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RESEARCH ARTICLE

Glioblastoma stem-like cells secrete the pro-angiogenic VEGF-A factor in
extracellular vesicles
Lucas Treps a, Raul Perretb, Sébastien Edmondc, Damien Ricardc,d,e and Julie Gavard a,b

aCNRS, INSERM, Université Paris Descartes, Sorbonne Paris Cité, Institut Cochin, Paris, France; bINSERM, CNRS, CRCINA, Team SOAP,
Université de Nantes, Nantes, France; cHôpital d’Instruction des Armées Percy, Service de Santé des Armées, Clamart, France; dEcole du
Val-de-Grâce, Service de Santé des Armées, Paris, France; eCNRS, UMR 8257, Paris, France

ABSTRACT
Glioblastoma multiforme (GBM) are mortifying brain tumours that contain a subpopulation of
tumour cells with stem-like properties, termed glioblastoma stem-like cells (GSCs). GSCs largely
contribute to tumour initiation, propagation and resistance to current anti-cancer therapies. GSCs
are situated in perivascular niches, closely associated with brain microvascular endothelial cells,
thereby involved in bidirectional molecular and cellular interactions. Moreover, extracellular
vesicles are suspected to carry essential information that can adapt the microenvironment to
the tumour’s needs, including tumour-induced angiogenesis. In GBM, extracellular vesicles pro-
duced by differentiated tumour cells and GSCs were demonstrated to disseminate locally and at
distance. Here, we report that the pro-angiogenic pro-permeability factor VEGF-A is carried in
extracellular vesicles secreted from ex vivo cultured patient-derived GSCs. Of note, extracellular
vesicle-derived VEGF-A contributes to the in vitro elevation of permeability and angiogenic
potential in human brain endothelial cells. Indeed, VEGF-A silencing in GSCs compromised in
vitro extracellular vesicle-mediated increase in permeability and angiogenesis. From a clinical
standpoint, extracellular vesicles isolated from circulating blood of GBM patients present higher
levels of VEGF-A, as compared to healthy donors. Overall, our results suggest that extracellular
vesicle-harboured VEGF-A targets brain endothelial cells and might impact their ability to form
new vessels. Thus, tumour-released EV cargo might emerge as an instrumental part of the
tumour-induced angiogenesis and vascular permeability modus operandi in GBM.
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Introduction

Glioblastoma multiforme (GBM) is the most common
primary brain tumour in adults and one of the dead-
liest in humans [1]. The current clinical management
of GBM includes surgical resection followed by ioniz-
ing radiations and chemotherapies, among which is the
alkylating agent temozolomide [2]. However, this ther-
apeutic regimen remains mostly inefficient and relapse
is almost inevitable in a short window of time of about
7–10 months. In this context, it is now well documen-
ted that glioblastoma carries a subpopulation of rare
but significant self-renewing cancer cells termed glio-
blastoma stem-like cells (GSCs) [3,4]. This reservoir of
tumour-initiating cells has the capacity to sustain
malignant properties including initiation, growth,
resistance to treatments and recurrence of the disease
[5]. GSCs are localized in perivascular niches in close
interaction with blood vessels [6]. In this privileged
microenvironment, vascular endothelial cells notably

convey extracellular factors that help supervise the
fate and survival of GSCs [7–9]. Although targeting
the GBM perivascular niche with the anti-VEGF-A
anti-angiogenic antibody bevacizumab leads to reduce
vascularization along with the GSC population [6],
anti-VEGF strategies remain a matter of debate in the
context of GBM treatment [10–12].

Reciprocally, GSCs might modulate endothelial
behaviour and plasticity to foster tumour vascular
development [13,14]. We recently found that the pro-
permeability guidance molecule semaphorin 3A is
transported in extracellular vesicles (EVs) isolated
from ex vivo models, as well as from peripheral blood
of tumour-bearing mice and from GBM patients [15].
This GSC-liberated semaphorin 3A further operates on
brain endothelial permeability [15,16]. In keeping with
this idea, EVs are now recognized as potent means of
intercellular communication, where nucleic acids,
metabolites, proteins and lipids are transferred to target
cells, in the vicinity of or at a distance from the source
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of secretion [17]. EVs are highly heterogeneous vesi-
cles, classified into three main sub-groups: exosomes,
microvesicles and apoptotic bodies. These particles,
under the unified term of EVs, are produced by a
plethora of cell types, including non-malignant and
malignant cells [17,18]. Thus, EVs have aroused grow-
ing interest in cancer research and could represent
attractive new targets for anti-tumour therapies in the
GBM microenvironment [19–21]. Indeed, pioneer
work from Skog and colleagues revealed that both
GBM bulk and isolated tumour cells produce EVs
that are enriched in angiogenic factors [22].
Furthermore, circulating EVs were proposed to be spe-
cific to the disease state and to reflect the tumour status
[22–26]. Although VEGF-A is known to be enriched in
the vascular niche and be transported in EVs [6,13,22],
the specific role of the angiogenic cargo remains to be
fully elucidated. In this study, we now reported that
patient-derived GSC-released EVs increase the angio-
genic behaviour of human brain endothelial cells in
vitro through VEGF-A. Importantly, VEGF-A levels
were elevated in circulating EVs collected from blood
samples of primary GBM patients upon diagnosis.
Altogether, our results highlight the importance of
EV-delivered VEGF-A for the properties of human
brain endothelial cells.

Results

Characterization of patient-derived GSC-released
extracellular vesicles in vitro

Electron microscopy analysis illustrates vesicular and
membrane-derived structures decorating the surface of
patient-derived glioblastoma stem-like cells (GSCs,
Figure S1) [15] that could be dispersed out in the
milieu (Figure 1(a)). These membranous particles
were isolated from GSC-conditioned media through a
differential ultracentrifugation protocol (Figure 1(b))
[15], and further characterized by qNano and electron
microscopy (Figure 1(c),(d)). Purified GSC-EVs exhib-
ited a round-shaped and intact morphology with dia-
meter ranging from 65 to 384 nm (mean 109 ± 44.4,
measured concentration 8.2·109 particles/ml), confirm-
ing the nature of the purified EV fraction [27,28]. In
addition, immunogold labelling and flow cytometry
analysis indicate the expression of CD63 and Annexin
V staining, frequently used as markers to identify EVs
[17]. Interestingly, the intensity of CD63 staining by
cytometry analysis indicates the presence of two dis-
tinct populations that might correspond to exosome-
and microvesicle-like particles (Figure 1(e),(f)) [17,29].
This heterogeneity in size was further visualized by

super-resolution confocal microscopy analysis for
CD63 (Figure 1(g)).

GSC-released extracellular vesicles exert
pro-angiogenic activity on human brain
endothelial cells

Because of their location in close proximity to endothe-
lial cells within the tumour and their ability to release
pro-angiogenic factors, GSCs could ignite tumour-
based angiogenesis [13]. Previous results from our lab
established that GSC-derived EVs can be actively taken
up by human brain microvascular endothelial cells
[15,30]. To next evaluate the angiogenic potential of
GSC-derived EVs, we employed two in vitro standard
experimental models, namely tubulogenesis and
sprouting assays [31]. Purified GSC-EV fraction, re-
suspended in serum-free and growth factor-free med-
ium, induces an increase in average and cumulative
tube length at a level similar to the effects of the
VEGF-A positive control (Figure 2(a)). Interestingly,
the same holds true when measuring endothelial
sprouting out of beads embedded in a fibrinogen
matrix (Figure 2(b)). Along with a stimulatory effect
on angiogenesis, EVs derived from GSCs are also able
to promote an increase in endothelial permeability, a
typical hallmark of angiogenesis [32] (Figure 2(c)).
Finally, permeability was found systematically heigh-
tened upon EV stimulation, as compared to either
conditioned media or soluble 100,000×g supernatant,
prepared from two patient-derived GSC lines (Figure 2
(c)). Altogether, our data provide compelling evidence
that patient-derived GSC-EVs alone can foster both
angiogenesis and permeability in human brain
endothelial cells.

VEGF-A is among the pro-angiogenic cargo of
GSC-released EVs

EVs have been described to convey cellular signalling
by carrying metabolites, lipids, proteins and nucleic
acids [17,21,27]. First, the quality of the overall protein
content of GSC-derived EVs was verified with SDS-
PAGE Coomassie blue staining (Figure 3(a)). An
angiogenic protein array further suggested the presence
of extracellular proteases and protease inhibitors, such
as MMP-1 and TIMPs, known both for their modula-
tory role in angiogenesis and to accumulate in EVs
(Figure 3(b), orange bars) [22,33–35]. Among the
canonical angiogenic cytokines, VEGF-A was reprodu-
cibly detected in a similar relative amount, as com-
pared to the conditioned media (Figure 3(b), green
bar and our unpublished observations). VEGF-D,
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Figure 1. Characterization of patient-derived glioblastoma stem-like cells (GSC)-released extracellular vesicles in vitro. (a)
Representative transmission electronic microscopy (TEM) of GSCs cultivated under normal conditions. TEM images were
artificially colourized with blue for nucleus, brown for cytoplasm and green for vesicle-like structures. (b) Schematic protocol
of EV isolation by serial ultracentrifugation steps from the GSC-conditioned medium (serum-free and mitogen-free DMEM/F12).
(c) Following purification, EVs were resuspended in 0.2-µm-filtered saline and characterized by qNano for particle concentra-
tion and diameter. (d,e) Representative TEM pictures of GSC#1-EVs either unlabelled or immunogold-labelled for CD63. (f) A
MACSQuant Analyser Flow cytometer was used to evaluate Annexin V and CD63 on purified GSC-EVs. (g) Size diversity of
GSC#1-derived EVs was analysed using confocal microscopy and super-resolution SIM microscopy. Representative pictures of
CD63 staining are shown.
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EGF and IGF1 expression were, however, not con-
firmed (data not shown). VEGF-A is a crucial factor
for angiogenesis operating through EC sprouting and
vascular permeability [32,36,37]. VEGF-A was consis-
tently, although variably, detected in EVs prepared
from three different patient-derived GSCs, exhibiting
VEGF-A concentrations ranging from 500 to more
than 2500 pg/ml (Figure 3(c)). When compared to
the soluble 100,000×g supernatant, ELISA detection of
VEGF-A in two GSC lines, namely GSC#1 and GSC#4,
was multiplied by nearly 2-fold, suggesting that VEGF-
A is somehow enriched in the EV fraction (Figure 3
(d)). Furthermore, super-resolution confocal micro-
scopy analysis showed that anti-VEGF-A antibodies
indeed label discrete membranous subdomains, at
either the inner or outer surface of vesicles (Figure 3
(e),(f)). However, the analysis of GSCs and their EV

cargo failed to detect classic VEGF receptors (VEGF-
R1, R2, R3 and neuropilin-1, Fig. S2). Interestingly,
VEGF-A production in vesicles was reduced upon
GSC differentiation (Fig. S1, Figure 3(g)). Overall, our
data suggest that VEGF-A is both free in the milieu and
transported through GSC-EVs, and could therefore
contribute to the EV-based pro-angiogenic activity
observed in ECs.

Extracellular vesicle-produced VEGF-A is
pro-angiogenic

To next challenge the biological impact of EV-delivered
VEGF-A on brain endothelial cells, two inhibitors of
VEGFR signalling, namely semaxitinib and sunitinib,
were employed [38,39]. GSC-isolated EVs failed to
promote endothelial cell permeability when VEGF

Figure 2. GSC-released extracellular vesicles exert pro-angiogenic activity on human brain endothelial cells. (a) In a tubulogenesis
formation assay, brain microvascular endothelial cells (ECs) were embedded in a collagen-based matrix and stimulated with
negative (serum-free mitogen-free DMEM/F12) and positive (VEGF, 50 ng/ml) controls, and 20 µg/ml of GSC#1-EVs resuspended
in serum-free mitogen-free DMEM/F12. Pictures were acquired 8 h later and average and cumulative tube lengths were quantified
(n = 3). *, p < 0.05. (b) ECs were coated on Cytodex microbeads and embedded in a fibrinogen matrix. Cells were incubated with
serum-free mitogen-free DMEM/F12 (Ctl −), VEGF-A (Ctl +, 50 ng/ml) and GSC#1-EVs (20 µg/ml) for 2 days. EC-coated beads were
then stained for phalloidin (actin, green) and DAPI (nucleus, blue) and pictures were quantified for sprout length (n = 3). *, p < 0.05.
(c,d) Transwell permeability assay was performed treating ECs with VEGF-A (Ctl +, 50 ng/ml) or GSC#1, #4-EVs (20 µg/ml), to assess
the passage of 40 kDa FITC-labelled dextran. Similarly, permeability assays were done with conditioned media (CM) or 100,000×g
soluble supernatant fractions (SPN). Results are expressed as fold change relative to the negative condition (medium alone, Ctl −)
(n = 2). *, p < 0.05; **, p < 0.01.
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receptors were pharmacologically targeted, therefore
arguing for a prominent role of EV-transported
VEGF-A (Figure 4(a)). To further provide evidence of
VEGF-A involvement, RNA interference was employed
to silence VEGF-A in GSCs. VEGF-A knockdown effi-
ciency was first assessed in GSCs, while other pro-
angiogenic factors expressed by GSCs, such as VEGF-
B, TGFβ, angiogenin and bFGF, remain unaffected
(Figure 4(b)). VEGF-A-depleted EVs could then be
prepared from transfected cells with decreased
amounts of targeted protein (Figure 4(c)).
Interestingly, while VEGF-A silencing does not affect
EV production (data not shown), VEGF-A-depleted
EVs were no longer able to increase endothelial perme-
ability and sprouting (Figure 4(d)–(f)). Thus, our
results indicate that GSC-emanating EV-transported
VEGF-A remains functional and could directly trigger
typical angiogenic responses in targeted human

endothelial cells. However, the exact signalling pathway
involved downstream would require more in-depth
investigation.

EVs isolated from GBM patient circulating blood
contain abundant VEGF-A

VEGF-A chiefly orchestrates tumour angiogenesis,
while its up-regulation correlates with poor prognosis
in several solid cancers, including GBM [40–48].
Bioinformatics analysis of The Cancer Genome Atlas
(TCGA) dataset on 498 primary GBM indeed con-
firmed that high VEGF-A expression is associated
with lower probability of survival in GBM patients
(Figure 5(a)). Because previous works, including data
from our lab, documented tumour-originated EVs in
bloodstream [15,22,49–51], circulating EVs were iso-
lated from blood samples of newly diagnosed primary

Figure 3. VEGF-A is among the pro-angiogenic cargo of GSC-released EVs. (a) Decreasing amounts (50, 30, 10 µg) of purified EVs
were separated by SDS-PAGE and further stained with Coomassie blue. (b) Protein content of purified EV#1 (50 µg) was analysed
with a human angiogenesis array. Relative expression of the identified proteins is plotted on the graph. Orange bars indicate
expression of matrix metalloproteases (MMP) and tissue inhibitor of metalloproteases (TIMPs), while the green bar is for VEGF-A
(n = 2). (c) VEGF-A concentration was analysed by ELISA in purified EVs isolated from GSC#1, #4 and #10 (n = 3). (d) VEGF-A protein
level was assessed by ELISA in conditioned media (CM), purified EV fractions or 100,000×g soluble supernatant fractions (SPN) from
GSC#1 and #4 (n = 3). (e,f) Representative pictures of GSC#1-EVs stained for VEGF-A (green) and CD63 (red), and acquired with
confocal and super-resolution SIM microscopy. Scale bar, 100 nm. (g) VEGF-A concentration was analysed by ELISA in purified-EVs
isolated from GSC#1 and #4 cultured as either 3D spheres in defined medium or adherent differentiated cells (n = 2). *, p < 0.05; **,
p < 0.01.
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GBM patients, as described and characterized pre-
viously [15]. All patients were males, with an average
age centred on 70.5 ± 8.7 and bearing primary brain
tumour of 33.6 ± 4.9 mm average size. Notably, VEGF-
A concentration was significantly higher in circulating
EVs from GBM patients (n = 4) as compared to healthy
donors (n = 20), with a mean of 237.1 ± 36.2 versus
727.5 ± 84.6 pg/ml (Figure 5(b)). Interestingly, micro-
scopy analysis shows that anti-VEGF-A antibodies illu-
minate CD63-positive vesicles isolated from GBM
patients (Figure 5(c)). Our data thus indicate that per-
ipheral blood-isolated EVs from GBM patients display
a higher level of VEGF-A.

Discussion

In this study, we reported that in addition to differen-
tiated and proliferating GBM cells [22,52], the self-
renewing, slow cycling, tumour-initiating and ther-
apy-resistant GSC population produces the pro-angio-
genic pro-permeability VEGF-A cytokine within EVs.
Interestingly, VEGF-A derived from GSC-secreted
vesicles remains functionally active and can trigger
angiogenic behaviour and permeability in human
brain endothelial cells. Moreover, high levels of
VEGF-A protein were measured in circulating EVs
collected from GBM patient liquid biopsies.

Figure 4. Extracellular vesicle-produced VEGF-A is pro-angiogenic. (a) Endothelial cells were seeded for permeability assays (105

cells, 4 days), treated for 6 h with semaxitinib (semax.; 5 µM) and sunitinib (100 nM) in serum-free media. The passage of FITC-
dextran permeability was assessed in response to recombinant VEGF-A (50 ng/ml) and GSC#4 and GSC#9-prepared EVs (15 µg/ml),
as previously described. **, p < 0.01. ***, p < 0.001. (b) GSC#4 were transfected with either non-silencing RNA (ns) or VEGF-A-
targeting duplexes and knockdown efficiency was assessed by RT-PCR as compared to ACTB. Results were normalized to the
expression levels of the ns condition, represented as the dashed red line. Relative expression levels of other angiogenic factors
(VEGF-B, TGFβ, angiogenin (ANG) and FGF2) were also quantified (n = 3). ***, p < 0.001. (c) EVs were isolated from the conditioned
media of GSC#4 transfected cells, and VEGF-A levels were measured by ELISA (n = 2). *, p < 0.05. (d) A confluent monolayer of ECs
was exposed to control EV#1 (ns) or VEGF-A-depleted EVs (si#1) and permeability was assessed as described previously (n = 2). ***,
p < 0.001. (e) Tubulogenesis and (f) sprouting were performed in ECs treated either with control (ns) or VEGF-A-depleted GSC#1-EVs.
Representative pictures of EC-coated beads stained with phalloidin (actin, green) and DAPI (nucleus, blue) (n = 3). **, p < 0.01; ***,
p < 0.001. Serum-free mitogen-free medium and VEGF-A (50 ng/ml) were used as negative and positive controls, respectively.
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First, we showed that VEGF-A carried by GSC-
derived EVs retains the ability to promote angiogen-
esis of human brain endothelial cells. While the
mechanism involved in cellular targeting was not
investigated here, we can postulate that it might
require endocytosis or pinocytosis mechanisms
[18,27]. Our recent study suggests that it indeed
involves an active process [15]. One can question
why VEGF-A needs to be embedded in EVs, in
addition to being freely available and soluble in the
milieu, to reach cells harbouring VEGF receptors.
First, VEGF-A is accumulated in EVs, as compared
to the soluble supernatant, and appeared tethered to
membranous domains, at either the inner or the
outer face of EVs. Second, EV transport might help
protect the cytokine within the hostile tumour micro-
environment, including hypoxia-derived acidification
[53,54]. Third, this mode of secretion can also assist
VEGF-A to evade decoy receptors and proteases,
increasing further its pro-angiogenic potential on
cell targets. In keeping with this idea, EV-presented
VEGF-A might also facilitate fast signalling, as
demonstrated in the context of IFNγ in neural pre-
cursor cells [55]. However, while we failed to detect

VEGF-R1, 2, 3 and neuropilin-1 within the GSC-EV
cargo (Fig. S2), VEGF-A could be instead associated
with yet to be identified proteoglycans. A recent
study identified a specific high molecular weight of
VEGFA (VEGF90K) as being transported in breast
cancer cell-derived EVs. In this study, the authors
nicely document how EV-harboured VEGF-A could
escape anti-VEGF therapeutic compounds, such as
bevacizumab [56]. Altogether, EV-delivered VEGF-A
from GSCs could potently prime endothelial cells in
their vicinity for angiogenesis.

Besides its canonical pro-angiogenic pro-permeabil-
ity action on endothelial cells, VEGF-A is now docu-
mented to operate on multiple cell types within the
tumour microenvironment [48]. For instance, abnor-
mal elevated VEGF-A levels promote dedifferentiation
of cancer cells, and induce their proliferation
[41,46,57], while its blockade attenuates tumour-initi-
ating properties [58,59]. Because GSCs express the
VEGF-A receptor neuropilin-1, albeit low levels of
VEGF-R2 ([16] and Fig. S2), VEGF-A derived from
GSC-EVs could be employed in an autocrine fashion
and regulate their stemness properties. Likewise, GBM-
secreted vesicles could fuel and maintain the vascular

Figure 5. EVs isolated from GBM patient circulating blood contain abundant VEGF-A. (a) Probability of survival after initial diagnosis
in primary GBM patients expressing low (blue line) or high (red line) VEGF-A levels (n = 498). (b) Patient circulating EVs were isolated
by successive ultracentrifugations from the serum of healthy donors (Ctl) or primary diagnosed GBM patients (GBM). VEGF-A levels
were quantified by ELISA in circulating EVs from healthy (n = 20) or GBM patients (n = 4). **, p < 0.01. (c) Confocal microscopy of
purified EVs from GBM patients stained for VEGF-A (green) and CD63 (red).
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niche, which in turn feeds back on GSC identity [7–
9,52,60]. Furthermore, bFGF and TGFβ that were
detected in GSC-released EVs are thought to be
involved in GSC-maintenance processes [9,61–64]. An
extensive and comprehensive characterization of GSC-
secreted vesicle cargo is therefore of high interest.

Using mice models and liquid biopsies, we and
others previously reported that GSC-secreted EVs navi-
gate through the cerebral blood microcirculation and
the cerebrospinal fluid, and also disseminate in the
body at distance from the primary tumour site
[15,22,49–51]. One could propose that VEGF-A
derived from GSC vesicles could co-opt circulating
endothelial progenitors to regenerate/expand the
tumour vasculature [65,66]. Therefore, by transporting
VEGF-A, GSC-derived EVs could contribute to sus-
taining the vascular niche and, in turn, to fostering
tumour angiogenesis and progression.

We report here that GBM patients present signifi-
cantly elevated levels of VEGF-A in circulating EVs, as
compared to healthy donors. However, this does not
mean that the EV-trapped VEGF-A found in plasma
arises solely from GSCs. Indeed, a predominant pro-
portion could also be secreted by differentiated tumour
cells, the tumour vasculature itself, as well as platelets
and immune cells [67]. It is nonetheless expected that
non-GSC sources might vary with tumour size and
treatments, while the GSC-derived pool of VEGF-A
might be consistently produced and released, and
therefore might remain indicative of the tumour status
[23,68]. Collectively, these observations suggest that in
patients, most likely GSC- and GBM cell-derived EVs
have the ability to cross the blood-brain barrier and
reach the bloodstream to disseminate, thus represent-
ing interesting biomarker perspectives [22,69].

Prognosis for GBM patients remains extremely
poor, emphasizing the need for novel treatment strate-
gies and improvement of quality of life in patients.
Overall, it might be important to track both soluble
and EV-embedded VEGF-A in the course of the dis-
ease progression and to estimate its theranostic value
and to refine the therapeutic window.

Materials and methods

Ethics statement and clinical samples

This study abides by the rules of the Helsinki Protocol. All
patients signed a written informed consent before sample
collection for diagnostic purposes. Peripheral blood (3–
5 ml) from glioblastoma (GBM) patients was collected in
heparin-coated tubes (Hopital d’Instructions des Armées
Percy, Clamart, France) and from healthy donors

(Etablissement Français du Sang, Paris, France). Blood
samples were stored at room temperature for less than 1 h
before processing for EV isolation (please refer to the
protocol described below and Figure 1(b)). For each
patient and healthy donor, serum-derived EVs were re-
suspended in 500 µl of 0.2-µm-filtered saline vehicle or
serum-free medium. Purified EVs were aliquoted and
stored at −20°C if used in the following 2 weeks, or
−80°C for longer storage.

Glioblastoma stem-like cell (GSC) culture and
silencing RNA

Patient-derived GSCs were obtained from primary
GBM resection and cultured ex vivo as previously
described [8,15]. In brief, tumours were first gently
dissociated using the MACsDissociator (Miltenyi)
according to the manufacturer’s instructions. GSC
spheres were maintained in suspension in DMEM/
F12 supplemented with N2, G5 and B27, plus 1%
penicillin/streptomycin (ThermoFisher Scientific).
Conditioned media from GSCs were prepared from
1·106 cells cultivated in serum-free and mitogen-free
DMEM/F12. Culture supernatants were collected
2 days later and processed for EV purification by
ultracentrifugation steps (please refer to the protocol
described below and Figure 1(b)). Of note, GSCs were
tested for mycoplasma contaminations (Invivogen). To
induce differentiation, spheres were dissociated and
cultured in DMEM + 10% FBS. Adherent cells were
passaged using the same differentiation medium and
analysed 2 weeks after.

Non-silencing (Low GC Duplex) negative control and
the predesigned Stealth siRNA oligonucleotides target-
ting VEGFA (HSS111274) (ThermoFisher Scientific)
were transfected in GSCs using Lipofectamine
RNAiMax (ThermoFisher Scientific) at a final concentra-
tion of 25 nM. The preparation of conditioned medium
from transfected cells was started 2 days post-transfection
to ensure optimal protein depletion, and following the
same protocol as with non-transfected GSCs.

Endothelial cell culture

Immortalized human brain microvascular endothelial
cells [30] were grown in complete EBM2 (Lonza) as
described previously [16].

Antibodies and reagents

The following antibodies were used: human CD63 (BD
Biosciences), VEGF-A (Abcam) and fluorochrome-
coupled species-specific secondary antibodies
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(ThermoFisher Scientific). Alexa488-conjugated phal-
loidin and AnnexinV were from ThermoFisher
Scientific. VEGFR inhibitors semaxitinib and sunitinib
were used at 5 µM and 100 nM, respectively
(Selleckchem).

EV purification

EVs were isolated as described previously [15] through
differential ultracentrifugation steps (Figure 1(b)) using
the L-70 ultracentrifugation with SW55 rotors and
appropriate tubes (Beckman). Fresh samples were col-
lected at room temperature and then successively cen-
trifuged at 300×g (5 min), 2000×g (10 min), 10,000×g
(30 min) and 100,000×g (≥70 min). To obtain a cleaned
EV fraction, pellets were then washed twice in PBS and
re-suspended in 0.22-µm-filtered vehicle (saline or
serum-free media). All centrifugation steps were per-
formed at 4°C. EV preparations were checked with the
qNanoGold Instrument (Izon Science).

Flow cytometry analysis

Samples were analysed with a MACSQuant Analyzer
(Miltenyi) as previously described in [15]. In brief, 100 µl
of purified EVs re-suspended in 0.22-µm-filtered PBS were
incubated 1 h at room temperature in the dark with 15 µl
PE-coupled CD63 antibody (BD Biosciences) or 12 µl
AlexaFluor488-conjugated Annexin V (ThermoFisher
Scientific) with the provided Annexin V buffer. PE-con-
jugated isotype and 1X Annexin V Buffer (ThermoFisher
Scientific) were used as control for CD63 and Annexin V
staining, respectively.

Elisa

EVs were then subjected to a 10 min incubation at 72°
C, in 0.5% SDS final concentration. VEGF-A protein
levels were then quantified as per the manufacturer’s
instruction (R&D Systems).

Human angiogenesis protein array

Prior to incubation with each membrane antibody array,
50 µg of GSC-EVs were pre-treated with 0.5% SDS for
10 min, 72°C. Subsequently, analysis was performed as
per the manufacturer’s instruction (RayBiotech,
Clinisciences) and membranes were scanned using the
Fusion imager (Vilber Lourmat). Membranes were quan-
tified by densitometry analysis using the ImageJ software
(NIH) and normalized to the intensity of their internal
positive controls. Identified proteins were then depicted
in graph bars for their relative expression.

Electron microscopy and immunogold labelling

For whole-cell analysis, GSCs were imaged as pre-
viously described [8]. GSCs were added on poly-L-
lysine-coated slides and fixed for 1 h with 3% glutar-
aldehyde/PBS. After incubation in 1% OsO4, cells were
dehydrated in graded dilutions of ethanol, embedded
in artificial resin (Epon, Momentive Specialty
Chemicals) and processed for electron microscopy per-
formed at 60–80 kV on unstained thin sections
(EM10CR, Zeiss, Imagery facility, Institut Cochin,
Paris, France). GSC-derived EVs were analysed as pre-
viously described [15]. In brief, EV fraction was either
re-suspended in 0.22-µm-filtered PBS for direct acqui-
sition, or fixed for 6 h, 4°C, in filtered PBS PFA 4% for
immunogold labelling. EVs were then added on the
formvar/carbon-coated grid overnight, 4°C. EVs were
incubated with 0.1% bovine serum albumin (BSA), 10%
normal donkey serum for 20 min, followed by anti-
CD63 antibody (dilution 1:100) diluted in PBS, 0.1%
BSA and 4% normal donkey serum. After extensive
washes, sections were incubated with gold-labelled sec-
ondary antibody with a gold particle size of 10 nm
(GAM 10, British Biocell International), washed
again, stained with 2% uranyl acetate (10 min) and
air-dried. Vesicles were examined using a transmission
electron microscope (EM10CR, Zeiss, Imagery facility,
Institut Cochin, Paris, France).

Immunostaining and confocal analysis

Immunofluorescence on EVs was performed as
described previously in [15], using 0.2 µm filtered
solutions. Purified EVs (100 µl) were added overnight
on poly-L-lysine slides (Thermo Fisher Scientific), fixed
in 4% paraformaldehyde and further permeabilized in
0.5% Triton. After a blocking step in PBS-BSA 3%,
slides were stained overnight at 4°C with CD63 and/
or VEGF-A antibodies (dilution 1:100). After washes
and secondary antibody incubation (ThermoFisher
Scientific), slides were mounted with Prolong gold
anti-fade mounting medium (ThermoFisher
Scientific). Pictures were acquired with a Nikon SIM
super-resolution confocal microscope (Micropicell
microscopy platform, SFR Sante Francois Bonamy,
Nantes, France).

Tubulogenesis assay

The tubulogenesis assay was adapted from previously
described protocols [70,71]. Matrigel together with 1·104

ECs were added to a 96-well plate and allowed to poly-
merize for 30 min at 37°C. Cells were then treated for 8 h
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with 20 µg/ml of GSC-EVs re-suspended in DMEM/F12
serum-free media. At least five fields of view per condi-
tion were randomly acquired (Motic, AE21 microscope).
For tube length quantifications, images were processed in
a blind manner using ImageJ software (NIH).

Sprouting assay

Sprouting of ECs was described previously in [70].
Four thousand Cytodex3 microcarrier beads (Sigma)
were first coated with collagen (BD Biosciences) and
mixed with 1·106 ECs in EBM2 for 4 h at 37°C, with
regular shaking. Coated beads were transferred to a
new culture dish overnight to remove unattached
cells, then washed with PBS and re-suspended in a
2.5 mg/ml fibrinogen-aprotinin (0.15 units/ml, Sigma)
solution + bFGF2 (200 ng/ml, Sigma). The mixture
was then distributed in an eight-well plate (Ibidi
Biovalley) containing 0.625 U/ml of thrombin, and
allowed to clot (15 min, 37°C). EBM2 medium alone
or 20 µg/ml of EVs re-suspended in serum-free EBM2
medium were added on top of the fibrinogen matrix
and sprouting was allowed for 2 days. For imaging,
matrix-containing beads were fixed (PFA 4%, 30 min)
and permeabilized (Triton 0.5%, 10 min). Phalloidin
and DAPI (ThermoFisher Scientific) labelling was
performed to visualize ECs. At least five fields of
view were randomly acquired using a Leica fluores-
cence microscope (Imagery facility, Institut Cochin,
Paris). For sprout length quantifications, images were
processed in a blind manner using ImageJ soft-
ware (NIH).

Permeability assays and RT-PCR

In vitro brain endothelial cell permeability was per-
formed as described previously [15,72,73]. Standard
protocol was used for RT-PCR [73].

TCGA analysis

The Cancer Genome Atlas GBM dataset was interro-
gated for the survival analysis based on VEGFA expres-
sion (Affymetrix HT HG U133A). Median preset
thresholds were applied to discriminate between High
and Low expression levels of VEGFA (http://www.glio
vis.com/) [74]. The Kaplan-Meier curve results from
the analysis on 498 samples from primary GBM only.
The log-rank test and Wilcoxon tests were conducted,
and the hazard ratio was depicted.
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