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Hypoxia, or low oxygen tension, is a major regulator of tumor

development and aggressiveness. However, how cancer cells adapt

to hypoxia and communicate with their surrounding microenviron-

ment during tumor development remain important questions. Here,

we show that secreted vesicles with exosome characteristics medi-

ate hypoxia-dependent intercellular signaling of the highly malig-

nant brain tumor glioblastoma multiforme (GBM). In vitro hypoxia

experiments with glioma cells and studies with patient materials

reveal the enrichment in exosomes of hypoxia-regulated mRNAs

and proteins (e.g., matrixmetalloproteinases, IL-8, PDGFs, caveolin 1,

and lysyl oxidase), several of which were associated with poor gli-

oma patient prognosis. We show that exosomes derived from GBM

cells grown at hypoxic compared with normoxic conditions are po-

tent inducers of angiogenesis ex vivo and in vitro through pheno-

typic modulation of endothelial cells. Interestingly, endothelial

cells were programmed by GBM cell-derived hypoxic exosomes to

secrete several potent growth factors and cytokines and to stimu-

late pericyte PI3K/AKT signaling activation and migration. More-

over, exosomes derived from hypoxic compared with normoxic

conditions showed increased autocrine, promigratory activation of

GBM cells. These findings were correlated with significantly en-

hanced induction by hypoxic compared with normoxic exosomes

of tumor vascularization, pericyte vessel coverage, GBM cell prolif-

eration, as well as decreased tumor hypoxia in a mouse xenograft

model. We conclude that the proteome and mRNA profiles of exo-

some vesicles closely reflect the oxygenation status of donor glioma

cells and patient tumors, and that the exosomal pathway constitutes

a potentially targetable driver of hypoxia-dependent intercellular

signaling during tumor development.
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Considerable interest in the cancer field is focused on the spe-
cific characteristics of the tumor microenvironment and how

these phenomena depend on intercellular communication of ma-
lignant and nonmalignant cells of the host. Low oxygen tension, or
hypoxia has emerged as a specific and general feature of the mi-
croenvironment of malignant tumors. Tumor hypoxia induces
adaptive mechanisms that rely on phenotypic modulation of stro-
mal cells that serve to promote the survival and dissemination of
malignant cells (1–5). It has become generally accepted that cancer
progression is driven by hypoxic signaling, and the expression of
hypoxia-related markers has been correlated with poor patient
outcome in several tumor types, which partly may relate to in-
creased resistance to radiotherapy and chemotherapy (6).
The hypoxic response of cancer cells involves the regulation of

a largenumberof cytokines, growth factors, andproteases resulting in
the induction of, e.g., angiogenesis and remodeling of the extracel-
lular matrix (7–9). Hypoxia-induced, proangiogenic proteins provide
new targets in the treatment of a growing number of tumor types (10,
11).However, fromclinical studies, it hasbecomeclear that successful

cancer treatment targeted at hypoxic rescue pathways requires a
better understanding of the complex network of intercellular
communication that shapes the tumor microenvironment (12).
Recent studies point at a hitherto unknown role of exosomes [also

known as microvesicles or extracellular vesicles (EVs)] as important
signaling entities in the cross-talk between various cell types.
Interestingly, exosomes can carry complex biological information
consisting of mRNAs, miRNAs, as well as soluble and transmem-
brane proteins between cells (13–20). Here, we have investigated
the potential role of exosome vesicles in hypoxia-dependent in-
tercellular signaling in glioblastoma multiforme (GBM), i.e., highly
aggressive brain tumors characterized by profound hypoxia (21–23).

Results

Molecular Profile of Hypoxic Exosomes Reflects the Hypoxic Response

of GBM Donor Cells and GBM Patient Tumors. In our search for
biomarkers of GBM, we set out to investigate EVs isolated from
plasma of GBM patients and matched control subjects (Fig. S1A).
Nanoparticle tracking analysis of isolated plasma EVs showed
a size distribution consistent with exosome vesicles (approxi-
mately 50–200 nm; Fig. 1A) that were highly enriched in exosomal
markers and depleted of the cytoskeletal protein tubulin and the
cis-Golgi marker GM130 compared with whole plasma and GBM
cell lysates (Fig. 1B). Because hypoxia is a characteristic feature of
GBM and malignant tumors in general (1–5), we decided to study
hypoxia-associated proteins in patient exosomes. Exosomes from
GBM patients compared with sex- and age-matched controls
were enriched in several hypoxia regulated proteins known to
have important roles in GBM pathology, most notably matrix
metalloproteinase 9 (MMP9), pentraxin 3 (PTX3), IL8, PDGF-
AB/AA, CD26 (also known as dipeptidyl-peptidase-4), and
plasminogen activator inhibitor 1 (PAI1) (Fig. 1 C andD and Fig.
S1 B–D). Independent studies have suggested that caveolin 1
(CAV1), i.e., a protein associated with membrane raft domains, is
overexpressed in GBM cells and tumors compared with normal
astrocytes and human brain tissue (24–27). Further, CAV1 was
shown to be hypoxia regulated and to be present in plasma exo-
somes of melanoma patients (28, 29). Interestingly, we found that
in all cases (n = 8), CAV1 was enriched in exosomes from GBM
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patients compared with matched controls (Fig. 1 E and F). We
found that hypoxic regions of GBM tumors, as determined by
glucose transporter 1 (GLUT1) staining, displayed enhanced
expression of CAV1. Further, coassociation with GLUT1 ex-
pression in patient tumors was demonstrated with the selected
protein, IL8 (Fig. 1G).
The systemic release of several hypoxia-associated proteins with

tumor promoting activities through exosomes prompted further
studies on the potential role of exosomes in hypoxia-dependent
intercellular signaling. We initially performed comprehensive
transcriptome analyses comparing hypoxic and normoxic exosomes
with their respective donor cells. We chose to study the well char-
acterized U87 MG cell line established from a GBM patient (30).
GBM cells produce significant amounts of exosomes (16, 31–34),
and as shown here, the gross composition of exosomes was not af-
fected by the oxygenation status of donor GBM cells (Fig. S2). Our
results from gene expression analyses revealed that almost half
of the transcripts detected in cells (approximately 15,000) were

significantly expressed also in exosomes (approximately 6,500)
(Fig. 2A). Interestingly, we found that the gene expression profile of
hypoxic exosomes mirrors that of GBM donor cells (Fig. 2B). Gene
set enrichment analysis (35) showed the up-regulation of validated
gene expression themes relating to hypoxia, and the down-regulation
of processes such asDNA replication and oxidative phosphorylation,
which are known to be part of the hypoxic response (Fig. 2C).
We identified 43 exosome resident transcripts that were signifi-

cantly induced by hypoxia (P ≤ 0.05, as determined by Student’s t
test) (Fig. 2D); see Table S1 for a complete list of exosome tran-
scripts significantly up- or down-regulated by hypoxia. Hypoxic in-
duction of eight exosomal transcripts related to tumor development,
i.e., adrenomedullin (ADM), lysyl oxidase (LOX), IGF binding
protein (IGFPB) 3, inhibitor of DNA binding 2, B-cell lymphoma
(BCL)2/adenovirus E18 19-kDa interacting protein 3 (BNIP3),
N-myelocytomatosis viral related oncogene (myc) downstream
regulated 1 (NDRG1), procollagen-lysine 2-oxoglutarate 5-dioxy-
genase 2 (PLOD2), and PAI1, was validated in independent
experiments by quantitative RT-PCR (qRT-PCR) (Fig. 2E). This
set of mRNAs was up-regulated also in hypoxic GBM cells (Fig.
2F), which strengthens the conclusion that the hypoxic exosome
transcriptome mirrors that of donor cells. This conclusion was
corroborated by experiments with additional, patient-derivedGBM
cell lines (U118MG and LN18). These cells also secreted EVs with
exosome characteristics, and hypoxic regulation of several mRNAs
was reflected by their corresponding exosomes (Fig. S3).
We next used laser-capture microdissection of hypoxic and

normoxic tumor regions to investigate whether the identified
transcripts were associated with hypoxia also in vivo. Frozen
tumor sections were stained for GLUT1 to define hypoxic areas
(Fig. 2 G and H, Left). The validity of this approach was sup-
ported by the induction of GLUT1 and VEGFA mRNAs, i.e.,
well-known hypoxia-induced transcripts, in hypoxic compared
with normoxic tumor regions (Fig. S4). Our data clearly showed
that hypoxia-induced, exosome resident mRNAs are sub-
stantially up-regulated also in hypoxic regions of GBM mouse
xenografts (Fig. 2G, Right) as well as of GBM patient tumors
(Fig. 2H, Right). Further, high tumor expression of the identified
transcripts was associated with significantly worse prognosis in
glioma patients [Fig. 2I; data were retrieved from the Repository
of Molecular Brain Neoplasia Data (REMBRANDT) public
database of the National Cancer Institute]. These data support
the notion that the exosomal molecular signature reflects the
hypoxic status and aggressiveness of glioma tumors.
We found that several exosome components shown to be

hypoxia-regulated at the mRNA level, i.e., IGFBP3, NDRG1, LOX,
and ADM (Fig. 2), were induced also at the protein level (Fig. 3A).
Further studies revealed that several proteins with established roles
in tumor development are associated with exosomes; importantly,
some of these components were substantially induced by hypoxia
(Fig. 3 B and C), e.g., IL8, IGFBP1, and IGFBP3 (approximately
9-, 5-, and 12-fold induction, respectively, compared with normoxic
exosomes). The most hypoxia up-regulated proteins in exosomes
from array experiments, IL8 and IGFBP3, were validated by
Western blotting (Fig. 3A). As shown in Table S2, the majority of
proteins expressed in GBM cells were also present in exosomes.
Notably, FGF2 and IL1β, which are known to exit cells through an
unconventional secretory pathway (36), were virtually absent in
exosomes. Importantly, the regulation of hypoxia-related proteins
in exosomes mirrored that of donor cells. This correlation was true
also for the other GBM cell lines, U118 MG and LN18 (Fig. S3).
We next analyzed exosomes isolated from plasma of tumor-free

control and GBM tumor-bearing mice. IL8 is a well-established,
hypoxia-responsive factor and has been suggested to have a
role in the development of aggressive gliomas (37, 38). Inter-
estingly, we typically found increased levels of IL8 in exosomes
from GBM tumor-bearing mice (approximately 3.4-fold com-
pared with control mice; Fig. 3D), and IL8 was associated with
hypoxic regions of GBM xenografts (Fig. 3E). These results
are consistent with our finding of IL8 enrichment in exosomes
from GBM patients vs. controls (Fig. 1C and Fig. S1) and in

Fig. 1. GBM patient plasma exosomes have increased levels of hypoxia-

regulated proteins involved in tumor development. (A) Nanoparticle-sized distri-

bution profile of GBM patient-derived exosomes indicates an average diameter

of 148 ± 79 nm. (B) GBM patient whole plasma, plasma exosomes (Plasma Exo),

and U87 MG cell lysates were analyzed for the indicated proteins by Western

blotting. (C) Antibody array analyses of Exo from GBM patients (Patient plasma

Exo) and matched control subjects (Ctrl plasma Exo). Shown is array data from

a representative patient-control experiment. (D) Fold change of relative protein

levels (normalized to array referencemarkedwith red box in C) in the respective

patient-control pairs (1–8). (E and F) Exo isolated from GBM patients and

matched control subjects were analyzed for caveolin 1 (CAV1) by Western

blotting (n= 8)with CD81 as loading control. (G) Hypoxic regions of patientGBM

tumors display increased expression of IL8 and CAV1. (Scale bar: 100 μm.)
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hypoxic vs. normoxic exosomes from GBM cells in vitro (Fig.
3A). Moreover, CAV1 showed a corresponding enrichment in
hypoxic compared with normoxic exosomes in vitro (Fig. 3A) and in
GBM patient compared with control exosomes (Fig. 1 E and F).
Together, these studies indicate that hypoxic GBM cells secrete
exosomes enriched in several proteins implicated in tumor aggres-
siveness and that the molecular profile of exosome vesicles largely
reflects the oxygenation status of GBM cells and patient tumors.

Exosomes Mediate Hypoxia-Dependent Paracrine Stimulation of

Angiogenesis and Autocrine Activation of GBM Cells. Our findings
on the hypoxic regulation of exosome-associated effector mole-
cules motivated further studies on the functional role of exo-
somes in hypoxia-dependent cross-talk between malignant cells
and cells of the tumor stroma. GBM cell-derived exosomes were
efficiently internalized by endothelial cells (ECs) (Fig. S5 A and
B), and we found indications of direct membrane vesicle transfer
from GBM cells into ECs in live confocal microscopy coculture
experiments (Movie S1). Remarkably, exosomes derived from
hypoxic compared with normoxic GBM cells were found to
substantially induce microvascular sprouting (Fig. 4 A and B).
Consistent with these ex vivo angiogenesis data, hypoxic exo-
somes compared with normoxic ones were significantly more
potent at stimulating tube forming capacity of primary human
umbilical vein ECs (HUVECs) (Fig. 4 C and D). These results

Fig. 2. The hypoxic transcriptional profile of exosomes reflects the hypoxic

signaling response of GBM cells and tumors. (A) Number of transcripts

detected by microarray analysis in GBM cell-derived exosomes and GBM cells.

(B) Ratios of hypoxia/normoxia intensities plotted as log2 scale for cells and

exosomes. (C) False discovery rates (−log10 space) relating to gene set en-

richment analysis. Positive value, up-regulation in hypoxia; negative value,

down-regulation in hypoxia of a specific gene set. (D) Heat map of 43

transcripts with significantly higher expression levels in exosomes secreted

by hypoxic compared with normoxic GBM cells. (E) Validation of hypoxic

induction of indicated mRNAs in exosomes by qRT-PCR. Data are presented

as fold increase in hypoxic compared with normoxic exosomes ± SD and are

representative of three independent experiments. Values beside bars in-

dicate fold change in hypoxic exosomes. (F) Similar experiment as in E per-

formed with GBM cells. (G and H) Identification of the hypoxic exosome

gene expression profile in U87 MG GBM xenografts and GBM patient tumors.

Laser-capture microdissection of hypoxic (stars) and normoxic (arrowheads)

tumor regions was performed as described in SI Materials and Methods and

analyzed for the expression of indicated transcripts by qRT-PCR. (Scale bar:

2 mm.) (I) Kaplan–Meier survival curves of hypoxia-regulated transcripts, as

indicated. Blue lines, median expression level of all gliomas (n = 343). Black

lines, expression ≤ twofold compared with median. Red lines, expression ≥

twofold compared with median.

Fig. 3. Hypoxic regulation of the GBM cell and exosome angiogenesis-

related proteome. (A) Equal amount of total protein from normoxic (N) or

hypoxic (H) GBM cells and corresponding exosomes (Exo) were analyzed for

the indicated proteins and tubulin (loading control) by Western blotting.

Arrowheads and stars denote proforms and mature forms of proteins, re-

spectively. GBM Exo (B) and cells (C) from N and H conditions were subjected

to human angiogenesis protein antibody array analyses. (B and C Left) Array

data from a representative experiment. (B and C Right) Data are represen-

tative of at least three independent experiments and represent fold change

of relative protein levels (normalized to array reference marked with red

box) in H compared with N samples. Stars indicate protein expression below

detection level. (D) Circulating Exo were isolated from plasma of tumor-free

control mice and GBM tumor-bearing mice, and equal amounts of total

protein were analyzed by angiogenesis antibody arrays. (Left) Array data

from a representative experiment. (Right) Data are representative of at least

three independent experiments and represent fold change of relative pro-

tein levels (normalized to array reference marked with red box) in Exo from

GBM tumor-bearing mice compared with control mice. (E) Hypoxic regions

of GBM xenografts display increased IL8 protein levels. (Scale bar: 100 μm.)
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were corroborated by experiments with primary human brain
microvascular ECs (HBMECs) (Fig. S5E). Proliferation and
survival at hypoxic stress conditions were significantly promoted
by hypoxic exosomes both in HUVECs and HBMECs, although
some effects were demonstrated also with normoxic exosomes (Fig.
4 E and F and Fig. S5 F and G). Moreover, we could show that
exosomes isolated from the plasma of GBM patients (n = 4) in all
cases significantly stimulated EC proliferation and survival (Fig. S5
H and I). On a mechanistic level, GBM cell-derived exosomes
were shown to activate several cell surface receptors known to
elicit an angiogenic response, i.e., EGFR, ephrin type A receptor
2 (EPHA2), and vascular endothelial growth factor receptor 2
(VEGFR2) (Fig. S6 A and B). Receptor kinase activation con-
verged on major intracellular kinase pathways, i.e., ERK1/2 MAPK,
PI3K/AKT, and focal adhesion kinase (FAK) in ECs (Fig. S6 C and
D). We further found evidence of increased autocrine stimulation of
GBM cell migration by hypoxic, compared with normoxic, exo-
somes (Fig. 4G). Collectively, these data indicate a direct in-
volvement of exosomes in hypoxia-mediated autocrine signaling and
in paracrine stimulation of EC function and angiogenesis.

ECs Preconditioned with Hypoxic Exosomes Exhibit Enhanced

Paracrine Stimulation of Pericytes and GBM Cells. ECs exert para-
crine effects on pericytes, which contribute to GBM development
through stabilization of the proliferative vasculature that may
counter act the effect of antiangiogenic treatment (39, 40).We next
tested the idea that ECs can be programmed by GBM cell-derived
exosomes toward enhanced paracrine stimulation of pericytes,
specifically in the context of hypoxia. As initial support of this idea,
the soluble, exosome-free fraction of conditioned medium from
ECs stimulated with GBM cell-derived exosomes (EC + Exo CM
Sol) compared with conditioned medium from untreated ECs (EC
CM) contained enhanced levels of several potent growth factors
and cytokines (Fig. S7 A and B). In accordance with the functional
data (Fig. 4 A–F and Fig. S5), some effects were seen also with
normoxic exosomes, although hypoxic exosomes in many cases
were more potent (Fig. S7 A and B). Medium from exosome-
treated ECs was shown to trigger PI3K/AKT signaling in primary
human brain vascular pericytes (HBVPs; Fig. S7 C and D). In
line with previous studies on EC-mediated, paracrine activation
of pericytes (39), EC conditioned medium per se was shown to
stimulate pericyte migration (Fig. 4H; EC CM). Direct addition of
exosomes, neither in the context of unconditioned medium (Exo)
nor when added to EC conditioned medium (EC CM + Exo), did
not significantly increase pericyte migratory activity (Fig. 4H).
This result could not be explained by deficient uptake, because
pericytes were shown to internalize exosomes at significant levels
(Fig. S5 C and D). Interestingly, paracrine stimulation of pericyte
migration was substantially potentiated by preconditioning of EC
with GBM cell-derived exosomes (Fig. 4H; EC + Exo CM). We
found similar exosome preconditioning effects in ECs with regard
to paracrine stimulation of pericyte proliferation (Fig. 4I), and
GBM cell migration and proliferation (Fig. 4 J and K). Impor-
tantly, the stimulatory activity was unperturbed when ECs were
preconditioned with exosomes, followed by depletion of exo-
somes from conditioned medium before addition to pericytes and
GBM cells (Fig. 4 I–K; EC+Exo CMSol). Together, these results
show that GBM cell-derived exosomes activate ECs to exert in-
creased paracrine stimulation of pericytes and GBM cells.

Hypoxic Exosomes Accelerate GBM Tumor Growth and Angiogenesis.
To investigate whether the above findings hold true in vivo, we
next established a mouse GBM xenograft model (Fig. 5). During
early lag phase, we found no significant effect of exosomes on
tumor growth; interestingly, hypoxic exosomes were shown to
substantially accelerate tumor expansion at later time points,
resulting in an almost threefold increase in final tumor volume
and 2.5-fold increase in final tumor weight compared with control
tumors (Fig. 5 A and B). Although normoxic exosomes showed
a tendency to stimulate tumor growth, hypoxic exosomes were sig-
nificantly more potent (Fig. 5 A and B). Histological examination

suggested that tumors grown in the presence of exosomes exhibited
enhanced vascularisation compared with control tumors (Fig. S8).
This notion was evidenced by immunofluorescent stainings for ECs,
showing that tumor vascularisation was significantly increased by
hypoxic exosomes compared with normoxic exosomes and untreated
control (Fig. 5C). Remarkably, pericyte staining was increased by

Fig. 4. Role of exosomes in hypoxia-dependent cross-talk between malignant

cells and vascular cells. (A) Mouse aortas were incubated in the absence (Ctrl)

or presence of exosomes (Exo) (25 μg/mL) derived from normoxic (N) or hyp-

oxic (H) GBM cells for 24 h and then embedded in Matrigel overlaid with

medium supplemented with 2% mouse serum ± Exo. Shown are representa-

tive photomicrographs of microvessels at day 7. (B) Quantitative analysis of

microvessel number (Left) and length (Right) presented as the mean ± SD,

n = 6 aortas per group. *P < 0.05. (C) HUVECs were cultured for 24 h in the

absence (Ctrl) or presence of Exo (10 μg/mL) and then grown on Matrigel for

20 h. Shown are representative photomicrographs of EC tubes from the dif-

ferent treatment groups. (Scale bar: 500 μm.) (D) Quantitative analysis of

tubes/microscopic field presented as themean± SD, n = 6 per group. *P < 0.05.

(E) HUVECs were cultured in the presence of varying concentrations of Exo

derived from N or H GBM cells for a total period of 72 h and assessed for

proliferation by [3H]-thymidine incorporation. (F) HUVECs were cultured in the

presence of varying concentrations of Exo derived from N or H GBM cells for

48 h and assessed for cell death by 7-AAD staining. (G) Hypoxia potentiates

autocrine stimulation by Exo. GBM cells were assessed for transwell migration

over a period of 6 h in the absence (Ctrl) or presence of Exo (50 μg/mL) derived

from of N or H GBM cells. (E–G) Data are presented as fold of untreated,

control cells and are the mean ± SD, n ≥ 6 per group. *P < 0.05. (H) Primary

HBVPs were assessed for transwell migration over a period of 6 h in serum-free

medium (Ctrl) or in the different media as indicated. EC preconditioning with

H GBM cell Exo significantly increased paracrine stimulation of pericyte mi-

gration (compare EC CM and EC + Exo CM). (I) Pericytes were analyzed for

proliferative activity with the different treatments, as indicated. EC Exo pre-

conditioning significantly increased pericyte proliferation, and the activity was

in the soluble, vesicle-free CM fraction (compare EC + Exo CM and EC+ Exo CM

Sol). (J and K) Similar experiment as in H and I, respectively, with GBM cells;

EC Exo preconditioning significantly increased paracrine stimulation of GBM

cell migration (J) and proliferation (K). (H–K) Data are presented as fold of

untreated, control cells, and are the mean ± SD, n ≥ 6 per group. *P < 0.05.
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almost fourfold in tumors with hypoxic exosomes compared with
normoxic exosomes and control tumors (Fig. 5D), indicating en-
hanced tumor vessel pericyte coverage. In support of these data,
tumors with hypoxic exosomes compared with normoxic exosomes
and untreated controls showed substantially decreased areas of
hypoxia (Fig. 5E) and increased tumor cell proliferation (Fig. 5F).

Discussion

Tumor cells release diffusible factors that reshape the tumor mi-
croenvironment (41), e.g., by creating a distinct phenotype of the
tumor endothelium compared with that of normal vasculature.
Progress in isolating and identifying these factors contributed to
a new era in cancer therapeutics development. So far, most of these
strategies are based on targeting one or a few factors, most im-
portantly VEGF. The complexity of the hypoxic signaling response
in the tumor microenvironment (1–3, 7–12) clearly needs to be
better defined to develop more rational therapies. Here, we pro-
vide evidence that exosome vesicles constitute a potent mediator of
hypoxia-dependent intercellular communication between malig-
nant and vascular cells, i.e., ECs and pericytes, suggesting an im-
portant role of exosomes in hypoxia-driven, phenotypic alteration
of the tumor vasculature. Another significant finding of our work is
that exosome vesicles from hypoxic conditions reflect the signaling
status of hypoxic GBM cells and patient tumors.
Exosomes may participate in intercellular signaling at several

levels, e.g., via protein ligands in the exosome membrane that

activate signaling receptors and downstream kinases, and through
the transfer of miRNAs, mRNAs, and signaling receptors to
recipient cells (13–20). Our data show hypoxic regulation of a
multitude of exosome-associated proteins and mRNAs and the
activation of several signaling receptors and intracellular kinases in
target cells. These results support the notion that hypoxic exosomes
mediate a proangiogenic response through the concerted action of
hundreds or even thousands of effector molecules. Previous studies
have suggested that hypoxic compared with normoxic cells produce
higher amounts of exosomes (42), and that more than half of the
secreted proteome from hypoxic carcinoma cells may be associated
with exosomes (43), providing quantitative data to support a com-
plex role of exosomes in the hypoxic response. Strategies aimed
at targeting this system should thus focus on general mechanisms
of exosome-dependent intercellular communication, e.g., exosome
uptake by recipient cells, exosome formation, and exosome stability
in the extracellular milieu, rather than on single exosome con-
stituents. Interestingly, recent studies have shown that the tumor-
igenic and prometastatic functions of exosomes could be efficiently
counteracted by inhibition of the small GTPase Rab27a (44, 45),
which has been shown to be involved in exosome formation (46).
We were initially intrigued by the finding that the mRNA ex-

pression signature observed in exosomes closely mirrors the tran-
scriptome of donor cells. Previous studies with GBM cells (15)
suggested specific sorting of mRNAs into exosomes. One possible
explanation of these discrepancies is differences in normalization
algorithms used for microarray hybridizations. The assumption that
most transcripts are equally expressed in the compared RNA
extractions from cells and exosomes, respectively, would result in
data that favor the conclusion of higher expression of selected tran-
scripts in exosomes compared with cells. Future studies in additional
systems will have to clarify whether specific selection mechanisms
operate during intracellular cargo loading into exosomes.
Numerous molecular markers, e.g., GLUT1, carbonic anhydrase

9 (CAIX), and hypoxia inducible factor (HIF), have been shown to
correlate with hypoxia; however, the clinical utility of such markers
is complicated by considerable intratumoral heterogeneity of hyp-
oxia. Although our studies with GBM patient exosomes are limited
in number, the presented data suggest the interesting possibility that
the exosomal molecular signature consisting of, e.g., CAV1, IL8,
PDGFs and MMPs, could provide a noninvasive, biomarker profile
that reflects hypoxic signaling of GBM tumors.
In summary, our data suggest that exosomes constitute a

potentially targetable mediator of hypoxia-driven tumor de-
velopment, and that the exosomal molecular signaturemay serve
as a noninvasive biomarker to assess the oxygenation status and
aggressiveness of malignant tumors.

Materials and Methods

Detailed descriptions of reagents, cell lines and primary cells, exosome iso-

lation, fluorescence and electron microscopy, immunoblotting, gene ex-

pression, in vitro and ex vivo functional experiments, and animal studies are

listed in SI Materials and Methods.

Clinical Samples. Tumor biopsy specimens were obtained from patients with

GBM (World Health Organization grade IV) at the Department of Neuro-

surgery, Skåne University Hospital, Lund. Blood samples from GBM patients

were collected before brain tumor surgery. Tumor and blood samples were

collected with informed consent according to Protocol H15 642/2008 ap-

proved by the Lund University Regional Ethics Board, Lund, Sweden.

Exosome Isolation. Exosomes were isolated by differential centrifugation as

described in SI Materials and Methods.

Membrane-Based Antibody Arrays. Total protein from cells and exosomes was

analyzed by using human antibody arrays (R&D Systems) as described in SI

Materials and Methods.

Gene Expression Microarray Analysis. Microarray experiments were per-

formed at Swegene Center for Integrative Biology at Lund University

Genomics Center, Sweden, by using the Illumina HumanHT-12 v3 Expression

BeadChip as described in SI Materials and Methods.

Fig. 5. Hypoxic induction of exosome-mediated stimulation of tumor de-

velopment. Human GBM xenografts were established with or without exo-

somes (1 μg/mL) from normoxic (N Exo) or hypoxic (H Exo) GBM cells. Tumor

volumes at the indicated time points (A) and final tumor weights (B) were

determined. Data are presented as the mean ± SEM, *P < 0.05 compared

with untreated Control; #P < 0.05 compared with N Exo tumors (n = 5).

Tumors were analyzed by immunofluorescence microscopy for vascular

density (C), pericyte coverage (D), hypoxic area (E), and proliferation (F).

(Scale bars: 100 μm.) Results are the mean ± SEM, *P < 0.05.
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Quantitative Real-Time PCR. cDNA synthesis was performed by using Super-

Script III First-Strand Synthesis System (Life Technologies) and used for PCR

based on SYBR Green I chemistry (Sigma) in an ABI PRISM 7900 HT machine

(Applied Biosystems) as described in SI Materials and Methods.

Exosome Uptake. Exosomes were labeled with PKH67 Green Fluorescent la-

beling kit (Sigma) as recommended by the manufacturer, and uptake was

determined by flow cytometry and fluorescence microscopy as described in SI

Materials and Methods.

Cell Proliferation Assay. Cell proliferation was assessed by the [3H]-thymidine

incorporation assay as described in SI Materials and Methods.

Survival Assay. Cell survival was determined by the 7-amino-actinomycin D

(7-AAD) and MTT assays as described in SI Materials and Methods.

Cell Migration Assay. Cell migration was studied by the transwell assay as

described in SI Materials and Methods.

Matrigel Tube Formation Assay. EC tube formationongrowth factor-reducedBD

Matrigel (BDBioscience)wasdeterminedasdescribed inSIMaterials andMethods.

Ex Vivo Mouse Aortic Ring Sprouting Assay. Microvessel sprouting from non-

obesediabetes/severecombinedimmunodeficiency(NOD/SCID)mousethoracic

aortas inBDMatrigelwasdeterminedasdescribed in SIMaterials andMethods.

Laser-Capture Microdissection. RNA fromnormoxic and hypoxic tumor regions

was isolated by laser-capture microdissection for qRT-PCR analysis as de-

scribed in SI Materials and Methods.

Animal Xenograft Tumor Model. The experimental setup was approved by

the Ethical Committee for Animal Research at Lund University in Malmö/

Lund, Sweden. Eight-week-old female NOD/SCID mice were inoculated via

s.c. injection on the dorsal region with U87 MG cells (2.5 × 106 in 150 μLof

PBS) with or without normoxic or hypoxic exosomes (1 μg/mL). Processing

of tumors after 5 wk of incubation were performed as described in SI

Materials and Methods.

Statistical Analysis. Statistical significance was evaluated with Student’s t test.

A P value of <0.05 was considered statistically significant. Data shown from

antibody array and Western blotting experiments are representative of at

least two independent experiments.
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