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Plant defensin PvD; modulates the membrane
composition of breast tumour-derived exosomesf

Julia Skalska, {22 Filipa D. Oliveira, © 2 Tiago N. Figueira, (2 Erica O. Mello,®
Valdirene M. Gomes,® Grant McNaughton-Smith, Miguel A. R. B. Castanho © ** and
Diana Gaspar {2

One of the most important causes of failure in tumour treatment is the development of resistance to
therapy. Cancer cells can develop the ability to lose sensitivity to anti-neoplastic drugs during reciprocal
crosstalk between cells and their interaction with the tumour microenvironment (TME). Cell-to-cell
communication regulates a cascade of interdependent events essential for disease development and
progression and can be mediated by several signalling pathways. Exosome-mediated communication is
one of the pathways regulating these events. Tumour-derived exosomes (TDE) are believed to have the
ability to modulate TMEs and participate in multidrug resistance mechanisms. In this work, we studied the
effect of the natural defensin from common bean, PvD;, on the formation of exosomes by breast cancer
MCEF-7 cells, mainly the modulatory effect it has on the level of CD63 and CD9 tetraspanins. Moreover,
we followed the interaction of PvD; with biological and model membranes of selected composition, by
biophysical and imaging techniques. Overall, the results show that PvD, induces a dual effect on MCF-7
derived exosomes: the peptide attenuates the recruitment of CD63 and CD9 to exosomes intracellularly
and binds to the mature exosomes in the extracellular environment. This work uncovers the exosome-
mediated anticancer action of PvDy, a potential nutraceutical agent.

Introduction

Breast cancer is the second leading cause of cancer-related
deaths worldwide, accounting for 11.6% of total globally pre-
dicted terminal cancer cases in 2018 and reflected by over
1 million deaths." Despite the significant progress that has
been made in the development of targeted treatment strategies
such as hormone therapy” or immunotherapy,® which
increased the overall survival of breast cancer patients, a suc-
cessful method to overcome the obstacles that lead to therapy
failure is still needed.

Multidrug-resistance mechanisms represent a major limit-
ation to therapy and are the main cause associated with
disease recurrence.® In fact, nearly one-third of women were
diagnosed with early stage breast cancer relapse and the prob-
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ability of resistance development increases in advanced cases.’
The mechanism of resistance to therapeutics involves events
impeding drug accumulation inside the cell which include
reduced uptake, capture inside intracellular vesicles and
enhanced clearance of drugs.®” These processes are associated
with alterations in the lipid composition and biophysical pro-
perties of the cell membrane.® Therefore, it is important to
understand cell membrane changes occurring during therapy
at the biophysics level so the process of drug development can
be optimized.

It has been shown recently that multidrug-resistance can
be also induced by tumour-derived exosomes (TDE) through
epigenetic regulation or transfer of specific proteins.”'°
Exosomes are nano-sized membrane-embedded vesicles pro-
duced by reverse budding of the endosomal membrane."
These extracellular vesicles (EVs) have been reported to facili-
tate the crosstalk between cells by transporting a unique
composition of proteins, lipids and RNA species'? contribut-
ing to the regulation of the tumour microenvironment
(TME)."® Exosomes isolated from docetaxel-resistant MCF-7
cells, for instance, have upregulated levels of proteins
involved in multidrug-resistance’*™® and can induce resis-
tance in MCF-7 drug-sensitive cells."”” Moreover, TDE are
directly involved in anti-neoplastic drugs’ elimination from
cancer cells."®?° Therefore, the development of anticancer
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molecules that use novel mechanisms of action and target
TDE can potentially help bypass resistance development in
cancer cells.

Antimicrobial peptides (AMPs) have attracted growing atten-
tion for the development of anticancer chemotherapies due to
their cytotoxic effects.”’”?* The mechanism of action of AMPs
with anticancer activity (anticancer peptides, ACPs), is
assigned to the electrostatic interactions between the peptides
and the cellular membrane, which is correlated with reduced
probability of resistance development.>**® Our group has pre-
viously investigated two representative ACPs, belonging to the
defensin family: HNP-1,>° and PvD,.”” HNP-1 originates from
the human azurophilic granules of neutrophils®® and has been
shown to exert cytotoxic effects on several eukaryotic and neo-
plastic cells.*****° pyD; is a natural plant defensin isolated
from the seeds of common beans.*'* In our previous studies,
PvD; showed inhibitory effect on the growth and metastatic
spread of breast cancer cells.”” Additionally, other authors
revealed a significant contribution of the membrane lipid
composition to PvD, activity.*”

In this work, we examined whether the active ACP PvD; can
interfere with exosomal membranes and modulate their bio-
physical properties and/or structure. Additionally, we investi-
gated the regulatory effect of the peptide on exosomes’ for-
mation by screening changes in the expression of tetraspanins
CD63 and CD9. These proteins are well-established hallmarks
of exosomes and contribute to exosomal formation from the
endosomal membrane and uptake by the cells.?*?3°
Tetraspanins play a very important role in processes such as
cell adhesion, tumour growth, migration’” and chemo-resis-
tance development.®® Here, we show that the membrane active
peptide PvD, can target exosomes, which could lead to a dis-
turbed communication between cells in the primary breast
tumour and in the TME, resulting in affected tumour growth
and survival mechanisms.

Experimental
Reagents

Adherent cell line MCF-7 was purchased from American Type
Culture Collection (ATCC, HTB-22). RPMI 1640 media, heat-
inactivated fetal bovine serum (FBS), exosome-depleted FBS
(dFBS), penicillin and streptomycin solution, trypsin (TrypLE
Express enzyme) and Total Exosome Isolation (TEI) reagent
were obtained from Life Technologies. Dimethyl sulfoxide
(DMSO), 3-(4,5-di-methylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide (MTT), ethylenediaminetetraacetic acid (EDTA) and 4-
(2-6-(dioctylamino)-2-naphthalenyl Jethenyl)-1-(3-sulfopropyl)
pyridinium inner salt (di-8-ANEPPS) probe, were purchased
from Sigma-Aldrich. The MicroBCA assay kit and protein
ladder were obtained from Thermofisher Scientific. Western
Blot reagents 10x TGS and 10x TG, APS, bromophenol blue
and acrylamide 30% were obtained from Bio-Rad.
Amersham™ ECL kit and Amersham™ nitrocellulose mem-
branes were obtained from GE Healthcare.
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Primary antibodies anti-CD63 (clone RFAC4, CBL553), anti-
CD9 (clone MM2/57, CBL162) and secondary anti-mouse anti-
body (AP181P) were purchased from Merck Millipore. Anti-
Calnexin (clone 37/Calnexin, 610524) was purchased from BD
Bioscience and Anti-p-actin (clone AC-15, A5441) was pur-
chased from Sigma-Aldrich. Fluorescent antibodies anti-
CD63-Alexa Fluor 647 (clone H5CS, 561924), anti-CD105-
PerCp-Cy™5.5 (clone 266, 560819), anti-EpCAM-PE (clone
EBA-1, 347198) and PE Mouse 1gG1, k isotype control (clone
MOPC-21, 559320) as well as carboxyfluorescein diacetate
succinimidyl ester (CFSE) were purchased form BD Bioscience.
Nanobead Calibration Kit was obtained from Bangs
Laboratories, Inc.

Cholesterol (Chol) was purchased from Sigma Aldrich and
1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phospho-i-serine (POPS), 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), sphingo-
myelin (SM) and glucosylceramide (GluCer) were obtained
from Avanti Polar Lipids (Alabaster, AL, USA).

Biacore sensor chip regeneration reagents, 3-[(3-cholamido-
propyl) dimethylammonio]-1-propanesulfonate (CHAPS), octyl-
f-glucopyranoside and methanol were purchased from Sigma.
Sodium dodecyl sulfate (SDS) was obtained from GE
Healthcare (Little Chalfont, United Kingdom).

PvD, peptide

For protein extraction, 30 grams of Phaseolus vulgaris cotyle-
dons were milled and after this process 150 mL of extraction
buffer (Na,HPO, 10 mM, NaH,PO, 15 mM, KCI 100 mM, EDTA
1.5%) pH 5.4 was added to the flour and the mixture was con-
stantly stirred for 2 h at 4 °C. This homogenate was centri-
fuged at 15 000g for 20 min at 4 °C and the precipitate was dis-
carded and the supernatant was subjected to ammonium
sulfate precipitation at 70% saturation and centrifuged as
before. The resulting precipitate was resuspended in distilled
water and warmed at 80 °C for 15 min and centrifuged once
more at 10 000g for 8 min at 4 °C. The supernatant was dia-
lyzed against distilled water, concentrated by freeze drying
resulting in a protein-rich extract (PRE). The purification of
the PvD, peptide from the PER of P. vulgaris was accomplished
by chromatographic methods which were performed as
described by Games et al. 2008.>* The retention time to recover
the PvD, defensin during reversed-phase chromatography in
the pRPC C2/C18 column (ST 4.6/100) (GE Healthcare) was
32 min.

Cell culture

MCF-7 adherent human breast cancer cells were cultured as a
monolayer in RPMI 1640 medium supplemented with 10%
FBS and 1% penicillin-streptomycin. The culture was main-
tained in 75 cm? cell culture flasks (ThermoFisher™) at 37 °C
and 5% CO, in a humidified environment.

MTT toxicity assay

MCF-7 cells were seeded in triplicate at 5000 cells per 200 pL
per well, in a 96-well plate and incubated for 24 h. Cells were
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then washed with phosphate buffer saline (PBS, pH 7.4) and
new serum-free media for the control and serum-free media
containing PvD; (0.01-10 pM) were added to the wells. After
24 h of incubation, 10 uL of 6 mg mL~' MTT solution was
added to each well following a 2 h incubation. The mixture
medium, peptide and MTT were removed and 150 pL of DMSO
(spectrophotometric grade) was added. Absorbance was
measured at 595 nm. Serum-free medium was used as the
control for 100% viability, and serum-free medium containing
10 pM doxorubicin was used as the positive control.
Viability (%) was determined as:

(Absorbancepepide-treatcacells /Absorbance pereaeacells) x 100

while cell death (%) was calculated as 100 — (% viability).
IC5, values were determined through non-linear regression
with the classical dose-response relationship (median-effect
model based on mass action),>® using the GraphPad Prism 7.0
software package. Data are represented as log(inhibitor) vs.
normalized response for clarity. Experiments were performed
on at least two different days using independently grown cell
cultures.

Hemolysis assay

Human blood samples were collected from healthy blood
donors, after obtaining written informed consent, following
a protocol established by the Portuguese Blood Institute
(Lisbon), approved by the Ethics Committee of the Faculty of
Medicine of the University of Lisbon. The blood samples were
collected directly into K;-EDTA coated tubes to prevent coagu-
lation. For isolating human red blood cells (hRBCs) the blood
was washed three times with PBS buffer (pH 7.4) and centri-
fuged at 4000 rpm for 10 min at 4 °C. In a 96-well round
bottom polypropylene plate, 100 pL of the peptide solution
(from 0.01 pM to 30 pM final concentration in PBS buffer (pH
7.4)) was added to the wells and then mixed with 100 pL of
0.25% v/v hRBCs in PBS buffer (pH 7.4). The 0% hemolysis
and 100% hemolysis controls consisted of hRBCs treated
with PBS buffer (pH 7.4) and 0.5% Triton X-100 in PBS buffer
(pH 7.4), respectively. The plates were incubated for either
1 or 24 h at 37 °C. The solution was then centrifuged at
4000 rpm for 10 min at 4 °C, and the supernatant was trans-
ferred into a new 96-well flat bottom polystyrene plate.
Absorbance was measured at 415 nm using a microplate
reader and per cent hemolysis was calculated using the fol-
lowing equation:

((AbsorbancereateahRBC — Absorbanceypreated hRBC) /

(Absorbanceiton-xiootreated hRBC — AbsorbanceyptreateahRBC)) % 100.

Each experiment was performed in duplicate, and the
dose-response curve is an average from two independent
donors.

Atomic force microscopy (AFM) imaging

AFM images were acquired with a JPK Nano Wizard IV (Berlin,
Germany) mounted on a Zeiss Axiovert 200 inverted micro-
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scope (Carl Zeiss, Germany). The AFM head is equipped with a
15 pm z-range linearized piezoelectric scanner and an infrared
laser. Human breast cancer cells MCF-7 were seed at 6 x 10*
cells per mL into 40 mm culture dishes (TPP) and cultured for
24 h. Cells were washed with PBS buffer (pH 7.4) before
adding PvD; peptide diluted in serum-free media. For the
control images, cells were incubated with the medium sup-
plemented without serum. After the 24 h incubation period
cells were washed with PBS buffer (pH 7.4) and incubated with
1% glutaraldehyde solution for 10 minutes at room tempera-
ture, washed with PBS buffer (pH 7.4) and sterile Milli-Q water
and air-dried. Images were obtained in air using uncoated
silicon ACL cantilevers from AppNano with typical resonance
frequencies ranging between 145 and 230 kHz and an average
spring constant of 45 N m™' in intermittent contact mode.
Scan speeds were lower than 1 Hz. Total areas with 100 pm x
100 pm were scanned with a 512 x 512 pixel resolution.

Cell height was assessed using the JPK SPM Data
Processing (version 6.0.55) by drawing a height profile for each
cell. The difference between the bottom and the highest point
of the cell corresponds to the presented cell height. The total
number of analysed cells was 70. This number includes 17
cells for the control and 20 cells for PvD, at 0.03 uM, 20 cells
for PvD, at 0.24 pM and 13 cells for PvD; at 1 pM.

The surface area of the tumour cells was determined
through AFM height images using Image] software (version
1.39k). The number of cells analyzed for control images was 21
while that for peptide treatment was 24 (0.03 pM PvD,), 21
(0.24 uM PvD,) and 12 (1 pM PvD,).

Cell membrane roughness was defined as the mean square
roughness (Sq) and determined using Gwyddion software
(version 2.50) from AFM height images. Final S, values were
obtained as the average of 2.5 pm x 2.5 pm squared areas from
different areas of the cell (nucleus and cytoplasm). The total
number of cells included in this analysis was 29 for the control
and that in the presence of PvD, at 0.03 pM - 24 cells, 0.24 uM
- 22 cells and for 1 pM - 19 cells. Cultures were independently
grown and observed during two to three different days.

Di-8-ANNEPS labelling of MCF-7 cells, MCF-7 exosomes, hRBC
and fluorescence spectroscopy study

Breast tumour cells were washed and suspended in PBS buffer
(pH 7.4) before incubation with 30 uM of di-8-ANEPPS for 1 h
at room temperature at constant rotation. The cells were then
washed to remove the non-incorporated probe before being
suspended to a final concentration of 5 x 10° cells per mL.
hRBCs were purified as described above and incubated at 1%
(v/v) with 10 uM of di-8-ANEPPS in PBS buffer (pH 7.4) sup-
plemented with 0.5% (m/v) of Pluronic F-127. After washing
with Pluronic F-127 supplemented PBS buffer (pH 7.4), hRBCs
were diluted to 0.1% (v/v) final concentration. MCF-7 exosomes
were incubated with 10 pM of di-8-ANEPPS at the concen-
tration of 25 ug mL™" total protein overnight to ensure incor-
poration of the dye. Membrane dipole potential variations in
the presence of PvD, were evaluated by di-8-ANEPPS fluo-
rescence excitation spectrum shifts. Di-8-ANEPPS fluorescence

This journal is © The Royal Society of Chemistry 2019
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excitation spectra were recorded on an Edinburgh FLS920
spectrofluorimeter (Livingston, UK). The emission wavelength,
Aemi, Was set to 670 nm, avoiding membrane fluidity arte-
facts.* Prior to the measurement the cells and exosomes were
incubated with PvD, for 15 min at room temperature. Controls
were prepared without peptide addition. Fluorescence exci-
tation spectra were recorded between 380 and 580 nm and cor-
rected for background intensity. Differential spectra were
recorded after subtraction of the normalized (to the spectrum
integral) excitation spectra of the labelled cells incubated with
PvD, from the control spectra (no peptide present). For the
quantification of di-8-ANEPPS spectral shifts, excitation inten-
sity ratios (R) were calculated through the relationship R =
[exe(Aa))/[Texe(4b)], Where Iecda and Ieedp correspond to the
maximum and minimum excitation spectrum intensity,
respectively. Variations in the cell membrane dipole potential
were represented by intensity ratios normalized to the control
(Rnorm)- The experiment was repeated on two different days
using independent cell samples.

Isolation of exosomes from human breast cancer cells

MCF-7 derived exosomes were isolated with the Total Exosome
Isolation (TEI) reagent according to the manufacturer’s
instructions. Briefly, the cells were cultured in 175 ¢cm® cell
culture flasks (ThermoFisher™). After reaching 60-70% con-
fluence, cells were washed with PBS buffer (pH 7.4) and
medium with dFBS was added to the culture. Conditioned cell
culture medium was collected after 24-48 hours of additional
cell growth and centrifuged at 2000g for 30 minutes at room
temperature for removing debris and dead cells. The super-
natant was incubated with TEI overnight at 4 °C and the preci-
pitated exosomes were recovered by centrifugation at 10 000g
for 60 minutes at 4 °C. Finally, the pellet was resuspended
directly in PBS buffer (pH 7.4) for further analysis.

Exosome protein quantification

Exosomes’ total protein concentration was quantified with a
MicroBCA protein assay kit according to the manufacturer’s
instructions. Briefly, 150 pL of exosome samples were mixed
with 150 pL of freshly prepared working reagent in flat, trans-
parent 96-well plates in duplicate. The reaction was carried out
for 2 h at 37 °C. The absorbance was measured at 570 nm. The
total protein concentration in pg mL™" was calculated based
on a BSA standard curve prepared freshly for each
quantification.

Dynamic light scattering (DLS)

Confluent human breast cancer MCF-7 cells were washed after
trypsinization and diluted in PBS buffer (pH 7.4) to 1 x 10>
cells per mL. Purified hRBCs were diluted to 0.35% (v/v).
Exosomes isolated from MCF-7 cells were diluted to 25 ug
mL~" in PBS buffer (pH 7.4).

Size and zeta potential measurements were performed on a
Zetasizer Nano ZS from Malvern (Worcestershire, UK). For zeta
potential measurements, cell suspensions and exosomes with
and without PvD,; were incubated in disposable polystyrene

This journal is © The Royal Society of Chemistry 2019
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folded capillary cells with gold electrodes for 30 minutes, at
37 °C. Experiments consisted of 10-15 measurements with
40-70 runs performed at a constant voltage of 40 V for MCF-7
cells and exosomes and 30 V for hRBCs. The obtained electro-
phoretic mobility was used for the zeta potential calculation
through the Henry and Smoluchowski equations.** Each rep-
resented group value is an average of at least two independent
measurements carried out with independent samples.

For size measurements, samples were prepared as 25 pg
mL ™" exosome dilutions in PBS buffer (pH 7.4) and allowed to
equilibrate for 5 min at 37 °C. Measurements consisted of 15
individual runs, each corresponding to an averaged autocorre-
lation curve obtained from at least 12 repeated sample scans.
Normalized autocorrelation functions were analysed using the
cumulant and CONTIN methods, used to determine the
diffusion constants (D).*> Associated size distribution profiles
were calculated using the Stokes-Einstein-Sutherland relation-
ship.*® Experiments were carried out with at least two indepen-
dent samples.

Transmission electron microscopy (TEM) imaging

TEM observations were performed on a Hitachi H-7000 instru-
ment at an acceleration voltage of 100 kV; acquisitions and
measurements were performed using a Megaview III side
mount camera and iTEM software (Olympus®). To prepare the
TEM samples, 5 pL of aqueous exosomes isolated from MCF-7
cells were deposited onto formvar (Agar Scientific®)/carbon-
coated 400 mesh copper grids (Agar Scientific®). After
5 minutes the grid was washed in pure water and negatively
stained with 2% (w/v) aqueous acetate (Agar
Scientific®) for approximately 2 min. The copper grid was air
dried prior to visualization. Experiments were repeated on
different days using exosomes isolated from independent cell
cultures.

uranyl

Immunolabelling of exosomes using gold particles

For immunolabelling, 5 pL of an aqueous suspension
containing exosomes was deposited onto a formvar (Agar
Scientific)/carbon-coated 400 mesh copper grid (Agar
Scientific). After 5 minutes the grid was washed in pure water
and quickly rinsed in PBS. The grids were then blocked in a
solution containing 1% of gelatin from cold water fish skin
(Sigma Aldrich) and incubated in anti-CD63 (1:50) and anti-
CD9 (1:50) for 30 minutes at room temperature. Efficient lab-
elling was achieved using goat anti-mouse secondary anti-
body coupled to 6 nm gold particle (1:50, Abcam). Grids
were negatively stained with 2% (w/v) aqueous uranyl acetate
(Agar Scientific) for approximately 2 min and air dried
prior to visualization. TEM observations were performed as
described above.

SDS-PAGE electrophoresis and immunoblotting

MCF-7 human breast cancer cells were seeded at 3 x 10° cells
per 175 cm? cell culture flasks (ThermoFisher™) and cultured
until they reached 60%-70% confluence. Exosomes were iso-
lated from the culture medium with TEI. Tumour cells were
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lysed with NP-40 buffer (150 mM NaCl, 1% Triton X-100,
50 mM Tris, pH 8.0) in the presence of a proteinase inhibitor
cocktail and 1 mM EDTA for 30 minutes at 4 °C. Lysates were
centrifuged at 12000 rpm for 20 minutes at 4 °C and the
supernatant was quantified by the MicroBCA assay as
described above. Cell lysates and exosomes were mixed with 4x
Laemmli Buffer and denatured for 10 minutes at 70 °C. Equal
amounts of proteins (2 pg per lane) were separated on 12%
SDS-PAGE** gel and transferred to a nitrocellulose membrane
Amersham™. After blocking with 5% milk in PBS buffer (pH
7.4) with 0.1% Tween 20® (PBS-T) the membrane was incu-
bated overnight with anti-CD63 antibody (1:500), anti-CD9
(1:5000), and anti-calnexin (1 : 2000) followed by washing with
PBS-T and incubation with HRP-conjugated anti-mouse sec-
ondary antibody.*> Chemiluminescence was induced with
Amersham™ ECL kit and blots were visualized using
Chemidoc XRS + (Bio-Rad). Images were analysed with
ImageLab (Bio-Rad) software.

For evaluating PvD; impact on the exosomal membrane
composition and directly on breast tumour cells, cells were
incubated with PvD; at 0.24 pM and 1 pM in serum-free
medium for 24 h after media removal and washing with PBS
(pH 7.4). Cells incubated in serum-free medium were used as
a control. After peptide treatment, the culture media were col-
lected for exosome isolation. Isolated exosomes and cell
lysates for immunoblotting analysis were prepared as
described above.

To assess direct PvD, interaction with exosomes under cell-
free conditions, exosomes isolated from non-treated cells were
incubated with the peptide at 150 pg mL ™" for 30 min at 37 °C.
All samples were diluted in 4x Laemmli Buffer and denatured
for 10 min at 70 °C. Equal amounts of proteins (1 pg of per
lane) were separated on 12% SDS-PAGE gel, blocked with 5%
milk in PBS-T following incubation overnight at 4 °C with
primary anti-CD63 (1:500), anti-CD9 (1:5000) and f-actin
(1:10000) antibodies. Membranes were washed with PBS-T,
incubated with secondary anti-mouse antibody and visualized
on Chemidoc XRS + (Bio-Rad) after the induction of chemilu-
minescence as described above.

CFSE labelling of breast tumour cells

Cells were labelled with BD Horizon™ CFSE dye according to
manufacturer’s instruction with minor modifications. Briefly,
cells were diluted in DPBS (pH 7.4) at 2 x 10 cell per mL and
incubated with CFSE at 1:100 dilution for 15 min at 37 °C.
Labelling was quenched by adding a 9x initial volume of DPBS
buffer and the cell dilution was spun down at 120g for 5 min.
Labelled and control MCF-7 cells were seeded into 175 cm?
cell culture flasks and cultured for exosome isolation.
Exosomes were isolated following the standard procedure as
described above.

Flow cytometry

To verify the intracellular origin of the isolated vesicles and
identify respective exosomal markers, exosomes isolated from
CFSE-labeled and non-labelled (control) cells were analyzed in
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a flow cytometer. Exosomes were incubated with anti-CD63-
Alexa Fluor 647, anti-CD105-PerCp-Cy™S5.5, anti-EpCAM-PE
and PE Mouse IgGl, x isotype control antibodies for
20 minutes at room temperature with gentle agitation follow-
ing the addition of 1 mL of PBS buffer (pH 7.4). The experi-
ments were performed on a BD LSR Fortessa (BD Bioscience)
equipped with the FACSDiva 6.2 software. Prior to the experi-
ment the system was primed 3 times and cleaned extensively
to ensure the highest quality detection of small particles.
100 nm calibration beads labelled with manufacturer’s YG
fluorophore, permitting gating via SSC/green fluorescence were
used to define the target population. The threshold of the
detection was set at 200 nm in the FITC channel excited by
blue laser 488 nm (530/30, 505LP). The results were analyzed
with FlowJo 10.4.2 software. The calculated percentage of
population positive to fluorescence staining is an average of
three independent experiments.

Small unilamellar vesicles (SUVs) preparation

Small unilamellar vesicle (SUV) suspensions were prepared as
described previously.’”® The lipid mixture was dissolved in
chloroform in a round bottom flask. Chloroform was then
evaporated under a constant nitrogen flow and the resulting
lipid film was dried in a vacuum, overnight. A multilamellar
vesicle suspension (MLV) was obtained after lipid film rehydra-
tion with PBS buffer (pH 7.4) and a series of 10 freeze/thaw
cycles. MLV suspensions were extruded through a 50 nm track-
etched polycarbonate membrane from Whatman (GE
Healthcare). Extrusion was performed in a LiposoFast-Basic
plus Stabilizer setup (Avestin). POPC, POPC:POPS (9:1)
POPC: Chol (9:1), POPC:POPS: Chol (8:1:1). POPC:POPE
(9:1) and POPC:POPS:Chol:POPE:SM (2:2:1:2:4) and
POPC : GluCer (9 : 1) mixtures were prepared.

Surface plasmon resonance (SPR)

SPR experiments were carried out in a Biacore X100 apparatus
from GE Healthcare. The temperature was set at 37 °C for all
experiments. In all experiments, a PBS solution (pH 7.4) was
used as a running buffer. The flow system was primed 3 times
before initiating an experiment. Prior to exosome/SUV depo-
sition, the L1 sensor chip surface was rinsed with three injec-
tions of 20 mM CHAPS. MCF-7 exosomes at concentrations
ranging from 1 pg mL™" to 50 pg mL~" were injected over the
L1 sensor chip for 2400 s, at a 2 pL min " flow speed. RU
values >6000, considered as indicating the coverage of the
sensor chip, were obtained for 50 pg mL™" of exosomes. SUVs
were immobilized from samples at 1 mM concentration. Loose
vesicles or exosomes were removed after a 36 s injection of
10 mM NaOH at 50 pL min~'. PvD, dilutions ranging from
0.1 uM to 30 pM were injected over pre-formed exosome/lipo-
some-coated surfaces at 5 pL. min~", for a total of 200 s (associ-
ation phase). PvD; was allowed to dissociate for 800 s. L1
sensor chip surface regeneration after the experiment with exo-
somes was performed with 5 repeated sequential injections of
80 mM octyl-B-glucopyranoside (5 pL. min~" for 60 s) and 0.5%
(w/v) SDS (5 pL min~" for 60 s) followed by the injection of

This journal is © The Royal Society of Chemistry 2019
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20 mM CHAPS (5 pL min~" for 60 s) and 10 mM NaOH con-
taining 20% (v/v) methanol (50 pL min~" for 36 s). After the
experiment with liposomes the L1 sensor chip was regenerated
with sequential injections of 20 mM CHAPS (5 pL min~" for 60
s), 0.5% (w/v) SDS (5 uL min~" for 60 s), 10 mM NaOH contain-
ing 20% (v/v) methanol (50 pL min~" for 36 s) and 10 mM
NaOH (50 pL min~" for 36 s). The system was allowed to stabil-
ize for 300 s with the running buffer. Baseline response values
were compared before and after each experiment to evaluate
surface regeneration. Raw SPR sensorgram data were collected
for both exosome/lipid immobilization and solute binding.
Exosome/SUV deposition response values were collected from
sensorgrams upon reaching a stable response. The associated
steady-state response values for PvD, were collected from indi-
vidual sensorgrams at ¢ = 250 s. The data were analysed using
the partition relationship previously developed by our group.*”

Statistical analysis

All data points are presented as mean + standard deviation
(SD) of results obtained on different days and repeated at least
two times. Statistical significance was calculated by applying
one-way ANNOVA followed by Dunnett’s multiple comparison
test, ***0.0001 < p-value <0.001; **0.001 < p-value <0.01, *0.01
< p-value <0.05. GraphPad Prism 7.0 software package and
Excel 2013 (Microsoft, USA) were used for quantitative data
processing.

Results
Cytotoxic activity of the PvD, peptide

As previously reported, PvD; shows high toxicity toward the
invasive MDA-MB-231 breast cancer cell line with no signifi-
cant impact on the viability of the non-malignant MCF 10A
cell line.” In the present study we have used an estrogen posi-
tive, luminal A molecular subtype human breast cancer cell
line, MCF-7.*%*° MCF-7 is a non-invasive cancer cell line and
is a well described and consecrated model system of breast
cancer.”®”° pyD; induces strong growth inhibition of MCF-7
cells (Fig. 1; IC5o = 0.24 + 0.08 pM). The hemolysis assay per-
formed with hRBCs purified from the blood of healthy donors
revealed no disruptive effect of PvD; on the hRBC after 1 h
(data not shown) or 24 h incubation with the peptide (Fig. 1).

PyD;, interaction with cellular membranes from human breast
cancer and red blood cells

The cationic residues of PvD; can have an important role in
the interaction of the peptide with negative charges distributed
on the interface of the eukaryotic membranes. Therefore, we
investigated the electrostatic affinity of PvD; towards human
breast cancer MCF-7 cells and hRBCs using zeta potential
measurements.”’ The determination of this parameter allows
to track the electrostatic interaction between dispersed entities
such as bacteria and peptides.*’*"*> The results show a
gradual increase in the zeta potential of MCF-7 cells towards
less negative values, from —25.23 + 2.8 mV to —13.73 + 2.4 mV,
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Fig. 1 In vitro toxicity of PvD;. Cytotoxicity towards human breast
cancer MCF-7 cells (black circles) and hemolytic activity towards human
red blood cells (hRBCs, gray triangles) after 24 h incubation with the
PvD; peptide. All the experiments were performed using independently
grown cultures and independent healthy blood donors on different
days.

after exposure to PvD; even at very low concentrations
(Fig. 2A). In the case of hRBCs, only peptide concentrations
above 10 uM have been shown to have an impact on the zeta
potential of the cell membrane, even though these concen-
trations do not induce hemolysis (Fig. 1 and 2B).

By using fluorescence spectroscopy and after labelling both
tumour and hRBCs with the di-8-ANEPPS probe, it was poss-
ible to evaluate the membrane perturbations induced by PvD;.
Fig. 2C shows that PvD; does not perturb the membrane of
human breast cancer MCF-7 cells as no variation in the differ-
ential excitation spectra was observed. In contrast, the differen-
tial excitation spectra are PvD; concentration-dependent for
hRBCs and Ryorm decreases significantly at peptide’s concen-
tration greater than 3 pM (Fig. 2D).

Morphology and topography of MCF-7 cells observed with
atomic force microscopy

AFM images obtained for breast tumour cells before and after
incubation with PvD, allowed us to observe morphological and
topographical changes induced by the peptide on human
cells. Fig. 3A and B are representative height and three-dimen-
sional (3D) projections, respectively, of MCF-7 cells in the
absence and presence of PvD;. MCF-7 cells grow in an epi-
thelial-like multi-layer forming dense colonies (Fig. 3A). This
observation agrees with previous reports.’®”® The regular
membrane surface observed for control cells changes after
contact with the peptide. The images reveal differentiated sub-
membrane structures and nuclear collapse (Fig. 3A and B).
Quantitative analyses of cells’ height and surface area are
shown with representative height profiles obtained for cells
under the effect of the peptide (Fig. 4). We observed a negative
correlation between the height and surface area of MCF-7 cells
after treatment with the peptide at the ICso, with a 43%
decrease in height and 148% increase in the surface area. Cell
membrane roughness suffered no significant changes after the
incubation with the plant defensin (Fig. S17), similar to what
we have described in previous studies.*”
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Fig. 2 Interaction of PvD; with cellular membranes of human breast tumour and red blood cells. Changes in the membrane charge density of
human breast cancer MCF-7 cells (A) and hRBCs (B) induced by PvD; were measured by the zeta potential technique. Statistical significance was
evaluated applying one-way ANNOVA followed by Dunnett’'s multiple comparison test. ***0.0001 < p-value < 0.001. Peptide-membrane interactions
were additionally followed by fluorescence spectroscopy of di-8-ANEPPS dye introduced in the cell membranes. Differential di-8-ANEPPS excitation
spectra and respective normalized intensity ratio, Rnorm are presented for human breast cancer MCF-7 cells (C) and hRBCs (D). Statistical significance
was calculated applying one-way ANNOVA followed by Dunnett's multiple comparison test. **0.001 < p-value < 0.01, *0.01 < p-value < 0.05. Data
points are an average of results obtained on different days and using independently grown cultures and independent healthy blood donors.
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Fig. 3 Morphology of MCF-7 cells observed with atomic force microscopy (AFM). Representative AFM height images (A) and respective 3D projec-
tions (B) show changes in MCF-7 cells’” morphology after incubation with increasing concentration of PvD;. All experiments were repeated on
different days using independently grown cell cultures. Statistical significance was calculated with one-way ANNOVA followed by Dunnett's multiple
comparison test. **0.001 < p-value < 0.01.

panel of SUVs of different lipid compositions and performed
SPR binding studies. Liposomes were prepared with neutral
POPC, and

Interactions of PvD; with model membranes followed by
surface plasmon resonance (SPR)
the major component of eukaryotic cells,

For the identification of the main factors that govern PvD,
peptide interaction with lipid membranes, we prepared a

23372 | Nanoscale, 2019, 11, 23366-23381

additional components known to be enriched in cancer cells:
POPC: POPS (9:1), POPC:Chol (9:1), POPC :POPS : Chol

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Cell height and surface area examination using atomic force
microscopy (AFM). The average height of MCF-7 cells was calculated
from the highest point of the cell normalized to the control (A) after
drawing representative height profiles of the tumour cells (B) before and
after incubation with PvD;. The total number of analysed cells was 70.
This includes 17 cells for the control condition while in the presence of
PvD; the number of cells analyzed was 20 cells (PvD; at 0.03 pM), 20
cells (PvD; at 0.24 pM) and 13 cells (PvD; at 1 yM). The surface area of
human breast cancer MCF-7 cells (control and after the incubation with
increasing concentrations of PvD;) was determined using Imaged
version 1.39k software (C). Cell surface areas were selected manually by
drawing a line around each cell. Error trace images were used for accu-
rate visualization and individualization of single cell boundaries. Bars
represent the average values obtained for the surface area of MCF-7
cells normalized to the control. The number of cells used for this ana-
lysis was 21 for the control and that in the presence of PvD; at the con-
centration of 0.03 pM — 24 cells, 0.24 pM - 21 cells and for 1 yM - 12
cells. All experiments were repeated on different days using indepen-
dently grown cell cultures. Statistical significance was calculated using
one-way ANNOVA followed by Dunnett’'s multiple comparison test.
**0.001 < p-value < 0.01.

(8:1:1) and POPC : POPE (9:1).>*> We also prepared vesi-
cles containing glucosylceramide (GlucCer), proposed to be
important for PvD;’s cytotoxic activity.>' Applying the steady-
state model developed by our group,”” we retrieved partition
coefficients, (Kp), for quantifying the relative solute (peptide)
distribution in the lipid and aqueous phases, and the lipid:
solute molar ratio at the membrane saturation (o) for each
SUVs’ type.”” The obtained K, and o values are presented in
Table 1 and the fits of the partition formalism to experi-
mental data are depicted in Fig. 5. The highest K, was
obtained for negatively charged and fluid liposomes of
POPC:POPS (9:1) and the lowest for neutral and rigid
POPC : GluCer (9:1).

This journal is © The Royal Society of Chemistry 2019

SUVs K, x 10” (+SD) o (+SD)

POPC 2.082 (0.19) 35.25 (+3.2)
POPC : POPS (9: 1) 2.514 (+0.35) 23.63 (3.8)
POPC : Chol (9: 1) 1.316 (+0.12) 42.24 (+4.7)
POPC : POPS: Chol (8:1:1) 1.703 (+0.19) 45.93 (+4.7)
POPC : POPE (9: 1) 1.857 (+0.13) 49.88 (+2.9)
POPC : GluCer (9:1) 0.677 (+0.05) 22.04 (+6.2)
POPC : POPS : Chol : POPE : SM 1.635 (+0.12) 28.37 (+6.0)

(2:2:4:1:2)

Targeting human breast cancer exosomes with PvD,

Isolation and characterization of exosomes derived from
MCF-7 breast cancer cells. The interaction of PvD; with breast
cancer cell-derived exosomes was studied after isolating the
vesicles from MCF-7 cells’ conditioned media. The images
depicted in Fig. 6A show the vesicular shape of the EVs orig-
inating from MCF-7 cells. Moreover, these EVs are found as
two populations, small EVs with <100 nm diameter and EVs >
100 nm (approximately 4% of the population). Exosomes were
considered as the population of vesicles with a lower dia-
meter.>® The average size of MCF-7 exosomes determined from
TEM measurements (36.3 + 10.5 nm in diameter) is in agree-
ment with DLS results (Fig. 6A and S21). Exosomes were
further identified by western blot analysis for the expression of
specific markers, CD63 and CD9, known to be abundant on
the surface of these vesicles (Fig. 6B). Similar results were
observed for cell lysates. The presence of calnexin was not
detected in exosomes (Fig. 6B) excluding a possible contami-
nation with cellular organelles and apoptotic bodies. Fig. 6C
shows that these vesicles are positive to anti-CD63 and anti-
CD9 antibodies. Additionally, the cellular origin of the vesicles
was confirmed by flow cytometry. The population of exosomes
positive to the CFSE intracellular probe is shown in Fig. S3.7
This fluorescent dye is incorporated by the cells and further
transmitted into exosomes, allowing their detection by using a
flow cytometer. The selected population of vesicles positive to
CFSE was identified by the expression of the exosomal
markers CD105 and Epcam, together with CD63 (Fig. S37).

The interaction of PvD,; with exosomal membranes was fol-
lowed by zeta potential, fluorescence spectroscopy and surface
plasmon resonance (SPR) measurements.

SPR experiments were performed to evaluate the affinity of
PyD, for MCF-7 exosomes. Fig. S41 shows the typical response
obtained for the deposition of MCF-7 derived exosomes as well
as for synthetic vesicles prepared for mimicking the exosomal
membrane - SUVs composed of POPC - 18%, POPS - 18%,
POPE - 9%, SM - 18% and cholesterol in high percentage,
Chol - 36%: POPC : POPS : Chol : POPE: SM (2:2:4:1:2).%°8
The steady response retained after the injection of NaOH con-
firmed that the exosomes formed a stable layer. Fig. 7A shows
the direct binding of PvD; to exosomes. The ratio between the
response units at the point of peptide binding and exosome

Nanoscale, 2019, 11, 23366-23381 | 23373
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Fig. 5 Partition of the PvD; peptide into model membranes studied by surface plasmon resonance (SPR). SPR sensograms representing the binding
of PvD; to small unilamellar vesicles (SUVs) of different lipid composition (A). The association and dissociation phases for the peptide were followed
for 250 s and 800 s, respectively. PvD; partition into SUVs (B). RU values for PvD; (RU;) were collected at 250 s for each peptide concentration. Data
were fitted to the steady state model described elsewhere.*” Each data point represents an average from experiments performed on different days

using independently prepared SUVs.

deposition (RUg/RU,), initially increases proportionally in the
function of the peptide concentration. PvD; binds to MCF-7
derived exosomes with a slightly higher affinity than it does
synthetic vesicles mimicking the exosomal membrane (Fig. S5AT).

To assess if PvD, interacts with the exosomal membranes
similarly as it does with the membrane of MCF-7 cells, the

23374 | Nanoscale, 2019, 11, 23366-23381

surface charge density of the vesicles exposed to increased con-
centrations of the peptide was evaluated with zeta potential
measurements. The exosomes’ rich membrane composition in
anionic molecules confers to control samples (vesicles with no
peptide added) a negative zeta potential: —17.6 + 2.4 mV
(Fig. 7B). This value is roughly 30% higher than the obtained

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Characterization of exosomes isolated from MCF-7 breast
tumour cells. Transmission electron microscopy (TEM) was used for
observing isolated exosomes (A). Western blot identification of exosomal
markers in MCF-7 exosomes and cell lysates is shown in (B). The total
protein content of exosomes and cell lysates was quantified by a
MicroBCA protein assay kit. Equal protein loading of 2 pg was resolved
by SDS-PAGE electrophoresis and subjected to western blot analysis.
CD63 and CD9 belong to the tetraspanin family and are enriched in exo-
somes, whereas calnexin is a control protein localized in the endoplas-
mic reticulum, and is not recruited to exosomes. Localization of CD63
and CD9 exosomal markers in MCF-7 exosomes was additionally
confirmed by immunolabelling and TEM imaging (C). All the experiments
were repeated on different days using exosomes isolated from indepen-
dently grown cell cultures.

zeta potential of MCF-7 cells (—25.2 + 2.8 mV) (Fig. 2A). The
presence of PvD, shifted the exosomes’ zeta potential towards
neutrality; however, this effect was less prominent than the

View Article Online

Paper

one observed on breast cells. The peptide exhibits lower
affinity to exosomes increasing their zeta potential approxi-
mately by 17% at the ICs, (0.24 uM of PvD;) and by 39% at the
highest peptide concentration tested, while on cells these
increments corresponded to 35% and 46%, respectively.

The effect of PvD; on exosomes’ membranes was addition-
ally investigated by fluorescence spectroscopy. Exosomes were
labeled with di-8-ANEPPS dye, similar to MCF-7 cells and
hRBCs. The differential excitation spectra and changes in
Rnorm Of MCF-7 exosomes after treatment with PvD, are pre-
sented in Fig. 7C.

PvD; modulates the process of exosome formation by breast
cancer cells. For examining the potential impact of PvD; on
the process of exosome formation by breast tumour cells, exo-
somes were isolated from MCF-7 cells that were treated with
different peptide concentrations. Examination by immuno-
blotting with anti-CD9 and anti-CD63 antibodies allowed
assessing the alteration of these proteins’ levels in MCF-7 exo-
somes. As shown in Fig. 8A, PvD; at 1 pM induced an attenu-
ation of the expression of both CD9 and CD63 tetraspanins in
exosomes isolated from the tumour cells. Quantitative nor-
malized band density analysis revealed an approximate 60%
decrease in the content of both proteins relatively to the total
protein content of the exosomes isolated from treated MCF-7
cells (Fig. 8B and C) when compared to the untreated cells
used as control. This effect was not observed in the cell
lysates (Fig. 8D, E and Ff). Additionally, we examined if the
peptide causes alterations in the level of these tetraspanins in
the mature exosomes in a cell-free environment. Fig. 8G
shows that after incubation for 30 minutes at 37 °C, PvD,
does not impact protein contents of MCF-7 exosomes’ mem-
brane. Quantitative immunoblot analysis evidenced no sig-
nificant differences at the level of CD63 and CD9 after treat-
ment with 1 uM peptide concentration (Fig. 8H and I). No
changes were observed in the size and morphology of the exo-
somes isolated from treated and untreated cells (Fig. S6%).
The total concentration of proteins in the exosomes was eval-
uated by a MicroBCA assay and remained also unchanged
after treatment with the peptide (Fig. S77).
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Fig. 7 PvD;-induced changes on exosomes’ surface charge and binding to exosome and synthetic model membranes. SPR sensogram representing
PvD; binding to MCF-7 derived exosomes (A). The association and dissociation phases for the peptide were followed for 250 s and 800 s respect-
ively. Changes in the membrane surface charge density of human breast cancer MCF-7 derived exosomes induced by PvD; (B). Differential di-8-
ANEPPS excitation spectra and respective normalized intensity ratio, Rorm are presented for MCF-7 derived exosomes (C). Each data point rep-
resents an average from experiments performed on different days using exosomes isolated from independent cell cultures. Statistical significance
was calculated using one-way ANNOVA followed by Dunnett’s multiple comparison test. ***0.0001 < p-value < 0.001, **0.001 < p-value < 0.01.
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Fig. 8 Effect of PvD; on the recruitment of tetraspanins CD9 and CD63 to the membrane of MCF-7 exosomes. MCF-7 breast cells were incubated
with PvD; at 0.24 pM and 1 uM or with serum-free media for 24 h. The total protein content of exosomes and cell lysates was quantified by the
MicroBCA protein assay kit. An equal protein loading of 1 ug was resolved by SDS-PAGE electrophoresis and subjected to western blot analysis. The
expression level of tetraspanins CD63 and CD9 in exosomes isolated from human breast cancer MCF-7 conditioned media (A-C) and cell lysates
(D—F) is shown. Additionally, PvD; was incubated with the MCF-7 exosomes for 24 h at 37 °C under cell-free conditions (G-I). Densitometry analysis
of the expression of CD63 and CD9 in exosomes isolated from MCF-7 cells exposed to PvD; (B, C), cell lysates (H, 1) and exosomes under cell-free
conditions (E, F). The band densities were normalized to the sum of all signals and compared with the control. Bars represent average values of
experiments performed on different days using independently grown cell cultures. Exosome samples were prepared from different batches obtained
from independent cell cultures. Statistical significance was calculated applying one-way ANNOVA followed by Dunnett’'s multiple comparison test.
**0.001 < p-value < 0.01.

23376 | Nanoscale, 2019, 11, 23366-23381 This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9nr07843f

Open Access Article. Published on 03 December 2019. Downloaded on 7/12/2025 11:07:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

Discussion

Many studies report on the important role of cell-to-cell com-
munication for the growth and development of tumours.”>*
The crosstalk between cellular and non-cellular components of
the TME is also a key factor in the tumour responsiveness to
treatment.” In addition to hormones, growth factors and cell-
cell junctions, exosomes have emerged as mediators of inter-
cellular communication.’®*®%"% TDE are significantly
involved in the stimulation of the TME and participate in the
loss of drug-sensitivity of tumour cells.'”**® Envisioning the
target of TDE for arresting tumour growth and invasiveness,
and reducing the development of resistance, represents an
alternative and innovative strategy for treating cancer, either as
a therapy alone or as a co-adjuvant in conventional treatments.

Recently, our group has unraveled the multifaceted anti-
cancer action of the plant defensin PvD,.>” The peptide attacks
breast tumour cells at the primary site but also modulates the
cells’ membrane properties and abrogates the adhesion of
breast tumour cells to endothelial cells from the human
blood-brain barrier (BBB). Therefore, this natural peptide is a
promising template for undergoing further pharmacological
development. In this work, we investigated the role of PvD; in
exosome-mediated cell-to-cell communication. We aimed at
understanding the impact of PvD; on the exosomes’ formation
process by breast cancer cells. However, the peptide-membrane
interactions are crucial in peptides’ mode of action and can
result in a strong effect either on the tumour growth and/or on
the resistance of tumour cells to treatments. Therefore, our
studies focused on the direct interaction of PvD; with tumour,
erythrocyte and exosomal membranes.

The studies were performed using the MCF-7 human breast
cancer cell line. The behaviour of this cell line in the labora-
tory agrees with what is clinically observed in patients over
time, its genomic instability being responsible for the adap-
tation and evolution of the cells in culture.*® Human red blood
cells (hRBCs) were used as a non-tumoural membrane model
system. PvD; shows nanomolar activity against MCF-7 breast
tumour cells without compromising the integrity of hRBCs
(Fig. 1). Detailed analysis of PvD, interaction with MCF-7 cell
membranes revealed the substantial role of the cell membrane
composition in the peptide’s mode of action (Fig. 2).
Variations of the tumour cells’ zeta potential values with no
changes in the membrane dipole potential that contrast with
what is observed for hRBCs, do not allow us to exclude PvD;-
hRBCs’ membrane interaction. PvD, is likely penetrating the
tumour cell membrane rather than accumulating at the cell
surface. Interestingly the hRBC membrane dipole potential
perturbations caused by PvD; indicate that the peptide
remains in contact with the cells’ surface being partially
inserted in the membrane. These results led to the hypothesis
that the activity of PvD,; relates to senescence induction in
cancer cells. Decreased formation of formazan crystals evalu-
ated by the MTT assay suggests the arrest of cells’ metabolic
activity, reflected by lower NAD + production, one of the hall-
marks of senescence.’® The increased zeta potential of MCF-7
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cells does not likely arise from the interaction with PvD; only,
but also from the secretion of senescence-associated-secretory-
phenotype (SASP) factors, including vimentin. This protein is
evidenced to accumulate on the surface of senescent cells®’
and is known to have preferential and strong affinity to nega-
tively charged phospholipids.®® Therefore, vimentin, when pre-
sented on the cell surface of senescent cells, associates with
anionic POPS and phosphatidylinositol (PI) shielding their
negative charge and thus contributing to the partial neutraliz-
ation of the membrane charge density. Since the predicted net
charge of PvD, is +1.4,>” only a high peptide concentration will
lead to changes in the zeta potential of hRBCs, albeit peptide-
membrane interaction occurrs already with 3 uM of PvD,
(Fig. 2D). These results are in line with the morphological
alterations observed for MCF-7 cells and depicted in the AFM
images. After incubation with 0.24 pM PvD,, cells become flat
with a significantly expanded surface, another characteristic of
cell senescence (Fig. 3 and 4).°° Higher concentrations of PvD,
induce severe damage to the tumour cells resulting in a hetero-
geneous population that is very difficult to image. Unchanged
membrane roughness after the treatment with the plant defen-
sin up to 1 uM additionally supports the maintenance of mem-
brane integrity and lipid bilayer organization (Fig. S17),
expected for senescent cells.®”"”°

These observations led us to seek further evidence of PvD,
affinity to the lipid bilayer. We therefore performed SPR experi-
ments with liposomes (SUVs) mimicking cell membranes of
different compositions and features (fluid and neutral - POPC,
POPC : POPE; anionic — POPC : POPS; and with increased mem-
brane rigidity by the addition of cholesterol, Chol, sphingo-
myelin, SM, and glucosylceramide, GluCer); exosomes isolated
from the tumour cells and liposomes prepared with a lipid
mixture that closely resembles the natural isolated exosomes.
The PvD; peptide has the highest affinity to anionic fluid
membranes containing POPS (Fig. 5 and Table 1). POPS, an
anionic phospholipid, is abundant in the exosomal outer
membrane where an increased content of Chol and SM is also
found.”" The composition and organization of the lipid bilayer
surrounding exosomes has not been fully characterized yet
and is known to vary depending on the physiological state of
the cell.”? Therefore, the constants necessary to extrapolate
partition coefficients, K,, such as the molar volume and
certain lipids’ percentage, as well as the contribution and
content of membrane proteins, remain elusive. Consequently,
K, was determined only for synthetic SUVs (Table 1)."” Our
SPR approach also demonstrates that PvD; is able to bind to
MCF-7 exosomes and to the synthetic membranes composed
of the major lipids represented in the exosomal membrane
(Fig. 7A and S57). The slightly higher affinity of PvD, to the
natural exosomes suggests that PvD, is attracted to these vesi-
cles by a synergistic combination of different factors. Proteins
and minor lipids not exposed on the surface of simplified syn-
thetic vesicle models, but present in natural exosomes, seem
to account for the interaction with the peptide.

PvDy’s binding to the exosome membrane was further ana-
lyzed by zeta potential determinations (Fig. 7B). Similar to
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their cells of origin, MCF-7 derived-exosomes show a net nega-
tive surface charge that gradually increases with PvD; addition.
These observations support SPR results by suggesting an inter-
action between both peptide and exosomes. However, vari-
ations of the zeta potential of exosomes after exposure to the
peptide are distinct from the ones observed for MCF-7 cells.
We hypothesize that PvD, can penetrate the cellular membrane
while accumulating on the surface of the nanovesicles, result-
ing in higher variations of the exosomes’ zeta potential values
when compared with the ones observed for the tumour cells.
This hypothesis was additionally reinforced by the results of
fluorescence spectroscopy measurements which point towards
substantial perturbation of the exosomal membrane by PvD;.
The interaction of PvD; with the surface of the cell membrane
is limited due to the peptide’s entrance into the cells. It seems
that the peptide is spontaneously incorporated into the cells’
interior through a complex intracellular network. Contrarily,
when in contact with hRBCs or exosomes PvD,; remains
anchored in the membrane.

Exosome uptake may depend on the exposure of anionic
POPS on the surface of vesicles.”> Hindered access to POPS
and the increased overall charge of MCF-7 exosomes caused by
PvD,; binding could affect exosomes’ recognition by recipient
cells and concurrently affect exosome uptake. We also
observed that PvD, binds to vesicles containing GlucCer (Fig. 5
and Table 1).”* Phuyal and coworkers presented evidence that
an inhibited synthesis of GluCer accounts for a modified com-
position of exosomes produced by cancer cells.”” Motivated by
these results and considering the cell-penetrating potential of
PvD,, we sought to investigate whether this plant defensin is
able to target the intracellular sorting machinery involved in
vesicular trafficking, ie., if the activity of the peptide may
result in a distorted exosomal biogenesis, which could be
reflected in an altered protein composition of the produced
vesicles.

Tetraspanins CD63 and CD9 are important in the regulation
of protein sorting into exosomes and cargo delivery. It has
been shown that tetraspanin CD63 can either trigger endo-
somal membrane deformation or recruit other components of
this budding pathway.”® The same study shows that CD63 is
not only implied in the membrane budding but also associ-
ated with the cargo recruitment to intraluminal vesicles (ILVs),
which are precursors of exosomes.”® Also, Miki et al. reported
a substantial contribution of CD9 in the amplification of
cancer invasiveness’” and Emam and coworkers evidenced the
importance of this tetraspanin in the cellular uptake of exo-
somes.”® As exosomes originate from the inversely budded
membrane of the endosome and are highly enriched in CD9
and CD63 tetraspanins, we investigated the effects of the PvD,
peptide on the content of CD9 and CD63 in MCF-7 exosomal
membranes. MCF-7 isolated vesicles were characterized by
TEM, western blot, DLS, and flow cytometry (Fig. 6, S2 and
S37). The average size of the vesicles with a diameter < 100 nm
and detection of CD63 and CD9 tetraspanins on their surface
(Fig. 6) underpin the presence of exosomes. The observed
decrease in the signal intensity of both anti-CD63 and anti-
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CD9 antibodies in MCF-7 exosomes isolated from cells treated
with the peptide evidence the impact of PvD; on exosome for-
mation (Fig. 8). Our data suggest that PvD; modulates the
protein composition of exosomes, which is illustrated by the
relatively lower expression of CD63 and CD9 to total protein
quantified in the isolated vesicles (Fig. 8A, B and C). No
changes were detected in the expression of CD63 and CD9 by
cells treated with PvD, or in the isolated mature exosomes that
were directly incubated with PvD, (Fig. 8D, E, F, G, H and 1),
showing that the proteins are not directly disrupted by the
peptide. These observations support alterations in the content
of CD63 and CD9 in the exosomes’ membrane arising from
the modulated process of exosomes biogenesis by PvD;. The
direct incubation with the peptide did not affect the structure,
size and the total protein content of exosomes isolated from
conditioned media of MCF-7 cells (Fig. S6 and S77) implying
that the binding of PvD, to natural exosomes does not have a
harmful effect on the vesicles. However, the peptide is able to
regulate the composition of the exosomal membrane proteins
acting intracellularly. The maintained total protein content of
exosomes isolated from PvD;-treated MCF-7 cells is in agree-
ment with published data showing that exosomes’ production
is not constrained in senescent cells.”” However, the detailed
mechanism involved in the altered expression of CD63 and
CD9 on the surface of MCF-7 exosomes caused by PvD,
requires further elucidation.

Conclusions

Our study reveals, for the first time, the modulatory effect of
PyD, defensin on the exosomes’ biogenesis in human breast
tumour cells. The peptide is attracted to the negative surface
membrane of the tumour cells and reaches the intracellular
space, as previously reported for a different tumour cell line.
Once inside the cell, PvD; can bind to intracellular mem-
branes, such as the endosomal membrane, and modulate the
intraluminal budding of exosomes and their composition. Our
data support this hypothesis by showing a decreased
expression of both tetraspanins CD63 and CD9 in exosomes
isolated from MCF-7 cells previously exposed to PvD;.
Exosomes’ membrane composition might then be compro-
mised in consequence of the peptide activity. Not only the
modulated surface protein composition but also the extracellu-
lar interaction of PvD; with the exosomes can be expected to
affect vesicles’ fate and function in cellular communication,
influencing tumour growth and resistance. The treatment of
primary breast cancer with the PvD, peptide would also
benefit from the use of low peptide concentrations that could
induce cell senescence, improving the therapeutic outcome
and decreasing the severe side effects resulting from anti-
cancer therapy.
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