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ABSTRACT ARTICLE HISTORY
Pathological angiogenesis is a hallmark of several conditions including eye diseases, inflammatory Received 29 August 2019
diseases, and cancer. Stromal cells play a crucial role in regulating angiogenesis through the  Revised 4 January 2020
release of soluble factors or direct contact with endothelial cells. Here, we analysed the properties ~ Accepted 7 April 2020
of the extracellular vesicles (EVs) released by bone marrow mesenchymal stromal cells (MSCs) and  keyworbps

explored the possibility of using them to therapeutically target angiogenesis. We demonstrated Angiogenesis; adenosine;
that in response to pro-inflammatory cytokines, MSCs produce EVs that are enriched in TIMP-1, extracellular vesicles;
CD39 and CD73 and inhibit angiogenesis targeting both extracellular matrix remodelling and endothelial cells; stromal
endothelial cell migration. We identified a novel anti-angiogenic mechanism based on adenosine cells

production, triggering of A,z adenosine receptors, and induction of NOX2-dependent oxidative

stress within endothelial cells. Finally, in pilot experiments, we exploited the anti-angiogenic EVs

to inhibit tumour progression in vivo. Our results identify novel pathways involved in the crosstalk

between endothelial and stromal cell and suggest new therapeutic strategies to target patholo-

gical angiogenesis.

Introduction a wounding event, fibroblasts enter in a proliferating
state and rapidly upregulate genes involved in matrix
remodelling [9], tissue repair [10] and angiogenesis
[11]. In particular, properly activated fibroblasts secrete
pro-angiogenic molecules, cytokines and growth fac-
tors including angiopoietin-1 (ANG-1), angiogenin,
interleukin-6 (IL-6), IL-8, vascular endothelial growth
factor (VEGF), fibroblast growth factor (FGF) and
granulocyte colony stimulating factor (G-CSF) [8,12].
On the other hand, pericytes are mural cells in direct
contact with endothelial cells (ECs) [13]. Pericytes con-
trol endothelial sprouting and proliferation, mainly by
enforcing contract strengths [14,15], and regulate ves-
sel plasticity, regression and thereby patterning of

Angiogenesis is a finely tuned process occurring
throughout life in both health and disease. It consists
in the growth of new blood vessels from the existing
ones and involves several processes, including endothe-
lial cell proliferation, migration, rearrangement of the
basement membrane and tubulogenesis [1-3].
Angiogenesis is directly involved in the pathophysiol-
ogy of several diseases, including the retinopathy of
prematurity (ROP), the age-related macular degenera-
tion (AMD) and the corneal neovascularization [4,5].
Furthermore, it is a hallmark of most inflammatory
diseases and solid cancers, as tumour cells require

energy and oxygen supply to grow, proliferate and
metastasise [6]. remodelling vascular networks [16].

The molecular mechanisms and players involved in Several reports have demonstrated that mesenchy-
the regulation of this multistep process, both in health mal stromal cells (MSCs) regulate vascular remodelling
and disease, have been deeply studied although not ~ and angiogenesis through mechanisms not entirely
completely identified [7]. The stromal compartment clarified. MSCs have been primary isolated as a non-
seems to play a key role in the regulation of angiogen- haemopoietic, tissue culture plastic adherent sub-
esis by acting through diverse mechanisms involving ~ fraction of bone marrow cells [17]. Nowadays, they
secretion of soluble factors as well as direct contact are recognized as key players of the haematopoietic
with endothelial cells [8]. For instance, in response to  stem cell (HSC) niche where they provide structural
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and environmental support to HSCs. In the bone mar-
row, MSCs have been identified as perivascular nestin-
expressing cells, closely associated with HSCs [18],
localized both into the central area of the marrow
and in the proximity of the endosteum [18,19].
Intriguingly, multiple studies have demonstrated that
bone marrow MSCs, as also MSCs from other sources,
modulate the vascular network [20,21]. Accordingly, by
inducing neovascularization, transplanted MSCs have
been shown to sustain amelioration of ischaemic hin-
dlimb [22], ischaemic brain [23], myocardial infarction
[24] and peripheral artery disease (PAD) [25].
A paracrine mechanism seems to drive the angiogenic
MSC potential [26]. Indeed, it has been reported that
the MSC-conditioned medium is enriched in numer-
ous pro-angiogenic factors, including ANG-1, placental
growth factor (PIGF), IL-6, monocyte chemotactic pro-
tein-1 (MCP-1), FGF, VEGF, transforming growth fac-
tor-p (TGF-B) and platelet-derived growth factor
(PDGF), thus sustaining the formation of new vessels
both in vitro and in vivo [27]. In addition, the pro-
angiogenic effects of MSCs seem to involve their extra-
cellular vesicles (EVs) [28].

EVs are defined as heterogeneous plasma membrane
vesicles, classified mainly by their size and cargo [29] that
can be released from various cell types [30]. It has been
reported that MSC-derived EVs enhance, for instance,
the neovascularization after ischaemic injury in a rat
myocardial infarction model [31]. Similarly, they
increased postischemic neuroangiogenesis after focal cer-
ebral ischaemia in mice [32]. In most cases, precise
mechanisms by which EVs exert their functions remain
to be elucidated. However, a recent proteomic analysis
reveals that MSC-derived EVs are strongly enriched in
several proangiogenic signalling associated proteins, such
as epithelial growth factor (EGF), FGF and PDGF [33].
Furthermore they can transfer pro-angiogenic miRNAs,
such as the pro-angiogenic miR-126, miR-130a [34] and
miR-125 [35,36], as well as signalling proteins and tran-
scription factors [28].

Intriguingly, MSCs have been described to have
anti-angiogenic effects, too [37]. Bone marrow MSCs
inhibited angiogenesis in a concentration-dependent
manner, when supplemented in in vitro capillary cul-
tures [38]. In vivo, intravenously administered MSCs
inhibited angiogenesis through a VE-Cadherin/f-
catenin signalling pathway [39]. Additionally, we have
recently demonstrated that, once licenced by a pro-
inflammatory microenvironment, MSCs exert strong
anti-angiogenic effects. In details, we showed that
transplanted MSCs suppress leukocyte recruitment to
the inflamed lymph nodes by affecting activation and
expansion of the lymph node specialized endothelial

venules (HEVs)

cells forming high endothelial
[40,41,42].

However, little is known about the anti-angiogenic
effects of EVs released by MSCs in specific microenvir-
onments. In this study, we demonstrated that, in
response to pro-inflammatory cytokines, bone marrow
MSCs produce EVs that modulate angiogenesis target-
ing multiple endothelial cell functions. In particular, we
identified a novel anti-angiogenic mechanism based on
adenosine and oxidative stress. Finally, in pilot experi-
ments, we exploited EVs to control tumour angiogen-
esis, collecting evidence of their efficacy in counteracting

pathological angiogenesis.

Methods

Isolation of MSCs and collection of conditioned
media (MSC-CM)

Murine MSCs were isolated as described in [40,41]. The
collection of the murine MSC-CM was performed as
described in [40,42]. Briefly, murine MSCs were plated
in 24 wells plate (50 000 cells/well) with DMEM low
glucose supplemented with 20% FBS, 2 mM glutamine,
100 U/mL penicillin/streptomycin for 24 h. Then, MSCs
were stimulated in DMEM low glucose supplemented
with 10% FBS, 2 mM glutamine, 100 U/ml penicillin/
streptomycin with or without 25 ng/mL mlIL183, 20 ng/
mL mIL6, 25 ng/mL mTNFa for 24 h. After three washes
with DMEM low glucose to remove cytokines, cells were
cultured in DMEM low glucose supplemented with
2 mM glutamine, 100 U/mL penicillin/streptomycin for
the following 18 h. Conditioned media were harvested,
cellular debris were eliminated by centrifugation (2000 g
10 min), and the MSC-CM were stored at —80°C.
Human MSC were provided by Orbsen Therapeutics
Ltd. (Galway, Ireland). Ethical approvals are granted from
the NUIG Research Ethics Committee and the Galway
University Hospitals Clinical Research Ethics Committee
(CREC). All samples were obtained with informed con-
sent. Procurement of the sample conformed to European
Parliament and Council directives (2001/20/EC; 2004/23/
EC). Human MSCs (25000 cells/well) were plated in
MEM-Alpha with Glutamax supplemented with 10%
FBS, 2 mM glutamine, 100 U/mL penicillin/streptomycin
and grow in a humidified incubator with 5% CO, and 37°
C. At the moment of the confluence, medium was sub-
stituted with MEM-Alpha with Glutamax supplemented
with 2% FBS, 2mM glutamine, 100 U/mL penicillin/
streptomycin, with or without 25 ng/mL hIL1f, 20 ng/
mL hIL6, 25 ng/mL hTNFa. Later than 24 h, after three
washes in MEM Alpha with Glutamax, the medium was
changed with MEM Alpha with Glutamax supplemented



with 2 mM glutamine, 100 U/mL penicillin/streptomycin
for the following 18 h. Conditioned medium was har-
vested and centrifuged at 2000 g for 10 min.

EV isolation and characterization

EVs were isolated from murine MSC-CM by ultrafil-
tration using Amicon® Ultra 15 mL Filters (Merck
Millipore) following manufacturer’s instructions.
Briefly, each tube was first sterilised with 70% ethanol
and then washed two times by centrifuging it at 4000 g
for 10 min. Subsequently, 12 mL of MSC-CM (corre-
sponding to the medium conditioned by 1 x 10° cells)
were loaded into the tube and centrifuged at 2800 g per
20 min at RT. This last step was repeated by adding
10 mL of PBS at RT at the obtained EVs. Finally, EVs
were collected, concentrated in about 150 uL of PBS
(with a protein concentration of about 33 + 5 pg/mL),
and directly stored at —80°C. The flow-through of the
first ultrafiltration step was collected and stored at —80°
C. It was considered as the MSC-CM deprived of EVs
(control CM, ¢cCM or primed CM, pCM). When
human EVs were used, we isolated and prepared
them with the same protocol used for murine EVs.
EVs from ultracentrifugation were obtained as
described in [43]. Briefly, supernatants were centrifu-
gated at 10.000 g for 30 min to eliminate cell debris.
After that, a 100.000 g for 70 min ultracentrifugation
was performed twice to eliminate contaminating pro-
teins and then to concentrate small vesicles. They were
resuspended in 120 pL of sterile PBS.

Total proteins of purified EVs were extracted with
PBS 0.4% SDS. Total amount of proteins in EVs was
quantified by MicroBCA kit (Pierce). About 3 pug of
proteins were separated by 10% SDS-PAGE under non-
reductive conditions for CD39, CD63 and CD9 and
reductive conditions with DTT 5 mM (Sigma-
Aldrich) for CD73 and TIMP-1. Gels were transferred
onto PVDF membranes, 0.45 um (Millipore) activated
with methanol (Sigma Aldrich), using Transfer Tris-
Glycine buffer. Membranes were blocked with 5% of
BSA (Sigma Aldrich) in TBS 1X with 0.2% of Tween 20
for 1 h, before an overnight incubation with primary
antibodies diluted in TBS1X, 0.2% tween and 1% of
BSA. Anti-CD63 (MBL D263-3, clone R5G2), anti-CD9
(eBiosciences, clone KMCS8), anti-CD39 (Biolegend,
clone Duha59), anti-CD73 (Abcam, ab175396) and
TIMP-1 (R&D systems AF980) antibodies were used
at the dilution 1:1000. Thus, membranes were incu-
bated with the appropriate peroxidase-conjugated sec-
ondary antibody, ECL anti-Rabbit (GE), ECL anti-Rat
(GE) and anti-Goat (BioRad). Chemiluminescence was
achieved by ECL Prime Western Blot Detection reagent
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(GE). Images were acquired with ImageQuant LAS
4000 Mini (GE), following the manufacturer’s instruc-
tions. Densitometric analysis of the Western blots was
performed by Image] software.

For, anti-CD63 IP, EVs were lysed with IP Buffer con-
taining 50 mM Hepes, 150 mM NaCl, 2 mM EDTA and
0.5% Triton and protease inhibitors (cOmplete™, EDTA-
free Protease Inhibitor Cocktail, Roche 11873580001). Pre-
cleaning was performed with Protein G (Thermo Fisher).
Samples (30 ug protein) were incubated overnight with
1 pg of anti-CD63 (MBL D263-3, clone R5G2) at 4°C, and
the complex was capture with protein G (Thermo Fisher).
After washes, the complex was eluted with glycine 0.1 M,
pH 2.5. The eluted samples and input were blotted and
incubated with the antibody against TIMP-1 (R&D sys-
tems AF980) at the dilution 1:1000.

Transmission electron microscopy (TEM)

For the transmission electron microscopy, 20 pL of
EVs were dispensed for 2 min on 300 mesh carbon-
coated copper grids that were made hydrophilic by
a 15 s exposure to a glow discharge. A filterpaper
(Whatman, Maidstone, UK) was used to remove the
excess of liquid. EVs were then stained with 1% uranyl
acetate for 2 min. FEI Tecnai G2 transmission electron
microscope operating at 100 kV, with a Veleta
(Olympus Soft Imaging System, Miinster, Germany)
digital camera, was exploited to capture images.

Cell lines

SVEC4-10 (ATCC #CRL-2181 Manassas, VA), an
endothelial cell line from murine axillary lymph nodes,
were cultured in a humidified incubator with 5% CO,
and 37°C, in DMEM (ATCC 30-2002 Manassas, VA)
supplemented with 10% heat-inactivated FBS, 1 mM peni-
cillin and streptomycin (Lonza, Braine-L’Alleud, Belgium).
MILE SVEN 1 (MS1, ATCC #CRL-2279 Manassas, VA),
and endothelial cell line from pancreas/islet of Langerhans,
were cultured in a humidified incubator with 5% CO, and
37°C, in DMEM (DMEM, Lonza, Braine-L’Alleud,
Belgium) supplemented with 10% heat-inactivated FBS,
1 mM penicillin and streptomycin (Lonza, Braine-
L’Alleud, Belgium). Human Umbilical Vein Endothelial
Cells, Pooled, (HUVEC, Lonza #C2519A, Braine-
L’Alleud, Belgium) were cultured in 0,02% gelatin-coated
flasks in a humidified incubator with 5% CO, and 37°C, in
EBMTM-2 Basal Medium (Lonza #CC-3156) supplemen-
ted with EGMTM-2 SingleQuotsTM Supplements (Lonza
#CC-4176). Mouse embryonic fibroblast (ThermoFisher
A34960), E0771 mouse mammary adenocarcinoma cells
(CH3 Biosystems) [44], and MCA-203 cells (fibrosarcoma
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cells from C57BL/6 mice H-2°, kindly provided by Prof
Vincenzo Bronte) were cultured in a humidified incubator
with 5% CO, and 37°C, in complete Dulbecco modified
Eagle medium high glucose (DMEM, Lonza, Braine-
L’Alleud, Belgium) supplemented with 10% heat-
inactivated FBS, 10 mM HEPES (Lonza, Braine-L’Alleud,
Belgium) and 1 mM penicillin and streptomycin (Lonza,
Braine-L’Alleud, Belgium). All cells were subcultured
using 0.05% trypsin, 0.02% EDTA solution. Cells were
routinely tested for Mycoplasma.

Scratch wound healing assay

In total, 10° cells (SVEC4-10, MS-1, E0771) were seeded on
a 48-well plate in complete medium (DMEM-ATCC 30-
2002 supplemented with 10% heat-inactivated FBS, 1%
penicillin and streptomycin) and left 24 h to reach 90%
confluence. The endothelial cell monolayer was then
scratched by using a pipette tip. Cells were gently washed
with PBS without calcium and magnesium and 200 uL of
medium were added (DMEM low Glucose, 1% P/S, 1%
Glutamine), containing or not 1.75 ug/mL EVs. When
indicated, cells were treated with 50 ng/mL recombinant
VEGF (450-32 Peprotech), 200 pM ARL 67156
(ARL67156A265 Sigma-Aldrich), 10 uM Adenosine 5'-(a,
B-methylene), diphosphate ADP analogue (AMP-CP
M3763 Sigma-Aldrich), 1 mM N-acetyl-l-cysteine (NAC
A7250 Sigma-Aldrich), 10 nM MRS 1706 (1584 R&D
System), 100 nM GSK2795039 (HY-18950 MedChem
Express) and 10 nM or 100 nM BAY 60-6583 (4472
Tocris). Three lines for well were drawn on the bottom
of the plate. Images of the scratches were acquired using an
inverted optical microscope equipped with a 4x objective,
at time 0 and after 6 h of culture (incubation at 10% CO,
and 37°C). Image analysis was performed using Image].
Migration Index was calculated as the difference between
the starting (time 0 h) and the final (time 6 h) distance
covered by migrating endothelial cells. HUVEC were
seeded at the same concentration but the experiment was
performed in EBMTM-2 Basal Medium (Lonza #CC-
3156) supplemented with EGMTM-2 SingleQuotsTM
Supplements (Lonza #CC-4176), which is already enriched
in hVEGF. Thus, no additional pro-angiogenic factor was
supplemented to the growth medium.

Tube formation assay

The tube formation assay was performed as described
in [40,42]. 1.3 x 10* SVEC4-10 or 2 x 10* HUVEC cells
were suspended in 100 pL medium (respectively,
DMEM low glucose and EBMTM-2 Basal Medium)
supplemented with 10% FBS, in the presence or
absence of EVs (1.75 pug/mL) or anti-TIMP-1 5 pg/mL

(AF980 R&D). Cells were seeded on the solidified
matrix and incubated for 6 h at 37°C 10% CO,. The
formation of the tube networks develops in 6 hrs at 37°
C 10% CO,, for SVEC4-10, or 5% CO, for HUVEC. At
the end of the incubation, cell tubes were imaged with
a phase contrast inverted microscope at 4x objective
magnifications and analysis was performed with
Image] Angiogenesis Analyser.

Proliferation assay

1 x 10°> SVEC4-10 or E0771 cells were seeded on a 24-
well plate in their culture medium (respectively,
DMEM-ATCC 30-2002 supplemented with 10% heat-
inactivated FBS, 1% penicillin and streptomycin and
complete Dulbecco modified Eagle medium high glu-
cose with 10% heat-inactivated FBS, 10 mM HEPES
and 1 mM penicillin and streptomycin). After 2 h of
starvation, cells were treated with 10 uM 2-Bromo-
deoxyuridine (Sigma) in the presence of VEGF
(50 ng/mL) (PeproTech Cat #450-32) for SEVC4-10
or FBS (10%v/v) for E0771 cells. Simultaneously,
1.75 pug/mL EVs were added. Cells were incubated for
6 h (SVEC4-10) or 24 h (E0771) at 37°C 5% CO,. The
Brdu internalization was measured by flow cytometry.
Briefly, cells were fixed and permeabilized with the BD
Cytofix/Cytoperm kit. Then, cells were treated with
300 pg/mL DNase (Sigma Cat#D5025-150KU) for in
1 h at 37°C before the staining with AlexaFluor647
MoBUl-antiBrdU  (Cat#B35140 Invitrogen) for
20 min at room temperature. Labelled cells were
detected at FACS Canto II. Data analysis was per-
formed with FlowJo software.

Apoptosis assay

1 x 10° SVEC4-10 or E0771 cells were seeded on a 24-
well plate in their culture medium (respectively
DMEM-ATCC 30-2002 supplemented with 10% heat-
inactivated FBS, 1% penicillin and streptomycin and
complete Dulbecco modified Eagle medium high glu-
cose with 10% heat-inactivated FBS, 10 mM HEPES
and 1 mM penicillin and streptomycin). After 2 h of
starvation, 1.75 pug/mL EVs were added to cells. 2 uM
Staurosporin (Sigma) was used as a positive control.
Cells were incubated for 6 h (SVEC4-10) or 24 h
(E0771) at 37°C 5% CO,. Supernatants and cells were
collected and stained with Annexin V APC (BD
Pharmingen Cat#550475) according to manufacturer’s
instruction. Labelled cells were detected at FACS Canto
II. Data analysis was performed with FlowJo software.



FITC-gelatin digestion assay

Fluorescently labelled gelatin coverslips were prepared.
Briefly, 13 mm-diameter coverslips were coated with
Poly-L-Lysine (Sigma-Aldrich) and crosslinked with
0.5% glutharaldehyde (Sigma-Aldrich). Then, they
were coated with fluorescently labelled gelatin (BD
Cat# 613186) following the manufacturer’s instruction.
Fluorescence was quenched in 5 mg/mL Sodium
Borohydride (Sigma). 1 x 10° SVEC4-10 or E0771
cells were seeded in complete medium with 50 ng/mL
VEGF (PeproTech Cat#450-32) or FBS in the presence,
where indicated, of 1.75 ug/mL EVs. Cells were incu-
bated for 6 h (SVEC4-10) or 24 h (E0771) at 37°C 5%
CO,. Coverslips were then fixed in Paraformaldehyde
4% in PBS (Sigma-Aldrich) and mounted with
ProLongTM Gold Antifade mountant (Thermo Fisher
Scientific Cat#P36930). Images were acquired at 40x
magnification at confocal microscope Zeiss LSM 800.
Data analysis was performed with Image] software.

MMP2/MMP9 activity

The EV-mediated alteration of MMP-2/MPP-9 activity
was analysed with InnoZyme MMP-2/MMP-9 activity
assay kit (Millipore) following manufacturer’s instruc-
tions. Briefly, MMP-2/MMP-9 recombinant control was
activated with p-Aminophenylmercuric Acetate for
5 min. 200 ng/mL of activated positive control was
added in each well. Then, vehicle, gelatinase inhibitor or
EVs were added respectively and incubated for 15 min at
room temperature. Gelatinase (MMP-2/MMP-9) sub-
strate was added and incubated at 37°C for 2 h. Finally,
fluorescence (320 nm ex./405 nm em.) was read with
Spark Microplate reader (TECAN).

Measurement of ROS by fluorescence microscopy

ROS production was analysed during the scratch assay.
Scratch experiments were performed as previously
described, adding 10 uM antimycin (Sigma-Aldrich,
AB8674) as positive control. After 4 h of incubation at
10% CO, and 37°C, ROS were detected by using the
CM-H2DCFDA probe (2.5 pM; C6827 Thermo
Scientific), following the manufacturer’s instructions.
Cells were washed with Hank’s Balanced Salt Solution
(HBSS, Lonza) supplemented with 2 mM Ca**. Images
were acquired by confocal microscopy (10x objective)
using a Leica TCS SP5 microscope (Leica
Microsystems) with the LAS-AF (Leica) software.
Fluorescence intensity was measured using Image]
software.

JOURNAL OF EXTRACELLULAR VESICLES . 5

Adenosine quantification

Adenosine production was quantified using the
Adenosine Assay Kit (BioVision). The enzymatic reaction
was performed adding a 100 uM solution of Adenosine
5-triphosphate (ATP) disodium salt hydrate (Sigma-
Aldrich), diluted in water. 1.75 pg of pEVs or cEVs
were used. The reaction mix was prepared according to
manufacturer’s instruction. The assay was performed in
an Optical Plate (Corning). Samples were acquired with
a FluoStar Optima plate reader (BMG Labtech), at 5 and
65 min after incubation at 37°C.

Mouse retina neovascularization model

One-day-old C57BL/6 ] pups were intraperitoneally
injected with 10 pg EVs (three injections). After 4 days,
mice were sacrificed for retina collection and measurement
of the retinal vascular expansion [45]. For ROS detection
in vivo, pups at postnatal day 1 were i.p. injected twice with
2.5 pg EVs at 24 and 4 h before the sacrifice. At the same
time, 0.625 pg of MRS 1706 were retro-orbital infused
(1.25 pg per pup). Both eyes were enucleated and stained
at RT with 0.625 pM Dihydroethidium (DHE-D11347
Thermo Fisher Scientific) for 30 min. Images were
acquired with a custom-built multiphoton microscope
(Thorlabs) described in [46]. The excitation was set at
800 nm with an average power of 35 mW on the sample.
The fluorescent signal was collected with a GaAsP PMT
with 525/40 nm bandpass filter, using a 20x water dipping
objective. Images analysis was performed by Image].

Matrigel plug assay

Anesthetized, 12-week-old, male, C57BL/6 N mice
were subcutaneously injected in the dorsal back with
5 pg EVs, mixed with 400 pL Matrigel (354234
Corning) supplemented with 100 ng/mL VEGF (450--
32 Peprotech) and 50 units/mL Heparin. After 7 days,
mice were sacrificed and plugs were harvested and
weighed. For haemoglobin quantification, plugs were
processed by TissueLyser in 250 pL of H,O-milliQ, at
the maximal frequency, for 8 min. Haemoglobin con-
tent was measured using Drabkin’s reagent kit 525
(Sigma-Aldrich) and normalized to the total protein
(Pierce™ BCA Protein Assay Kit, Thermo Fisher
Scientific), following the manufacturer’s instructions.

Tumour-bearing mouse models

Syngeneic tumour-bearing mouse model was generated via
the orthotropic or the subcutaneous injection of respec-
tively 5 x 10° E0771 or 1.5 x 10® MCA203 cells into female
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7-week-old mice. After 7 days, 5 ug EVs were intraperito-
neally administered and the injection was repeated every
2 days, using PBS as control. A total of 25 ug EV's were used
per mouse. Two days after the last injection, mice were
sacrificed, blood and spleen collected, and tumours were
harvested, weighed and photographed. The serum was
used to assess liver injury, by measuring
y-Glutamyltranspeptidase (yGT) and alanine aminotrans-
ferase (ALT), respectively, with the Pchem Gamma-GT
Reagent Kit (ADA-R0200000601, Adaltis) and the Pchem
ALT-GPT Reagent Kit (ADA-R0200001001, Adaltis).
Spleens were mechanically processed for flow cytometry
analysis (CD45 BD, clone 30-F11). Tumour masses were
stocked at —80°C or processed for flow cytometry and
immunofluorescence analysis. For multiparametric analy-
sis, tumours were mechanically and enzymatically digested
with 1.5 mg/mL Collagenase II (Gibco) and 0.4 mg/mL
DNase I (Roche), before proceeding with the staining.
Endothelial cells were labelled with CD45 (BD, clone 30-
F11) and CD31 (BD, clone MEC 13.3) antibodies. For
immunofluorescence, tumour masses were washed in
PBS and immediately fixed in 4% paraformaldehyde over-
night at room temperature. Then, they were equilibrated in
15% and 30% of sucrose solution, each step for 48 h at 4°C.
Once processed, tumour samples were embedded in O.C.
T. compound (Vetrotecnica) on dry ice and stocked at —80°
C. Tissue sections (5 pm of thickness) were obtained using
a Leica cryostat CM1860 (Leica Biosystems). Sections were
rehydrated for 10 min in PBS (P4417, Sigma-Aldrich) and
incubated with the blocking solution (1% BSA, 0.3% Triton
X-100) for 2 h, at room temperature, before staining. CD31
antibody (MEC 13.3, BD Biosciences) was added in block-
ing solution at 4°C ON. After washing, the appropriate
Alexa-conjugated secondary antibodies were used
(Molecular Probes). Nuclei were counterstained with
Hoechst 33342 (0.1 pg/mL, Molecular Probes) and
mounted with ProLong (Invitrogen). Negative controls
included slides incubated with the secondary antibodies
alone. Images were acquired using a Leica TCS-SP5 con-
focal scanning microscope (Leica Microsystems, Wetzlar,
Germany) with the software LAS-AF (Leica). Image analy-
sis was performed by Image].

Statistics

The sample size per group was estimated from previous
experience with similar experiments. Statistical significance
was analysed using Prism Software (GraphPad). Sample
comparison was assessed using t-test, Mann-Whitney test
or Kruskal-Wallis test with Dunn’s multiple comparisons
test and one-way ANOVA according to sample group
numerosity and datasets distribution (D’agostino-Pearson

and Shapiro-Wilk normality test). Results with a P-value of
<0.05 were considered significant.

Study approval

C57BL/6 ] mice were purchased from Charles River
Laboratories (Calco, Italy). Procedures involving animals
and their care conformed to institutional guidelines in
compliance with national (4D.L.N.116, G.U,, suppl. 40, 18
February 1992) and international (EEC Council Directive
2010/63/UE; National Institutes of Health Guide for the
Care and Use of Laboratory Animals) law and policies. The
protocols were approved by the Italian Ministry of Health
(authorizations n°382/2015-PR, 383/2015-PR and 88/
2017-PR). All efforts were made to minimize the number
of animals used and their suffering. In all the experiment,
mice were sex and age matched, no further randomization
was applied.

Results

MSCs primed by pro-inflammatory cytokines
secrete anti-angiogenic EVs

EVs were obtained by ultrafiltration of the medium condi-
tioned by murine MSCs. In particular, since the proper
licencing of bone marrow MSCs is required to induce an
anti-angiogenic phenotype [40,42,47], we isolated EVs
released by murine MSCs that were either unstimulated
(control-EVs; cEVs) or previously stimulated with
a mixture of pro-inflammatory cytokines, following an
already published protocol [42] (primed-EVs; pEVs).
Validation of the EV isolation procedure was performed
by measuring the size of the purified particles by Nanosight
and TEM and by analysing the conventional EV markers
by western blot [48,49]. Data confirmed that cEVs and
pEVs have similar concentration (15 x 10° + 5 x 10° par-
ticles/mL), size, and express the classical exosome markers
CD9 and CD63 (Figure S1(a—c)). The vesicles obtained by
this protocol were compared to those obtained by ultra-
centrifugation, and no major differences were identified
(Figure S1(d)). cEVs and pEVs were functionally compared
for their ability to modulate angiogenesis. We firstly
assessed the ability of collected EVs to modify VEGF-
induced endothelial cell migration using the scratch
wound healing assay [50]. As reported in literature [51-
53], 6 h after VEGF stimulation, the murine endothelial
cells SVEC4-10 significantly increased their migration of
about 30% (Figure 1(a, b)), corresponding to 100 um
(Figure S2(a)). VEGF-induced migration of SVEC4-10
cells was inhibited by pEVs, whereas cEVs had no effect
(Figures 1(a, b), S2(a)). However, in the absence of the pro-
angiogenic VEGF, EVs did not alter endothelial cell



migration (Figure S2(b)). Again, EVs isolated by ultracen-
trifugation had comparable effects to those purified by
ultrafiltration (Figure S2(c)). The specificity of the pEV
effect was confirmed by performing the scratch wound
healing assay with the conditioned medium deprived of
EVs (control conditioned medium-cCM; primed condi-
tioned medium-pCM); results showed that either cCM
and pCM did not affect the endothelial migration (Figure
S2(d)).

Data were validated with a different murine endothelial
cell line, mile sven 1 (MS1) (Figure S3(a)), and using
primary human endothelial cells, treated with EVs derived
from human bone marrow derived — MSCs (Figure S3(b)).

We then analysed whether EVs were able to interfere
with the ability of endothelial cells to form in vitro capil-
lary-like structures, using the tube formation assay [54].
We found that both murine and human pEVs, but not
cEVs, inhibit the formation of tube networks (Figures 1(c,
d), S3(c)). Again, the isolation procedure did not influ-
ence the EV function (S4A), and ¢cCM and pCM had no
effect in the same experimental procedure (Figure S4(b)).

Since alterations of the in wvitro tube formation
might be related to cell proliferation and survival or
to the matrix (Matrigel) digestion, we investigated the
direct effect of pEVs on endothelial functions. In par-
ticular, we noted that EVs were not able to modify
either the EC proliferation (evaluated by BrdU incor-
poration, Figure S5(a)) or their vitality (Annexin posi-
tivity, Figure S5(b)). In contrast, pEVs inhibited the
ability of EC to digest the matrix, as assessed by the
gelatin degradation assay (Figure 1(e, f)). As expected,
SVEC4-10 stimulated by VEGF showed higher propen-
sity to matrix digestion (Figure 1(e, f)), but this was
inhibited by pEVs, whereas cEVs had no effect (Figure
1(e, £)). We then analysed the ability of EVs to directly
inhibit metalloproteinases (MMPs) activity. In agree-
ment with the previous results, we found that pEVs
have a direct, dose-dependent inhibitory effect on
MMP activity (Figure 1(g), S6).

On the basis of these in vitro approaches, we concluded
that EVs released by primed MSCs affect two important
processes required for angiogenesis: VEGEF-induced
migration and ECM digestion. This hypothesis was then
verified exploiting two different in vivo models. We
implanted matrigel plugs supplemented with VEGF and
EVs in the dorsal back of C57BL/6 mice to analyse induced
vascularization [45]. Quantification of haemoglobin con-
tent in explanted plugs revealed that pEVs reduce vessel
formation in vivo, whereas cEV's have no effects (Figure 2
(a)). Furthermore, we analysed the postnatal retinal devel-
opment in mice treated with EVs [55]. Remarkably, pEVs
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significantly decreased the retina vascular arborisation,
affecting both the relative radial expansion and the relative
branching points (Figure 2(b, c)). Again, cEVs had no
effects, thus confirming the essential role of the correct
MSC licencing to the acquisition of anti-angiogenic prop-
erty and the crucial role of secreted EV's in controlling the
process.

PEVs induce oxidative stress in migrating
endothelial cells

We had recently shown that in vivo administration of
TIMP-1 inhibits the inflammation-induced angiogenesis
within draining lymph nodes [42]. Notably, we observed
that TIMP-1 is highly enriched in pEVs (Figures 3(a-b),
S1(d)). In particular, co-immunoprecipitation experi-
ments indicated that TIMP-1 interacts with the cell-
surface protein CD63, confirming previous findings
[56,57] (Figure S7(a)). Consistently with our aforemen-
tioned work [42], the use of « TIMP-1 blocking antibody
rescued the ability of endothelial cells to form capillary-
like structures in the presence of pEV's (Figure 3(c)). In the
same line, EVs isolated from the medium conditioned by
stimulated MEF, not carrying TIMP-1 (Figure S7(b)), did
not affect the tube formation of SVEC4-10 (Figure S7(c)).
However, the TIMP-1 blocking antibody could not
restore VEGF-induced cell migration (Figure 3(d)), thus
suggesting the contribution of at least another, TIMP1-
independent, mechanism in the alteration of the migra-
tion process by pEVs.

Reactive oxygen species (ROS) are critical regulators of
endothelial cells. Although controlled ROS production
may promote cell migration [58-62], oxidative stress is
a well-known inhibitor of endothelial cell motility and
function [63-66]. We measured ROS levels in in vitro
migrating endothelial cells in the presence of either cEV's
or pEVs, using Antimycin A (AA) as positive control
(Figure S8(a)). VEGF slightly induced ROS production in
endothelial cells and cEV's did not alter this process (Figure
4(a, b)). Conversely, pEVs induced a dramatic accumula-
tion of ROS in migrating endothelial cell (Figure 4(a, b)).
Similar results were collected when pEVs were adminis-
tered in vivo and retinal developing vessels were analysed
(Figure 4(c, d)). To identify the source of ROS in pEV-
treated endothelial cells, we focused our attention on
NADPH oxidase 2 (NOX2), which known to play a key
role in the production of endothelial ROS [67-69]. Thus,
we selectively inhibited the activity of the NOX2 in the
scratch wound-healing assay (Figure 4(e)). Interestingly,
NOZX2 inhibition in vitro had no effect on VEGF-induced
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Figure 1. pEVs affect endothelial cell migration and matrix remodelling in vitro. (a, b) Scratch assay was made by scratching a line across the
bottom of the dish on a confluent SVEC4-10 monolayer. Cells were treated for 6 h with the medium (Vehicle: DMEM low Glu, 1%P/S, 1% L-Glu;
Positive control: Vehicle plus 50 ng/mL VEGF) and 1.75 pg/mL of either cEVs or pEVs. The closure of the wound was quantified with the
difference between initial and final scratched areas (Migration Index), calculated by ImageJ and normalized on the vehicle without VEGF. (c, d)
For the tube-formation assay SVEC4-10 were seeded in a Matrigel-coated well in the presence of EVs (1.75 pg/mL), using the medium as
control (Vehicle: DMEM low Glu, 1%p-s, 1% L-Glu, 10% FBS). After 6 h of incubation, cells were imaged and the quantification of segment
length was performed using the ImageJ Angiogenesis Analyze plugin, and normalized on the vehicle. (e, f) The effect on the ECM remodelling
was analysed by the FITC-gelatin assay. SVEC4-10 were seeded on the top of the gelatin-coated dishes and cultured for 6hrs with the medium
supplemented with 50 ng/mL VEGF in the presence or not of 1.75 pg/mL of either cEVs or pEVs. The vehicle (DMEM low Glu, 1%P/S, 1% L-Glu)
was used as control. Cells were then imaged by confocal microscopy and the quantification of the black-digested area (indicated by the with
arrows), measured by ImageJ. (g) Analysis of the MMP9/12 activity in the presence of pEVs with InnoZyme MMP2/MMP9 activity assay kit
(Millipore) following manufacturer’s instructions. Data are expressed as means + SEM (3 independent experiments). Kruskal-Wallis test with
Dunn’s multiple comparisons test; *P < 0.05. Scale bar A-C, 150 um. Scale bar E, 10 pm.
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Figure 2. pEVs inhibit angiogenesis in vivo. (a) 12-week-old male C57BL/6J mice were subcutaneously injected with either 5 pg of
cEVs and pEVs, mixed with Matrigel Matrix supplemented with VEGF 100 ng/mL (450-32 Peprotech) and Heparin 50 units/mL. After
7 days, plugs were harvested. For haemoglobin quantification, plugs were processed by TissueLyser and the haemoglobin content
was measured using Drabkin’s reagent kit 525 (Sigma-Aldrich). Each value was first normalized on the total plug protein quantity,
measured by BCA assay, and then on the negative control (plugs with vehicle). (b, ¢) 1-day-old C57BL/6J mouse pups were
intraperitoneally injected with a total of 10 pg of cEVs or pEVs, using PBS as control. Mice were sacrificed for retina collection.
Dissected retina were stained with isolectin-b4 (green) and digital images were captured using inverted fluorescence confocal
microscope. Analyses of the relative radial expansion and of the relative branching point were performed. All data are expressed as
means + SEM, normalized on control (mice treated with vehicle) (n =8 mice/group). Ordinary one-way ANOVA; *P < 0.05.

endothelial cell migration, whereas it completely abolished
the anti-migratory effect of pEVs (Figure 4(e)).

Altogether, there results indicate that pEVs decrease
endothelial cell migration by triggering NOX2 and
inducing oxidative stress.

PEVs induce endothelial oxidative stress by
producing adenosine

Among the stimuli that may induce NOX2 activity in
endothelial cells, adenosine receptors seem to play

a major role [70,71]. Adenosine is produced by extracel-
lular ATP hydrolysis through the concerted action of two
enzymes, the ectonucleotidases CD39 and CD73 [72].
Since EVs derived from different types of cells express
ectonucleotidases [73-75], we hypothesized that pEVs
accumulate extracellular adenosine that, in turn, stimu-
lates the NOX2 activity responsible for the detrimental
ROS accumulation in migrating endothelial cells.

To verify our hypothesis, the expression of CD39
(Figure S9(a)) and CD73 (Figure 5(a), S1(d)) in EVs
was analysed by western blot. We found that EV's carry
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Figure 3. TIMP-1 carried by pEVs affects tube formation, but not endothelial migration in vitro. (a) Western Blot and relative
quantification showing TIMP-1 overexpression in pEVs. Unpaired T test; *P < 0.05. (b) Analysis of the relative tube lengths in the
tube formation assay. The treatment of SVEC4-10 with the anti-TIMP-1 5 pg/mL (AF980 R&D) rescued the tube formation. (c)
Conversely, the analysis of relative migration in the scratch assay in the presence of the same anti-TIMP-1 antibody did not shown
any restoration of the endothelial migration ability in the presence of pEVs. Data are expressed as means + SEM (3 independent
experiments). Kruskal-Wallis test with Dunn’s multiple comparisons test; *P < 0.05.

CD39 and CD73; however, pEVs showed higher levels
of CD73 (Figure 5(a)), suggesting that these vesicles are
more efficient in adenosine production. Indeed, the
measurement of the extracellular adenosine amount,
produced by the ATP hydrolysis by the same quantity
of EVs (1.75 pg), revealed that pEVs generate more
adenosine than cEVs (Figure 5(b)). Similar results were
obtained with human EVs (Figure S9(b, c)).

Then, we performed the scratch wound healing
assay in the presence of either CD39 or CD73 inhibi-
tors (respectively, ARL 67156 and AMP-CP) (Figure 5
(c-d)). The inhibition of each enzyme fully restored the
migration of SVEC4-10 treated with pEVs, but had no
effect on untreated or cEV-treated endothelial cells. In
agreement, we found that CD73 activity is necessary
for pEVs to induce ROS accumulation in SVEC4-10
migrating cells (Figure 6(a-b)).

To identify the adenosine receptor responsible for
NOX2 activation in pEV-treated endothelial cells, we

first analysed SVEC4-10 cells for the expression of
A,x and A,p adenosine receptors (A,4AR and A,p
AR), the predominantly expressed adenosine recep-
tors in ECs [76]. Western Blot and immunofluores-
cence analyses revealed that SVEC4-10 express A,p
AR only (Figure S10(a, b)). Accordingly, inhibition
of A,gAR by its inverse agonist (MRS 1706) pre-
vented ROS accumulation in SVEC4-10 treated with
pEVs (Figure 6(a-c)), and completely restored their
migration ability (Figure S11(a)). Consistently, A,p
AR stimulation through a specific A,gAR agonist
(BAY-606583) perfectly mimicked the effects of
PEVs on in vitro migrating endothelial cells (Figure
S11(B,C)). In vivo, the A,zAR inverse agonist MRS
1706 prevented accumulation of oxidative stress
within the retinal endothelium of pups treated with
pPEVs (Figure 6(d)), thus confirming the major role
of A,gAR in the induction of endothelial oxidative
stress in response to pEV treatment.
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Figure 4. pEVs induce endothelial ROS accumulation both in vitro and in vivo. (a, b) To analyse a potential implication of oxidative stress in
the pEV-mediated inhibition of endothelial migration, a scratch assay was performed. After 4 h of incubation with VEGF alone or in
combination with cEVs/pEVs, intercellular ROS levels were detected with the 2.5 uM CM-H2DCFDA probe (green). Cells were imaged with
Leica fluorescent microscope and the mean of fluorescence calculated with ImageJ. Scale bar 50 pm. Data are expressed as means + SEM,
normalized on the negative control, medium without VEGF (3 independent experiments). Kruskal-Wallis test with Dunn’s multiple
comparisons test; *P < 0.05. (¢, d) To confirm the involvement of oxidative stress in the anti-angiogenic effect of pEVs in vivo, we treated
5-days-old C57BL/6J mouse pups with a total of 5 ug of cEVs or pEVs. After one day, collected retinas were dyed with DHE 0.625 uM for ROS
detection (red). Digital images were captured using two-photons microscopy and the mean of fluorescence was calculated with ImageJ.
Scale bar 150 um. Data are expressed as means = SEM normalized on control, mice treated with cEVs. (n = 5 mice/group). Unpaired t test; *P
< 0.05. (e) We assessed the crucial activity of NOX2 enzyme in the ROS-production by performing the scratch wound healing assay with
100nM GSK2795039 (HY-18950 MedChem Express), a NOX2 specific inhibitor. Data are expressed as means+SEM (3 independent
experiments). Kruskal-Wallis test with Dunn’s multiple comparisons test; *P < 0.05.
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Figure 5. Ectonucleotidases carried by pEVs are crucial for their anti-angiogenic potential in vitro. (a) The expression of ectonucleotidases
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independent experiments). Unpaired t test, *P < 0.05. (b) The ATP-hydrolyse ability of EVs was checked by using a fluorimetric adenosine
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SEM (3 independent experiments). Mann-Whitney test, *P <0.05. (c, d) We demonstrated the causative role of ectonucleotidase
expression in the anti-angiogenic effect of pEVs, by exploiting the scratch wound healing assay. Here, we blocked both CD39 and
(D73, through, respectively, 200 uM ARL 67156 (ARL67156A265 Sigma-Aldrich) and diphosphate ADP analogue AMP-CP M3763 Sigma-
Aldrich). We measured the Migration Index, and normalized it on the medium without VEGF. Data are expressed as means + SEM (3
independent experiments). Kruskal-Wallis test with Dunn’s multiple comparisons test; *P < 0.05.

pPEVs inhibit tumour associated angiogenesis

Prompted by our results, we performed pilot experi-
ments to assess the angiogenic effects of pEVs in
a mouse model of pathological angiogenesis. Thus,
we injected murine mammary carcinoma cells,
E0771 cells, in syngeneic mice and analysed tumour
growth and vascularization. E0771 cells were ortho-
topically injected in 7-week-old female mice and,
one week later, mice were intraperitoneally treated
with EVs every 2 days, for a total of five injections.
Analyses of the tumour growth (Figure 7(a-c)) and
of the tumour vascularization (haemoglobin content

and percentage of CD45"°¢/CD31P°* endothelial
cells, Figure 7(d,e)) showed that pEV treatment
was effective in reducing both these parameters.
The effects of pEV administration on the tumour
endothelial compartments were confirmed by con-
focal microscopy analyses on tumour sections
immunostained for the endothelial marker CD31
(Figure 7(f,g)). Major systemic alterations were not
registered as a consequence of EV treatments
(Figure S12(a,b)). Results were further validated in
mice bearing a fibrosarcoma, induced by the injec-
tion of MCA203 cells. Also in this second tumour
model, we confirmed that pEV treatment results in
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Figure 6. pEV-generated adenosine triggers ROS accumulation in migrating endothelial cells. In a scratch experiments, the
employment of specific chemical inhibitors of CD73 (AMP-CP), and of A,gAR (MRS1706) blocked significantly the ROS production,
detected with H2DCFDA (green). (a) Representative pictures. Scale bar 50 um. (b, ¢) The mean of fluorescence was calculated by
ImageJ and normalized on the medium supplemented with VEGF. Data are expressed as means + SEM (3 independent experiments).
Kruskal-Wallis test with Dunn’s multiple comparisons test; *P < 0.05. (d) The pre-treating of pups with 1.25 pg MRS1706, to block
the A,AR, inhibits pEVs-dependent ROS increase. Retinas were dyed with DHE 0.625uM for ROS detection. Digital images were
captured using two-photons microscopy and the mean of fluorescence was calculated with Imagel. Scale bar 150 um. Data are
expressed as means + SEM (n = 5) Kruskal-Wallis test with Dunn’s multiple comparisons test; *P < 0.05.



14 (&) R. ANGIONIET AL.

a b c
7507 -~ vehicle 1.4 L
-= cEVs 1.24 .‘ )
-+ pEVs & =
5004 e 109 . %
o 2 0.8 2 Z
£ = 2
E £ 0.6 T Ly
250 = aad
0.4 |44 5] 4 Vehicle
0.2+ - & cEVs
[=] o pEVs
0 0.0
d &
e o
2.5- * 2= =
2.04 2
£ o : o A
g_154 * +3 .
oS A ™= C
£s RN T ®
§~ 104 I @ @
T g 4 Vehicle é"’ i Vehice =
0.5+ cEVs = cEVs
S o pEVs o pEVs — ;
0.0 0=
@
° 3.5+ =
G
> 3.0-
3 254
= A
£ 201
0 8 A
I.l>.l o 1.5
(1]
8 g e
< Keu? W7
054 | ° °
A
oo .
0.0 — o
% 4 Vehicle
o cEV
o pEVs

Figure 7. pEVs control pathological tumour-associated angiogenesis. . E0771 tumor cells were subcutaneously injected in 7-weeks
old female mice. (a) The mass growth was measured. 2 way ANOVA; *P < 0.05 between PBS and pEVs. $P < 0.05 between cEVs and
PEVs. (b, ¢) At the day of the sacrifice, tumours were pictured and weighted. The vascularization of the tumors was quantified by the
analysis of the haemoglobin content, trough the Drabkin’s reagent kit 525 (Sigma-Aldrich (d), and by the calculating the percentage
of endothelial cells by flow cytometry (e). Data are expressed as means = SEM (at least 6 mice/group). Kruskal-Wallis test with
Dunn’s multiple comparisons test; *P < 0.05. (f, g) Tumor cryosections were stained for CD31 (red). The positive areas were
calculated with ImageJ) and normalized on the vehicle. Scale bar 75 um. Data are expressed as means + SEM (5 mice/group).
Kruskal-Wallis test with Dunn’s multiple comparisons test; *P < 0.05.

reduced tumour vascularization and growth (Figure
S13 (a-c)). A direct effect of pEVs on the survival,
proliferation and migration of E0771 cells was ana-
lysed by in vitro assays (respectively, Figure S14(a-
¢)), which showed that pEVs do not affect these
parameters. However, in agreement with the results
obtained with endothelial cells, pEVs were able to
reduce gelatin degradation by E0771 cells (Figure
S14(d)).

Discussion

Abnormal vascular remodelling causes or contributes to
several diseases. In particular, an excessive sprouting of
vessels has been reported in a long list of disorders,
including cancer, psoriasis, arthritis, blindness, obesity,
asthma, atherosclerosis and infectious disease [1].
Conversely, an insufficient vascularization depicts, for
instance, heart and brain ischaemia, neurodegeneration,



hypertension, pre-eclampsia, respiratory distress and
osteoporosis [1].

Recently, the stromal compartment has emerged as
a major regulator of endothelial cell functions [77].
Specialised fibroblasts, perycites and MSCs are all
involved in the control of the vascular architecture,
mainly by recruiting endothelial progenitor cells or
releasing pro-angiogenic factors [78-81], and, for what
concerns pericytes, by regulating blood vessel diameter,
vessel permeability and endothelial cell proliferation
[82]. It is therefore not surprising that, in addition to
the classical strategies aimed to control angiogenesis by
direct targeting of the endothelium, novel therapeutic
approaches are being developed focusing on the stromal
compartment [83]. For instance, several pre-clinical stu-
dies attempted to inhibit the activity of the pro-
angiogenic cancer-associated fibroblasts (CAFs) with
nonsteroidal anti-inflammatory drugs (NAIDs), in
mammary gland involution [84]. With the same aim,
inhibitors of FAP, which is a membrane-bound serine
protease selectively expressed in fibroblasts, have been
used to control lung and colon cancer progression [85].
Conversely, recruited or injected stromal cells have been
exploited to sustain a prolonged and local expression of
angiogenic growth factors to improve myocardial perfu-
sion [86] and for recovery from ischaemic disease [87].
Despite this sprouting number of studies focused on the
development of stroma-related therapies, several issues
have to be overcome for an efficient and safe clinical
translation [83]. Fibroblasts, pericytes and MSCs are
essential components of healthy tissues and
a successful therapy requires the identification of the
precise target in the specific context. Thus, it is pivotal
to understand how stromal cells modulate endothelial
cell functions in various physio-pathological conditions.

It is now well established that several effects of stromal
cells are mediated by paracrine signals [88], and that these
signals are largely convoyed by EVs [89]. EVs are attract-
ing increasing interest as therapeutic tools in place of
their cells of origin, because of several reasons. Mostly,
they cause less concern regarding the risks of ectopic
colonization and tumorigenesis. Moreover, their effect
should be more reproducible and less dependent on the
environment of the target tissue, compared to living cells
[90,91]. In the context of angiogenesis, previous studies
have analysed the properties of MSC-derived EVs [92,93],
especially those generated under hypoxic conditions [94-
96], and found that they promote angiogenesis mainly
through the modulation of VEGF [93,97-99]. Conversely,
here we demonstrated that licencing of bone marrow
MSCs by pro-inflammatory cytokines induces the secre-
tion of EVs with strong anti-angiogenic properties.
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This evidence supports the concept of MSCs as
“sensors” of the surrounding environment. In accor-
dance with the literature, we can hypothesize that in
hypoxic conditions, when the generation of new vessels
is required, MSCs secrete EVs promoting angiogenesis.
On the opposite way, in an inflammatory microenvir-
onment, MSCs release EVs that inhibit endothelial cell
migration and formation of new vessels.

Vessel branching and expansion requires the spatio-
temporal integration of several processes including
ECM remodelling, cell migration and cell differentia-
tion. Remodelling of the ECM is required for proper
migration of endothelial cells and it depends on the
balance between metalloproteases (MMPs) and their
endogenous inhibitors. We recently demonstrated that
TIMP-1 has a key role in determining MSC anti-
inflammatory and anti-angiogenic properties [42] and
that both human and mouse MSCs secrete TIMP-1 in
response to a pro-inflammatory microenvironment
[40]. The results presented in this manuscript demon-
strate that TIMP-1 is carried by EVs through CD63
and that EVs are responsible for the anti-angiogenic
properties of MSCs. However, our results indicate that,
in addition to TIMP-1, EVs exert their anti-angiogenic
effects through a novel mechanism based on the gen-
eration of extracellular adenosine.

Adenosine is a multifunctional signalling molecule able
to control inflammation and tissue homoeostasis by acti-
vating G-protein-coupled adenosine receptors (A;, Aja,
A,p and A; adenosine receptors) [100]. Extracellular ATP
accumulates in the local microenvironment during cell
damage, hypoxia, or inflammation and adenosine is pro-
duced by the concerted activity of the ectonucleotidases
CD39 and CD73. CD39 and CD73 are indeed expressed by
several immune cells, including monocytes, dendritic cells,
and several T-cell subsets and they have been widely con-
sidered key players in the generation of immunosuppres-
sive microenvironments [101,102]. Interestingly, during
an inflammatory response, adenosine also regulates
endothelial cell activation. Indeed, it has been demon-
strated that the accumulation of extracellular adenosine
reduces the expression of adhesion molecules in endothe-
lial cell, thus preventing the recruitment of leukocytes into
the injured tissue [103,104]. Our data identified a specific
upregulation of CD73 in EVs released by MSCs primed by
pro-inflammatory cytokines, with a consequent increment
in their ability to generate adenosine. Interestingly, our
data identify endothelial cells as a crucial target of EV-
produced adenosine. Furthermore, these results identify
a novel mechanism responsible for adenosine-mediated
modulation of angiogenesis involving A,z AR, NOX2 acti-
vation and ROS production.
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It is largely described that ROS act as a double-edged
sword during the vascular remodelling [105]: while low
levels of ROS are required to support cell growth, migra-
tion, differentiation and gene expression [106,107], high
levels are cytotoxic and mutagenic [108]. In particular,
sustained endothelial oxidative stress triggers cell death,
apoptosis and senescence, thus blocking angiogenesis
[109-111]. ROS can be produced by a variety of mechan-
isms, with NOX2 representing one of the most important
during inflammation. Interestingly, several studies connect
adenosine receptor stimulation with NOX2 activity
[58,71,112]. In our experimental systems, selective inhibi-
tion of NOX2 abolished the production of ROS in
endothelial cells induced by pEVs, indicating that endothe-
lial NOX2 is triggered by pEVs, both in vitro and in vivo.
Moreover, our data indicate that NOX2-dependent ROS
production is induced by stimulation of endothelial
A,pAR.

Although additional studies are required to elucidate
the bio-distribution and pharmacokinetics of EVs, our
results, together with previous studies [40,42,113], sug-
gest that the endothelium might represent the first and
more attainable target of MSC-products. Therefore, the
identification of the molecular mechanisms underlying
the angiogenic role of EVs provides novel insights for
the development of innovative therapeutic approaches
to target pathological angiogenesis. Our results, indeed,
prompted us to perform proof-of-concept experiments
aimed at exploiting pEVs to target cancer angiogenesis.

A number of approaches have been used to block
tumour-associated angiogenesis in cancer patients.
Among the approved angiogenesis inhibitors for the
treatment of human cancer there are humanized VEGF-
specific monoclonal antibody (Bevacizumab), VEGFR-2
monoclonal antibody (Ramucirumab), and several small
molecule multi-kinase inhibitors (MKIs), mainly target-
ing the VEGF receptor (VEGFR) tyrosine kinases, such
as sunitinib, sorafenib, pazopanib hydrochloride and
axitinib [114]. For instance, the combination of bevaci-
zumab with chemotherapy has been shown to be effec-
tive for the treatment of primary peritoneal cancer,
metastatic colorectal and breast cancer, advanced non-
squamous non-small cell lung cancer (NSCLC), renal cell
carcinoma, and ovarian cancers [115]. In addition, gas-
trointestinal stromal tumours and hepatocellular carci-
nomas have been treated with sunitinib and sorafenib,
respectively [116]. However, the absence of long-lasting
clinical responses and the occurrence of systemic side-
effects in most of the treated patients limit the efficacy of
the aforementioned inhibitors [117,118].

Although our study provides preliminary results indi-
cating that pEVs are able to control tumour-associated
angiogenesis, the effects of pEVs in the context of

tumour growth may be much more complex. The gelatin
degradation experiment performed with E0771 cells sug-
gested a possible implication of pEVs in the regulation of
the tumour invasiveness. Moreover, within the tumour
microenvironment, EVs may modulate the activity of
infiltrating cells, which could, in turn, affect tumour
growth. Further studies have to be performed to deeply
investigate these processes.

In conclusion, this study identifies EVs released by
stromal cells as a crucial and modifiable regulator of
endothelial cell functions and, by the identification of
the molecular mechanisms, it paves the way for devel-
oping new antiangiogenic therapies.
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