the particle blockage
magnitudes were measured. These parameters allowed for cal-
culation of EV concentration and volume, respectively, using
our previously described methods.*”*®

Monocyte and macrophage analyses

To assess effects of EVs on nondifferentiated monocytes,
PBMCs (150,000 cells) or isolated monocytes (50,000 cells)
were added to a well of a 96-well round-bottom plate in 100
pl medium. EVs were isolated from cell culture supernatant
(U87-MG/EGFRVIII and GS184) and from blood (healthy
donors and GBM patients) and added to the cells (2 X 10°
cell culture EVs per well and 10° blood EVs per well). After
incubation for 3 days, cells were prepared for flow cytometry
analysis.

Monocyte-to-macrophage differentiation was induced by
culturing of monocytes (10° cells) with granulocyte macro-
phage colony stimulating factor (GM-CSF; 800 units ml™';
Peprotech, NJ) in 24-well plates. EVs were added with equal
amounts (0.35 X 10 EVs, as determined by tRPS) at Day 0
and Day 3 after plating. As an alternative differentiation con-
dition, monocytes were exposed to Macrophage Colony Stim-
ulating Factor (M-CSF; 20 ng ml™'; Peprotech). After
incubation for 6 days, cells were prepared for flow cytometry
analysis. Cells were washed twice with PBS/0.02% sodium
azide, fixed for 10 min in 4% paraformaldehyde, washed
twice with PBS/0.5% BSA/0.02 sodium azide and stained with
antibodies. Antibodies used were anti-CDla (APC, clone
HI149), anti-CD3 (PerCP Cy'™5.5, SK7), anti-CD14 (APC,
clone M¢$P9), anti-CD14 (FITC, clone M$P9), anti-CD14
(PerCP Cy™5.5, clone M5E2), anti-CD25 (FITC, 2A3), anti-
CD32 [APC, clone FLI8.26 (2003)], anti-CD40 (FITC, clone
5C3), anti-CD45 (PerCP Cy'™5.5, clone 2D1), anti-CD86
[FITC, clone 2331 (FUN-1)], anti-CD86 [PE, clone 2331
(FUN-1)], anti-CD163 (PE, clone GHI/61), anti-HLA DR
(FITC, clone G46-6), anti-HLA DR (PE, L243; BD Bioscien-
ces, NJ), anti-CD33 (APC, clone D3HL60.251), anti-CD64
(FITC, clone 22), anti-CD127 (PE, R34.34; Beckman Coulter
Company, Marseille, France), anti-CD3 (APC, clone
UCHT1), anti-CD19 (APC, J4.119) and anti-CD56 (APC,
NKH1; Immunotech). To analyze phagocytic capacity, mac-
rophages were exposed to FITC-dextran beads (1 mg ml™'
for 30 min; Sigma Aldrich, FD40S, molecular weight 40,000)
followed by flow cytometric quantification of FITC uptake.
Flow cytometry was carried out on a FACS Calibur (Becton
Dickinson) and data were analyzed using CellQuest software
(Becton Dickinson). Expression levels are displayed as geo-
metric means.

Cytokines and chemokines in macrophage supernatants
were quantified with a magnetic bead-based multiplex assay
(Bio-Plex Pro™ Assay, Bio-Rad Laboratories, CA).

Glioblastoma vesicles affect monocytic cells

Quantitative polymerase chain reaction (qQPCR) was used
to quantify expression levels of Toll-like receptor 2 (TLR-2)
and Membrane type 1-matrix metalloproteinase (MT1-MMP)
RNA in macrophages. RNA was isolated from macrophages
using the RNeasy Plus Micro kit (Qiagen, Hilden, Germany).
Complementary DNA was synthesized using the SuperScript
III First-Strand Synthesis System (Invitrogen) using oligo(dT)
primers according to the manufacturer’s protocol. SYBR
Green-based qPCR (Applied Biosystems) was performed
using oligonucleotides TLR-2_forward (5'-CTTTCAACTGG
TAGTTGTGG-3'), TLR-2_reverse (5-GGAATGGAGTTTAA
AGATCCTG-3'), MT1-MMP_forward (5-ATGGCAAATTC
GTCTTCTTC-3') and MT1-MMP_reverse (5-CGTTGAAAC
GGTAGTACTTG-3'). The expression levels were normalized
to the expression level of Actin-f (Act_forward: 5'-GACGAC
ATGGAGAAAATCTG-3/, Act_reverse: 5-ATGATCTGGGT
CATCTTCTC-3). PCR amplification (10 min at 95 °C, 45
cycles of 95 °C for 15 sec followed by 60 sec at 60 °C, 15 s
at 95 °C) was followed by melt-curve analysis. PCR amplifica-
tion was performed in triplicate and for each triplicate delta
CT values (CTriro— CT Actin-p and CTyivpis — CTAct'm-B)
were calculated.

Mass spectrometry

Highly sensitive mass spectrometry (MS) analysis was per-
formed to quantify and compare the proteomic contents of
GBM cells and their secreted EVs. EVs were isolated from
the supernatants of U87-MG/EGFRvIII and GS184 mono-
layer cultures, and were, in parallel with cell pellets, dissolved
in lysis buffer (i.e., 2.5 X 10° EVs or 500 cells were dissolved
in 50 pl RapiGest™ surfactant (1 mg ml~'; Waters Corpora-
tion, MA) in 50 mM ammoniumbicarbonate. Samples were
stored at —80 °C until further use. After thawing, reduction
and alkylation was performed by adding 2 pl of 0.5 M dithio-
threitol to each sample, followed by incubation for 30 min at
60 °C. After cooling down to room temperature, 10 pl of
0.3 M iodoacetamide was added, followed by incubation in
the dark for 30 min. Subsequently, 1.5 pl of 100 ng pl~" gold
trade trypsin (Promega, Madison, WI) in 3 mM Tris-HCL
(diluted 1:10 in 50 mM NH,HCO;) was added to each sam-
ple, followed by overnight incubation at 37 °C. To inactivate
trypsin, 3 pl of 25% trifluor-acidic acid was added and sam-
ples were incubated for 30 min at 37 °C. Next, the samples
were centrifuged at 10,000g for 15 min at 4 °C and the
supernatant was transferred to LC/MS-certified vials (Waters
Corporation). For each sample, a fraction (10%) of the total
volume was measured on a nanoliquid chromatography
(nano-LC) system (Ultimate 3000 Nano-LC system, Dionex,
Thermo Scientific, Amsterdam, The Netherlands) to deter-
mine relative concentrations. Based on these measurements,
the injection volume for each individual sample could be
adjusted to allow for MS analysis of equal amounts of
digested samples. MS analysis was performed as described,
using a coupled nano-LC system with an Orbitrap MS plat-
form (LTQ-Orbitrap XL, Thermo Scientific).?®

Int. J. Cancer: 137, 1630-1642 (2015) © 2015 UICC



de Vrij et al.

MS spectra were extracted from raw data files and con-
verted into Mascot generic format (MGF) files using Extract-
MSN (part of XCalibur (version 2.0.7), Thermo Scientific).
The data files were searched by Mascot (version 2.3; Matrix
Science, London, UK) against the UniProt Swiss-Prot data-
base selected for Homo sapiens (20,070 entries), using the fol-
lowing settings: a maximum of two miss-cleavages, oxidation
as a variable modification of methionine, carbamidomethyla-
tion as a fixed modification of cysteine and trypsin selected
as digestion enzyme. A peptide mass tolerance of 10 ppm
and a fragment mass tolerance of 0.5 Da were allowed. Scaf-
fold proteome analysis software (version 3.6.3; Proteome
Software, Portland, OR) was used to visualize protein detec-
tions and to add Gene Ontology (GO) Terms. The data files
were exported to Microsoft Office Excel 2010 (Microsoft,
Redmond, WA) and quantitative analyses were performed
(protein filter settings: “number of spectra >1”, “protein ID
probability > 95%”). Quantitative information was obtained
on the relative concentration of each protein (number of
spectrum counts as percentage of total spectra), as well as on
protein enrichment in EVs (i.e., the difference between the
protein concentration in EVs and the protein concentration
in the cells). Functional connectivity between proteins was
assessed using the STRING 9.1 algorithm (http://string-db.
org/),’® in which the Kyoto Encyclopedia of Genes and
Genomes (KEGG; www.keggjp) was selected as pathway
source. Connections between proteins were visualized as
“confidence view,” with stronger associations represented by
thicker lines.

Statistical analyses

Data analysis was performed using SPSS 20.0 (SPSS Inc, Chi-
cago, IL) or Microsoft Excel 2010 (Microsoft corp., Redmond,
WA). Normality of data was tested using the Shapiro-Wilk
test and visualized by Q-Q plots. Equality of variance was
tested using Levene’s test. Two-tailed independent t-tests,
corrected for inequality of variance if present, were used to
test differences in means. In case of non-normal distributed
data the Mann-Whitney U test was used. MS results were
tested for differences in protein levels and differences in GO
annotations using Fisher’s exact test. Significance was deter-
mined as p < 0.05 unless stated otherwise. Error bars display
means * standard error of the means (SEMs).

Results

GBM EVs are enriched with specific types of proteins

We performed a detailed characterization of the EV pro-
teome to obtain better insight into the role of EVs as carriers
of cell-transforming proteins. Besides the routinely used cell
line U87-MG/EGFRVII], the primary GBM stem cell-like cul-
ture GS184 was used as a source of EVs. GS184 represents
GBM more faithfully as a result of reduced accumulation of
(epi)genetic alterations upon cell culturing.** Both cultures
were found to secrete EVs. The size-distribution profiles
(ranging from approximately 90-180 nm, mode 120 nm)

Int. ). Cancer: 137, 1630-1642 (2015) © 2015 UICC
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were highly similar (size-profile of U87-MG/EGFRVIII as
reported previously,”” the size-profile of GS184 as Supporting
Information Fig. S1). Using mass-spectrometry (MS), 215
and 125 proteins were detected for U87-MG/EGFRVIII EVs
and cells, respectively. Slightly more proteins were detected
for GS184 EVs and cells; 287 and 300, respectively. (Refer to
Supporting Information Table S1 for a complete overview of
all detected proteins.) The different architecture of cells and
EVs was reflected in Venn diagrams (Fig. 1a), which demon-
strated the majority of proteins to be uniquely detected in
either EVs (“EV-specific”) or cells (“cell-specific”). The stem
cell-like phenotype of GS184 was confirmed by the abun-
dance of the neural stem cell marker nestin (Supporting
Information Table S1). For GS184, the most abundant
EV-specific proteins were chondroitin sulfate proteoglycan
4, prostaglandin F2 receptor negative regulator and disco-
interacting protein 2 homolog B. For U87-MG/EGFRVIII,
the most abundant EV-specific proteins were alpha-
2-macroglobulin, EGF-like repeat-discoidin I-like domain-
containing protein 3, and hemoglobin subunit beta. Remark-
ably, GS184 EVs and U87-MG/EGFRVIII EVs shared several
abundant proteins, including chondroitin sulfate proteoglycan
4, alpha-2-macroglobulin, lactadherin, EGFR and different
types of integrins (Supporting Information Table S1). Gene
Ontology classification revealed that both cells and EVs are
abundant in proteins of cytoplasmic-, intracellular organelle,
organelle part or plasma membrane origin (Fig. 1b). However,
EVs are relatively enriched with proteins of extracellular
region, membrane or plasma membrane origin, while proteins
of cytoskeleton, nuclear or organelle part origin are relatively
scarce (Fig. 1c). This clearly reflects the differences in archi-
tecture between cells (e.g, containing a nucleus, organelles
and cytoskeleton) and EVs.

We speculated that GBM cells may benefit from the selec-
tive incorporation (and thereby transfer) of certain types of
proteins in EVs. A list of the EV-enriched plasma membrane
and cytoplasmic proteins is provided in Supporting Informa-
tion Table S2. Of interest, protein pathway analysis, which
included a database of hundreds of pathways, identified a few
protein pathways that were significantly enriched in the
membrane of the EVs; regulation of actin cytoskeleton-, ECM-
receptor interaction, focal adhesion and leukocyte transendo-
thelial migration (Supporting Information Fig. S2). The same
pathways appeared to be enriched in the U87-MG/EGFRvIII
EVs as in the GS184 EVs, despite the intrinsic differences
between the two cell types. The selective enrichment of pro-
teins involved in leukocyte recruitment and focal adhesion
mechanisms (which are especially functioning in monocytic
leukocytes to stimulate proliferation, movement and phagocy-
tosis®) triggered us to further investigate the influence of
GBM derived EVs on monocytes and macrophages.

GBM EVs modify monocytes
We pursued an ex vivo screening approach to gain insight in
the effects of GBM EVs on leukocytes (Fig. 2a). Remarkably,
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Figure 1. Proteomic analyses of U87-MG/EGFRvIII- and GS184-derived EVs. (a) Venn diagrams summarizing the number of proteins detected
by MS analysis. Detection is grouped as “cells-only,” “EV-only” or “cells and EV shared.” (b and ¢) Assignment of subcellular origin GO terms
to proteins. Graph (b) shows the relative distribution of GO terms within the proteome of either U87-MG/EGFRvIII cells, U87-MG/EGFRvIII EVs,
GS184 cells or GS184 EVs. Graph () shows differences in GO term annotation between EVs and their donor cells, obtained by subtracting the
cell-associated percentages from the EV-associated percentages. Significant EV-versus-cell differences (p < 0.001 for GS184 and U87-MG/
EGFRvIIl) are indicated with arrows. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

incubation of PBMCs with GS184 EVs severely affected the
monocytic population, demonstrating a decrease in cell surface
expression level of HLA-DR (control: MFI=7304; EV:
MFI = 223.4) and an increase in the expression of CD14 (con-
trol: MFI = 21.2; EV: MFI = 260.6; Fig. 2b). We obtained simi-
lar results with EVs from U87-MG/EGFRVIII cells (Supporting
Information Fig. S3d), again showing a decrease in HLA-DR
expression (control: MFI = 263.7; EV: MFI=119.9). CD14
expression was not modified by the U87-MG/EGFRVIII EVs.
In addition to these effects on cell surface markers, the
GS184 EVs also affected the survival of monocytes (Fig. 2b).
The viability of the control monocytes dramatically
decreased over time, presumably caused by the absence of
monocyte-survival factors, such as GM-CSF. However, in
the presence of EVs this reduction was less severe (control
incubation: 3.5% monocytes; EV incubation: 7.0% mono-
cytes). The effects of the EVs on monocytes occurred in a
direct manner (i.e., without the involvement of other leuko-
cyte cell types), since similar effects were observed on puri-

fied monocytes (Fig. 2c¢). In this context, the effect on
monocyte survival was even more pronounced (control
incubation: 5.6% monocytes; EV incubation: 44.1% mono-
cytes). Exposure of GS184 EVs to PBMCs from another
donor showed similar results (Supporting Information
Figs. S3a and S3b). No effects were observed on the viability
and surface marker expression (CD25) of T lymphocytes
(Supporting Information Fig. S3c).

It has previously been shown that the blood of GBM
patients contains monocytes with an aberrant phenotype, in
particular characterized by a reduced cell surface presentation
of HLA-DR.**"** We speculated that the EVs secreted by
GBM cells may enter the systemic circulation and may subse-
quently modify the phenotype of monocytes. However, we
did not observe an effect on the expression of cell surface
markers (ie, HLA-DR and CD14) after exposing healthy
monocytes with EVs from patient’s blood (i.e., the total pool
of EVs, consisting of nontumor EVs plus a minor fraction of
GBM EVs; Fig. 2d).

Int. J. Cancer: 137, 1630-1642 (2015) © 2015 UICC
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Figure 2. GBM-derived EVs modify the phenotype of monocytes. (a) Schematic illustration of the experimental set-up to screen for effects of GBM
EVs on PBMCs. Isolation of EVs from cell culture (using iodixanol-based density gradient centrifugation) and isolation of PBMCs (using Ficoll-
based density gradient centrifugation) are shown. (b, ¢, and d) Flow cytometric analysis of CD14 and HLA-DR on the surface of monocytes. (b)
Incubation of total PBMCs (from healthy Donor 1) with GS184-derived EVs or PBS only (control). (¢) Incubation of purified monocytes (from healthy
Donor 1) with GS184-derived EVs or PBS only (control). (d) Incubation of PBMCs [from four healthy donors (d1-d4)] with “EV pools” (that is, all
blood-residing EVs are included) from the blood of GBM patients (p1-p3), a healthy donor, or PBS only (control). The monocyte populations were
defined by gating on R1 (FSC, SSC) and R2 (CD3"*8, CD19"°¢, CD56"%). Monocyte percentages (expressed as fraction of the total number of
PBMCs) are indicated in the dotplots of (b) and (c). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

different GBM cultures, we included EVs from a panel of pri-
GBM EVs affect the differentiation of monocytes to mary GSC cultures, obtained from different patients. (Patient
macrophages information is shown in Supporting Information Table S3).
The observed effects on monocytes prompted the question The cultures showed differences in growth pattern, varying
whether GBM EVs can affect the differentiation of monocytes from monolayers to spheres (Fig. 3a). Using tRPS, we were
into macrophages. As the effects of EVs may vary between able to accurately quantify EV secretion per cell (Fig. 3b).
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Figure 3. GBM-derived EVs modify monocyte to macrophage differentiation. (a) GSC cultures (grown as “neurospheres”) were established
from tumor material and subsequently used for EV isolation. Phase contrast microscopy showed differences in cell growth appearance. Cul-
tures GS102-core and GS102-peri were obtained from different locations of the tumor, from, respectively, core and peripheral region. (b)
tRPS-based quantification of GSC-derived EVs. EV secretion per cell (based on the number of cells at the moment of harvesting EVs) was
calculated. Two independent analyses were performed. (¢, d, and e) Addition of EVs to the culture medium upon GM-CSF-induced differen-
tiation of monocytes to macrophages. GBM-derived EVs (from nine GSCs and U87-MG/EGFRvIII cells), as well as non-GBM-derived EVs [from
HOG cells, MSCs and blood of two healthy donors (PBMC1, PBMC2)] were included. To facilitate comparison, the different types of EVs
were added at equal numbers. (c) Representative microscopy pictures showing a differential effect of GBM EVs on the morphology of macro-
phages. As compared with control incubations [PBS only or EVs from blood of a healthy donor (“EV-PBMC1”)], incubation with GBM EVs
yielded macrophages that were relatively stretched. After incubation with non-GBM EVs, a large fraction of the cells detached and increased
light scattering. (d and e) Flow cytometry-based phenotyping of macrophages. As compared to the non-GBM EV incubations, the presence
of GBM EVs results in increased cell surface expression of the macrophage M2-type marker CD163 (d) and increased uptake of dextran-FITC
beads (e). M-CSF incubation was included as a positive control for differentiation to M2-type macrophages. Incubations were performed
with monocytes of two independent donors. For each donor, the mean values are depicted for the GBM group and the non-GBM group.
Statistical significance of this difference (determined by a two-tailed t-test) is indicated. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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This revealed large differences between the cultures, with EV
secretion levels ranging from 85 EVs per cell (culture GS184)
to 1,050 EVs per cell (culture GS224). These findings could
not be attributed to the EV isolation procedure, since similar
quantification results were obtained on nonpurified culture
supernatants (data not shown).

The isolated EVs were added to monocytes, which were
differentiated to MI-type macrophages using the cytokine
GM-CSF. Besides the GSC-derived EVs, EVs were included
from U87-MG/EGFRVIII cells, HOG cells (low-grade glioma),
mesenchymal stem cells and blood of healthy donors.
Remarkably, all GBM-derived EV preparations similarly
affected the monocyte-to-macrophage differentiation, while
effects were absent or less stringent for the EVs of other ori-
gin. The difference between incubation with tumor and non-
tumor EVs was readily seen by standard microscopy,
revealing a large proportion of macrophages with irregular
shapes and increased granulation after exposure to GBM EVs
(Fig. 3c). Moreover, exposure to GBM EVs induced a signifi-
cantly higher expression of the macrophage M2-type marker
CD163, as measured by flow cytometry (Fig. 3d). In addition,
significant differences in expression levels were observed for
the surface molecules HLA-DR, CDI14, CD16, CD32 and
CD45 (Supporting Information Fig. S4). Also, incubation
with GBM EVs significantly increased the phagocytic capacity
of macrophages, as compared to incubation with non-GBM
EVs (Fig. 3e). The results were similar for the macrophages
obtained from two independent donors. Overall, the GBM
EV-induced changes resembled the changes induced after
incubation with the cytokine M-CSF, which was included as
a control for macrophage M2-type differentiation.

Upon incubation with GBM-derived EVs, cytokine secre-
tion of cells showed an increase in secretion of interleukin 6
(IL-6), monocyte chemoattractant protein-1 (MCP-1) and
vascular endothelial growth factor receptor (VEGF; Support-
ing Information Fig. S5a). To gain insight in the mechanism
by which GBM EVs affect the monocytes, we analyzed the
expression of MT1-MMP (Supporting Information Fig. S5b).
This protein is over-expressed in glioma-associated microglia
and acts as an important tumor-supportive factor.’"”>**
Expression of MT1-MMP is induced by the binding of solu-
ble factors to TLRs (TLR-2), but the identity of these factors
remains to be identified. We speculated that the differentia-
tion of monocytes to macrophages is accompanied by an
increase in MT1-MMP, in the presence of GBM EVs. How-
ever, our RNA expression analysis did not point toward such
an effect (Supporting Information Fig. S5b).

GBM EVs affect microglia

Driven by our results on macrophages we performed similar
analyses on microglia, since these cells are also highly abun-
dant in the microenvironment of GBM and play important
roles in the tumor’s biology. We isolated primary human
microglia from postmortem brain tissues of two donors. For
each donor, microglia were isolated from different brain
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regions (GTS, gyrus frontalis medius; GFM; gyrus temporalis
superior; CC, corpus callosum; SVZ; subventricular zone). In
contrast to our findings on macrophages, the GSC EVs only
marginally affected expression of the cell surface marker
HLA-DR (Supporting Information Figs. S6a and S6b). For
Donor 1, the GFM-derived microglia showed a relative
increase in HLA-DR for the GS184 EV incubation (as com-
pared with mock), while this effect was absent for the CC-
derived microglia. For Donor 2, microglia from GTS and
SVZ showed a relative increase in HLA-DR for the GS184
EV incubation (as compared with mock), after 72 hr incuba-
tion. This increase in HLA-DR expression was not significant
(t test, GS184 incubations (n = 3) versus mock incubations
(n=3) at 72 hr; p=0.3) Similarly, the GBM EVs did not
significantly alter the expression of CD163 (Supporting Infor-
mation Figs. S6¢ and S6d).

As outlined above, MT1-MMP is well known for its over-
expression in GBM-associated microglia. Strikingly, and in
contrast to our analysis on macrophages, incubation with
GBM EVs demonstrated an increase in MT1-MMP expres-
sion in the microglia of both donors (Fig. 4a). Suggestive evi-
dence for this increase was obtained after 6 hr, while the
effect was significant after 72 hr (Fig. 4b).

EVs from mesenchymal-classified tumors display the
strongest effects on monocytic cells

We noticed that the GSC cultures with the highest EV secre-
tion levels (GS186, GS187 and GS224) also showed the most
pronounced modulation of the monocyte to macrophage dif-
ferentiation. This was not caused by adding different num-
bers of EVs, since these were exactly identical for all
incubations. Based on this observation, we speculated that
these cultures were derived from tumor material with com-
mon characteristics that belong to a specific molecular sub-
class. Indeed, comparison of the tumor’s RNA expression
profiles revealed a set of differentially expressed genes in the
EV-high-associated tumors (Fig. 5a). Also, enriched gene sets
were identified; Regulation of Defense Response and Interferon
Gamma Production (Fig. 5b). The majority of genes within
these sets has previously been implicated in immune modula-
tory functions. Strikingly, the EV-high-associated tumors were
specifically classified as transcriptional subclass 23 (according
to the “Gravendeel” method***; Fig. 5¢). This corresponds to
The Cancer Genome Atlas (TCGA) mesenchymal subtype.*
The EV-low-associated tumors were classified as 16/17 or 18
(corresponding to the neural or classical subtype™).

Discussion

GBM patients exhibit severe changes in their immune cell reper-
toire.>® This is particularly characterized by major alteration of
cells of the monocytic lineage, which systemically adapt to a
phenotype that is typical for monocytic myeloid-derived suppres-
sor cells.” In addition, specific types of monocytic cells appear
to accumulate in the tumor, where they support tumor
growth.*””” GBM’s mechanisms responsible for these alterations

&
=
S
g
s
=
E
3
g
s
=




&
=
S
S
S
=
E
3
£
s
=

1638

a Donor 2

(9]
i
w

6h 72h

=
w
w
82 os
s
2= 04
@ g
g 02
= 00
s ¥ 39 % 39
g4 SIS 0 8 £25@
Epin = = g
Donor 1 5 5
GFM GFM
6h 6h 72h
& 30 §3.o
= ©
<2 25 ss 25
58 20 we 20
28 a8
go 15 ?.!\.Q 15
92 10 82 10
25 s 2E o5
O£ po 9= o0
x = o % =0 =0
g 2 53 g 2585 § 258
E @ = € w;i € m.;)z
2] ©3 S
CcC SVZ
6h 6h 72h
L —
= 18 = 25
& 1s 0
® 14 =% 20
5% 12 s3
w0 w o 1§
28 1.0 ée
08 2
ga a8 1w
e S0g x 0
o2 o4 @5
= oS 05
28 o2 ]
BE GE& o
5 3 = o %5 I =0 % =0
g 2 5 a 8 250 3 §>m
E [ = E m;é E m;i
DR R L

Glioblastoma vesicles affect monocytic cells

b 6h 72h
o * *
NEERNS b P=003 P=0.02 P=0.003
__ 30 e GTS
9% 2s & 0 GFM
8¢
B Q Asvz
£5 20 ” "
(o]
g g 15 o ~ g
B2 A0 mgrmmgin e i i S e
oL
05 ¢ L]
o 3 = 2 3 S 2
< s s 2]
@ ~ = o = =
& 2 o ]

Figure 4. GBM-derived EVs increase MT1-MMP expression in microglia. (@) Primary human microglia (isolated from different brain regions of
two donors) were incubated for 6 hr or 72 hr with EVs (from GS184, U87-MG/EGFRvIIl and MSCs) or mock treated. Q-PCR was used to deter-
mine the expression levels of MT1-MMP. At both time points, the expression levels are normalized to the levels obtained after 6 hr mock
incubation. (Donor 1 = Parkinson’s disease donor, Donor 2 = healthy subject). (b) Graph displaying the results of each EV type, with group-
ing of the GTS, GFM and SVZ data (Donor 2). The 6hr-mock and 72hr-mock incubations were used to normalize the levels obtained for the
6hr-EV and 72hr-EV incubations. The mock values are indicated by the dotted line. Significant differences between EV incubations and
mock incubations (determined by two-tailed t-test) are indicated by asterisks and p values. (GTS = gyrus frontalis medius, GFM = gyrus tem-

poralis superior, CC = corpus callosum, SVZ = subventricular zone).

remain to be elucidated. In this report, we demonstrate that the
phenotype of monocytic cells is affected by EVs released by
GBM cells.

To better understand the modes of action of GBM-
derived EVs, we first performed detailed proteomic profiling.
This revealed the selective enrichment in EVs of proteins
functioning in focal adhesion and leukocyte transendothelial
migration. Possibly, GBM cells have acquired mechanisms to
selectively incorporate these proteins in EVs, thereby facilitat-
ing tumor-supporting changes in recipient cells. The findings
of our proteomic analyses further strengthened the hypothe-
sis that GBM EVs can modify monocytic cells, including
macrophages. Focal adhesion complexes are highly important
in the biology of macrophages, to support proliferation,
phagocytosis and motility.®

Interestingly, multiple proteins were identified in the
membrane of GBM EVs that appear to be undetectable in
EVs of nontumor origin, as concluded from a large survey in
the EVpedia database (http://evpedia.info/; Table 1). These

proteins include lactadherin, syntenin-1, myristoylated alanine-
rich C-kinase substrate (MARCKS), integrin alpha-V, integrin
alpha-3 and EGFR, which were all detected in both GS184
EVs and U87-MG/EGFRVIII EVs. These findings may be of
diagnostic value as well. Technologies to detect and quantify
EVs in bodily fluids, which would allow for noninvasive diag-
nostics for GBM, are currently under development.*”*¢~*

GBM patients are in general characterized by aberrations
in their T cell compartment, for instance characterized by a
general CD4 T cell lymphopenia.®> Our analyses revealed no
signs of EV-induced death of T cells (Supporting Information
Fig. S3¢). This is in contrast to the effects observed for EVs
from other types of cancer (i.e., from ovarian, oral and pros-
tate cancer).*™*?

We observed strong effects of GBM-derived EVs on the
phenotype of monocytes. Incubation of PBMCs with
U87-MG/EGFRVIII and GS184 EVs resulted in reduced
expression of HLA-DR and increased expression of CD14 on
the cell surface. Of interest, a similar CD14™¢"/HLA-DR""
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Figure 5. Gene expression analysis of tumors. EV secretion of the GSC cultures was used as a discriminating factor to categorize tumors as
EV-low-associated or EV-high-associated (EV-low: GS79, GS102, GS184, GS245, GS249; EV-high: GS186, GS187, GS224). Expression of genes
was determined by microarray analysis.?> (a) Heat map showing differentially expressed genes (p < 0.01) in the EV-high-associated or EV-low-
associated group. (b) GSEA to identify the most significantly enriched gene sets in the EV-high-associated group (False Discovery Rate < 10%,
Normalized Enrichment Scores: Regulation of Defense Response = 2.01, Interferon Gamma Production = 1.97). (c) Gene-expression based clas-
sification of the tumors.?>2> Note that classification as either 16/17, 18 or 23 corresponds to a TCGA-based classification as, respectively,
neural, classical or mesenchymal.®® [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

phenotype, resembling myeloid-derived suppressor cells, is
regularly observed in the systemic monocyte population of
GBM patients.>*"** Still, our findings did not point toward
EVs in the blood of patients as inducers of this phenotype;
isolated EVs (consisting of the total pool of plasma EVs,
including GBM and non-GBM EVs) did not change HLA-
DR and CD14 on naive monocytes (Fig. 2d). It is likely, how-
ever, that the particular experimental procedure was insuffi-
cient to faithfully simulate the systemic biodistribution of
GBM EVs in patients. Possibly, GBM-derived EVs accumu-
late at specific locations in the body where they are in con-
tact with monocytes or their precursors. Such a mechanism
has been described for melanoma-derived EVs, which home
to sites in the bone marrow.'> Alternatively, monocytes may
migrate to the tumor site where they receive high numbers of
tumor-derived EVs, followed by redistribution of the cells to
the peripheral blood stream.

GBM-derived EVs considerably affected the differentiation
of monocytes into macrophages, which was in contrast to
EVs derived from cells of non-GBM origin. The phenotypic
changes included modified expression of cell surface mole-
cules (i.e., increased CD14, CD16, CD32, CD45, CD163 and

Int. J. Cancer: 137, 1630-1642 (2015) © 2015 UICC

HLA-DR expression) and increased secretion of IL-6, MCP-1
and VEGF, thereby resembling the phenotype of M2-type/
“alternatively activated” macrophages. Presumably, the modi-
fied cytokine secretion will severely impact the tumor sur-
roundings. As such, secretion of IL-6 may stimulate GBM
proliferation and resistance to therapy.*> The GBM EVs also
induced an increased phagocytic capacity of macrophages
(Fig. 3e), which may facilitate the migration of tumor cells as
a result of enhanced degradation of extracellular matrix
components.“’45

By implementing a novel technology for EV quantification
(tRPS, which allows for particle measurement instead of
bulk-protein measurement’’) we were technically successful
in comparing the EV secretion between a panel of different
GSC cultures. Surprisingly, this revealed remarkable variation,
with some cultures, in particular these from mesenchymal
GBM, displaying higher EV secretion levels as compared to
others. The mesenchymal EVs were not only characterized by
higher secretion levels, but also by more pronounced effects
on monocyte to macrophage differentiation. This suggests
that EV secretion occurs at higher levels, and may be of
higher relevance, in mesenchymal GBMs. Interestingly,
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mesenchymal GBMs display an increased infiltration of tumor-
supportive monocytic cells, as a result of currently unknown
mechanisms.***’

Our findings on macrophages provided a strong rationale
to analyze the effects of GBM EVs on brain-resident micro-
glia, which (besides the peripheral-derived macrophages) con-
stitute large part of the monocytic cell population in GBMs’
microenvironment. Interestingly, the microglia’s response to
GBM EVs appeared to differ from the responses observed
upon monocyte-to-macrophage differentiation. Expression of
cell surface markers HLA-DR and CDI163 was not signifi-
cantly altered (Supporting Information Fig. 6). Despite their
overlapping functions,”® macrophages and microglia are
highly different cell types, and it is therefore conceivable that
they respond differently to EVs.

We hypothesized that TLR-2, a monocytic receptor, is
involved in our observed phenomena. GBM EVs are highly
abundant in small RNA molecules,”” which were previously
reported as potent binders to TLRs.'” TLR-2 binding, fol-
lowed by down-stream expression of MT1-MMP, has been
implicated in the establishment of M2-type characteristics in
GBM-associated microglia.>>** We did not find evidence for
an effect of GBM EVs on MT1-MMP expression in the con-
text of monocyte-to-macrophage differentiation (Supporting
Information Fig. S5b). However, MT1-MMP was significantly
up-regulated by GBM EVs in microglia (Fig. 4). This strongly
suggests that EVs are a mechanism for GBMs to induce

1641

MTI1-MMP expression in GBM-associated microglia, thereby
supporting tumor growth. Effects of GBM EVs on monocytic
cells of nonmicroglia type (monocytes/macrophages) appear
to occur via a different mechanism, not involving MT1-
MMP.

The therapeutic potential of targeting GBM-associated
monocytic cells has already been shown in preclinical models.
For example, GBM growth can be inhibited (in proneural
GBM models) by blocking colony stimulating factor-1 recep-
tor (CSF-1R), thereby skewing the differentiation of microglia
from M2-type to Ml-type.”® Taken together, our findings
suggest that similar effects may be obtained by blocking the
transfer of GBM EVs to monocytic cells. Indeed, our study
identifies for the first time EVs of GBM cells as potent mod-
ulators of cells of the monocytic lineage altering them to
resemble the tumor-supportive phenotypes described in
patients. These findings corroborate on the previously
described tumor-supportive effects of GBM-derived EVs on
endothelial cells and tumor cells.'®*° Further research will be
imperative to gain more insight into the biology of
GBM-derived EVs, which, eventually, may lead to novel (EV-
targeted) therapies and/or improvement in current therapies.
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