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Extracellular Vesicles Induce Mesenchymal Transition
and Therapeutic Resistance in Glioblastomas through

NF-kB/STAT3 Signaling

Markus W. Schweiger, Mao Li, Alberta Giovanazzi, Renata L. Fleming,
Elie I. Tabet, Ichiro Nakano, Thomas Wiirdinger, Ennio Antonio Chiocca, Tian Tian,

and Bakhos A. Tannous*

Glioblastoma (GBM) is the most common primary malignant brain tumor
and despite optimal treatment, long-term survival remains uncommon.
GBM can be roughly divided into three different molecular subtypes, each
varying in aggressiveness and treatment resistance. Recent evidence shows
plasticity between these subtypes in which the proneural (PN) glioma stem-
like cells (GSCs) undergo transition into the more aggressive mesenchymal
(MES) subtype, leading to therapeutic resistance. Extracellular vesicles (EVs)
are membranous structures secreted by nearly every cell and are shown to
play a key role in GBM progression by acting as multifunctional signaling
complexes. Here, it is shown that EVs derived from MES cells educate PN
cells to increase stemness, invasiveness, cell proliferation, migration poten-
tial, aggressiveness, and therapeutic resistance by inducing mesenchymal
transition through nuclear factor-kB/signal transducer and activator of
transcription 3 signaling. The findings could potentially help explore new
treatment strategies for GBM and indicate that EVs may also play a role in

1. Introduction

Gliomas account for about 80% of all
malignant CNS tumors, of which glio-
blastoma (GBM) is the most common
and malignant form.[!! Despite a multi-
modal treatment approach including sur-
gery, radiation, and temozolomide (TMZ)
chemotherapy, the prognosis remains
dismal. The Central Brain Tumor Reg-
istry reports that the five-year survival
rate of adult patients with GBM is 4.3%.
Although tumors may initially respond
to this treatment armamentarium, recur-
rence remains inevitable.’ Large-scale
genomic, epigenomic, and transcrip-
tomic characterization of different sub-
types has provided valuable insights into

mesenchymal transition of different tumor types.

the heterogeneous landscape of GBM.[6~]
Notably, comprehensive longitudinal
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analyses of the tumor transcriptome have classified GBM into
three distinct subtypes: proneural (PN), mesenchymal (MES),
and classical.® In addition to the complex intertumoral
heterogeneity, single-cell RNA sequencing has revealed the
presence of various transcriptome subtypes within the same
tumor.'!l This intricate intratumoral heterogeneity plays a
major role in rendering conventional and targeted therapies
ineffective.l'>™ A small subpopulation of neural stem-like
cells within the tumor, called glioma stem cells (GSCs), is
thought to be the source of tumor initiation and recurrence.!"”!
GSCs have been shown to act as a driving factor in radio- and
chemoresistance via activation of pathways involved in DNA
damage response and/or repair.'®Vl MES GSCs display a
more aggressive phenotype and increased radio/chemoresist-
ance compared to other subtypes.'®1% PN GSCs may acquire
therapeutic resistance and more aggressive characteristics by
shifting their phenotype and genotype toward a MES state,
similar to the well-characterized epithelial-mesenchymal
transition.?”l In GBM, this phenotypic transition, resulting
in therapeutic resistance and poor patient prognosis, is pro-
moted by nuclear factor-kB (NF-kB) activation.!$2122] The
activation of several oncogenic transcription factors including
signal transducer and activator of transcription 3 (STAT3) and
release of pro-inflammatory cytokines is promoted by aber-
rant NF-kB signaling."®] Notably, STAT3 signaling is a crucial
driver of MES transition and maintenance of proliferation as
well as selfrenewal of GSCs.l'82324 Interestingly, PN GSCs
exposed to radiotherapy have been shown to downregulate
PN-associated markers while upregulating MES-associated
markers.[%]

Extracellular vesicles (EVs) are a heterogeneous group of
membrane-limited vesicles characterized by their biogenesis,
originating from the plasma membrane or endosome. EVs are
released by most, if not all, cell types and contain active mole-
cules such as nucleic acids, lipids, and proteins.[?%?! Based
on their mode of biogenesis, EVs can be roughly divided
into two main categories: microvesicles and exosomes.[2°l
Exosomes originate within the endosomal system, whereas
microvesicles are generated by the outward budding of mem-
brane vesicles from the cell surface.?! In this study, we do
not differentiate between exosomes and microvesicles and
collectively refer to them as EVs. The lipid bilayer structure
of EVs allows for protected and directed transfer of active
molecules between cells and potential exertion of biological
functions.[?”]

In fact, EV-mediated communication is thought to be a cru-
cial driver in tumor progression and treatment resistance. Met-
astatic and migratory potential of one cell can be transferred to
a recipient cell via EVs.2%32 EVs are involved in many aspects
of communication between GBM cells and their microenviron-
ment, including cell migration, reprogramming, homing, and
potential protection against therapeutic agents.l3-38]

Here, we show that MES GSC derived EVs modulate migra-
tory potential, stemness, invasiveness, proliferation, and treat-
ment resistance of PN GSCs. We further demonstrate that EVs
play a key role in GBM intratumoral heterogeneity and MES
EVs increase proliferation and chemotherapeutic resistance of
PN cells through NF-xB/STAT3 signaling, both in culture and
in mouse patient-derived xenograft models.
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2. Experimental Section

2.1. Cell Culture

Primary glioma stem cells (GSCs) were derived from resected
tumor tissue of GBM patients undergoing treatment at the
Massachusetts Generals Hospital (provided by Dr. Hiroaki
Wakimoto) or The Ohio State University James Comprehen-
sive Cancer Center, in accordance with the appropriate institu-
tional review board approval. All GSC lines used in this study
including proneural cells (BT07, MGG6, MGG8 and PN157) as
well as mesenchymal cells (MES83 and MES326) were previ-
ously characterized.?239#1 Cells were cultured as neuro-
spheres and maintained in Gibco Dulbecco’s Modified Eagle
Medium: Nutrient Mixture F-12 (Thermo Fisher Scientific)
containing the following supplements: 3 x 1073 m r-glutamine,
1:50 B27 (Life Technologies), 20 ng mL™ human recombinant
EGF (R&D Systems), and 20 ng mL™! human recombinant
bFGF-2 (Peprotech). Nanoparticle tracking analysis was per-
formed to confirm that the cell culture medium used had no
detectable amounts of EVs. Neurospheres were dissociated
using Accutase (Innovative Cell Technologies) before every
passage and cultured in a humidified incubator with 5% CO,
at 37 °C. Cells were counted using a Bright-Line Hemocytom-
eter (Sigma).

2.2. Reagents and Constructs

Recombinant human TNFo was purchased from Pep-
rotech. Cell viability reagent alamarBlue was purchased
from Thermo Fisher Scientific and used as recommended
by the manufacturer. Temozolomide and PKH67 were
obtained from Sigma Aldrich. C/EBPP shRNA construct was
obtained from Sigma MISSION library (TRCN0000007440)
and packaged into a lentivirus vector by the MGH Vector
Core Facility.

2.3. EV Concentration from Conditioned Media

EVs were isolated by differential centrifugation (DC) or
size exclusion chromatography (SEC). For DC, 5 x 10° cells
were seeded in four to eight 150 mm TC-treated cell culture
dishes (Corning) in 20mL supplemented EV-free neurobasal
culture medium and collected 48h later. This conditioned
medium was subject to serial centrifugation steps combined
with filtration: 1) 300 x g for 10 min at 4°C (Thermo Scien-
tific Sorvall Four-Place Swinging Bucket Rotor); 2) 2000 X
g for 10min at 4°C (Thermo Scientific Sorvall Four-Place
Swinging Bucket Rotor); 3) filtration through 0.8 pm filter
(Millipore); 4) filtrate centrifuged at 100000 g in 70 Ti rotor
for 2h at 4 °C in polypropylene tubes (Beckman Coulter).
The resulting pellet was resuspended in cold phosphate buft-
ered saline (PBS) (double filtered with a 0.22 pm pore size
membrane syringe filter (Millipore)) and situated on ice for
30 min, leaving the initial pellet spot covered. Finally, the
pellet was resuspended by trituration with a pipette, trans-
ferred into a 1.5 mL microfuge tube, and stored at —80°C.
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For SEC, the conditioned medium was centrifuged at 300 x
g for 10min at 4°C to remove floating cells. 12 mL of the
cell-free medium was placed into a 100 kDa Amicon Filter
(Millipore) and centrifuged at 5000 x g for 20min in a fixed
angle rotor at 4°C. 0.5mL of the concentrate was applied on
the SEC column (qEVoriginal/70nm, Izon) following the
column equilibration procedure according to the manufac-
turer’s protocol. The sample was eluted by addition of PBS
solution (freshly double filtered through 0.22 um Millipore
filter). An Automatic Fraction Collector (Izon) was used to
collect EV-relevant fractions (“EV Zone” according to manu-
facturer’s protocol) of 500 uL. Fractions were combined and
placed into a 100 kDa Amicon Filter (Millipore) and cen-
trifuged at 5000 x g for 20 min at 4 °C to concentrate EVs.
Samples were transferred into a 1.5 mL microfuge tube and
stored at —80 °C.

2.4. EV Quantification

EV concentration and size was analyzed by means of
NanoSight LM10 instrument (Malvern, Framingham, MA)
equipped with an AVT MARLIN F-033B IRF camera (Allied
Vision Technologies) and NTA 3.1 Build 3.1.46 software. All
nanoparticle tracking analyses were carried out with iden-
tical experiment settings (Camera Level = 12, Detection
Threshold = 4). Particles were measured for 30 s, and for
optimal results, EV concentrations were adjusted to obtain
=50 EVs per field of view. Each sample was imaged in at least
5 technical replicates.

2.5. EV Treatment

PN GSCs were treated with 2 x 101° EVs mL™ (unless otherwise
specified) derived with either DC or SEC every other day over
eight days unless otherwise specified. For quantitative reverse
transcription polymerase chain reaction (qRT-PCR) experi-
ments, GSCs were treated with 2 x 10 EVs mL™ and incubated
for 24 h before RNA extraction. For Western blot experiments,
GSCs were treated with 2 x 10'° EVs mL™! for two days before
protein isolation. Experiments depicted in Figures 2F and 4G
were performed with SEC EVs; remaining experiments were
conducted using DC EVs.

2.6. In Vitro EV Uptake Experiment

BT07 GSCs expressing mCherry and MES83 GSCs expressing
palmGFP (thereby labeling the EV surface®]) were dissoci-
ated and cocultured in supplemented neurobasal medium
(as described above). Cocultured sphere formation and EV
uptake was monitored using a Keyence Fluorescence BZ-X800
inverted microscope. For PKHG67-labelled EV uptake experi-
ments, MGG8 GSCs were incubated with 10 ng uL! of PKH67-
labelled (following manufacturer’s instructions) EVs derived
from MES83 GSCs. Twenty-four hours later, cells were washed
with PBS before fluorescence analysis using a Nikon eclipse
TE2000-U inverted microscope.
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2.7. Electron Microscopy

EVs were isolated by differential centrifugation, resuspended
in 20 uL double-filtered PBS and kept at 4 °C for further pro-
cessing as described. Briefly, an equal volume of 4% para-
formaldehyde (PFA) was added to the EV sample and incubated
for 2 h and 3 pL of each EV solution was applied onto grids and
incubated in 2% PFA for 20 min. Sample were then transferred
to a wax strip, washed with PBS, incubated in 50 x 1073 m gly-
cine/PBS for 5 min and blocked in 5% bovine serum albumin
(BSA)/(PBS) for 10 min. Samples were then washed with PBS
and incubated with 1% glutaraldehyde for 5 min. After several
wash steps with H,O, the grids were incubated in uranyl oxa-
late for 5 min and in 1% methyl cellulose:4% uranyl acetate
(9:1) for 10 min on ice. Excess liquid was removed, and the
grids were air-dried for 5-10 min. EVs were analyzed using a
JEOL 1100 transmission electron microscope (JEOL, Peabody,
MA) at 60 kV, and images were obtained with an AMT digital
camera (Advanced Microscopy Techniques, Woburn, MA).

2.8. Scratch Assay

A scratch assay was performed to assess the migratory poten-
tial of EV treated cells as previously described.?>*! In brief, EV
treated GSCs cultured in the presence of 0.025 mg mL™ Syn-
themax II-SC substrate (Corning) to induce a monolayer were
scratched using a pipette tip to create a wound. Medium was
immediately refreshed and 2 x 10'® mL™! EVs were added. Cells
migrating from the leading edge were photographed at dif-
ferent time points using phase-contrast microscopy. Distance
was measured in 10x field using Image] (National Institutes of
Health).

2.9. Sphere Formation Assay

EV treated GSCs were dissociated and different number of cells
were seeded into a 96-well plate in 6 replicates. After 10 days,
neurospheres of >50 um in diameter were counted.

2.10. 3D Tumor Sphere Invasion Assay

GSCs were dissociated and treated with 2 x 10" EVs mL™! for
2 days. Equally sized tumor spheres were transferred into a 96
well plate and embedded in Corning Matrigel. Spheres were
imaged 1, 4, and 21 h post seeding. Sphere invasion was ana-
lyzed with Image] (National Institutes of Health) and normal-
ized to timepoint 1h (initial sphere size).[*]

2.11. TMZ Resistance Assay

GSCs were treated with EVs every other day for 8 days with
2 x 10 EVs mL™. These cells were then seeded in 96-well
plates (3 x 103 cells per well), treated with the indicated dose of
TMZ and cell viability was assessed 72 h later with alamarBlue
(following the manufacturer’s protocol).
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2.12. Radiotherapy Resistance Assay

GSCs were treated once with 2 x 10° EVs (Figure 2F) or every
other day for 8 days. Treated cells were subjected to different
doses of ionizing radiation and seeded in 96-well plates (3 x 10°
cells per well) and cell viability was assessed 6 days later with
alamarBlue.

2.13. In Vivo Orthotopic GSCs Model

All animal experiments were approved by the Massachusetts
General Hospital Subcommittee on Research Animal Care and
complied with guidelines set forth by the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.
For the coinjection experiment, 5 X 10* of either MES83-Fluc
or PN157-Gluc cells, or a mixture of 2.5 x 10* cells of each
cell line were stereotactically implanted in 2 uL PBS using a
30-gauge Hamilton syringe into the left forebrain of nude mice
(2.5 mm lateral and 0.5 mm anterior to bregma, at a 2.5 mm
depth from the skull surface). For ex vivo EV modulation exper-
iments, 3 x 10* MGG8-Fluc GSCs or the same cells treated with
MES83 EVs were stereotactically implanted in the brain of mice
as above. Tumor growth was monitored by Fluc and/or Gluc
bioluminescence imaging using a Xenogen IVIS 200 Imaging
System (PerkinElmer), after intraperitoneal (i.p.) injection of
p-luciferin (150 mg kg™ body weight; Gold Biotech, St. Louis,
MO) for Fluc imaging or retro-orbital injection of coelentera-
zine (5 mg kg™! body weight; Nanolight) for Gluc imaging.!*!
Image intensity was quantified using Living Image software
4.3.1 (PerkinElmer).

2.14. RNA Isolation and Quantitative Real-Time PCR (q-PCR)

Cells were lysed and RNA was extracted using the RNeasy
mini kit (Qiagen) followed by cDNA synthesis using 5x All-
In-One RT MasterMix kit (abm). Expression of different genes
was analyzed by quantitative real-time PCR using specific
primers, with GAPDH and/or ACTB as an internal control (in
triplicates) using a QuantStudio 3 PCR system (Applied Bio-
systems). The expression of various human genes analyzed
in this study included: CD44, MMP2, NCAD, VIM, NESTIN,
OCT4, CD133, OLIG2, SOX2, ICAM1, TNFAIP3, C/EBPB,
GAPDH, and ACTB. The sequence of all primers was obtained
from the MGH primer bank (https://pga.mgh.harvard.edu/
primerbank).

2.15. Western Blotting

Cell and EV pellets were suspended in RIPA buffer (Boston
Bioproducts) containing 1x protease inhibitors cocktails
(Boehringer Mannheim) and phosphatase inhibitors (Thermo
Fisher Scientific). Thirty micrograms of protein were electro-
phoresed in Novex Tris-Glycine Gels (ThermoFisher), trans-
ferred to nitrocellulose membranes (Bio-Rad) followed by
blocking in 5% nonfat milk in TBS/0.1% TWEEN for 1 h. Mem-
branes were probed overnight with the primary antibody in
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2.5% milk and TBS/0.1% TWEEN. The primary antibodies used
were: Phospho-NF-kB p65 (Cell Signaling), NF-xB p65 (Cell
Signaling), Phospho-STAT?3 (Cell Signaling), STAT3 (Cell Sign-
aling), C/EBPJ (Cell signaling), TSG101 (Abcam), Alix (Santa
Cruz), Flotillin-1 (Abcam), CD44 (Cell signaling), SOX2 (Cell
Signaling), GAPDH (Cell Signaling), and B-Actin (Cell Sign-
aling). Anti-rabbit HRP-linked antibody (Cell Signaling) or anti-
mouse HRP-linked antibody (Cell Signaling) corresponding to
the primary antibody was used as a secondary antibody. Pro-
teins were visualized with SuperSignal West Pico PLUS Chemi-
luminescent Substrate (Thermo Fisher).

2.16. NF-xB Reporter Activity

A dual secreted luciferase reporter system was used to monitor
NF-kB activity as previously described.*¥! Cells were cotrans-
duced with two lentivirus vectors expressing Gaussia luciferase
(Gluc) under NF-xB transcription responsive elements, as
well as Vargula hilgendorfii luciferase (Vluc) under a constitu-
tively active SV40 minimal promoter. At indicated time points,
30-50 uL aliquots of conditioned medium were collected, trans-
ferred into a 96-well white plate and assayed for Gluc and Vluc
activity by adding 50 pL of either coelenterazine (20 x 107° w;
Nanolight) or Vargulin (5 ng mL™; Nanolight) and acquiring
bioluminescence signal using Synergy HTX multimode reader
(Biotek).

2.17. Statistical Analysis

GraphPad Prism (v.7.0a) was used for statistical analysis of
all data. Graphs and figures were generated using GraphPad
Prism (v.7.0a) and Adobe Illustrator CS6. All cell culture experi-
ments consisted of a minimum of three independent repli-
cates and were repeated at least three times. The results are
presented as the mean + SD or SEM. Normality of distribu-
tion was verified by applying a Shapiro-Wilks test for nor-
mality. Groups with normal distribution were compared with
Student’s t-test or ANOVA. Groups with distribution deviating
from normal were compared using Mann-Whitney test. Exper-
iments involving animal survival were analyzed using a log-
rank (Mantel-Cox) test and plotted as Kaplan-Meier survival
curves using GraphPad Prism v.70a. Results were considered
significant for p values<0.05 (*p < 0.05; **p < 0.01; ***p <
0.001).

3. Results

3.1. GSC Derived EVs Modulate Proliferation and Migratory
Potential of Recipient Cells

The uptake of EVs was first confirmed by coculturing MES83
GSCs expressing palmGFP (thereby labeling secreted EV
membranes®)) with BT07 PN GSCs expressing mCherry
fluorescent protein. GSC spheroids grew together to form
cospheres where a dotted green fluorescent pattern on
BT07 GSCs was observed, indicating potential EV exchange
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Figure 1. Visualization and characterization of GSC-derived EVs and their transfer between different GBM subtypes. A) MES83 GSCs expressing
palmGFP (top left) and BTO7 GSCs expressing mCherry (top right) were dissociated and cocultured, resulting in cospheres (bottom); scale bar, 500 pm.
B) Dotted fluorescent pattern on BT07 GSCs indicates EV transfer from MES83 to BT07 GSCs; scale bar, 50 um. C) Transmission electron microscopy
images of MES and PN GSCs-derived EVs; scale bar, 250 nm. D) Western blot analysis for vesicle markers (TSG101, Flotillin, and ALIX) enriched in

EV lysates compared to their originating cell.

(Figure 1A,B). Similar results were obtained when MES83 EVs
were labeled with PKH67 dye and incubated with MGG8 PN
GSCs, confirming sufficient EV binding/uptake in a different
cell line (Figure S1A, Supporting Information). EVs released
from MES and PN GSCs used in this study were then char-
acterized. A smaller sized peak (around 70 nm) was observed
after performing NTA with the control nonconditioned media.
However, the detected signal does not reflect a typical EV pro-
file and is most likely caused by small particles/protein aggre-
gates in the media (Figure S1B, Supporting Information).
While there was no significant difference in the mean particle
size, MES GSCs released a higher number of EVs compared
to PN GSCs (Figure S1C,D, Supporting Information). Further,
the D90 diameter (defined as the diameter where 90% of the
distribution has a smaller particle size and 10% has a larger
particle size) of EVs derived from PN GSCs was larger com-
pared to EVs from MES GSCs (Figure S1D,E, Supporting Infor-
mation). Transmission electron microscopy images confirmed
presence of EVs in all sample preparations and may indicate
differences in EV morphology (Figure 1C). EV protein analysis
further confirmed enrichment of vesicular protein markers
(TSG 101, Flotillin-1, and ALIX) in EV samples compared to
their originating cell (Figure 1D).

The modulatory effect of EVs derived from GSCs with dif-
ferent molecular subtypes in recipient GBM cells was then
investigated. First, proliferation assays were performed in dif-
ferent PN recipient GSCs (MGG6, BT07) and it was observed
that treatment with MES83-derived EVs increased prolifera-
tion of PN cells over time as monitored by alamarBlue and
secreted Vluc reporter system (Figure 2A and Figure S1F-H,
Supporting Information). It was asked whether EVs derived
from various GSCs could further modulate the migratory
potential of recipient PN cells. Utilizing a scratch wound
healing assay, it was observed that PN MGGG6 GSCs treated
with MES83 EVs displayed a significantly greater migration
potential compared to the PBS treated group, in a similar
manner to control MES83 cells (Figure 2B). Interestingly,
increased MGG6 migration was observed when treated with
their own MGG6 PN cells. These results indicate that EVs
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in general, and MES83 EVs in particular, enhance migratory
potential of recipient GSCs.

3.2. MES EVs Increase Stemness and Invasiveness of Recipient
PN GSCs

To investigate whether EVs from a specific GSC subtype can
modulate recipient GSCs, PN157 GSCs were treated with either
MES83-derived EVs or PN MGG6 EVs followed by limiting dilu-
tion and sphere formation analysis. An increase in neurosphere
formation was observed with recipient cells treated with MES83
EVs but not MGG6 PN EVs (Figure 2C). To elucidate the role
of EVs in GSC invasiveness, a 3D tumor sphere invasion assay
was performed and it was observed that MES83 EVs induced
a significant increase in PN157 GSC invasiveness (Figure 2D).
These results suggest that MES EVs amplify recipient GSCs
self-renewal and invasion properties.

3.3. MES EVs Induce Therapeutic Resistance in PN GSCs

Since MES EVs induced self-renewal and proliferation of PN
cells, it was hypothesized that MES EVs could also increase
their treatment resistance. MGG6 PN GSCs were incubated
with either MES83- or MGG6-derived EVs and were sub-
jected to different doses of temozolomide (TMZ). MES83 EVs
lead to an increase in TMZ resistance in recipient cells, in a
similar trend to the MES83 GSC positive control (Figure 2E).
Similarly, a single treatment of PN157 GSCs with MES326
EVs resulted in an increased resistance to radiation therapy
(Figure 2F). These results were confirmed in different recip-
ient PN cells (MGG8) and different MES donor cells (MES83)
and EVs isolated with either DC or SEC, confirming that the
observed effect is EV-specific and not related to other free
proteins/contaminants obtained during DC (Figure S1I, Sup-
porting Information). Collectively, these results show that EVs
derived from MES GSCs lead to chemo- and radio-resistance
in recipient PN cells.
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Figure 2. GSC-derived EVs modulate proliferation, migratory potential, stemness, invasiveness, and treatment resistance in recipient GSCs. A) MGG6
were treated with either MGG6 or MES83-derived EVs or PBS and cell proliferation was monitored at different time points by alamarBlue; MES83
cells were included as a positive control. B) MGG6 GSCs monolayer was treated with EVs derived from MGG6, MES83, or PBS control, scratched,
and analyzed by microscopy at different time points. MES83 cells were used as a positive control. Representative images (right) and quantification of
migratory cells (left) are shown. C) PN157 cells were treated with either MES83, PN MGG6-derived EVs or PBS control followed by plating different
number of cells, down to a single cell, and 10 days later, spheres > 50 um in diameter were counted. Micrographs of neurospheres are shown in the
right panel; scale bar, 100um. D) PN157 cells were treated with either EVs derived from MES83 or PN157 or PBS control and seeded to allow sphere
formation. Equally sized spheres were transferred to a Matrigel-containing 96 well plate. Sphere invasion was imaged after 1, 4, and 21 h. Micrographs
of neurospheres at different time points are shown in the right panel; scale bar, 500um. E,F) PN GSCs were cultured with different MES GSC-derived
EVs and treated with different doses of E) temozolomide or F) ionizing radiation and cell viability was analyzed 3 or 6 days later, respectively; *p < 0.05;

#4*p < 0.01; ***p < 0.001 as analyzed by ANOVA (n = 3).

3.4. MES Cells Modulate Growth of PN Cells and Mouse
Survival in Patient-Derived Xenograft Models

To corroborate the data observed in culture, the influence of
MES cells/EVs was evaluated on PN cell growth in vivo using
dual bioluminescence imaging. 5 x 10* GSCs of either PN157-
Fluc cells, MES83-Gluc cells, or a mixture of 2.5 x 10* of
each GSCs were stereotactically implanted (Figure 3A). Bio-
luminescence imaging performed 14 days after implantation
showed that PN cells, when coinjected with MES cells, exhib-
ited a significantly increased Fluc signal and therefore PN
tumor growth, compared to PN cells implanted alone. The
average Fluc activity in PN cells (normalized to implanted
cell number) was around 7-fold higher when coinjected
with MES cells compared to PN cells implanted alone (p =
0.0047, n = 6 per group; Figure 3B). On the other hand, no
significant change in Gluc signal was observed in MES cells
injected alone or together with PN cells (Figure 3C). Further,
and as expected, mice implanted with PN tumors exhibited a
significantly longer survival compared to their MES counter-
parts (n = 6 per group; p = 0.0007; Figure 3D). Interestingly,
mice injected with a mixture of PN and MES cells showed
a very similar survival rate (with no significant difference)
compared to mice injected with MES cells alone (p = 0.1732
MES + PN vs MES cells; p = 0.007 MES + PN vs PN cells;
Figure 3D).
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3.5. EVs Modulate Growth and Therapeutic Resistance
of GSCs in Patient-Derived Xenograft Models

To confirm that the observed enhanced PN tumor prolifera-
tion is mediated by EVs, MGG8-Fluc PN GSCs were preheated
with MES83 EVs (every other day for 8 days) ex vivo and then
implanted into the brain of mice. Again, a significant increase
in tumor growth was observed in PN GSCs pretreated with
MES EVs compared to control. At day 30, the average relative
median Fluc activity in PN cells pretreated with MES EVs was
around 10-fold higher compared to control PN tumors (n =
7 per group, p = 0.0013; Figure 3E).

To confirm that MES EVs lead to therapeutic resistance in
vivo, the same experiment was repeated above where PN cells
were pretreated with MES EVs and injected in the brain of
mice. Once tumor reached a significant size, each group was
divided into 2 subgroups (n =5 per group) where one subgroup
was treated with TMZ (5 mg kg™ body weight daily over 5 days)
while the other group received a vehicle control. Although TMZ
treatment leads to a significant decrease in tumor volume in
both groups (p = 0.0256 MGGS8 + PBS CTRL vs MGG8 + PBS
TMZ; p = 0.0470 MGGS8 + PBS CTRL vs MGG + MES83 EVs
TMZ) (Figure 3F), the PN GSCs tumors precultured with MES
EVs showed reduced response to TMZ therapy. In addition,
TMZ led to a significant increase in mouse survival in both
groups (p = 0.0018 MGG8 + PBS CTRL vs MGGS8 + PBS TMZ;
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Figure 3. MES EVs increase PN cells proliferation and treatment resistance in patient-derived xenograft models. A) Workflow depicting labeling and
coinjection of PN and MES GSCs. PN157-Fluc, MES83-Gluc, or a combination of both GSCs were implanted in the brain of mice. Tumor growth for
each cell population was monitored by dual Fluc and Gluc bioluminescence imaging. B) Representative Fluc (PN cells) bioluminescence images of
mice from each group at 2 weeks post-injection is shown (right) and tumor-associated signal is quantified (left); **p = 0.0047, t-test (two-tailed); n =6).
C) Representative Gluc (MES cells) bioluminescence images of mice from each group at 2 weeks post-injection is shown (right), and tumor-associated
signal is quantified (left); p = 0.8182, Mann-Whitney test; n = 6). D) Kaplan—Meier survival curves for each group in (B) and (C) (p = 0.0007 MES vs
PN cells; p =0.1732 MES + PN vs. MES cells; p = 0.0007 MES + PN vs. PN cells; log-rank (Mantel-Cox) test; n =6 per group). E) MGG8-Fluc cells were
pretreated with MES83-derived EVs or PBS and implanted in the brain of mice. Tumor growth was monitored by Fluc imaging. Representative biolumi-
nescence images of mice from each group at day 30 postinjection are shown (right) and tumor-associated signal is quantified and normalized where
signals 2 weeks postinjection are set at 1 (left); **p = 0.0013 Mann-Whitney test; n =7 per group; F) The same experiment as in (D) was performed but
at day 27, each group of mice was divided in 2 different subgroups which either received TMZ or vehicle control and response to therapy was monitored
by Fluc imaging. Representative bioluminescence images of mice from each TMZ-treated group at day 31 postimplantation (or day 5 post-treatment)
is shown (right) and tumor-associated signal is quantified and normalized where signals before treatment are set at 1 (left); p = 0.0024 MGG8 + PBS
CTRL versus MGG8 + MES83 EVs CTRL; p = 0.0470 MGG8 + PBS CTRL versus MGG8 + MES83 EVs TMZ; p =0.0256 MGG8 + PBS CTRL versus MGG8
+ PBS TMZ; ANOVA; n =5 per group). G) Kaplan—Meier survival curves for each group in (F); p = 0.1107 MGG8 + PBS CTRL versus MGG8 + MES83
EVs CTRL; p=0.0136 MGG8 + PBS CTRL versus MGG8 + MES83 EVs TMZ; p =0.0018 MGG8 + PBS CTRL versus MGG8 + PBS TMZ; p = 0.0471 MGG8
+ PBS TMZ versus MGG8 + MES83 EVs TMZ; Log-rank (Mantel-Cox) test; n = 5) (*p < 0.05, **p < 0.01, ***p < 0.001).

p = 0.0136 MGGS8 + PBS CTRL vs MGG + MES83 EVs TMZ).
Importantly, mice bearing PN GSCs precultured with MES EVs
showed a significant decrease in mouse survival compared to
PN cells precultured with PBS, both treated with TMZ. Three
out of five mice from the MGG8 + PBS TMZ group survived
140 days post injection, but all mice from the MGG8 + MES
EV TMZ group died by day 105 (median survival for MGG8 +
PBS TMZ is 141 days vs 81 days for MGG8 + MES EV TMZ; p =
0.0471; Figure 3G).

Altogether, the results suggest that EVs derived from the
more aggressive MES GSCs can modulate PN GSCs, leading
to an increase in their proliferation and resistance to radio- and
chemotherapy.

3.6. MES EVs Promote GSCs Aggressiveness and Mesenchymal
Transition through NF-xB/STAT3 Signaling

The results showed that EVs derived from MES GSCs lead to
increased aggressiveness and therapeutic resistance, features
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of the mesenchymal GBM subtype. It was therefore evaluated
whether EVs induce mesenchymal transition in recipient cells.
Indeed, PN GSCs treated with EV-derived from MES GSCs
showed increased expression of MES Markers (CD44, MMP2,
NCAD and VIM) and stemness markers (Nestin, OCT-4) as
analyzed by qRT-PCR (Figure 4A,C). Interestingly, MES EVs
lead to a decrease in PN markers (CD133, Olig2 and SOX2) in
recipient cells (Figure 4B). Surprisingly, EVs derived from PN
cells had no effect on MES or PN markers but lead to a decrease
in stemness marker OCT-4 in recipient PN cells (Figure 4A-C).
These results were reproducible in a different PN recipient cell
line (PN157; Figure 2A, Supporting Information) and confirmed
by Western blotting in 2 PN cells (MGG8 and BTO07; Figure 4D).
Interestingly, EV protein content analysis revealed presence of
CD44 in MES cells and their corresponding EVs but not in PN
cells or their EVs, while SOX2 is only expressed in PN GSCs
but does not appear to be significantly packaged in their EVs
(Figure 4E).

The NF-xB pathway plays an essential role in MES transi-
tion and acquired tumor treatment resistance in GBM.*-1
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Figure 4. EVsinduce mesenchymal transition through NF-kB/STAT3 signaling in recipient PN cells. A-C) MGG6 PN GSCs were treated with EV-derived
from either MGG6 or MES83 GSCs for 24 h and analyzed by qRT-PCR for different A) mesenchymal, B) PN, and C) stemness markers. D) Different PN
cell lines (MGG8 and BT07) were treated with PBS or EVs collected from MGG8, BT07, or MES83 GSCs. Cell lysates were analyzed by Western blotting
for CD44, SOX2 and B-actin loading control. E) Cell and EV lysates were analyzed by Western blotting for SOX2, CD44 and GAPDH loading control.
F) Time-dependent NF-kB-Gluc activity (normalized to SV40-Vluc internal control) in MGG8 GSCs treated with TNFo. (5 ng mL™"), MGG8 EVs, MES326
EVs, or MES83 EVs. G) MGG8 PN GSCs were treated with PBS or EVs collected from MGG8, MGG8 cells expressing scrambled shRNA control (MGG8
shCTRL), MES83 expressing shCTRL (MES83 shCTRL), or MES83 expressing shRNA against C/EBPPB (shC/EBPJ). Cell lysate was analyzed by Western
blotting for p-STAT3, STAT3, p-p65, p65, C/EBPJ, and B-actin loading control. ANOVA (*p < 0.05; **p < 0.01; ***p < 0.001; n > 3).

Interestingly, a significant increase in mRNA expression of
NF-xB target genes (ITNFAIP3, ICAM1) was detected 24 h
after post-treatment with MES EVs in different PN GSC lines
(PN157, MGG6, MGGS8, BT07; Figure S2B, Supporting Infor-
mation), and this increase appears to be dose-dependent,
with the most significant effect after addition of 2-4 x 10%°
EVs mL™ (Figure S2C,D, Supporting Information). These
results were confirmed by an increased expression of NF-xB
reporter luciferase activity over time in response to EVs from
different MES donor GSCs (MES83, MES326) and in different
PN recipient GSCs (PN157, BT07, MGGS; Figure 4F and
Figure S2E,F, Supporting Information). Western blot analysis
showed that PN cells treated with MES EVs induced increased
phosphorylation of p65 (ser536), a marker for NF-kB activa-
tion (Figure 4G).

NF-kB signaling promotes the release of proinflammatory
cytokines and activation of several oncogenic transcription
factors.®l Signal transducer and activator of transcription 3
(STAT 3) and CCAAT/enhancer binding protein b (C/EBPP) are
master regulators of the MES signature that act downstream of
NF-kB.[?*52 Western blot analysis on PN MGGS$ cells treated
with MES83 EVs (collected by SEC) revealed that increased
phosphorylated-p65 coincided with increased levels of phospho-
rylated-STAT3 (pSTAT3) and C/EBPJ (Figure 4G). Importantly,
knockdown of C/EBPf in the MES donor GSCs prior to EV con-
centration and treatment reversed phosphorylation of p65 and
STAT3 as well as decreased C/EBP levels in recipient PN cells.
These findings suggest that MES EVs upregulate NF-kB and
STAT3 activity in recipient PN cells through C/EBP, pointing
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to the causal mechanism that may be involved in EV-mediated
MES transition and therapeutic resistance.

Altogether, the findings show that MES GSCs release EVs
which are then taken up by PN cells, leading to their enhanced
stemness, proliferation, migratory potential, invasiveness, and
therapeutic resistance through NF-kB/STAT3 mediated mesen-
chymal transition.

4, Discussion

Extracellular vesicle-mediated cell communication within the
tumor or its microenvironment has been shown to be a crucial
driver of tumor invasion, migration, progression, and thera-
peutic resistance.33-38 We focused our study on the role of EVs
within the different GSC populations/subtypes in glioblastoma
(GBM). We showed that EVs secreted from GSCs with the
aggressive mesenchymal subtype could modulate GSCs with
the PN subtype by inducing mesenchymal transition, thereby
increasing migratory potential, stemness, invasiveness, pro-
liferation as well as chemo- and radiotherapeutic resistance
within the same tumor. Our results underline the role of EVs
in maintaining intratumoral heterogeneity in different cancers,
including GBM.1*®!

We add new insights in the role of EVs in GSC plasticity by
demonstrating that PN GSCs treated with EVs from MES cells
exhibit a shift toward a mesenchymal state through NF-«xB/
STAT3 signaling. Tumor-derived EVs carry a pro-epithelial to
mesenchymal transition program that enhances the invasive
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and migratory capabilities of recipient cells and contributes
to premetastatic niche formation.’] In GBM specifically, a
shift from a PN to a MES subtype can occur and is commonly
observed in patients following radiation therapy and chemo-
therapy during recurrence. Unbiased interrogation of a
glioma-specific regulatory network revealed that two transcrip-
tion factors, STAT3 and C/EBPP, act as synergistic initiators
and master regulators of MES transition.? Abnormal coex-
pression of STAT3 and C/EBPP reprograms neural stem cells
along the aberrant MES lineage.?* Elimination of these two
factors in glioma cells led to a collapse of the MES signature,
thereby reducing tumor aggressiveness.?* Minata et al. demon-
strated that C/EBPP, but not STAT?3, is responsible for the ion-
izing radiation-induced shift to MES signature in PN cells.[?’]
We showed that EVs from MES GSCs induce mesenchymal
transition in recipient PN cells through an increase in activa-
tion of NF-kB/STAT3 signaling, mediated by C/EBPP. Clini-
cally, our data may provide the rationale to inhibit EV release,
interfere with selective EV uptake, or use inhibitors of NF-kB
or STATS3 to hinder MES transition. Targeting intratumoral EV
crosstalk may reduce protumoral effects of EVs and subsequent
GBM aggressiveness and recurrence.

Although we demonstrate that EVs derived from C/EBPf-
deprived MES cells reverses activation of NF-kB/STAT3 in
recipient PN cells, other EV cargo composites may also be
involved in this acquired aggressiveness and treatment resist-
ance in recipient cells. Interestingly, the content of EVs mir-
rors the phenotypic signature of corresponding secreting
GSCs, allowing potential development of biomarkers for GBM
subtyping.1**>%! Further, mRNA expression profiles reflective of
TMZ resistance are also mirrored in the transcriptome of their
corresponding EVs.’® Additional studies are needed to inves-
tigate the exact molecular makeup of MES GSC derived EVs
and especially their mesenchymal transition inducing content.
Earlier findings have shown that EVs transfer of p-STAT3 pro-
motes resistance to 5-fluorouracil (5-FU) in colorectal cancer
cells.’l A similar mechanism could be responsible for the
STAT3/NF-xkB activation and resulting mesenchymal tran-
sition in GBM since we also see increased p-STAT3 levels
in recipient cells. Further, apoptotic GBM cells undergoing
therapy secrete EVs loaded with components of spliceosomes,
thereby altering RNA splicing in recipient surviving tumor
cells, leading to a more aggressive phenotype and eventual
therapeutic resistance.’ External stimuli from the tumor
microenvironment play a pivotal role in PMT.”) GSCs can
acquire mesenchymal features upon stimulation by secretory
cytokines such as TGF-B.° Epigenetic regulation by histone
modification, DNA methylation, and chromatin remodeling
is an additional mechanism by which GBM cells can undergo
malignant transformation.*2 Furthermore, miRNAs and
long noncoding RNAs have been shown to play an essential
role in GBM pathogenesis and mesenchymal transition.[63-6¢]
It would be interesting to evaluate all of these events in the
context of EVs and whether some of these factors are also
responsible for the phenotypic switch observed during cellular
EV exchange.

The EV concentration used in this study is based on dose
escalation analyses where PN GSCs were treated with dif-
ferent concentrations of MES EVs followed by the evaluation of
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various mesenchymal markers. Under our assay conditions, the
most significant effect was observed after addition of 2-4 x 10%
EVs mL™! and therefore this concentration range was used
throughout the study. The actual in vivo EV exposure may be
different as cells continuously secrete and exchange EVs. At this
point, it is technically challenging to evaluate the exact number
of EVs secreted by any given cell. Future studies may overcome
this challenge as more accurate and reliable EV quantification
and imaging methods evolve.

In summary, we show that EVs play a crucial role in main-
taining intratumoral heterogeneity and GBM plasticity by
changing the phenotypic behavior and transcriptomic composi-
tion of recipient GSCs, mirroring characteristics of EV donor
cells, and leading to therapeutic resistance through NF-xB/
STAT3 signaling.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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