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Abstract

Purpose: Glioblastoma (GBM) is the most common pri-
mary brain tumor. The identification of blood biomarkers
reflecting the tumor status represents a major unmet need for
optimal clinicalmanagement of patientswithGBM.Their high
number in body fluids, their stability, and the presence of
many tumor-associated proteins and RNAs make extracellular
vesicles potentially optimal biomarkers. Here, we investigated
the potential role of plasma extracellular vesicles frompatients
with GBM for diagnosis and follow-up after treatment and as a
prognostic tool.

Experimental Design: Plasma from healthy controls (n ¼
33), patients with GBM (n ¼ 43), and patients with different
central nervous system malignancies (n ¼ 25) were collected.
Extracellular vesicles were isolated by ultracentrifugation and
characterized in terms of morphology by transmission elec-
tron microscopy, concentration, and size by nanoparticle
tracking analysis, and protein composition bymass spectrom-
etry. An orthotopic mouse model of human GBM confirmed

human plasma extracellular vesicle quantifications. Associa-
tions between plasma extracellular vesicle concentration and
clinicopathologic features of patients with GBM were ana-
lyzed. All statistical tests were two-sided.

Results: GBM releases heterogeneous extracellular vesicles
detectable in plasma. Plasma extracellular vesicle concentra-
tion was higher in GBM compared with healthy controls
(P < 0.001), brain metastases (P < 0.001), and extra-axial
brain tumors (P < 0.001). After surgery, a significant drop in
plasma extracellular vesicle concentration was measured
(P < 0.001). Plasma extracellular vesicle concentration was
also increased in GBM-bearing mice (P < 0.001). Proteomic
profiling revealed a GBM-distinctive signature.

Conclusions:Higher extracellular vesicle plasma levelsmay
assist in GBM clinical diagnosis: their reduction after GBM
resection, their rise at recurrence, and their protein cargomight
provide indications about tumor, therapy response, and
monitoring.

Introduction
Glioblastoma (GBM) is the most common primitive tumor of

the central nervous system (CNS), accounting for 12%–15%of all

intracranial tumors (1). Actual standard of care is based on
maximal surgical resection followed by chemotherapy and radio-
therapy (1, 2). Despite many efforts to find new therapeutic
approaches, GBM patients' median overall survival (OS) is 14
months from diagnosis (1, 2). Diagnosis and follow-up are
usually feasible with imaging techniques after tumor becomes
clinically evident. Molecular characterization of GBM for classi-
fication, grading, and inclusion of patients in clinical trials is
possible only with specimens obtained with open surgery or
biopsy. In this context, extracellular vesicles could play an impor-
tant role both for research and clinical purposes. Extracellular
vesicles are small structures (50–1,000 nm) surrounded by a lipid
membranebilayer, released in the extracellular space fromnormal
andneoplastic cells (3–5). Extracellular vesicles include exosomes
(50–150 nm, originating from the endosomal pathway) and
microvesicles (up to 1,000 nm, shed from the plasma mem-
brane). Their cargo encompasses proteins, RNA, and lipids spe-
cific for the cell of origin (3–5). In the neoplastic setting, they
induce tumor progression and infiltration, sustain neoangiogen-
esis, inhibit immune response, and lead to chemo/radio-resis-
tance (3, 6–12). Interestingly, extracellular vesicles can be used as
circulating biomarkers because they can be easily isolated from
bloodstream, urine, cerebrospinal, ascitic, amniotic, and seminal
fluid (4). An increasing number of studies have addressed the use
of extracellular vesicles as cancer biomarkers relying on their cargo
(13, 14). In addition, circulating extracellular vesicles support the
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possibility to detect intraepithelial lesions in very early stages, not
yet discernible by MRI (15). A direct relationship between exo-
some levels and tumor burden, recurrence, and OS of patients
with cancer has been observed (14, 15). Moreover, analysis of
exosomal molecular cargo, specifically profiling of proteins or
RNA, has potential clinical value (14). Likewise, extracellular
vesicles released by GBMs into peripheral blood could be used
as clinical biomarkers (9, 14, 16–18).

Here, we characterized extracellular vesicles isolated from plas-
ma of patients with GBM for morphology, size, concentration,
and protein profile to validate the role of GBM-derived extracel-
lular vesicles as specific biomarkers for early diagnosis, follow-up
after treatment, and as prognostic tool. We correlated the char-
acteristics of extracellular vesicles isolated fromplasmaof patients
with GBM before and after surgery with those of healthy controls
and of patients harboring other CNSmalignancies. Moreover, we
employed patient-derived xenograft (PDX) model to confirm the
specificity of extracellular vesicle features observed in patients
with GBM.

Materials and Methods
Patients and clinical samples

Healthy individuals (n ¼ 33) and consenting patients with
GBM (n¼ 43) or other CNSmalignancies (n¼ 25) were enrolled
at the Department of Neurosurgery of "C. Besta" Neurological
Institute (Milan, Italy) and at the Department of Neurosurgery of
San Matteo Hospital (Pavia, Italy) upon approval from the
research ethics committee and in accordance with the ethical
guidelines outlined in the Declaration of Helsinki. The healthy
controlswere blooddonorsmatched for age and sex. Patientswith
GBM were consistent with other published clinical series con-
cerning age, sex distribution, dimensional range, Karnofsky per-
formance status scale, necrosis, presentation symptoms, tumor
site, IHC staining, postsurgical treatment, PFS, and OS (19).
Tumor necrosis was graded in T1 plus gadolinium weighted MRI
as follow: (i) necrosis volume < 1/3 of total tumor volume; (ii)
necrosis volume > 1/3 and < 2/3 of total tumor volume; and (iii)
necrosis volume > 2/3 of total tumor volume. Tumor size was

measured in axial T1 plus gadolinium weighted MRI as the
maximumdiameter of the contrast-enhancingmass. IHC staining
was aimed at identifying EGFR expression/amplification [EGFR
Ab-10 (clone 111.6), 2 mg/mL, mouse mAB, Thermo Fisher
Scientific], MGMT expression [anti-MGMT (clone MT 3.1),
1:100, mouse mAB, Millipore], PTEN deletion [sc-7974
(A2B1), 1:100, mouse mAB, Santa Cruz Biotechnology], P53
mutation [anti-Human p53 protein (clone DO-7), 1:50, mouse
mAB, Merck KGaA], IDH1 mutation [anti-human IDh1 R132H,
(clone H09), 1:50, mouse mAB, Dianova GmbH]. Regarding the
detection of P53 mutation, we exploited the different stability of
wild-type versus mutant p53 protein. Wild-type p53 is relatively
unstable and characterized by a very short half-life, whichmakes it
undetectable by IHC. On the contrary, mutant p53 has a much
longer half-life, accumulates in the nucleus, and become therefore
detectable (20).

OS and PFS have been measured as elapsed time from surgery
to death or to the diagnosis of recurrence/ progression in accor-
dance to RANO criteria (21). Details of patients with GBM are
summarized in Supplementary Tables S1 and S2.

Human plasma collection and extracellular vesicle isolation
Blood samples were collected at diagnosis (before the opera-

tion; baseline) or 3 days after surgery for postoperative GBM
samples. Peripheral blood (15mL)was collected in tubes contain-
ing disodium EDTA (Sarstedt) and processed to obtain plasma
through centrifugation at 2,000� g for 15minutes at 4�Cnot later
than 4 hours after withdrawal. The collected plasma samples were
then pelleted by differential centrifugation (22). Briefly, theywere
centrifuged at 12,000 � g for 30 minutes at 4�C, ultrafiltered
using a 0.22-mm filter (EMD Millipore), and ultracentrifuged at
110,000 � g for 2 hours at 4�C. Extracellular vesicle pellet was
washedonce inPBSandultracentrifuged at110,000� g for2hours
at 4�C. The pelleted extracellular vesicles were resuspended in PBS
and kept at �80�C.

Electron microscopy
Tissue block preparation, electron microscopy (EM) examina-

tion, and immune EM analysis were performed as described
previously (23–25), with modifications. A description of each
process is given.

Embedding. Purified extracellular vesicles and the brain tissue
were fixed with of 4% paraformaldehyde (PFA) and 2.5% glu-
taraldehyde (EMS) mixture in 0.2 mol/L sodium cacodylate
(pH 7.2) for 2 hours at room temperature, followed by 6 washes
in 0.2 mol/L sodium cacodylate (pH 7.2) at room temperature.
Samples were incubated in 1:1 mixture of 2% osmium tetraoxide
and 3% potassium ferrocyanide for 1 hour at room temperature
followed by 6 times rinsing in 0.2 mol/L cacodylate buffer. They
were sequentially treated with 0.3% thiocarbohydrazide in
0.2 mol/L cacodylate buffer for 10 minutes and 1% OsO4 in
0.2 mol/L cacodylate buffer (pH 6.9) for 30 minutes, then rinsed
with0.1mol/L sodiumcacodylate (pH6.9)buffer until all traces of
the yellow osmium fixative have been removed, washed in deio-
nizedwater, treatedwith 1%uranyl acetate inwater for 1 hour, and
washed in water again (24, 26). The samples were subsequently
subjected to dehydration in ethanol and then in acetone, and
embedded in Epoxy resin at room temperature and polymerized
for at least 72 hours in a 60 �Coven. Embedded samples were then

Translational Relevance

Glioblastoma (GBM) represents one of the most aggressive
and therapeutically challenging cancers due to its growth
and infiltration ability throughout the brain. GBM treatment
aims to detect the tumor at an early stage and to follow its
progression. The results of this study support the possibility
to diagnose GBM and to follow its response to therapy
through a minimally invasive blood sample. This would be
of remarkable value for the patient by facilitating clinical
decision-making without the need for imaging. Furthermore,
we characterized the protein cargo of plasma GBM extracel-
lular vesicles detecting a specific GBM signature which could
be suitable to detect tumor, to characterize its molecular
profile and, potentially, to tailor treatment in accordance to
each patient's case. We could expect that our results, taking
advantage from currently emerging technologies for fast
extracellular vesicle purification and characterization, will lead
to a rapid translation in routine clinical practice.
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sectioned with Diamond Knife (Diatome) using Leica ultramicro-
tome. Sections were analyzed with a Tecnai 20 High Voltage EM
(FEI, Thermo Fisher Scientific) operating at 200 kV (26).

Electron tomography. An Ultramicrotome (Leica EM UC7) was
used to cut 60-nm serial thin sections and 200-nm serial semi-
thick sections. Sections were collected onto 1% formvar
films adhered to slot grids. Both sides of the grids were labeled
with fiduciary 10-nm gold (PAG10). Tilt series were collected
from the samples from � 65� with 1� increments at 200 kV in
Tecnai 20 Electron Microscopes (FEI, Thermo Fisher Scientific).
Tilt series were recorded at amagnification of 11,500�, 14,500�,
19,000 �, or 29,000 � using software supplied with the
instrument. The nominal resolution in our tomograms was
4 nm, based on section thickness, the number of tilts, tilt
increments, and tilt angle range. The IMOD 4.0.11 package
was used to construct individual tomograms and for the
assignment of the outer leaflet of organelle membrane contours
and best-fit sphere models of the outer leaflet were used for
vesicle measurements.

Ultrathin cryosectioning and labeling of cryosections. Extracellular
vesicles were fixed by adding of a mixture of 0.1 mol/L PHEM
buffer, 2% PFA, and 1% glutaraldehyde for 2 hours, and finally
stored in storage solution (0.1 mol/L PHEM buffer and
0.5% PFA in distilled water) overnight. After washing with
0.15 mol/L glycine buffer in PBS, extracellular vesicles were
embedded in 12% gelatin, cooled on ice, and cut into 0.5-mm
blocks in the cold room. The blocks were infused with 2.3 mol/L
sucrose, which acts as a cryoprotectant, and then placed onto
small specimen pins. Pins were frozen by immersion in liquid
nitrogen, quickly transferred to a precooled (–60 �C) cryo-cham-
ber fitted onto an Ultramicrotome (Leica EM UC7) and trimmed
to a suitable shape. The sections were cut at –120 �C using a dry
diamond knife and collected on the knife surface. Sections were
retrieved from the knife by picking them up on a small drop of a
1:1 mixture of 2.3 mol/L sucrose and 2% methyl cellulose and
transferred onto formvar- and carbon-coated specimen grids.
Samples were then processed for immune-labeling. Grids were
kept floating on drops of buffered saline solution with the section
side in the liquid. The back of the gridwas kept dry and the section
side was kept hydrated at all times. The grids were washed onto
100-mL droplets of PBS for 10 minutes and then additionally
washed 3 � 3 minutes with 0.02 mol/L glycine in PBS, pH 7.4.
The grids were incubated for 10 minutes in 0.5% BSA- cTM in
PBS (BSA-cTM, acetylated BSA, 10% in water) and then incu-
bated for 2 hours on 10-mL droplets of CD9 primary antibody
(1:10, mouse mAB, BD Pharmigen). The grids were washed 6
times with 0.1 % BSA-cTM in PBS. Next, we used a rabbit anti-
mouse immunoglobulin antibody (bridge antibody, 1:250,
Dako) and then with protein-A gold 10 nm (PAG10) 1:50
diluted in blocking solution for 20 minutes at room temper-
ature. The grids were rinsed 6 times with 0.1% BSA-cTM in PBS
and postfixed with 1% glutaraldehyde in 0.15 mol/L HEPES for
5 minutes. Finally, the grids were washed 5 � 1 minute in
distilled water and stained for 10 minutes in 1.8% methyl
cellulose plus 0.4% uranyl acetate on ice. The grids were
retrieved with a stainless steel loop onto a piece of a Whatman
50 filter paper at an angle of 45�. After air-drying, the grids were
examined under Tecnai20 Electron Microscope (FEI, Thermo
Fisher Scientific).

Nanoparticle tracking analysis
Extracellular vesicle samples diluted in PBS were analyzed

using a LM10 nanoparticle tracking analyzer with 532-nm laser
(Malvern Panalytical; ref. 27). Briefly, extracellular vesicles in
PBS were analyzed using a LM10 nanoparticle tracking analyzer
with 532-nm laser (Malvern Panalytical). Six videos of 30
seconds were recorded for each sample and analyzed under
constant settings to obtain data on mean particle size, size
distribution, and particle concentration. Because nanoparticle
tracking analysis (NTA) is most accurate between particle con-
centrations in the range of 2� 108 to 2 � 109/mL, when
samples contained higher numbers of particles, they were
diluted before analysis and the relative concentration calculat-
ed according to the dilution factor.

Lentiviral-mediated CD9 overexpression in GBM tumor-
initiating cells

GBM tumor-initiating cells (TIC) were transduced with pre-
packaged CD9-GFP virus (pCT-CD9-GFP, CYTO122-VA-1; Sys-
tem Biosciences SBI). Seventy-two hours after infection, trans-
duced cells were FACS-sorted (FACS Aria, Becton Dickinson) to
separate GFP-positive (GFPþ) from GFP-negative (GFP�) frac-
tions. Cell sorting was performed at room temperature with the
laser (Coherent Innova 70) set at 488 nm wavelength and
100 mW power. Forward scatter (FSC) and side scatter (SSC)
were collected through a filter. The EGFP signal was collected in
the FL1 channel through a 530/40 bandpass filter. A light
scatter gate was drawn in the SSC versus FSC plot to exclude
debris. Cells in the gate were displayed in a single-parameter
histogram for the EGFP and final gating settings determined to
collect the labeled cells.

In vivo assay
For quantification of GBM-derived extracellular vesicles, TICs

isolated from human GBM tissues (105 cells in 2-mL PBS) were
stereotaxically injected into the nucleus caudatus (1-mm poste-
rior; 3-mm left lateral; and 3.5 mm in depth from bregma) of 5
weeks-old female nu/nu CD-1mice (Charles River; ref. 28). Seven
days later, mice were sacrificed and brains and plasma were
harvested. Plasmawas also harvested fromnontransplantedmice.
Plasma extracellular vesicles were isolated as hereinafter described
and quantified by NTA. These experiments were performed two
times, using 5 animals per group.

In vivo experiments were approved by the Institute Ethical
Committee for animal use and conducted in accordance with
the Italian Ministry of Health (D.L.vo 116/92 and following
additions).

Confocal laser scanning microscopy
Plasma extracellular vesicles from nontransplanted mice or

mice harboring intracranial human GFPþ GBMs were stained
with 5 mmol/L of the membrane dye 1,10-dioctadecyl-3,3,30,30-
tetramethylindocarbocyanine perchlorate (Dil; Thermo Fisher
Scientific) for 20 minutes at 37�C. To remove excess dye, the
extracellular vesicles were transferred into a spin column (Exo-
some Spin Columns, MW 3000, Thermo Fisher Scientific) and
centrifuged at 750 � g for 2 minutes. The process was repeated
twice. DiI-labeled extracellular vesicles in PBS were then placed in
35-mm glass-bottom dishes coated with poly-D-lysine (MatTek
Corporation) for 30 minutes before being analyzed by confocal
laser-scanning microscopy (CLSM) using a Nikon A1Rþ inverted
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confocal microscope with a 60X Apo-TIRF oil-immersion objec-
tive and a numerical aperture of 1.49 at 1024 � 1024 pixel
resolution. 488 and 561 solid-state lasers were used to excite GFP
and DiI, respectively, and corresponding fluorescence emissions
were collected using 500–550 and 570–620-nm long-pass filters.
All images were acquired under the samemicroscope settings and
recorded using NIS Elements Software (Nikon).

IHC
Xenografted mouse brains were formalin-fixed, paraffin-

embedded according to established procedures. Tissue sections
(3 mm) were incubated with the following primary antibodies:
anti-nuclei (mouse mAB, 1:1,000, clone 3E1.3, Millipore) and
anti-GFP (rabbit polyclonal antibody, 1:1,000, sc8334, Santa
CruzBiotechnology). All sectionswere counterstainedwithMayer
hematoxylin and visualized using a bright-field microscope.

Western immunoblotting
Plasma extracellular vesicles were solubilized in 8 mol/L urea,

0.1 mol/L Tris/HCl, pH 8.5. Extracellular vesicle protein concen-
trations were assessed by Bradford Assay (Bio-Rad) and extracel-
lular vesicle lysates (10 mg) were analyzed by standard Western
immunoblotting. Briefly, extracellular vesicle lysates were loaded
onto a SDS-PAGE under reducing conditions, and resolved pro-
teins were transferred on to Nitrocellulose Transferring Mem-
branes (Protran) of 0.2-mm pore size. After blocking with 5%
nonfat dry milk in Tris-buffered saline and Tween 20 [TBS-T
(50 mmol/L Tris, 150 mmol/L NaCl, and 0.05% Tween 20)],
membranes were incubated overnight at 4�C with the primary
antibodies CD63 [sc-15363 (H-193), 1:100, rabbit polyclonal
antibody, Santa Cruz Biotechnology], tsg101 [sc-6037 (M-19),
1:500, goat polyclonal antibody, Santa Cruz Biotechnology], and
CD9 (1:500, mousemAB, BD Pharmigen). Antibody binding was
assessed by horseradish peroxidase–conjugated secondary anti-
body (1:10,000, Sigma Aldrich). Immunoreactive bands were
detected with ECL Western Blotting Reagents (GE Healthcare
Bio-Sciences).

Proteomic analysis
Extracellular vesicle pelletswere solubilized in8mol/L urea, 0.1

mol/L Tris/HCl, pH 8.5 (UA buffer). Proteins (50 mg) for each
sample were reduced by TCEP, alkylated by chloroacetamide, and
digested overnight by Lys-C and trypsin (29). Derived peptides
were desalted on StageTip C18 (30). Samples were analyzed in
duplicate on a LC–ESI–MS-MS quadrupole Orbitrap QExactive-
HF Mass Spectrometer (Thermo Fisher Scientific). Peptide sepa-
ration was achieved on a linear gradient from 95% solvent A (2%
ACN, 0.1% formic acid) to 50% solvent B (80%acetonitrile, 0.1%
formic acid) over 33minutes, and from50% to 100% solvent B in
2minutes at a constant flow rate of 0.25 mL/min on UHPLC Easy-
nLC 1000 (Thermo Fisher Scientific) connected to a 23-cm fused-
silica emitter of 75 mm inner diameter (New Objective, Inc.),
packed in-house with ReproSil-Pur C18-AQ 1.9 mm beads (Dr
Maisch Gmbh) using a high-pressure bomb loader (Proxeon).
Mass spectrometry (MS) data were acquired using a data-
dependent top 15 method for HCD fragmentation. Survey full-
scan MS spectra (300–1650 Th) were acquired in the Orbitrap
with 60,000 resolution, AGC target 3e6, IT 20 ms. For HCD
spectra, resolution was set to 15,000 at m/z 200, AGC target
1e5, IT 80 ms. For identification and quantitation, Raw MS files
were processed withMaxQuant software (1.5.2.8; ref. 31)making

use of the Andromeda search engine (32). MS/MS peak lists were
searched against the database uniprot_cp_human_2015_03, in
which trypsin specificitywas usedwith up to twomissed cleavages
allowed. Cysteine carbamidomethyl was used as fixed modifica-
tion,methionine oxidation, andproteinN-terminal acetylation as
variable modifications. The peptides and protein FDR were set to
0.01; the minimal length required for a peptide was six amino
acids; a minimum of two peptides, of which one unique was
required for protein identification. Normalized LFQ proteins
intensities were analyzed via Perseus (version 1.5.6.0). T test
statistical analysis was performed applying FDR < 0.05. Cellular
component GO and biological pathway analysis was performed
via String version 10.5 (https://string-db.org/), using the Gene ID
of the identified proteins.

Statistical analysis
Statistical analysis was performed using the GraphPad Prism

5.0 Software (GraphPad Software Inc.). Significance of differences
among two or more groups were evaluated by unpaired Student
t test or one-way ANOVA followed by Bonferroni post hoc test. The
relation between extracellular vesicle plasma concentrations and
matched tumor size was evaluated by correlation analysis. Data
are graphed asmean� 95% confidence intervals (CI). In Kaplan–
Meier curves, survival differences were compared by log-rank test.
Differences were considered statistically significantwhen P <0.05.

Results
Human GBMs release multiple extracellular vesicles in vivo

GBM cells secrete in culture a heterogeneous population of
extracellular vesicles, encompassing exosomes and microvesi-
cles, varying in size from 50 to 1,000 nm (18). By transmission
electron microscopy (TEM), we provide evidence that human
GBM tissues contain multivesicular bodies (MVB) with exo-
some-like vesicles inside, with an average diameter of 30–80 nm,
and shed microvesicles ranging in size from 100 to 1,000 nm
(Fig. 1A–D).

On the basis of previous reports that GBM-derived extracellular
vesicles are able to cross the blood–brain barrier and enter the
general circulation (4, 11, 14, 17), we isolated by differential
centrifugation and characterized extracellular vesicles from plas-
ma of patients with GBM (22). TEM revealed a number of
structures of exosomal size and appearance mixed with larger
vesicles (Fig. 1E). Thus, in line with our observations on tissues
(Fig. 1A–D), GBM-derived extracellular vesicles comprise both
exosomes and microvesicles, and express CD9 antigen (Fig. 1F).
Moreover, immunoblot analysis revealed the presence of the
exosomal protein markers CD9, CD63, and TSG101 in plasma
extracellular vesicles from both GBM and control samples (Fig.
1G). Altogether, these results highlight the feasibility to isolate
GBM-derived extracellular vesicles from the plasma of patients
with GBM.

Circulating extracellular vesicles distinguish patientswithGBM
from healthy controls

To verify the potential value of circulating extracellular vesicles
as a biomarker for GBM, we isolated extracellular vesicles
from plasma of patients with GBM at diagnosis (before the
operation; baseline) and in parallel from age- and sex-matched
healthy controls. Significantly higher numbers of circulating
extracellular vesicles were found at baseline in patients with GBM
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(n ¼ 13) compared with healthy controls (n ¼ 17; discovery
patient cohort in Supplementary Table S1), as assessed by NTA
(P < 0.0001; Fig. 2A). Analysis of an independent patient cohort
(validation patient cohort in Supplementary Table S2) confirmed
the significant extracellular vesicle enrichment in plasma from
patients with GBM (n ¼ 30) compared with healthy individuals
(n ¼ 16; P ¼ 0.0099; Fig. 2B). Of note, the average size of GBM-
and healthy control–derived extracellular vesicles were similar in
discovery (P ¼ 0.548) and validation cohort (P ¼ 0.075; Fig. 2C
and D). Thus, extracellular vesicle concentration, not their size,
distinguishes patients with GBM from healthy controls.

The amount of circulating extracellular vesicles was not affected
by tumor size (P ¼ 0.318, correlation analysis: r ¼ �0.179;
Supplementary Fig. S1A). However, the extent of necrosis influ-
enced the degree of secretion (P¼ 0.045): higher necrosis in GBM
samples (grade III) substantially reduced extracellular vesicle

secretion (Supplementary Fig. S1B). No correlation was observed
between extracellular vesicle enumeration and the molecular
markers routinely tested in clinical practice for GBM, namely
EGFR amplification (P ¼ 0.526; Supplementary Fig. S1C), phos-
phatase and tensin homolog (PTEN) deletion (P ¼ 0.761; Sup-
plementary Fig. S1D),O6-methylguanine DNAmethyltransferase
(MGMT) expression (P ¼ 0.189; Supplementary Fig. S1E), and
isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) mutations
(data not shown). Only GBMs harboring P53 mutations were
found to secrete fewer extracellular vesicles (P ¼ 0.0473; Supple-
mentary Fig. S1F). Next, we tested for possible associations
between plasma extracellular vesicle concentration and patient
outcomes. Patients with GBM were ranked according to their
extracellular vesicle content and divided into high-content or low-
content groups; no significant differences in PFS (log-rank test,
x2 ¼ 0.057; P ¼ 0.812; Supplementary Fig. S1G) or OS (log-rank
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Figure 1.

In vivo release of different EV
(extracellular vesicle) types from
humanGBM tissues.A,Representative
TEM images of a GBM tissue
containing multivesicular bodies
(MVB) holding exosome-like
intraluminal vesicles (left) and
microvesicles (right, black arrows;
high magnification, 49,000 �). B,
Electron microscope tomography
image of a GBM cell containing several
MVB (black arrows). The box indicates
the area from which the three-
dimensional tomographic
reconstruction ofMVB (black box)was
performed. C, Appearance of
extracellular vesicles (black arrows) in
the extracellular space of GBM tissue
(magnification 7,800 �). D,
Aggregate of extracellular vesicles
(boxed area) in the extracellular space
of a GBM tissue (magnification
9,600 �). E, A representative TEM
image of extracellular vesicles isolated
from GBM patient plasma and
comprising both exosomes (white
arrows) and microvesicles (black
arrows; highmagnification, 25,000�).
F, GBM patient plasma extracellular
vesicles as in (E) after immuno-gold
labeling with anti-CD9 antibody (high
magnification, 29,000 �). G, A
representative Western blot analysis
showing the expression of the
exosomal markers CD9, CD63, and
TSG101 in extracellular vesicles
derived fromGBM and control plasma.
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test, x2¼ 2.051; P¼ 0.152; Supplementary Fig. S1H) were found.
These results point out that the enumeration of circulating extra-
cellular vesicles in plasma could represent a reliable biomarker for
GBM detection independently of tumor subtype or molecular
expression.

Extracellular vesicle enrichment is associated with GBM
diagnosis

Weassessed the specificity of extracellular vesicle enrichment in
patients with GBMby collecting plasma samples fromother brain
lesions which share with GBMs the vascular permeability to
gadolinium and other macromolecules. We investigated extracel-
lular vesicle levels in case-control cohorts that included patients
with intraaxial lesions (metastases; n ¼ 13) and extraaxial brain
tumors [adenomas (n ¼ 3), meningiomas (n ¼ 6), and neurino-
mas (n ¼ 3)]. Interestingly, extracellular vesicle concentrations
were similar in healthy controls and in patients with either brain
metastases or extraaxial brain tumors: in all groups the extracel-
lular vesicle levels were significantly lower by Bonferronimultiple
t test than in patients with GBM (P < 0.0001; Fig. 3).Overall, these
findings suggest that the preoperative plasma extracellular vesicle

enrichment is specific for GBM, and plasma extracellular vesicle
concentration could be used to distinguish patients withGBMnot
only fromhealthy subjects but also frompatients with other brain
lesions.

Tumor cells are mainly responsible for extracellular vesicle
enrichment in GBM patients' plasma

Blood contains a variety of extracellular vesicles released from
many different cell types, above all platelets, leukocytes, erythro-
cytes, and endothelial cells (33). To identify the contribution of
GBM-derived extracellular vesicles to the whole circulating extra-
cellular vesicle population, we measured extracellular vesicle
concentration in paired pre- and postoperative GBM plasma
samples (n ¼ 14). The levels of circulating extracellular vesicles
were significantly reduced in the postoperative samples (P ¼
0.0022; Fig. 4A), suggesting that they were in part released by
GBM cells.

As a confirmation of the tumor origin of extracellular vesicles,
we employed the orthotopic transplantation of TICs isolated from
human GBM as a model to fully recapitulate GBM pathophysi-
ology (28). By lentiviral transduction, we generated GBM TICs
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Figure 2.

EV (extracellular vesicle) enrichment in plasma frompatientswith GBM.A andB,Extracellular vesicles isolated fromplasma of patientswithGBMat diagnosis (before
surgery) and from age- and sex-matched healthy controls were quantified by NTA. The amount of plasma extracellular vesicles is significantly increased in
patients with GBM compared with healthy controls. Left, (discovery cohort: n ¼ 13 patients with GBM; n ¼ 17 healthy controls): mean extracellular vesicle
concentration/mL plasma: 2.12eþ10�0.28eþ10 95%CI in controls; 6.97eþ10�0.97eþ10 95%CI in GBMs, P <0.0001; Right, (validation cohort: n¼ 30 patientswith
GBM; n¼ 16 healthy controls): mean extracellular vesicle concentration/mL plasma: 1.96eþ10� 0.22eþ10 95% CI in controls; 3.45eþ10� 0.38eþ10 95% CI in GBMs,
P ¼ 0.0099. C and D, Mean size of GBM- and healthy control-derived extracellular vesicle as in A and B, assessed by NTA. Left, discovery cohort (P ¼ 0.548);
right, validation cohort (P ¼ 0.075).
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expressing the exosomal marker CD9 fused with the GFP protein.
Because GBM-derived extracellular vesicles express CD9 on their
surface (ref. 34; Fig. 1C), they were identified by tracking the GFP
signal, distinct from endogenous GFP-negative murine extracel-
lular vesicles. A homogeneous population ofGFP-expressing TICs
was isolated by FACS. Representative histograms of control (Sup-
plementary Fig. S2A) and transducedsorted cells (Supplementary
Fig. S2B) indicated that almost 20% of the whole cell population
was highly GFP-expressing cells (Supplementary Fig. S2B, right).
FACS-isolated CD9-GFPþ TICs were orthotopically transplanted
into nude mice to generate a GFPþ GBM (Supplementary Fig.
S2C). Seven days later, extracellular vesicles were isolated from
peripheral blood plasma by differential centrifugation. Extracel-
lular vesicles were significantly enriched in plasma from mice
harboring intracranial human GBMs with respect to nontrans-
planted mice (P ¼ 0.0322; Fig. 4B). No difference in plasma
extracellular vesicle size was observed between control and GBM-
bearing mice: the average size of extracellular vesicles was 117 �
5.43 nm versus 120.2 � 5.00 nm in control and tumor-bearing
mice, respectively (P ¼ 0.68). Once isolated, murine plasma
extracellular vesicles were stained with DiI and analyzed by CLSM
for CD9-GFP and DiI. GFP-specific signal was detected in plasma
extracellular vesicles derived from GBM-transplanted mice, while
being undetectable in nontransplanted mouse plasma extracel-
lular vesicles (Fig. 4C). Extracellular vesicles (35%) detectable by
CLSM were DiIþGFPþ, 49% were DiIþGFP�, and 16% DiI�GFPþ
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Association between EV (extracellular
vesicle) enrichment in GBM patients'
plasma and tumor. A, Extracellular
vesicle concentrations in paired pre-
and postoperative plasma samples
fromGBMs (n¼ 14)were quantified by
NTA (P ¼ 0.0022). B, Extracellular
vesicle concentrations in plasma from
nontransplanted mice or mice
harboring intracranial human GBMs
(GBM PDXs) were quantified by NTA
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Figure 3.

Specificity of plasma EV (extracellular vesicle) enrichment for patients with
GBM. Plasma extracellular vesicle isolated from patients with GBM at diagnosis
(before surgery; n ¼ 43), patients with brain metastases (n ¼ 13) or extra-axial
brain tumors (n ¼ 12), and healthy controls (n ¼ 33) were quantified by NTA
(P < 0.0001). Patients with GBM had significantly increased plasma extracellular
vesicle concentration compared with all the other groups.
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only, confirming previous observations that DiI does not stain all
extracellular vesicles (35). Taken together, these findings indicat-
ed that nearly half of extracellular vesicles in the peripheral
circulation of transplanted mice were tumor-derived (DiIþGFPþ

or DiI�GFPþ). Combined with the significant decrease in circu-
lating extracellular vesicles after GBM removal, these data suggest
that the direct release by GBM tumor mass significantly contrib-
uted to the increased circulating extracellular vesicle levels in
patients with GBM.

The level of circulating extracellular vesicles informs on GBM
relapse

To understand whether circulating extracellular vesicles could
inform on therapeutic interventions and anticipate tumor recur-
rence, we compared plasma extracellular vesicle concentrations
from patients facing a relapse (n ¼ 9) with extracellular vesicle
concentrations from either preoperative GBM plasma samples or
the matched postoperative GBM samples (n ¼ 14). Plasma
extracellular vesicles are enriched in preoperative GBM plasma
samples, significantly decline after the resection of the primary
GBMs, and raise againwhen the tumor relapses (P¼0.028; Fig. 5):
the level of extracellular vesicles in recurrent GBMs was nearly
40% higher than in the primary GBM samples at the immediate
postresection assessment, being higher than the extracellular
vesicle level in healthy controls (Fig. 2A and B). Combined with
the significant decrease in circulating extracellular vesicles after
GBM removal, extracellular vesicle enrichment at relapse suggests
a direct link between extracellular vesicles and the presence of a
GBM mass.

GBM extracellular vesicle protein cargo provides a set of known
glioma targets

We comparedwithMS the protein cargo of plasma extracellular
vesicles from pools of patients with GBM and of healthy controls.
WenormalizedGBMandhealthy control samples for extracellular
vesicle concentration. The pattern obtained after Coomassie
staining of extracellular vesicle lysates revealed the absence of

striking differences in the proteomic profiles of extracellular
vesicles from GBM plasma samples versus controls (Supplemen-
tary Fig. S3A). Significant and differentially expressed proteins
were selected by performing a t test analysis, using P < 0.05 and
FDR < 0.05 as cutoff. The first MS analysis identified 406 differ-
entially expressed proteins (SET1, Supplementary Table S3).
Almost all the proteins identified had been already annotated as
extracellular vesicle components (GO cellular component SET1;
Supplementary Table S3) and included ribosomal proteins,
annexins, integrins, heat shock proteins, G proteins and Ras-
related, tetraspanins, histones, and proteins involved in exosome
biogenesis. Of these, 123 proteins were specifically enriched in
GBMs, while 257 were specifically enriched in controls (Fig. 6A;
Supplementary Table S4). To verify the robustness of these
proteomic identifications, a second MS analysis was performed
on extracellular vesicles purified from a new pool of plasma from
patients with GBM, resulting in the identification of 245 proteins
(SET2, Supplementary Table S3); almost all of these proteins were
annotated as extracellular vesicle components (GO cellular com-
ponent SET2, Supplementary Table S3). Of these, 44 proteins
were specifically enriched in GBMs, while 48 were specifically
enriched in controls (Fig. 6B; Supplementary Table S3). Taking
into account that we pooled plasma extracellular vesicles derived
from different patients with GBM and healthy controls, the
heterogeneity among the two analyses is not surprising. GBM
extracellular vesicles derived from the two experiments shared 19
common upregulated proteins (Fig. 6C; Supplementary
Table S4). Pathway analysis revealed enrichment in inflammation
and immune response, growth, survival, andmigration, as well as
metabolic-regulated proteins (Pathway enrichment GBM SET1–
SET2, Supplementary Table S4). To study how the extracellular
vesicle proteome is influenced by the GBMmass, we profiled the
protein cargo of plasma extracellular vesicles derived from
matched GBM patients before and after surgery and found 102
differentially expressed proteins (Fig. 6D and pathway enrich-
ment PRE_POST Supplementary Table S4). Finally, from the
comparison of the three GBM extracellular vesicle sets, we iden-
tified 11 common proteins (vWF, APCS, C4B, AMBP, APOD,
AZGP1, C4BPB, Serpin3, FTL, C3, and APOE), known to be
members of the complement and coagulation cascade and reg-
ulators of iron metabolism, and defining what we call "the GBM
EV protein signature" (Fig. 6E). Interestingly, that signature dis-
appeared after GBM surgery (Supplementary Table S4), reflecting
tumor-dependent expression patterns essential to maintain
tumors and allowing the distinction of patients with GBM from
healthy controls. The subsequent validation of this signature in
The Cancer Genome Atlas GBM dataset, which comprises 543
patients (http://cancergenome.nih.gov/), revealed the overex-
pression of some members (FTL, vWF, AZGP1, Serpin 3, C3, and
APOE) in GBMs compared with nonneoplastic brains (Supple-
mentary Fig. S3B), thus suggesting their potential involvement in
GBM pathophysiology.

Discussion
We report herein an increased concentration of plasma extra-

cellular vesicles in patients with GBM compared with healthy
controls. The extracellular vesicle increment disappeared after
surgical removal, returning to a level comparable with that of
healthy controls. Interestingly, at recurrence, an increase in plas-
ma extracellular vesicles was observed again. We proved the
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Association between level of circulating EVs (extracellular vesicles) and the
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specificity of this phenomenon by quantifying plasma extracel-
lular vesicles in brain metastases and extra-axial tumors and
employing a murine model of GBM (PDX). Plasma extracellular
vesicle levels at recurrence were slightly increased in comparison
with primary GBM, but did not reach statistical significance. This
is in agreementwith other preclinical reports (36, 37), showing an
effect of treatment, chemo-, and radiotherapy on extracellular
vesicle release. In general, our results outline an intriguing phe-
nomenon: the specific ability of GBM to increase the global
concentration of plasma extracellular vesicles. This could be the
basis to employ plasma extracellular vesicles as a biomarker
capable to describe the status of the tumor through a minimally
invasive blood sample, as demonstrated by the specific reincrease
in concentration at recurrence. This aspect is of particular interest
if we consider MRI limitations in correctly distinguishing GBM
from brain metastases or other brain lesions (38). Of further
interest, our results from the GBM PDX model suggest that the

elevated extracellular vesicle levels are informative also in deter-
mining the early progression of the tumor. The current available
literature instead confers a clinical value to extracellular vesicles in
human GBM by virtue of their content, which includes proteins,
coding (i.e., EGFRvIII and IDH1 mRNA) and noncoding RNAs
(i.e., mir21), and DNA. As such, our work highlights the clinical
value of extracellular vesicle enumeration, rather than extracellu-
lar vesicle cargo, which demonstrates tumor presence, reflects
responses to therapy, and help in following GBM progression.
We failed to find a correlation with preoperative MRI and com-
monly employed molecular markers. We only measured a
reduced extracellular vesicle secretion in GBM samples harboring
P53mutations, which fits well with the current literature pointing
at P53, themost common altered gene in human cancer cells, as a
regulator of exosome release (39–41). Moreover, we found that
GBM samples with a higher necrosis release less extracellular
vesicles when compared with those GBM tissues with reduced
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necrosis content. This is in line with the general knowledge that
viable tissues efficiently release extracellular vesicles in the form
of exosomes and MVs. The lack of any correlation between
extracellular vesicle concentrations and patient outcome is
probably either due to tumor-intrinsic properties (cell compo-
sition, proliferation, metabolism, cellular communication, and
differentially activated signaling pathways) or to extra-tumor
factors, such as tumor location or the clinical status in toto, both
of them influencing therapeutic response and the outcome
itself. In addition, the extreme heterogeneity of GBM poses a
great challenge in establishing any association. The bulk of
tumor is constituted by different subpopulations of cells: stem,
progenitor, and differentiated cells, each with specific molec-
ular features (42). Plasma extracellular vesicle concentrations
results from their release from all the viable cells in the tumor.
Being the expression of molecular markers highly variable in
different cells inside the tumor, the global rate of extracellular
vesicle release does not seem affected by specific marker expres-
sion. Another possible explanation regards the secretion rate by
different subpopulations of GBM cells. It is possible to spec-
ulate that the global concentration in plasma is consequence of
nonhomogeneous release of extracellular vesicles by different
subpopulations, thus making the global concentration not
related to markers or tumor/necrosis size (43–45).

In the second part of our work, we characterized the protein
cargo of plasma extracellular vesicles in patients with GBM and
healthy controls through a MS-based proteomic analysis to
identify differentially expressed extracellular vesicle-associated
proteins as potential biomarkers. The main differentially
expressed protein domains in GBM plasma extracellular vesi-
cles include members of complement and coagulation cascade
and regulators of iron metabolism. The role of these proteins
has been already described in GBM biology, thus making these
targets extremely interesting for extracellular vesicle-based bio-
marker development (46–53). We demonstrate that the clinical
correlation of plasma extracellular vesicles is with the presence
of the tumor. Furthermore, the protein cargo is influenced by
GBM status in a specific way.

In future studies plasma extracellular vesicle level and protein
cargo should be assessed through closer quantifications during
patient follow-up tofind correlationswithMRI, treatment,molec-
ular, and clinical features.

Our preliminary experience sheds light on application of
extracellular vesicles as clinical biomarker for patients with GBM.
Actually, GBM treatment has to face the impossibility to early
detect the recurrence/presence and to timely follow the progres-
sion, in the absence of any reliable biomarker. Our findings
indicate that the concentration of plasma extracellular vesicles
togetherwith the possibility to characterize their specific cargo can
be of assistance to the diagnosis and treatment follow-up of
patients with GBM.
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