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Glioblastoma multiforme (GBM) is a devastating tumour with abysmal
prognoses. We desperately need novel approaches to understand GBM
biology and therapeutic vulnerabilities. Extracellular vesicles (EVs) are mem-
brane-enclosed nanospheres released locally and systemically by all cells,
including tumours, with tremendous potential for intercellular communi-
cation. Tumour EVs manipulate their local environments as well as distal
targets; EVs may be a mechanism for tumourigenesis in the recurrent
GBM setting. We hypothesized that GBM EVs drive molecular changes
in normal human astrocytes (NHAs), yielding phenotypically tumour-
promoting, or even tumourigenic, entities. We incubated NHAs with GBM
EVs and examined the astrocytes for changes in cell migration, cytokine
release and tumour cell growth promotion via the conditioned media. We
measured alterations in intracellular signalling and transformation capacity
(astrocyte growth in soft agar). GBM EV-treated NHAs displayed increased
migratory capacity, along with enhanced cytokine production which pro-
moted tumour cell growth. GBM EV-treated NHAs developed tumour-like
signalling patterns and exhibited colony formation in soft agar, reminiscent
of tumour cells themselves. GBM EVs modify the local environment to
benefit the tumour itself, co-opting neighbouring astrocytes to promote
tumour growth, and perhaps even driving astrocytes to a tumourigenic
phenotype. Such biological activities could have profound impacts in the
recurrent GBM setting.

This article is part of the discussion meeting issue ‘Extracellular vesicles
and the tumour microenvironment’.

1. Introduction

Glioblastoma multiforme (GBM) is a devastating primary central nervous
system (CNS) tumour with poor outcomes. The median survival is less than
15 months with a poor quality of life, despite aggressive surgical resection
and combined chemo-radiation [1,2]. Current therapies display limited clinical
success, especially in the setting of recurrent GBM [3-6]. Innovative strides in
understanding GBM biology are necessary for improved therapy. Extracellular
vesicles (EVs) are membrane-enclosed nanospheres released directly from the
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cell membrane (i.e. ‘microvesicles’) or from the endosomal system via fusion
Electronic supplementary material is available
online at https://dx.doi.org/10.6084/m9.
figshare.c.3911926.
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of multi-vesicular bodies with the cytoplasmic membrane (i.e. ‘exosomes’);
this presumably occurs in all cell types [7,8]. The potential involvement of
EVs in GBM pathobiology is becoming more and more recognized [9,10].

© 2017 The Author(s) Published by the Royal Society. Al rights reserved.
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Tumour EVs have an extraordinary ability to modulate
the tumour microenvironment [11-16], recruiting recipient
cells to support tumour growth and progression. EV surface
elements have been shown to mirror those of the tumour
and remodel the extracellular matrix with matrix metallo-
proteinases, and transfer drug resistance with P-glycoprotein
[17-19]. Given the wide variety of signalling molecules,
bioactive lipids and functional RNAs within EVs, particularly
tumour-derived EVs, they represent ideal candidates for
transfer of information and activities that could generate delin-
quency in normal cells. However, no studies to date have
characterized the effects of GBM EVs on peritumoural astro-
cytes. We lack almost any information on the impacts of
GBM EVs on astrocytes in terms of phenotypic changes relat-
ing to proliferation, migration or signalling involving the
recipient cells. Studies conducted on other cancer models, how-
ever, show that these effects on stromal/microenvironmental
cells can be profound [20-24].

GBM EVs likely remain within the vicinity of the resection
cavity following tumour excision, altering the behaviour of the
surgically spared normal cells such as resident astrocytes. It is
conceivable  that intervention
(chemotherapy and targeted radiation) would leave degrees
of damage to those normal cells that would enable the transfor-

ensuing  therapeutic

mative impacts of tumour EVs in the vicinity. This may be due
to the transfer of tumour-related RNAs, proteins, metabolites
or by the tumour EVs promoting signalling changes in the
astrocytes themselves. Thus, GBM EVs may play a role in co-
opting neighbouring astrocytes to promote recurrent growth,
or possibly, the astrocytes in the resection cavity may even be
transformed. Understanding the effects of tumour-derived
EVs on NHAs will likely become necessary in a full accounting
of how to treat recurrent GBM. Here, we demonstrate that
different concentrations of glioma-derived EVs have differen-
tial effects on the migratory capabilities, cytokine outputs,
tumour cell growth promotion, intracellular signalling
pathways and activation/transformation status of NHAs.

2. Material and methods

(a) Cell lines

E8-5 and F3-8 are GBM cell lines derived from surgically resected
primary intracranial tumours from patients receiving treatment at
the University of Colorado Hospital. Histologically, E8-5 originated
inthe patient’s left parietal lobe, and is a World Health Organization
(WHO) grade IV glioma, classic small cell variant, with loss of phos-
phatase and tensin homolog (PTEN) and gene amplification of
epidermal growth factor receptor (EGFR). It is negative for
1p/19q co-deletion. F3-8 originated in the patient’s left frontal
lobe, and is an atypical small cell variant grade IV glioma without
IDH1 mutation. Freshly resected tumours were placed in Neuroba-
sal A (NBA) medium without phenol red (Thermo Fisher/
Invitrogen Technologies, Waltham, MA, USA). Tumour cells were
mechanically dissociated, filtered through a 100 um cell strainer
(Corning Life Sciences, Tewksbury, MA, USA) and were cultured
under stem cell-like conditions in NBA supplemented with 2 mM
L-glutamine, 1X B27 and N2, and 5ngml~! basic fibroblast
growth factor (FGF) and epidermal growth factor (EGF) (Thermo
Fisher/Invitrogen). Normal human astrocytes (NHAs) were
obtained from Lonza, and cultured in astrocyte basal growth
media (ABM™) with astrocyte growth medium supplements
(AGM,; Lonza Inc., Anaheim, CA, USA). These cells were obtained
from a human fetus, 18 weeks’ gestation; the tissue is donated fol-
lowing permission for use in research applications by informed

consent or legal authorization. Tissue origin is cerebral cortex
(grey matter), and the cells are considered type I astrocytes. Cells
are frozen after the second passage. The cells stain positive for
glial fibrillary acidic protein, and show morphological character-
istics of astrocytes. The cells are guaranteed for 10 additional
doublings, and were expanded and used between passages 7 and
10. We purchased cells twice and received the same lot number
(presumably the same astrocyte source) both times.

Normal human epithelial cells were obtained from healthy
donor urine; cells were harvested from voided urine by centrifu-
gation (400g, 10 min, RT). Cells were initially cultured in
Dulbecco’s modified eagle medium (DMEM)/Ham’s F12/10%
fetal bovine serum (FBS)/Renal Cell Growth Medium sup-
plements (Lonza). Cells were cultured on 0.1% gelatin-coated
plates. Cells were switched to ‘proliferation medium’ (the afore-
mentioned medium + DMEM/Glutamax + non-essential amino
acids (Sigma-Aldrich, St Louis, MO, USA), + 5ng ml™! basic
fibroblast growth factor (bFGF), epidermal growth factor (EGF),
platelet-derived growth factor (PDGF) (Lonza)) before conver-
sion to the aforementioned NBA with supplements. All cells
were cultured at 37°C/5% CO,. This study was approved by
the Colorado Combined Institutional Review Board (COMIRB,
protocol no. 13-3007) and patients provided written consent, all
consistent with NIH guidelines.

(b) Extracellular vesicle purification and characterization
EV extraction and purification from cell culture media were
conducted as described [16], via filtration and differential centrifu-
gation (diagrammed in figure 1). Note that the medium used was
serum-free. Following resuspension of the pellet after high-speed
centrifugation, we routinely extrude the materials through 20 and
25 G needles to break up EV clumps and disperse protein aggre-
gates. Remaining aggregates are then removed by filtration
through a 0.45um filter. EVs were verified using Exo-Check
arrays (System Biosciences/SBI, Palo Alto, CA, USA) for eight pur-
ported exosome/EV markers. Nanoparticle tracking analysis (NTA)
(NanoSight LM10 device, Malvern, Westborough, MA, USA) was
used to verify that the particles were within the anticipated size
range of 30—150 nm, although some are clearly larger (figure 1).

Vesicle concentrations used (50 and 500 pg ml ™) were based
on previous studies [16,25] that were correlated with putative cel-
lular microenvironment concentrations compared to blood
concentrations. We also took into account other reports of
blood and cerebral spinal fluid particle numbers derived from
patients with brain tumours [26,27]. We then chose doses that
would allow for a log increase that we could accommodate
with EV purification yields.

(c) Normal human astrocyte migration/wound-healing

dassay

Migration capacity of NHAs exposed to 0 or 50 pg ml~' GBM
EVs was measured using standard procedures for a wound-heal-
ing assay, essentially as described [28]. Briefly, NHAs at 80-90%
confluency in 6-well plates (Corning) were scratched with a
200 pl pipet tip to generate a gap between cells. GBM EVs
were added (or not), and wound closure was measured at 24 h
(compared to the distance at 0 h). Measurements of ‘wound healing’
were performed using NIH Image J.

(d) Cytokine release/'secretome’ assays

Proteome Profiler Human XL Cytokine Array ARY022B and
Human Cytokine Array Panel A ARY005 (R&D Systems, Min-
neapolis, MN, USA) were performed as per the manufacturer’s
protocols. Briefly, NHAs (2 x 10° per T75 flask in 10 ml
medium) were washed with PBS and then treated with 0 or
500 pg ml~! of GBM EVs or normal epithelial cell EVs (diluted
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Figure 1. Extraction and purification of EVs from GBM cell lines. (a) Two GBM cell lines viewed under light microscopy. E8-5 and F3-8, were dissociated and grown under
stem cell-like conditions in supplemented NBA medium (Invitrogen Technologies). Scale bar, 100 um. (b) EV purification from cell culture media was conducted as described
[16]. (c) NTA (Nanosight) was used to determine sizes and concentrations of vesicles; EVs were verified using ExoCheck arrays for eight purported EV markers.

into ABM medium) for 4 or 24 h. Culture media were collected
(in addition, cell lysates were prepared) after the allotted incu-
bation time. Arrays were developed with chemiluminescence
and spot intensities quantified using a FluorChem Q developer

with AlphaView software (ProteinSimple, San Jose, CA, USA).
Background was subtracted from each membrane, and average
luminosity from duplicate spots was compared between
treatment groups.
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(e) Glioblastoma multiforme cell proliferation in
conditioned medium from glioblastoma multiforme
extracellular vesicle-treated normal human

astrocytes

F3-8 GBM cells were transferred from NBA to ABM medium, and
were grown in 24-well plates at 5 x 10* cells well'. Conditioned
medium from NHAs that were treated with 0, 50 or 500 pg ml™*
GBM EVs (24 h) was used to replace the old medium. Conditioned
astrocyte medium was centrifuged (2000g, 15 min) to remove any
cells before adding the medium to the GBM cells. After 24 h, GBM
cell proliferation was measured by MTS assay (Cell Titer 96
Aqueous One, Promega, Madison, WI, USA).

(f) Normal human astrocyte signalling profile following
exposure to glioblastoma multiforme extracellular

vesicles
NHAs (2 x 10° per T75 flask in 10 ml medium) were treated with
0, 50 or 500 pg ml~! GBM EVs, and cells were harvested and
lysed at 4, 8 or 24 h. Lysates were incubated on PathScan Intra-
cellular Signaling Arrays (14471; Cell Signaling Technology,
Danvers, MA, USA) following the manufacturer’s instructions.
Arrays were developed and quantified as described above.

(g) Normal human astrocyte growth in soft agar
NHAs were exposed to 0, 50 or 500 ug ml~* GBM EVs for 24 h.
Cells were collected and plated 1 x 10° ml ™" in soft agar (CytoSe-
lect 96-Well Cell Transformation Assay, CBA 135; Cell Biolabs
Inc., San Diego, CA, USA) as per the manufacturer’s instructions.
After 8 days, cell viability and proliferation were measured by
MTT assay, per kit instructions.

(h) Ingenuity Pathway Analysis

Pathway and functional analysis predictions were based on inge-
nuity pathway analysis algorithms (IPA; http://www.ingenuity.
com/; Ingenuity Systems/QIAGEN, Germantown, MD, USA).
Core analyses and comparison analyses were used as described
in the text or figure legends.

(i) Statistics

The fold change determinations are specified for the various
experiments. Student’s f-test was used to compare means.
p<0.05 is considered statistically significant.

3. Results

(a) Glioblastoma multiforme cell lines and
characterization of glioblastoma multiforme

extracellular vesicles
GBM cell lines designated E8-5 and F3-8 were generated from
freshly resected primary human gliomas acquired from
patients undergoing therapeutic tumour resection surgery.
Pathology, verified by a board-certified neuro-pathologist,
showed the tumours as GBM small cell variant status; E8-5
showed EGFR gene expansion, while F3-8 was wild-type for
IDHI. These cells were grown in serum-free, ‘stem cell’
media that promoted tumour sphere growth (figure 1a). EVs
were harvested from conditioned media by differential
centrifugation, filtration and concentration, and ultimately

ultracentrifugation (figure 1b). NTA using NanoSight shows
main peaks of particles with hydrodynamic radius of 100-
120nm (figure 1c), and antibody arrays for known EV
marker proteins (ExoCheck) indicate materials with protein
contents consistent with EVs (figure 1c).

Note, the ExoCheck kit refers to GM130/GOLGA2 as a
marker of ‘cellular contamination’ in EV preps. This may
derive from comments in the literature suggesting that proteins
from non-endosomal compartments are considered “pollutants’
in EV preparations (e.g. [7,29]). However, GM130/GOLGA2
has been identified as an EV component in both Vesiclepedia
(http://microvesicles.org/gene_summary?gene_ id=2801) and
Exocarta  (http://www.exocarta.org/gene_summary?gene_
id=2801), where both protein and mRNA were identified
[13,30-32]. GM130/GOLGA2 is known to be on intracellular
vesicles [33] along with Factor XIII-A/F13A1; the latter is also
found in EVs (both Vesiclepedia (http://microvesicles.org/
gene_summary?gene_id=2162) and Exocarta (http://www.
exocarta.org/gene_summary?gene_id=2162)). Thus, we
posit that GM130/ GOLGA2 is likely to be a bona fide EV protein.

(b) Glioblastoma multiforme extracellular vesicles
promote normal human astrocyte migration

Our previous work demonstrated that tumour EVs promote
tumour cell migration [25], but impede lymphocyte migration
[16]. With that background, we tested effects of GBM EVs on
NHA migration using a wound-healing assay. NHAs were
plated to 80-90% confluency, whereupon a scratch wound was
introduced. Media containing 0 or 50 pg ml ™' E8-5 EVs replaced
the conditioned media, and cells migrated into the gap for 24 h.
Measurements of gap distance were taken at 0 and 24 h post-EV
incubation; gap closure is listed as ‘“Y%owound fill’ in figure 2a
(results for three experiments are shown). GBM EV-treated
cells covered 45-70% of the gap, compared to 15-25% for
untreated cells in a 24 h period. Representative photos of the
wound fill are shown in figure 2b.

(c) Glioblastoma multiforme extracellular vesicles alter
normal human astrocyte cytokine production

One possible outcome of induced NHA migration driven by
GBM EVs could be that NHAs may provide usable materials
for the GBM. Thus, we assessed GBM EV-induced NHA cyto-
kine release via cytokine antibody arrays measuring 105
different cytokines, chemokines and other secreted entities.
We treated NHAs with 500 ug ml~' of E8-5 EVs for 4 or
24 h, which resulted in upregulation of 40 different cytokines
in the conditioned medium at over 5x control concentrations
(untreated astrocyte secretions), as well as scores of others
with 1.5-4x increases at 24 h. The probed arrays themselves
are shown in figure 3 (left), and a heat map of the readouts is
shown in right-hand side of figure 3. Note that the 4 h time
point shows a very different profile when compared with con-
trol or 24 h/500 pg ml~! GBM EV treatment. We based the
time points used on our previous studies with signalling
arrays and cytokine outputs [16]. We saw that there were
both early and late effects that might take into account a time
course of EV binding, internalization, and the potential de
novo transcription, translation and release of cytokines.
Additionally, we tested a different cytokine array that com-
pared 500 pgml~' F3-8 GBM EV treatment to the same
concentration of normal epithelial cell EVs for 24h to
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Figure 2. GBM EVs promote astrocyte migration. Astrocytes were obtained from a single individual. (a) Astrocytes were exposed to 50 g ml ™" of tumour EVs and
observed over a 24 h period in three separate wound fill assays (three biological replicates with three technical replicates per experiment). Compared to controls
(0 g mi~ " EVs), astrocytes displayed a significant increase in per cent wound closure in all three instances. Error bars, standard deviation. (b) Representative

photos and Imace) boundaries are shown.

determine if the effects were simply due to the quantity of EVs
rather than the source. Of the 33 secretome proteins that over-
lapped with the previous array, 9-10 of them may be increased
due to EV quantity, but the other 20+ are likely specific to GBM
EV stimulation (electronic supplementary material, figure S1).
Also, the tumour-derived EVs seemed to promote far greater
changes in release of certain cytokines (e.g. interferon gamma
(IFNG), interleukins 12, 1A, 8 and 1B), chemokine CXCL10
and factor C5.

We assessed the changes in the GBM EV-stimulated NHA
secretome by IPA. Table 1 presents the top canonical path-
ways, and diseases and biofunctions derived from the
data. Notably, the themes include cell-cell communication,
inflammatory responses, cell growth, movement and death.
Embedded in those themes are terms related directly to
cancer and tumour morphology, and more diverse inferences
to immune signalling and responses. Of the top networks
identified, the top three interactomes are shown in figure 4.
Various cytokines and chemokines are heavily represented

in those networks, but there are also notable nodes at major
intracellular signalling proteins such as ERK1/2, PI3 K and
AKT (figure 4a—c). Thus, analysis of the EV-stimulated
NHA secretome validates the migratory capacity of the
EV-treated NHAs, and suggests possible involvement of
oncogenic signalling pathways.

(d) Normal human astrocytes exposed to glioblastoma
multiforme extracellular vesicles generate a growth-

stimulating medium for tumour cells
As NHAs exposed to GBM EVs released an extraordinary
cytokine/chemokine mixture into the extracellular milieu,
we asked if that conditioned culture medium had effects on
GBM cell growth. NHA-conditioned medium was prepared
by incubating astrocytes in 0, 50 or 500 pg ml~ ' F3-8 GBM
EVs for 24h. The medium was collected and used as
growth medium for F3-8 GBM cells. F3-8 cells were adapted
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Table 1. Top canonical pathways, diseases and biofunctions, networks discemed from ingenuity pathway analysis for nha cytokine secretion following GBM £V [l
treatment. EGF, epidermal growth factor; FLT3, receptor-type tyrosine-protein kinase FLT3/CD135; IL-22, interleukin 22; MAPK, mitogen activated protein kinase;
UVA, ultraviolet radiation A.

top canonical pathways

name p-value overlap
UVA-induced MAPK signaling 292 x 107" 8.8% 9/102
FLT3 signaling in hematopoietic progenitor cells 1.04 x 107" 9.8% 8/82
IFII_—>2‘2Hsibgna‘IIingmHm Pgt e
UVB-induced MAPK signaling 471 x 107" 106% 7/66
EGF signaling 889 x 107 9.7% 772

top diseases and biofunctions

diseases and disorders

p-value

name

cancer 7.06 x 107 t03.09 x 10" 17

organismal injury and abnormalities 706x 10 *t0309x 072 7
tumor morphology 375x 10 *103.09 x 107 9
renalandurolog|cald|sease R o1 san g0
infectious disease 588 x 10 "0 157 x 10~ 8
et and celular functions oA v RA TS
name p-value no. molecules
cell death and survival 649 x 10 *t07.96 x 107" 17

~ cellular development 657 x 10" 0196 10" 17

* cellular growth and proliferation 657 %10 “t019%x10" 9
cell cydle 593 x 10" t0392% 10" 9

cellular function and maintenance 490 x 10 't063x 0" 8
physiological system development and function

L A pvalue e
organlsmal funct|ons 192 x 10~ 50 1.88 x 0 ’ 4
embryomcdevelopment 419% 10 *t0216x10° 10
cardlovascular system development and funct|0n 5.53 x 10~ * 10 3.63 x 0 ’ 9

~organismal development » 419x 10 0363 x0° 10
tissue development 442 x 10 * 10639 x 107° 12

top networks

ID associated network functions score

1. ancer, ceII death and survwal organlsmal injury and abnormalmes 13

2. ardiac damage cardiovascular disease, organismal injury and abnormalities 8
3. ancer, organismal functions, organlsmal injury. and abnormalltles 8

4, tissue mdfp‘hdldgy, derrnatdldglcal diseases and condmons hair 6

and skin development and function

from NBA medium to astrocyte ABM medium for 24 h prior
to replacement with the GBM EV-stimulated NHA con-
ditioned medium. F3-8 cells were cultured for 24 h before
MTS assay. Tumour cells displayed increased proliferation
with NHA medium obtained from NHAs treated with increas-
ing EV concentration (conditioned NHA medium) (figure 5).
GBM cells grown in conditioned medium from the NHA
cells treated with 500 pg ml~' GBM EVs grew significantly
more in that time frame compared with GBM cells grown in
conditioned NHA medium from cells treated with 0 or
50 pg ml ™' GBM EVs (almost twofold higher than controls).

(e) Glioblastoma multiforme extracellular vesicles
modulate normal human astrocyte intracellular
signalling

Given the observed changes in NHA migration and secre-
tome release after exposure to GBM EVs, we assessed
changes in NHAs via intracellular signalling (phospho-anti-
body) arrays. E8-5 GBM EVs (0, 50 or 500 pg ml 1) were
incubated with recipient NHAs for 4, 8 or 24 h. NHAs
were washed and lysed, and the lysates were exposed to
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‘scores’ listed are —log ( p-values) and are based on the probabilities of random associations of these proteins. The significance threshold by default = 1.25. ‘Focus
molecules’ refer to nodes that initiate networks. Solid blue lines show direct connections between proteins found in the array, derived from the IPA knowledgebase.
Broken lines represent indirect connections arising from reasoned speculation, or via known intermediaries. Light blue/turquoise lines connect identified proteins
within the network with proteins not part of the array. Line lengths (edges) between the protein nodes correlate to the degree of supportive knowledge
documenting interactions. Note, we have shortened some edges to fit the interactomes into the figure.

antibody arrays for specific phosphorylation sites (or clea- control lysates (score set =0, figure 6). Examples of devel-
vage products) of 18 different proteins. The arrays were oped arrays are shown in electronic supplementary
quantified, and are plotted as fold change over untreated material, figure S2.
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fold growth compared to control (set = 1)
MTS assay

0EVs

50 ugml~' EVs

p<0.001

500 ug ml! EVs

F3-8 GBM cells grown in conditioned NHA medium
from NHAs incubated with GBM EVs/24 h

Figure 5. GBM EV-treated astrocytes generate a growth-stimulating medium. Astrocytes are from a single individual. Astrocytes were exposed to 0, 50 or
500 wg ml~" GBM EVs for 24 h. Conditioned astrocyte medium was collected, centrifuged to remove cells and debris, and then used as growth medium for
GBM cells seeded at equal numbers. After 24 h, GBM cells were subjected to MTS assay (0D4qq as readout); fold increase over control (set = 1) is presented.
Results are from three biological replicates, with six technical replicates per experiment. Error bars, standard deviation.

Examples of increased phosphorylation state with
increased EV concentration include ERK1/2, STATs 1 and
3, AKT1, and p53 at 24h. Examples of low levels of
EVs increasing protein phosphorylation until surpassing a
threshold concentration where the effect is reversed and
phosphorylation decreases include p53, JNK, GSK3B and
also PARP cleavage. Similar data profiles were also observed
over increased exposure time to GBM EVs. Protein BAD con-
tinually increased in phosphorylation as time progressed,
while AMPKA activation only increased after 4 h before
decreasing, as did HSP27 phosphorylation.

Again, using IPA algorithms, we note that the changes in
phosphorylation profiles demonstrate strong canonical path-
ways involving MAPKs, and IL22 signalling (table 2), the
latter being highly prevalent in the GBM EV-stimulated
NHA secretome (figure 3). Other recurrent themes and
terms include cancer, cell death and survival, and cell and
tumour morphology. The top three interactomes derived
from the top three networks are shown in figure 7, with
the MAPKs, JNK, ERK, AKT and p53 found in prominent
nodes.

(f) Transformative effect of glioblastoma multiforme

extracellular vesicles on normal human astrocytes

As GBM EVs induced signalling changes in recipient NHAs
reminiscent of tumour-type pathway activation, we asked if
GBM EV-treated NHAs might behave as if transformed. We
exposed NHAs to 0, 50 or 500 pg ml~" concentrations of
F3-8 GBM EVs for 24 h. We then plated NHAs in a soft-
agar assay for 8 days. We see that NHAs exposed to GBM
EVs promoted colonization of the NHAs in soft agar; those
exposed to the 500 wg ml~! concentration of GBM EVs dis-
played a statistically significant increase in colony formation
of 20% over the control (figure 8).

4. Discussion

GBMs are known to profoundly alter their microenvironments,
affecting infiltrating lymphocytes and monocytes [34-36], and
endothelial cells [37,38]. Previous studies have implicated
GBM EVs in the conditioning of tumour endothelial cells
[39,40], and possibly of microglia [41], but we believe this is
the first study characterizing the effects of GBM-derived EVs
on astrocytes. Specifically, we show the potential for GBM
EVs to drive tumour-like phenotypic changes in that normal
cell population, possibly resulting in a transformed phenotype.
The implications for tumourigenesis in the recurrent GBM
setting would be of high importance.

Exposure to GBM EVs dramatically altered the intracellular
signalling and cytokine profile (secretome) of once-normal
astrocytes, resulting in internal and external effects. One such
effect was the generation of a growth-stimulant medium by
NHAs following exposure to GBM EVs. The resulting astrocyte
conditioned medium was laden with growth factors (EGF,
FGFs, CSFs, HGF, VEGF), chemokines (CXCL1, 9, 10, 11;
CCL3, 5, 7, 20) and over a score of interleukins (figure 3). The
conditioned medium accelerated growth of GBM cells
(figure 5). As GBM EVs also promoted migration of NHAs
(figure 2), one may envision a scenario where GBM cells “call
out’ to astrocytes, prompting a close physical association in
conjunction with a growth-stimulatory microenvironment.
The proinflammatory nature of these secretions is also evident
(table 1) [42,43]. Notably, MMP?9 is also secreted by the EV-
treated astrocytes, potentially providing a protease aid for
GBM invasion [44-46]. Additionally, several cytokines
secreted by the GBM EV-stimulated NHAs are considered dri-
vers of T-helper 2 (Th2) phenotypes of T cells in GBM patients,
such as CSF2 and 3, and ILs 4, 10 and 13 [47]. IL10 and CCL2
are also known glioma-derived inducers of regulatory T cells
(Tregs) [48], so the cytokine/chemokine environment of the
GBM EV-stimulated astrocytes could also promote immune
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Figure 6. GBM EV-treated astrocytes induce tumour-like signalling patterns that are concentration- and time-dependent. Astrocytes are from a single individual.
Astrocytes were incubated with different concentrations of GBM EVs (0, 50 or 500 g ml ") for 4, 8 and 24 h. Phospho-antibody arrays were incubated with lysates
from EV-treated astrocytes; signal intensities were background-corrected and presented as fold change over control (untreated astrocytes at 4, 8 or 24 h = 0).
Results are from two biological replicates with two technical replicates for each experiment.

suppression so prevalent in GBM patients [49]. Given the num-
bers of upregulated proteins in the EV-treated NHA secretome,
and the multitudes of potential outcomes for GBMs and their
microenvironments, further efforts are clearly needed to
dissect this plethora of environmental cues.

Pathway analyses using IPA made provocative connections
between the cytokine environment and well-known intracellular
signalling molecules ERK, PI3 K and AKT (figure 4) [50,51]. Cur-
iously, signalling triggered by CXCL12/SDF1 leads to activation
of ERK and AKT pathways driving glioma versions of epi-
thelial-mesenchymal transition [52,53], which are generally
regarded as more invasive and tumourigenic phenotypes [54].
Also notable is that the intracellular signalling profile bears
resemblance to GBM cells (U87MG) undergoing stress from
the unfolded protein response [55], particularly ERK, STAT3,
AKT, RPS6, mTOR, BAD, JNK and GSK3B phosphorylation.

While the directional extracellular-to-intracellular signal-
ling is usually focused on the GBM cells, the IPA results
here led us to profile intracellular signalling molecules in astro-
cytes following stimulation with GBM EVs. Those readouts
(figure 6) also highlighted increased phosphorylation and pre-
sumed activation of ERK, STATs and AKT (and numerous
other molecules) over time and EV dose. As key oncogenic enti-
ties in several cancers [56—59], activating these proteins in a
juxtacrine/paracrine fashion (NHAs to GBM) would likely
drive tumourigenicity. However, they may also promote a
tumour-like phenotype in astrocytes, which was suggested
by IPA Core Analysis (table 2) and resulting top network
interactomes (figure 7), where ERK, mTOR, MAPKs, AKT
and JNK are prominent signalling nodes.

Interestingly, proteins associated with apoptosis (cleaved
PARP and CASP3) were also altered, leading to categories in
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Table 2. Top canonical pathways, diseases and biofunctions, networks discemed from ingenuity pathway analysis for NHA intracellular signaling following GBM gl

EV treatment.

top canonical pathways

name p-value overlap

role of cytokines in mediating communication between immune cells 523 x 10 * 48.1% 25/52
hepatic fibrosis/hepatic steIIate cell activation 275 x 1073 15.5% 28/181
differential lregnlatron of cytokme product.ro‘n‘rn intestinal eprthelral cells ‘by IL-17A and ILA7F 460 x 1072 69. 6% 16/23 »
aItered T ceII and C ceII srgnallng in rheumatord arthrltrs 463 x 107 27.2% 22/81
communrcatron between innate and adapatrve immune cells 6.3‘0 x 10;32 2. 8% 22/82

top diseases and biofunctions

diseases and disorders
name

p-value no. molecules

inflammatory response -

c@ncer
organismal injury and abnormalities
inﬂammatory disease ‘ ‘
tumor morphology

‘molecular and cellular functions
name

556 x 10 to 250 x 10~ 84
440 x 10210681 x 1077 88
440 x 107" t0 6.81 x 10~ 89
974 x 10210360 x 107 78
440 x 10" t0 403 x 10 ¥ 59

p-value no. molecules

cell-to-cell signaling and interaction
ceIIuIar movement

cellular growth and prolrferatron S
ceIIuIar development

cell death and survival

physiological system development and function
S : o

584 x 1072 t0 5.36 x 10~ % 95
779 x 10~ 2"torraxro 77 91
584 % 10219961 x 1077 95
516 x 10~ 2"tor46><1o %6 88

527 x10 Pt0160x 102 8

p-value no. molecules

immune ceII trafﬁcklng
hematologrcal system development and function

cardiovascular system development and function

organismal development
tissue morphology

556 x 1072 t0 113 x 10777 80
584 x 1072 t0 138 x 1077 89
516 x 10~ to 9.46 x 10‘53 72

51610 Pt0946 x 1075 68
244 x 107 t0 7.04 x 107 53

top networks

ID associated network functions score

1. cell-to- ceII srgnalrng and interaction, ceIIuIar movement, immune cell trafﬁcklng 26

2. cellto-cell signaling and interaction, cellular growth and proliferation, hematologrcal system - - 2
development and functlon

3. cell-to-cell srgnalrng and mteractron hematologrcal system development and functron - I
inflammatory response

4. cell-to-cell signaling and mteractron grovvth and prolrferatron hematologlcal system - 0
development and functlon

5. cellular movement, I|p|d metabolrsm molecular transport llllll 18

IPA core analysis of molecular and cellular function such as
‘Cell Death and Survival’, with similar terms appearing in
the top networks (table 2 and figure 7). The role of p53
(noted in figure 7c, with connections to PARP10 and CASP)
may also involve apoptotic outcomes, but those pathways
and networks are complicated [60]. Thus, there may be a fine
line between highly activated states of the astrocytes versus
cell death, but a number of the extracellular and

intracellular proteins identified here are implicated in astroglio-
sis and glial scar formation [61]. Only one other publication
reported on the effects of glial/glioma-derived EVs on astro-
cytes; Lo Cicero et al. [62] investigated the microvesicle-
induced damage in astrocytes after exposure to G26-24
murine oligodendroglioma-derived EVs/microvesicles. In
their hands, EVs from what is likely a low-grade tumour
induced cell death in 40% of astrocytes. The major differences
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Figure 7. Results of core analysis/comparison analysis in IPA. Values from figure 6 were entered into a comparison analysis in IPA. The top three networks (inter-
actomes) are shown (named in table 2). Protein/gene names, edges, scores and focus molecules are presented as in figure 4, except that proteins with reduced

values are shown in shades of green.

here are that we used EVs from primary human GBM cell lines
grown in stem cell medium (whereas G26-24 was cloned from
the parental murine G26 line, which was induced by methyl-
cholanthrene [63]), our EVs show more exosome-like
character (G26-24 EVs were not heavily characterized but
appear to be of plasma membrane/‘shed-vesicle’ origin), and

our EV-treated astrocytes did not suffer noticeable cell death
in culture (including growth in soft agar, figure 8). Still, there
may be some threshold in the cell-growth-versus-cell-death
that astrocytes experience during prolonged exposure to
GBM EVs. Precise profiling of the signalling and secretory pat-
terns will require deeper analyses, but the NHA outputs
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Figure 8. GBM EV treatment reduces sold-matrix growth dependence in
astrocytes. Astrocytes are from a single individual. Astrocytes were incubated
with 0, 50 or 500 g mi~" of GBM EVs for 24 h. Astrocytes were washed,
detached and plated in a soft agar assay for eight days, after which colony
viability was measured by MTT assay (ODs7). Results are displayed as per
cent growth over untreated astrocytes (control = 100%). Results are from
two biological replicates with six technical replicates per experiment. Error
bars, standard deviation.

suggest a co-opting of the NHAs by tumour that may go
beyond simply aiding and abetting the tumour.

We and others have shown that tumour EVs effectively
drive tumour cell migration [25,64], and tumour-derived EVs
can remodel the extracellular matrix, inducing stromal cells to
do the same, thus allowing and promoting tumour cell
migration and invasion [65,66]; this is likely true for GBM
EVs and peritumoural astrocytes [40]. Our findings here
(figure 2) suggest that GBM EVs may attract surrounding astro-
cytes, facilitating cell recruitment and potential enhancement of
the tumour microenvironment. Such tumour-stromal inter-
actions are known in other systems where stromal cells as EV
recipients may become cancer-associated fibroblasts [23,67,68].
These cells are no longer ‘normal’, and act to support tumour-
igenicity with loss of bystander capacity [69], much as we see
with the GBM EV-treated astrocytes. The effects of GBM EVs
on astrocytes may explain some of the infiltrative and reactive
phenotypes seen in human GBM specimens [70].

Our findings from soft-agar assays where GBM EV-
stimulated astrocytes produced viable colonies (figure 8)
demonstrate the transforming capabilities of GBM EVs. Such
treatment reduced astrocyte dependence on anchorage to a
solid matrix—a hallmark of tumour-like growth. This has
been demonstrated previously with retroviral transformation
of astrocytes with additional tumour-promoting features (e.g.
with SV40 large T antigen, and additional overexpression of
EGEFR [71]; SV40 T/t-Ag transduction with ectopic hTERT
expression, and expression of oncogenic HRAS [72]). The simi-
litudes between EVs and viruses in terms of respective release
and uptake are noted [73,74], including viral hijacking of EVs/
exosomes [75,76]. These features make vesicular transfer of
oncogenic materials, including receptor tyrosine kinases of
the EGFR family [77], worthy of increased focus (we note
that GBM cell line E8-5 shows EGFR gene expansion).
EV-driven conversion of nominally normal cells to outright
tumorigenicity has been seen before [24], where breast cancer
EVs promoted growth of MCA1O0F cells as solid tumours in a
Dicer-dependent manner. The RNA components of GBM
EVs and the recipient astrocytes await further work-up, but it
is clear that RN As such as microRNAs could be very important
in the effects of tumour EVs on other cells [78].

The significance of GBM EVs driving phenotypic changes
in normal astrocytes is profound; unsurprisingly, our current
standard of care fails to address the influence of GBM EVs on
peritumoural astrocytes. The Stupp protocol [79] typically
combines temozolomide chemotherapy (an alkylating agent)
with concurrent radiation (60 Gy fractionated over six
weeks), with a four- to six-week break, and then adjuvant
temozolomide (5 days out of a 28-day cycle) for as many
cycles as achievable. Inevitably, tumours recur, and few
viable treatment options exist, with much focus on novel exper-
imental protocols in clinical trials [80,81]. Our findings here
may suggest we look to a paradigm shift in current views of
recurrent GBM development. Standard-of-care treatment
aims for DNA damage; radiation is known to drive mutations
in normal cells caught in the external beam radiation field [82].
Temozolomide treatment is known to either promote or lead to
selection of mutations in DNA repair pathways [83]. While it is
not clear that temozolomide induces mutations in treated astro-
cytes [84], the probability of mutational damage cannot be
zero. Indeed, radiation-induced gliomas are well known
in neuro-oncology [85], lending credence to the idea that
normal cells incur damage. Gain-of-function mutations in
p53 (TP53 gene) may play key roles in malignant transform-
ation [86], and as noted (figure 7c), TP53/p53 is an important
node in cancer-related pathways. The loss of p53 with constitu-
tive activation of AKT and MYC also transforms astrocytes into
tumourigenic entities [87], implying important roles for p53
with either gain- or loss-of-function. We suggest that GBM
EV-exposed astrocytes in the context of therapeutic DNA
damaging agents may be a p53 mutation away from becoming
tumourigenic themselves. This concept suggests that preven-
tion of such damage, or mitigation of signalling via AKT, p53
or other networks may be clinically relevant as means to pro-
tect astrocytes that have been subjected to GBM EV
incubation in vivo. Feasible translational methods for prevent-
ing EV release in specific cell types (e.g. tumours) in vivo do
not yet exist. Further studies on EV biology are clearly necess-
ary to unravel the effects of tumour EVs and prevent the
consequences of those EVs usurping normal cells to benefit
tumour growth—or re-growth.

In summary, GBM-derived EVs impact peritumoural astro-
cytes, but the nature of those interactions and the molecular
drivers remain unknown. Better characterization of GBM-
derived EV astrocyte
phenotypic changes are necessary to understand the role of

contents and mechanisms of
EVs in the recurrent GBM setting. Further exploration of
induced signalling pathways in astrocytes may hold the key
for novel interventions.

5. Conclusion

Our findings suggest that GBM EVs are capable of modifying
their local environment by enhancing NHA cytokine pro-
duction and promoting NHA migration. GBM EVs may drive
molecular changes in NHAs that resemble known cancer sig-
nalling pathways, thereby enhancing NHA growth in a semi-
solid matrix, an indicator of cellular transformation. These
studies provide an impetus to find ways to mitigate effects of
tumour EVs and may shift paradigms in our considerations
of GBMs in the recurrent setting.
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