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Abstract

Bone marrow microenvironment is known to support angiogenesis, thus contributing to progression of multiple myeloma
(MM). Bortezomib, a proteasome inhibitor (PI) widely used in MM treatment, has anti-angiogenic activity. Extracellular
vesicles (EVs), shedding from cell surface, serve as mediators in cell-to-cell communication. We have hypothesized that
MM cells (MMCs) treated with bortezomib generate EVs that could diminish angiogenesis, thus limiting MM progres-
sion. In the present study, EVs were obtained from MMCs (RPMI-8226), untreated (naive) or pre-treated with bortezomib.
EVs were outlined using NanoSight, FACS, protein arrays and proteasome activity assays. The impact of MMC-EVs on
endothelial cell (EC) functions was assessed, employing XTT assay, Boyden chamber and Western blot. A high apoptosis
level (annexin V binding 70.25 +16.37%) was observed in MMCs following exposure to bortezomib. Compared to naive
EVs, a large proportion of bortezomib-induced EVs (Bi-EVs) were bigger in size (>300 nm), with higher levels of annexin
V binding (p =0.0043).They also differed in content, presenting with increased levels of pro-inflammatory proteins, reduced
levels of pro-angiogenic growth factors (VEGFA, PDGF-BB, angiogenin), and displayed lower proteasome activity. Naive
EVs were found to promote EC migration and proliferation via ERK1/2 and JNK1/2/3 phosphorylation, whereas Bi-EVs
inhibited these functions. Moreover, Bi-EVs appeared to reduce EC proteasome activity. EVs released from apoptotic MMCs
following treatment with bortezomib can promote angiogenesis suppression by decreasing proliferation and migration of
EC. These activities are found to be mediated by specific signal transduction pathways.
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Introduction of malignant cells in multiple myeloma (MM) [2-4].

Increased BM angiogenesis, termed the angiogenic switch

Bone marrow (BM) microenvironment is known to produce
and secrete cytokines and growth factors, inducing angio-
genesis [1] that in its turn supports proliferation and survival

Tami Katz and Anat Aharon equally contributed to this study.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10456-018-9649-y) contains
supplementary material, which is available to authorized users.

P< Anat Aharon
a_aharon@yahoo.com

Bruce Rappaport Faculty of Medicine, Technion, Israel
Institute of Technology, Haifa, Israel

Department of Hematology and Bone Marrow
Transplantation, Rambam Health Care Campus, 7, Ha’Aliya
St., Haifa 3109601, Israel

[5], has been found to be associated with cell transformation
from the pre-angiogenic stage of slow tumor progression to
the leukemic stage [4]. Since enhanced BM neovasculari-
zation corresponds to a worse outcome [6], its suppression
could be crucial for the control of MM progression.

Interaction between the vascular endothelial growth fac-
tor (VEGF) and its receptor (VEGF-R) on the endothelial
cells (ECs) is established to be the main pathway to induce
angiogenesis signaling [7]. The use of VEGF-R blockers is
reported to limit EC proliferation, thereby restricting MM
cell (MMC) growth and migration [8].

The ubiquitin—proteasome pathway of protein degrada-
tion is involved in the regulation of the cell cycle and repair
of DNA damage [9]. Treatment of MM with proteasome
inhibitor bortezomib is reported to diminish the function of
proteasome catalytic sites. Specifically, bortezomib affects
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MMCs through the suppression of NF-kB signaling path-
way, resulting in the down-regulation of anti-apoptotic target
genes [10], and massive cell apoptosis [11]. This also leads
to inhibition of cytokine secretion, angiogenesis and MMC
adhesion to BM microenvironment [12].

Extracellular vesicles (EV), including exosomes, micro-
particles, and apoptotic bodies [13], have been established
to play a key role in the intercellular communication [14].
By transferring their cargo of regulatory molecules, EVs can
modulate angiogenesis, thus promoting tumor development,
progression, and metastasis [15-17].

EVs originating from various types of malignant cells
(those of hematological and solid tumors) display a unique
profile, including specific membrane antigens, cytokine con-
tent, DNA fragments, and miRNA [18]. We have recently
demonstrated that patient EVs released from BM acute
myeloid leukemia (AML) cells are characterized by a high
expression of CD117 and CD34, and increased cytokine
content, which decreases following chemotherapy treat-
ment [19]. Moreover, in another study of ours, chemotherapy
administration to breast cancer patients has been found to
affect the EV profile and function [20].

Stimulation of both MMCs and ECs by naive MMC-
derived EVs was previously reported to result in increased
proliferation and migration of these cells [21, 22]. However,
the mechanism related to the effect of EVs generated from
MMCs—following exposure to chemotherapy, such as a pro-
teasome inhibitor, on angiogenesis has not been elucidated.

We have hypothesized that EVs secreted from MMCs
are involved in angiogenesis and disease progression, while
treatment of myeloma cells with bortezomib could change
properties of the generated EVs, resulting in suppression of
their pro-angiogenic activities.

Materials and methods
Cell culture and EV isolation

MM cell line RPMI 8226 (ATCC) was cultured in RPM1
1640 medium supplemented with 10% heat-inactivated fetal
calf serum (FCS), 1% L-glutamine, 1% Antibiotics Solution
(10,000 units/ml penicillin, 10 mg/ml streptomycin, 250
units/ml nystatin; all purchased from Biological Industries,
Beit Haemek, Israel). For EV isolation, the cells were either
untreated or treated with 100 nM of bortezomib, as a sin-
gle dose, for 24 h in fresh growth medium supplemented
with 10% FCS. In an attempt to maximize the effects of
bortezomib, the drug dose of 100 nM was chosen. This
concentration was previously used in other studies, demon-
strating growth inhibition and apoptosis of human MMC:s,
the effects required from an anti-myeloma drug [23]. The
medium was then collected and centrifuged for 15 min at
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1500xg. Supernatant was further centrifuged twice for 1 h
at 20,000x g followed by washing. An EV pellet was then
frozen in aliquots at — 80 °C.

Human umbilical vein endothelial cells (HUVEC) were
isolated from human umbilical cord veins obtained from four
healthy pregnant women after delivery at term, according
to the previously described technique [24, 25]. Based on
the approach described by Liao H. et al. and according to
our experience, HUVEC at passages 3—8 were used for test-
ing cell functions [26]. These cells were seeded in 24-well
plates pre-coated with fibronectin (Biological Industries,
Beit Haemek, Israel) or in flasks with M199 medium sup-
plemented with 18% FCS, 1% Antibiotics Solution, 0.01%
Amphotericin B (Sigma-Aldrich, MO), 3.3 U/ml heparin
(Bondene Pty, South Africa), and 25 mg/ml endothelial
mitogen (Biomedical technologies, MA) at 37 °C and 5%
CO,. Before exposure to EVs, the HUVEC medium was
replaced with medium-free serum or with PBS in case when
the effect of EVs on EC proliferation was validated.

The Mvt-1 mammary cancer cell line was used as a posi-
tive control for p-MAPKAPK-2 phosphorylation.

EV quantification

The EV size and concentration were determined using
NanoSight NS300 Analyzer (NanoSight, UK), measur-
ing particles of 30—1000 nm, and flow cytometer—CyAn
ADP analyzer (Beckman Coulter, Switzerland) measuring
EVs> 300 nm. For flow cytometry experiments, EVs were
evaluated using 0.75 micron beads and EV concentration
was measured using 7.58 um beads as described previously
[27]. Briefly, 7.58-mm count beads (Flow Cytometer Abso-
lute Count Standard, Bangs Laboratories Inc., IN, USA) and
50 ul of EVs samples were combined and the total number of
EVs per 1 ml in the EV gate area was calculated accordingly.

MMC and MMC-EV characterization

MMCs and EVs were characterized using annexin V-FITC/
propidium iodide apoptosis kit (Bender MedSystem, Vienna,
Austria) and conjugated mouse anti-human antibodies:
PE-syndecan-1/CD138 and APC-CD38, PE-IgG 1 k Iso-
type control, APC-Flt-1 (vascular endothelial growth fac-
tor receptor—VEGF-R1), PE-KDR (vascular endothelial
growth factor receptor—VEGF-R2), APC-IgG 1 k Isotype
control (R&D Systems, MN).

MMCs and their derived EVs were stained with con-
jugated antibodies for 15-30 min at room temperature.
Samples were fixed with 0.5% formaldehyde. Cell acquisi-
tion was evaluated by flow cytometry (Cytek flow Cytom-
etry product Merkel, Israel) and analyzed by FlowJo
software 7.6.4. (Tree Star Inc, Oregon). EV acquisition
was assessed by flow cytometry, CyAn ADP analyzer
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(Beckman Coulter, Switzerland) and the analysis was
performed using Summit 4.3 software (Dako, Denmark).
Results were expressed as the proportion (%) of positively
labeled cells/EVs for a particular antigen.

EV protein content

EVs were isolated as previously described and re-sus-
pended in lysis buffer with protease inhibitors (RayBio-
tech, Inc., GA). Using a quantification kit (BCA protein,
quantification kit, Thermo Fisher Scientific Inc. ,Waltham,
MA), 100 pg of total protein obtained from MMC-EVs
was loaded to a glass chip angiogenesis antibody array
(RayBiotech, Inc., GA) according to manufacturer’s
instruction. Fluorescence intensity was analyzed using a
microarray scanner (Molecular Devices, CA) and its soft-
ware, which calculated the mean intensity of each spot
minus background and the negative control. The results
were normalized to positive control spots, and a controlled
amount of biotinylated IgG antibody was printed directly
onto the glass surface. Changes in the signal intensity
for a single analysis between samples were measured by
any > twofold increase or <0.5-fold decrease.

MMC-EVs and endothelial cells interaction

MMCs were incubated with 2 uM Calcein-AM, a green fluo-
rescent cell marker, for 45 min at 37 °C. Following this pro-
cedure, cells were stimulated with 10 pM Calcium ionophore
A23187 (Sigma-Aldrich) for 15 min in room temperature
for intense shedding of EVs. Fluorescent EVs were isolated
and co-incubated with non-fluorescent HUVEC for 30 min
at 37 °C. The interaction between EVs and HUVEC was
measured by an ImageStream-Amnis flow cytometry. The
cell fluorescent intensity on the membrane (negative signal)
and in the cytosol area (positive signal) reflected the rate of
EVs binding to cell membrane or their internalization to the
cell (penetration to the cells through the cell membrane).

EC proliferation assay

HUVEC were seeded in 96-well tissue culture plates in
growth medium. After 24 h, the medium was replaced by
PBS with or without 50 pg of EVs derived from either
naive MMCs (RPMI 8226 cell line) or those pre-treated
with 100 nM of bortezomib. Following 16 h, 50 ul of XTT
reaction solution [2,3-bis(2-methoxy4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide] (Biological Industries, Beit
Haemek, Israel) were added for 30 min. The absorbance of
the samples was measured using ELISA reader 450/630 nm.

EC migration assay

EVs (50 pg), obtained from naive MMCs or those pre-
treated with bortezomib (100 nM), in a 600 pul serum-free
medium, were added to the lower compartment of the
Boyden chamber (BD Biosciences; Pharmingen, CA), while
HUVEC (7 x 10* cells/100 ul) were seeded in a serum-free
medium on the upper chamber membrane. After 24 h of
stimulation, inserts were fixed with 4% formaldehyde (FA)
in PBS and stained with 0.5% crystal violet (Sigma-Aldrich,
MO) for 10 min. Cells from the upper side of the membrane
were removed and cells that migrated to the underside of the
membrane were photographed using inverted microscope.
Images were analyzed for confluence using image J software
(National Institutes of Health, USA).

To examine the ability of MMC-EVs to promote HUVEC
migration and phosphorylation, in some experiments,
HUVEC were pre-exposed for 1 h to specific inhibitors of
cell signal transduction, including U0126 (MEK 1/2 inhibi-
tor), PD98059 (MEKI inhibitor) SP600125 (JNK-1,-2,-3
inhibitor), and SB203580 (p38 inhibitor) (Cayman Chemi-
cal Company, MI).

Protein extraction and western blot analysis

The expression of ERK1/2, c-Jun, and MAPKAPK-2 was
assessed by Western blotting. Following overnight starva-
tion HUVEC were stimulated for 24 h with 300 pg/ml of
MMC-EVs.

HUVEC were washed twice with PBS and dissolved in
the radio-immunoprecipitation assay (RIPA), a protein lysis
(Merck Millipore, Germany) with a cocktail of protease and
phosphatase inhibitors (Sigma-Aldrich, Israel). Following
incubation on ice for 30 min and centrifugation, the super-
natants were collected and the protein concentrations were
determined (BCA protein, quantification kit). Proteins were
electrophoresed through a 10% polyacrylamide gel and trans-
ferred to a nitrocellulose membrane (Bio-Rad, Richmond,
CA) by electroblotting. Membranes were blocked overnight
at 4 °C and immunoblotted with the desired antibody, fol-
lowed by secondary antibody conjugated with horserad-
ish peroxidase (HRP). The following antibodies against
mitogen-activated protein kinases were used: phospho-
p44/42(Thi202/Tyr209) \NTAPK | total p44/42-MAPK (Erk1/2),
phospho-c-Jun®*73 total c-Jun, phospho-MAPKAPK-
2(Thr222) “total MAPKAPK-2, (Cell Signaling Technology,
MA), and B-actin (Sigma-Aldrich, MO). Membranes were
developed by enhanced chemiluminescence (ECL) (Biologi-
cal Industries, Kibutz Beit, Israel) and analyzed using lumi-
nescent image analyzer (Fujifilm, Tokyo, Japan). Analysis
was performed using Image J software (National Institutes of
Health, USA). Positive control for p-MAPKAPK-2 antibody
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was executed by testing MAPKAPK-2 phosphorylation of
Muvt-1 cells.

Bortezomib content in EVs

MMC-EVs, obtained from either naive cells or those pre-
treated with bortezomib (100 nM), were evaluated for the
presence of bortezomib, using high-performance liquid
chromatography (HPLC, Agilent 1100 chromatographic
system). Bortezomib was separated on C18 column, 20%
acetonitrile: 80% water +0.1% formic acid. Retention time
bortezomib =7.30 min, [, =270 nm, injection volume
60 pl. Injection volumes for EVs were 100 pl and 300 pl.
Naive EVs were used as a control.

Proteasome activity in EVs and ECs

Proteasome activity in MMC-EVs and ECs was assessed
using a proteasome activity kit, (Sigma-Aldrich, Israel) as
described previously [28]. Briefly, HUVEC (20,000 cells/
well) were seeded in 96-well tissue culture plates in growth
medium. Following 2 h, the medium was replaced by fresh
medium containing EVs (50 pg) obtained from naive MMCs
or treated with bortezomib for 24 h. MMC-EVs (naive or
Bi-EVs) seeded without HUVEC served as control. For
evaluation, 100 pl of fluorogenic proteasome LLVY-R110
substrate was added to each well for 5 h. Florescence inten-
sity indicated the cleavage of the substrate measured at Ex/
Em=485/520 (RFU).

Statistical analysis

Data were analyzed using GraphPad Prism 5 software.
Statistical significance was determined using one-way

analysis of variance (ANOVA) followed by Bonferroni’s test
(*p<0.05, **p <0.01, ***p <0.001). ¢ test-non-parametric
Mann—Whitney test was used for comparing two samples.
All data are presented as mean + SD (apart from the pro-
angiogenic protein array, a screening test performed only
once). Results with a p value < 0.05 were considered statisti-
cally significant.

Results

Bortezomib increased the concentration of large
MMC-EVs

The current study evaluated potential effects of bortezomib
on the characteristics of Bi-EVs. Two measurement tech-
niques were employed to evaluate the size and concentration
of generated EVs.

Nanosight analysis showed that the majority of EVs
were smaller than 300 nm, and the mean size of Bi-EVs
(98 +26 nm) was lower, albeit non-significantly, than that
of naive EVs (113 +11.5 nm) (Fig. 1a, b). Assessment of
total EV concentrations demonstrated a trend of increase
in Bi-EVs (26.18 + 1.47E8 particles/ul) compared to naive
EVs (22.73 +£2.71E8 particles/ul). Of note, the baseline con-
centration of EVs, as observed in the RPMI medium sup-
plemented with FCS, was found to be 1.29E7 particles/ul.
Among the Bi-EVs, a threefold higher amount of particles
larger than 300 nm was revealed, compared to naive EVs
(35.55E3+29.67E3 and 10.74E3 + 15.21E3, respectively;
p=0.0379; Fig. 1c), although the absolute count of such
large particles remained less than 1% of the total EV number
(defined by Nanosight).
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Fig.1 MMC EV size and concentration. EVs were isolated from an
untreated myeloma cell line (RPMI 8226; naive MMC-EVs) or fol-
lowing exposure to 100 nM of bortezomib (Bi-EVs). NanoSight
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analysis displays size distribution: a naive MMC-EVs; b MMC-
EVs exposed to 100 nM of bortezomib. Concentrations of large EVs
(>300 nm) were measured by flow cytometry (c)
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The levels of annexin V binding and propidium iodide
(PI) staining, identifying apoptotic cells, were found to be
twice higher in bortezomib-treated MMCs, than in naive
MMCs (annexin V: 70.25+16.37% vs. 38.45+10.1%,
p <0.01; PI staining: 50.47 £ 18.56% vs. 20.98 + 10%,
p <0.05). Nevertheless, non-significantly (NS) higher labe-
ling with annexin V was found in Bi-EVs compared with
naive EVs (93.73 +18.58% vs. 73.44+3.1), and no dif-
ference in PI staining (17.18 £21.03% vs. 19.74 +£9.26%)
(Fig. 2a, b).

The evaluation of MM markers expression showed
that while bortezomib significantly reduced the expres-
sion levels of CD38 and CD138 on MMCs (CD38: naive
MMCs 78.64 +£15.75% vs. Bi-MMCs 56 +16%, p < 0.01
and CD138: naive MMCs 70.81+15.66% vs. Bi-MMCs
20+ 10%, p <0.001, respectively), non-significant differ-
ences were found in the expression level of these markers on

both EV types (CD38: naive EVs 28.50 + 19.26 vs. Bi-EVs
40.79 +£23.76; CD138: naive EVs 17.83+11.81 vs. Bi-EVs
15.33+12.29) (Fig. 2c, d).

Bortezomib altered the levels of pro-angiogenic
and inflammatory proteins in MMC-EVs

As regulation of vasculature requires modulation of angio-
genic factors and inhibitors, the EV expression of VEGF-
R and content of growth factor molecules were examined.
It was found that bortezomib induced a non-significant
decrease in the surface expression of VEGF-R1 compared
to untreated MMCs (from 32.1 + 5.15% to 21.12 + 7.75%),
while EV levels were found to be similar in both groups,
~30% with broad standard deviation.

At the same time, a trend of reduction was found in
the expression of VEGF-R2 on bortezomib-subjected
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Fig.2 Expression of MM markers. EVs were isolated from untreated
MMCs (naive MMC-EVs) or following exposure to 100 nM of bort-
ezomib (Bi-EVs). Cells and their related EVs were stained with

annexin V (a) and propidium iodide (b) or with conjugated antibody
against: ¢ CD38 and d CD138 and evaluated by flow cytometry anal-
ysis
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cells compared to naive cells (from 5.268 + 2.748% to
2.62 + 2.80%) and a significant reduction was observed on
their related EVs compared to naive EVs (15.84 + 2.27%
vs. 29.26 + 5.62%; p <0.001; Fig. 3a). Remarkably, EV
VEGF-R2 levels appeared to be significantly higher on EVs
compared to their parental cells.

Furthermore, the evaluation of the content of pro-angio-
genic proteins derived from naive EVs revealed high levels
of several growth factors: VEGFA, platelet-derived growth
factor-BB (PDGF-BB), angiogenin and urokinase plasmi-
nogen activator receptor (uPAR). In Bi-EVs, the expression
of most of these growth factors was significantly reduced,
while the uPAR level appeared to be increased by 2.6 fold.
In addition, opposite trends were found in the content of
pro-inflammatory cytokines and Bi-EVs demonstrated ele-
vated levels of the interleukins (IL) IL1 f, IL-8 IL-10, and
chemokine RANTES (regulated on activation, normal T cell
expressed and secreted) compared to naive EVs (Fig. 3b).
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Fig.3 The content of membrane angiogenic receptors and proteins
in MMCs and EVs. EVs were isolated from an untreated MMC line
(naive MMC-EVs) or following exposure to 100 nM of bortezomib
(Bi-EVs): a VEGF-R2 and were analyzed by flow cytometry. b The
protein content of EVs was evaluated using human angiogenesis anti-
body protein array. The graphs display signal intensity of each protein
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Bi-EVs inhibited proliferation and migration
of endothelial cells

Evaluation of the interaction between MMC-EVs and ECs
demonstrated 42%-penetration of EVs (reflecting the rate of
EV internalization into HUVEC) following co-incubation, as
measured by flow cytometry (Fig. 4al). Fluorescent-labeled
naive EVs which have not been internalized into the cells are
represented in Fig. 4a2.

We then examined whether the uptake of MMC-EVs
into ECs affected the properties of the latter cells that are
considered crucial for angiogenesis. Exposure to naive
EVs induced a trend of increase (30%) in EC prolifera-
tion, whereas Bi-EVs inhibited EC proliferation by 50%
(p<0.05) (Fig. 4b). A similar pattern of MMC-EV effects
on EC migration was revealed. Naive EVs led to a significant
elevation in EC migration (by 13-fold) (»p <0.001), while
Bi-EVs restricted the migratory effect by 75% (p <0.01),
exhibiting the level comparable to that observed in untreated
ECs (Fig. 4c).

MMC-EVs regulated endothelial signal transduction
pathways

Given the established role of VEGF/VEGF-R2 signal trans-
duction pathways (ERK, JNK and P38) in EC migration,
inhibitors, targeting these signaling pathways, were applied
to study the EV effects on EC protein phosphorylation and
migration.

HUVEC were found to respond to naive EVs and dis-
played a significant increase in ERK1/2 phosphorylation
(35 fold, p<0.01; Fig. 5a, S1a) and c-Jun phosphorylation
(1.8 fold, p<0.01) (Fig. 5b, S1b), but did not affect MAP-
KAPK-2 phosphorylation (P38 pathway) (S1C). In contrast,
exposure of ECs to Bi-EVs restricted EC ERK1/2, ¢-Jun and
MAPKAPK-2 phosphorylation. The use of signal transduc-
tion inhibitors specifically targeting the three MAPK sub-
groups showed that exposure of HUVEC, pre-treated with
MEK1/2 and JNK-1,-2,-3 inhibitors, to naive EVs signifi-
cantly reduced ERK1/2 and c-Jun phosphorylation (p < 0.05
and p <0.001, respectively) compared stimulation with naive
EVs only.

To further confirm our observations that MMC-EVs acti-
vate the MAPK cascade and possibly promote cell migra-
tion, we tested HUVEC migration in response to the same
signal transduction inhibitors. Co-incubation of HUVEC
with both MEK1/2 and JNK-1,-2,-3 inhibitors followed by
exposure to naive EVs was found to diminish the HUVEC
migration rate by 80% (p <0.05) and 75% (p <0.5), respec-
tively. Neither MEK1 nor p38 inhibitor had a significant
effect on cell migration (Fig. 5cl, c2).

It has been also explored whether the effect of Bi-EVs
on ECs is mediated by the drug residues inside EVs that are
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rescent-labeled naive EVs were incubated with HUVEC. Fluorescent
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(positive signal) reflected the rate of EV internalization into the cells,
as measured by Amnis flow cytometry. b To assess proliferation,
HUVEC were seeded in 96-well plates (70% confluence) with EVs
(50 pg) for 16 h. HUVEC without EVs served as control. Prolifera-

transported to the cells within the EV cargo or via an active
proteasome mechanism present in EVs. The evaluation of
bortezomib presence has shown that Bi-EVs have not exhib-
ited any residual molecules of the drug (Fig. 6a). Further-
more, proteasome activity has been found to be decreased
(by 60%) in Bi-EVs compared to naive EVs (p =0.0019)
(Fig. 6b1). Likewise, while an addition of naive EVs to ECs
did not affect the EC proteasome activity, it was reduced by
50% in ECs incubated with Bi-EVs (p <0.001) (Fig. 6b2).

Discussion

There is growing evidence on the role of EVs in intercellular
communication associated with cancer progression. Recent
studies have demonstrated that MM-derived exosomes mod-
ulate the BM microenvironment by enhancing angiogenesis
and immunosuppression [29]. It has been shown that cell
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tion rate was measured using the XTT assay. ¢ Migration was meas-
ured using the Boyden chamber. HUVEC were added to the upper
chamber of the insert, while EVs (50 pg) were added to the lower
chamber in serum-free medium. Representative light microscope
images of cells and the graph display an average area of migrated
cells of 10 fields per well. The analysis was executed using Image J
software

exposure to chemotherapeutic drugs results in shedding
of modulated EVs, which may change their effects on the
recipient cell functions, including angiogenesis [15, 17].

Bortezomib is the first proteasome inhibitor that has
become the standard of care in MM [30]. The biologic rele-
vance of proteasome inhibitors in targeting MM cells and the
bone marrow microenvironment is well established [23, 31];
however, the potential role of EVs, produced in response to
PI exposure has not been explored yet. The current study
used high-dose bortezomib (100 nM) for MMC stimulation,
which induced cell death (indicated by high annexin V/PI
labeling). Such stimulation had been previously reported to
cause cell growth inhibition and apoptosis [23]. This setting
allowed production of EV amounts sufficient to explore their
impact on the angiogenesis process.

Cancer therapy enhances shedding of various EV subpop-
ulations, including exosomes, which are smallest, microvesi-
cles (MVs) and apoptotic bodies. These subpopulations
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Fig.5 Effects of MMC-EVs on EC signaling and proteasome activity.
HUVEC were incubated in the serum-free medium for 16 h followed
by addition of inhibitors U0126, PD98059, SP600125, and SB203580
for 1 h. EVs generated from the RPMI 8226 cell line (MMC-EVs:
naive MMC-EVs and Bi-EVs) were added to the culture for 15 min.
Cellular lysates were separated by SDS-PAGE. Phosphorylation and
protein levels of a ERK1/2, b c-Jun, were assessed using western blot
(equal protein loading was confirmed with f-actin). Phosphoryla-
tion levels were normalized to the total protein expression and dis-

differ from one another by size, cell origin and function,
mechanisms of formation RNA/DNA protein content and
surface molecules [32—-34]. As MMCs are known to express
high levels of membrane MM markers (CD38, CD138) [35],
the exposure to bortezomib reduces their expression on
MMCs. However, in our study, both MMC-related EV sub-
groups (naive-EVs and Bi-EVs) have been found to exhibit
low levels of these markers. Of note, the expression of CD38
and 138 is tricky to validate and it may be considered a chal-
lenge to perform flow cytometry studies of these markers,
especially on EVs.

At least three mechanisms of interaction between EV's
and their recipient cells have been reported. They include

@ Springer

played in graphs (a, b). Positive control for p-MAPKAPK-2 antibody
was executed by testing MAPKAPK-2 phosphorylation of Mvt-1
mammary cancer cells. For migration, HUVEC treated for 1 h with
the above inhibitors were added to the upper chamber of the insert.
MMC-EVs in the serum-free medium were added to the lower cham-
ber. Treatment without EVs served as negative control. Representa-
tive light microscope images of cells (c1) and the graphs (¢2) display
an average area of migrated cells of 10 fields per well. The analysis
was executed using Image J software

endocytosis, EV incorporation with the cell membrane and
binding of receptors and antigens [36]. The latter mechanism
implies the key role of receptor presentation on the EV sur-
face, which may determine not only the cell/EV binding but
also the EV ability to transfer functional receptors to recipi-
ent cells [37, 38]. In our study, no significant differences
were found in VEGFR-1 (FLT1) expression between MMCs
and their EVs, whereas high levels of VEGFR-2 (KDR) were
revealed on both naive and Bi-EVs.

Our results have demonstrated that EVs released from
MMCs are internalized into ECs and thus mediate their
functioning, e.g., induce migration, proliferation and pro-
tein phosphorylation. It can be assumed that by transferring
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Fig.6 MMC-EVs Bortezomib content and proteasome activity in
MMC-EVs and EC. al-a3 EVs were isolated from untreated MMCs
(naive MMC-EVs) or following exposure to 100 nM of bortezomib
(Bi-EVs). The bortezomib content in EVs was determined using
HPLC Agilent 1100 chromatographic system. Representative chro-
matograms of bortezomib (1 pg/ml) (al), naive MMC-EVs (100 pl
and 300 pl) (a2), and Bi-EVs (100 ul and 300 pl) (a3) are displayed.

higher levels of functional VEGFR-2 to ECs, MMC-EVs
may enhance the EC angiogenic potential.

The angiogenic switch [5] is essential for MM progres-
sion and controlled by a variety of cytokines [39, 40]. The
EV membrane shield protects cytokines and growth factors
from rapid degradation, enhancing their potential effects
[18]. The differences in the expression of pro-angiogenic
and anti-angiogenic factors in EVs found in the current study
may reflect the imbalance associated with the disease and
may indicate the potential ability of EVs to be involved in
the angiogenic switch.

Since EVs can influence angiogenesis, their content and
surface molecule expressions are of particular importance.
The EV cargo is reported to be affected by the stimulus used
to induce EV production [41]. In the current study, bort-
ezomib has been found to change the MMC-EV character-
istics, decreasing the content of pro-angiogenic factors and
increasing pro-inflammatory cytokines. Specifically, bort-
ezomib has been found to significantly reduce the content of

HUVEC proteasome activity (RFU) E" -

40000+
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J—
20000+
100004
0 r

No +Naive- + Bi-

EVs EVs EVs

(n=3) (n=3) (n=3)

b1, b2 Proteasome activity was assessed, using a proteasome activ-
ity kit, in MMC-EVs alone and in HUVEC untreated or treated with
MMC-EVs, as described in “Materials and methods.” Fluorescence
intensity was measured at the Ex/Em wavelength of 485/520=RFU.
b1 Proteasome activity in MMCs-EV. b2 Proteasome activity in
HUVEC

the growth factors [VEGF-A, platelet-derived growth factor
(PDGF) and angiogenin] in MMC-EVs. These growth fac-
tors are reported to regulate tumor-induced neo-angiogenesis
in the BM of MM patients [42, 43] via activation of the
signal transduction ERK1/2 and AKT [44-47].

We have observed that the uPAR level is increased in
Bi-EVs. The interaction of uPAR with VEGFR-2 has been
suggested to promote VEGF-induced angiogenesis [48]. One
may assume that the increase in uPAR is part of the compen-
satory mechanism promoting the decrease in VGFR-2 that
we have found in Bi-EVs. We suggest that bortezomib inhib-
its angiogenesis by decreasing the pro-angiogenic potential
of Bi-EVs.

Inflammatory cytokines released by MMCs have been
shown to enhance plasma cell proliferation [49] and sup-
port MM progression [50]. Duality of inflammatory cytokine
function has been previously reported. On the one hand, they
are capable of inducing endothelial dysfunction [51], while
on the other, they are found to promote angiogenesis through
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EC activation of VEGF production [52], that together with
IL-8 can support HUVEC migration [53].

Remarkably, while a suppressive mode of action of bort-
ezomib in MM is well established, the results of the current
study have exhibited negative effects of this drug on MMC-
EVs exposed to this drug, which has actually up-regulated
the expression of the tested inflammatory cytokines (inter-
leukins IL1 B, IL-8, and RANTES) in MMC-EVs. These
findings are supported to some extent by the data from a
recent study in mice, demonstrating that bortezomib has
promoted pro-inflammatory macrophages, which could
account for MMC aggressiveness [54]. Additionally, in
another study, IL-8 has been reported to be associated with
decreased effectiveness of proteasome inhibition [55]. Nota-
bly, the increased level of IL-10, an anti-inflammatory regu-
lator, in Bi-EVs may indicate the acquirement of an escape
mechanism by MMCs [56].

The migratory effect of MMC-EVs on ECs supports our
assumption that these EVs play a substantial role in promot-
ing angiogenesis, as recently suggested [22]. The impact of
VEGF/VEGFR-2 signal transduction pathways (ERK1/2,
JNK, and P38) on EC migration is well known [55, 57].
We have found that naive MMC-EVs activate ERK1/2 and
c-Jun phosphorylation but not that of MAPKAPK-2. These
results comply with the migration capacity of ECs obtained
in the presence of MAPKs inhibitors. Previous studies have
demonstrated that bortezomib treatment had increased p38
and JNK expression in the MM RPMI8226 cell line [58]
with no effect on p-ERK1/2 expression [58]. Our results,
showing a reduction in the EC p-ERK1/2 level following
co-culture with Bi-EVs, may suggest the existence of an
additional action pathway of bortezomib on EC p-ERK1/2
that is mediated indirectly through EVs.

High proteasome activity is one of the MM hallmarks
and the ubiquitin—proteasome pathway is critical for MMC
growth and survival, which explains their sensitivity to bort-
ezomib [59]. We have found that MMC-EVs contain func-
tionally active proteasome and that the exposure of MMCs
to bortezomib diminishes the proteasome activity in the
generated EVs. Furthermore, ECs subjected to these EVs
also exhibit reduced proteasome activity, which may reflect
indirect bortezomib influence.

Of note, despite the fact that we have failed to find any
residues of bortezomib in EVs, using HPLC method, we
still cannot draw a definitive conclusion that the inhibitory
effects of these EVs are not related at least in part to residual
presence of very low concentrations of this drug.

The present study has several limitations. Only one MM
cell line and one PI inhibitor used at a high dose (100 nM)
known as apoptotic have been evaluated. The recom-
mended bortezomib dose for the treatment of MM patients
is 1.3-1.5 mg/m?. The study on blood distribution of bort-
ezomib and its kinetics in MM patients found that the drug

@ Springer

concentration in whole blood and blood cells was much
higher than that measured in plasma, differing between
treatment cycles and remaining in the blood above 11 days
after finalizing the treatment [60]. In the current study, the
effects of EVs derived from MMCs pre-exposed to bort-
ezomib have been assessed in an in-vitro model and the high
dose of the drug was used to ensure the achievement of an
apoptotic-activity [23]. Moreover, MMC cells were treated
with 100 nM of bortezomib for 24 h only once. This cannot
reflect a long-term treatment taking place in the clinical set-
ting. One may assume that a long exposure to bortezomib
could further enhance generation of EVs and intensify their
effects.

In conclusion, this study has demonstrated that naive
MMC-EVs contain pro-angiogenic factors and enhance EC
migration and proliferation. High bortezomib doses have
induced apoptosis of MMCs resulting in generation of EVs
differing from their naive counterparts in size and content.
These EVs have been found to limit EC functioning via spe-
cific signal transduction pathways and thus interfere with
angiogenesis.
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