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Introduction

Breast cancer (BC) is the most prevalent anaplastic
change in females worldwide.! Considering the high-
rate mortalities and morbidities of BC, attempts have
focused on the prevention and development of early-stage

Abstract

Introduction: Breast cancer (BC) is a T T
devastating condition with high morbidity | @ eesmerepration

and mortality rates in females. Autophagy | . [T
is an early-stage cell response against o
stressful conditions. Emerging data have @ oros toading
revealed the autophagy-angiogenesis # gl
interaction in terms of tumor development
and metastasis.

Methods: Here, the angiogenesis

behavior of human MDA-MB-231 cells
was monitored after modulation of
autophagy response in the presence of

free 3-methyladenine (3-MA), metformin (Met), or drug-loaded exosomes (3-MA@Exos and Met@
Exos). Orthotopic transplantation was done using human BC cell-laden alginate/gelatin (Alg/Gel)
microspheres in mice after treatment with Met and/or 3-MA.

Results: Met, and/or Met@Exos increased the cell migration rate and promoted human endothelial cell
migration compared to the control cells (P <0.05). However, these features were blunted in 3-MA and
3-MA@Exos groups (P<0.05). Flow cytometry analysis revealed that the drug loading into Exos did not
influence internalization capacity or cell survival (P>0.05). ELISA revealed that vascular endothelial
growth factor (VEGF) levels were reduced in Met and 3-MA-treated cells, with more pronounced
reductions in the free 3-MA groups. Real-time PCR analysis showed diminished expression of several
angiogenesis-related genes, except for platelet endothelial cell adhesion molecule-1 (PECAM-1) in
the Met@Exos, 3-MA, and 3-MA@Exos groups. Met treatment increased the metastasis and tumor
formation in mice mammary glands after orthotopic transplantation of BC tumoroids.

Conclusion: These data indicate that autophagy modulation can alter the angiogenesis and metastatic
behavior of human BC cells in vitro and in vivo. Exos are valid bio-shuttles for the delivery of autophagy
modulators in CSC-targeted therapies.
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detection methods and therapeutic regimes in the afflicted
individuals.* In some cases, the malignant nature of BC
cells and inherent resistance to various chemotherapeutics
can lead to the failure of medications in the clinical
setting.>* The existence of heterogeneous cell populations
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within the tumor parenchyma differs in the dynamic
growth and metastatic behavior in BC patients. Of note,
cancer stem cells (CSCs) with stemness features and
resistance mechanisms can trigger the propagation and
expansion of cancers to remote sites. CSCs are equipped
with several intracellular mechanisms to circumvent
immune cell functions and educate other cells in favor
of cancer progression and metastasis.® Along with these
comments, it is mandatory to develop urgent CSC-based
therapies to yield highly efficient therapeutic outcomes in
BC patients.’

Among different intracellular mechanisms involved
in tumor cell resistance against the insulting conditions
is autophagy." Autophagy is touted as an early-
stage cell response to various pathological and harsh
microenvironments to restore the function of the
subcellular compartment and eliminate misfolded
biomolecules via lysosomal degradation activity.! The
process of autophagy is initiated with the formation of
double-membrane autophagosomes by engaging several
autophagy-related genes (ATGs), which proceed with the
formation of autophagolysosomes, resulting in enzymatic
digestion of sequestrated cargo.'” Despite the stimulatory
effects of adaptive autophagy on the dynamic growth of
tumor cells against different insults, however, it is believed
that excessive autophagic activity can orient the host cells
toward injury and death, indicating the double-edged
activity of autophagy in biological systems.'>'* Of course,
there is a plethora of studies with conflicting data related
to the crucial role of autophagy in tumor cell activities.”* In
the context of cancer biology, the activation of autophagy
in CSCs under a hypoxic niche can contribute to the
maintenance of stemness features and thus the acquisition
of resistance against several chemotherapeutics.'

CSCs can foster de novo blood vessel formation to
provide essential elements required for cell proliferation
and survival.'” It has been found that these cells release
several pro-angiogenesis factors via the delivery of nano-
sized extracellular vesicles (EVs), namely exosomes
(Exos), or trans-differentiate into endothelial lineage
to foster blood perfusion into the deep layer of tumor
parenchyma.’® Emerging data have pointed out the fact
that there are shared signaling mechanisms between the
angiogenesis and autophagy signaling pathways in the
mature endothelial cells (ECs).” Whether and how the
autophagy response can activate/inhibit the angiogenesis
behavior of CSCs is at the center of debate.

In recent years, Exos and other EV types have been
used as bioshuttles for the delivery of distinct compounds
to the target cells.*” Due to the existence of different
internalization mechanisms such as ligand-receptor
interaction, direct fusion, micropinocytosis, phagocytosis,
and lipid rafts, Exos are easily internalized by normal
and cancer cells.” It is thought that Exos can provide a
platform to load efficient levels of therapeutics with fewer

side effects, making them appropriate loading platforms
for different regenerative purposes.

However, the therapeutic effect of autophagy
modulation in CSCs using exosome-mediated bioactive
substance delivery in angiogenesis and metastasis is
unknown. The interest of the study rests on the application
of exosomes or natural nanocarriers to load the cells
with an autophagy inhibitor (3-MA) or a stimulator
(Met) specifically to MDA-MB-231 CSCs in a unique
or combined fashion. This approach allows us to dissect
the differential effects of autophagy inhibition versus
stimulation on tumor progression and angiogenesis. In
this regard, we hypothesize that Exo-loaded 3-MA and
Met can differentially regulate angiogenic responses and
tumorigenic behavior of breast CSCs through modulation
of autophagy-related genes and proteins. Accordingly,
this study aims to elucidate the angiogenesis behavior of
human MDA-MB-231 CSCs after exposure to either free
or Exo-loaded agents, thereby providing insights for CSC-
targeted therapeutic strategies using EVs.

Materials and Methods

Exo isolation from human blood serum

Exos were isolated from human blood samples referred
to the clinical laboratory of Shahid Madani Hospital,
affiliated with Tabriz University of Medical Sciences. The
remnant of serum from healthy individuals was used for
the isolation of Exos after the completion of informed
consent. Serum samples were collected and transferred to
the Cell Culture Lab of the Faculty of Advanced Medical
Sciences. Serum samples were centrifuged at 400, 2000,
and 10,000 g for 5, 20, and 30 minutes, respectively, to
eliminate cells, cell debris, organelles, and particulates.
After that, serum samples were pooled to exclude the
potential individual effects on the quality and quantity of
isolated Exos. Before ultracentrifugation, samples were
diluted ataratio of 1:1 ratio with phosphate-buffered saline
(PBS, Sigma-Aldrich, USA). To reduce the confounding
impact of viscosity on Exo isolation. Diluted samples
were passed through 0.22 pum syringe filters and subjected
to ultracentrifugation at 100,000 g for 1 hour (Beckman
Coulter Inc. Optima™ TLX-120 ultracentrifuge). After
the completion of the ultracentrifugation step, the
supernatants were discarded, and exosomal pellets were
collected and stored at -80°C for subsequent analyses.”

Western blotting

Western blotting was utilized to confirm the typical
phenotype in isolated Exos by monitoring an Endosomal
Sorting Complex Required for Transport (ESCRT)
effector, namely TSG101, and tetraspanins such as
CD63 and CD81. Exo samples were lysed in ice-cold
radioimmunoprecipitation Assay (RIPA) buffers for
30 minutes, followed by centrifugation at 13000g for 20
minutes at 4 °C to yield protein content in the supernatant.
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The protein contents were measured using the standard
Bicinchoninic Acid Assay (BCA) method (Parstous, Iran).
About 10 pg protein was electrophoresed in 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) gels and transferred onto PVDF membranes.
After blocking with 1% bovine serum albumin (BSA;
Sigma-Aldrich), membranes were incubated with CD63
(Cat no: sc-5275; Santa Cruz Biotechnology, Inc.), CD81
(Cat no: sc-166029; Santa Cruz Biotechnology, Inc.), and
TSG101 (Cat no: sc-7964; Santa Cruz Biotechnology, Inc.)
antibodies overnight at 4 °C. The next day, the membranes
were washed several times using PBST solution and
incubated with HRP-conjugated secondary antibodies at
RT for 1 hour. Immunoreactive bands appeared on the
X-ray film by using an ECL solution.

SEM imaging

The morphological features of isolated Exos were assessed
using an SEM system (Mira-3 FEG SEM microscope,
Tescan Co., Czech). For this purpose, 25 pL of diluted
Exo samples were placed on the surface of aluminum
foil, fixed using 1% paraformaldehyde (PFA) solution
for 15 minutes at room temperature, and incubated
with an ascending series of EtOH concentrations (30%,
50%, 70%, 90%, and 100%) for 10 minutes at each step.
Following dehydration, preparations underwent air
drying and sputter-coating with a smooth, thin coat of
gold for improved surface conduction. Imaging was done
in a vacuum at an accelerating potential of between 10
and 15 kV. This technique provided direct observation
of spherical morphology, homogeneity, and smooth Exo
surface, thereby consolidating the purity and efficacy of
the isolation method.*

Dynamic light scattering (DLS)

The DLS method was employed to measure the
hydrodynamic diameter and zeta potential value of
isolated human Exos. To this end, diluted Exo samples
were analyzed using the DLS system (Model: Anton
Paar Litesizer 500, Austria). To achieve this objective,
100 pL of diluted Exosome suspension that was diluted
previously in phosphate-buffered saline (PBS) and
filtered by a membrane of 0.22 pm was introduced into
a quartz cuvette. A scattering angle of 162° was applied
at a temperature of 25+0.1 °C, and each of the samples
was assayed thrice for calculating the standard deviation.
Average hydrodynamic diameter, polydispersity index
(PDI), and zeta potential were noted as parameters of the
size distribution and colloidal behavior of Exos, as has
been elucidated in earlier literature.”

Cell culture protocol

In this study, a human BC MDA-MB-231 cell line was
purchased from the National Cell Bank of Iran (Pasteur
Institute, Tehran) and cultured using high-glucose

content Dulbecco's modified eagle medium (DMEM/HG,
Bioidea, Iran) with 10% fetal bovine serum (FBS, Biosera)
and 1% Pen-Strep solution (Biosera) under standard
conditions (37°C, 95% relative humidity, and 5% CO,).
The exhaust medium was renewed every 3 to 4 days until
cells reached 70-80% confluence. Using 0.25% trypsin-
EDTA solution (Cat no: B11036; Bioidea), MDA-MB-231
cells were detached and subcultured. All experiments
were conducted using cells within passages 3 to 6.

MTT assay

Met treatment

The possible effects of 3-MA and Met were monitored on
BC MDA-MB-231 CSC viability after 48 hours using the
MTT assay. For this purpose, 1x10* MDA-MB-231 cells
were plated in each well of 96-well plates (SPL, Korea) and
allowed to reach 70-80% confluence. Cells were further
grown in basic culture medium supplemented with 1%
FBS and 1% Pen-Strep. Once cells achieved confluency,
cells were treated for 48 hours in various concentrations
of Met (5, 10, 25, 50, 75, and 100 pug/mL; CAS no: 1115-
70-4; Sigma-Aldrich). Thereafter, the supernatants were
removed and replaced with 200 uL of MTT solution (2
mg/mL; Cat no: M5655; Sigma-Aldrich). The plates were
incubated at standard conditions for 4 hours, followed by
discarding the MTT solution and the addition of 100 puL
of dimethyl sulfoxide (Merck) to dissolve the formazan
crystals formed. The optical density of groups was read
at 570 nm using a microplate reader (BioTek, USA) and
expressed as % of non-treated control MDA-MB-231
cells. In the present study, 10 uM 3-MA (Cat no: M9281;
Sigma-Aldrich) was used for the inhibition of autophagy.*
Subsequently, a final dose of 5 pg/mL for free Met was
selected for subsequent analyses.

Exo treatment

To monitor possible cytoprotective and/or cytotoxic
effects of isolated naive Exos on human BC CSCs, MDA-
MB-231 cells were plated in each well of 96-well plates as
mentioned above. Those cells then thrived for 48 hours in
a culture medium that was supplemented by 1% Pen-Strep
and by 1% Exo-free FBS. In this study, Exos were applied
at concentrations of 5, 10, 25, 50, 75, 100, 200, 300, 400,
and 500 pg/mL of exosomal protein. After 48 hours, the
viability of Exo-treated groups was determined using MTT.
The absorbance was measured at 570 nm, and cell viability
(%) was calculated according to the formula: Cell Viability
(%) = (OD treated / OD control) x 100. Based on the MTT
data, Exos corresponding to 10 pug/mL of exosomal protein
were used for different experimental purposes.

Naive and drug-loaded Exo uptake

To monitor the internalization rate naive and modified
Exos, naive and modified Exos, either 3-MA@Exos or
Met@Exos, were incubated with 10 pg/mL Rhodamine B
(Sigma-Aldrich) for 30 minutes at room temperature in
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the dark. The samples were then resuspended in PBS and
ultracentrifuged again (100,000 g, 70 minutes, 4 °C) to
exclude unbonded Rhodamine B. Then, Exos were added
to the culture medium of pre-cultured MDA-MB-231
cells (corresponding to 10 ug/mL of exosomal protein) for
4-6 hours. After that, cells were trypsinized and washed
three times with PBS to eliminate non-internalized
Exos. The fluorescence intensity was analyzed using
BD FACSCalibur' and FlowJo software (ver. 7.6) and
compared to the control group. All experiments were
performed in triplicate, compared to untreated controls.”

Drug loading protocol

Here, in the current experiment, we analyzed the
influencing properties of free Met, 3-MA, Met- (Met@
Exo0s), and 3-MA (3-MA@Exos)-loaded Exos on MDA-
MB-231 autophagic response, and angiogenesis capacity
after 48 hours. For drug loading, ultrasound waves were
utilized to facilitate the loading of Met and 3-MA into the
Exolumen. Before drugloading, the maximum absorbance
(Amax) values were determined for 3-MA and Met. Serial
dilution of Met and 3-MA, including 0.1, 0.2, 0.4, 0.6, 0.8,
and 1 mM, was prepared, and the maximum absorbance
values were monitored using a UV-Vis spectrophotometer
at a wavelength between 200 and 400 nm and recorded
as Amax. Exos (~200 pg/mL) were mixed with 200 pg/
mL Met, and/or 72 uM 3-MA in a final volume of 2 ml
inside the sterile microtubes. To promote drug loading,
samples were maintained inside an ice-cold water bath
and exposed to sonication (Bandelin Sonopuls, Germany)
at 20% amplitude, six cycles of 30 s ON / 30 s OFF, with a
2-minute cooling interval between cycles. The procedure
was continued with the incubation of sonicated samples
at 37 °C for 1 hour to recover the exosomal membrane
and reduce any abnormal morphologies. After that, the
samples were centrifuged at 100,000 g for 70 minutes at 4
°C to yield the Exo pellet. The supernatants were collected,
and the absorbance values of non-loaded free Met and/
or 3-MA were measured.”®” The final Exo pellet was
resuspended in PBS and stored at either 4 °C (short-term)
or -80 °C (long-term) until use. Using GraphPad Prism
software (Ver. 8.4.3) and a calibration curve, the absolute
concentrations of Met and 3-MA were calculated. Drug
loading efficiency was calculated using the following
formula as follows Loading efficiency (%) = [(Total drug -
Free drug) + Total drug] x 100. Using the MTT assay, the
survival rate of MDA-MB-231 cells was again evaluated
using MTT after being exposed to Exos, 3-MA@Exos, and
Met@Exos for 48 hours using the MTT assay. The steps
for the MTT assay were done as above-mentioned.

Autophagy status

Western blotting

MDA-MB-231 CSCs, at an initial density of 5x10°
cells, were cultured in 6-well plates with DMEM culture

medium supplemented with 10% FBS and 1% penicillin/
streptomycin, and incubated at 37 °C with 5% CO,,
allowed to reach 70-80% confluence. The cells were
randomly allocated into six different groups as follows:
Control; Exos; 3-MA (10 pM), 3-MA@Exos; Met (5 pg/
mL), and Met@Exos, and maintained for 48 hours.
After treatment, total protein was isolated using RIPA
buffer. Equal amounts of protein (10 ug per well) were
examined by electrophoresis through 12% SDS-PAGE
gels and blotting onto PVDF membranes. Membranes
were blocked for 2 hours at room temperature in a 5%
BSA/TBST solution and incubated overnight at 4 °C
with primary antibodies against LC3 (Cat no: 2775, Cell
Signaling Technology, USA.), Beclin-1 (Cat no: sc-48341,
Santa Cruz Biotechnology, Inc.), and p62 (Cat no: sc-
10117, Santa Cruz Biotechnology, Inc.), and several PBST
washes, HRP-conjugated secondary antibodies (1:10,000,
1 h, RT) were used for labeling of immunoreactive
bands. Using X-ray films and ECL solution, the target
proteins were detected in different experimental groups.
In this study, B-actin (Cat no: sc-517582, Santa Cruz
Biotechnology, Inc.) was used internal control protein.***!
Immunofluorescence (IF) staining

Autophagic flux was monitored in MDA-MB-231 cells
using IF staining. For this purpose, MDA-MB-231
cells were plated onto each well of an 8-well chamber
slide and allowed to reach 70-80% confluence. Cells in
different experimental groups were kept under standard
conditions for 48 hours, and cells were fixed using
4% paraformaldehyde solution (PFA) for 15 minutes
at RT and permeabilized using a 0.1% Triton X-100
solution for 10 minutes. Cells were washed three times
with PBS and blocked using 1% BSA for 30 minutes
to reduce background staining. Thereafter, cells were
incubated with an anti-LC3 antibody (Cat no: ab139484;
Abcam) at 4 °C overnight. Cells were again washed
three times with PBS and incubated with Alexa Fluor
488-conjugated secondary antibody (Dilution: 1:500,
1 hour). After PBS washes, nuclei were stained using 1
pg/mL DAPI solution (Sigma-Aldrich) for 5 minutes.
Slides were mounted and visualized under a fluorescence
microscope. The number of cells with LC3 punctata,
indicating autophagosomes, was calculated and expressed
as LC3*cells/DAPI*+LC3* cells.®**!

PCR array analysis

MDA-MB-231 cells were planted in 6-well plates
at a seeding density of 5x10° cells/well in DMEM/
HG supplemented with 10% FBS and 1% penicillin/
streptomycin solution and maintained in an incubator
at 37 °C and 5% CO,. Once a culture time of 48 h was
compatible with the scheduled experimental groups
(Control, Exos, 3-MA, 3-MA@Exos, Met, Met@Exos),
cells were collected and total RNA contents were isolated
using Trizol reagent (Cat no: LB38055; Life Biolab,
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Germany) following the manufacturer’s instructions.
RNA integrity and concentration were evaluated
using NanoDrop spectrophotometry. Complementary
DNA (cDNA) was synthesized from 0.5 ug RNA using
Oligo(dT),s and Random Hexamer primers and reverse
transcriptase (Parstous, Iran). The expression genes
belonging to various signal transduction pathways were
monitored using the RT?> Human Autophagy Profiler
array (Cat no: Cat no: PAHS-084Z; Qiagen GeneGlobe)
and the Light Cycler 480 Instrument IT (Roche). The fold
changes were measured using the 2724°T formula, with
GAPDH as internal control. The values of more than
2-fold changes were regarded as statistically significant.
This assay was performed using three pooled biological
replicates per group. Melting curves were analyzed to
confirm the specificity of amplification.

Transwell insert migration of MDA-MB-231 cells

The migration capacity of MDA-MB-231 cells was
assessed using a Transwell Insert assay. Briefly, 5x 10* cells
from different groups were resuspended in 200 pL culture
medium with 1% FBS and poured onto the Transwell
Inserts with 8 pm pore size. The basolateral space was
filled with 600-700 pL culture medium containing 10
ng/mL stromal cell-derived factor 1-alpha (SDF-1a; Cat
no: 300-28A-50; PeproTech; USA). The chambers were
incubated for 48 hours at 37 °C in standard conditions.
After that, the inserts were washed with PBS and fixed
using a 4% PFA solution, and non-migrated cells on the
upper surface of the inserts were cleaned using wet swabs.
Migrated cells on the lower surface were submerged in
Giemsa stain for 30 minutes. The number of migrated
MDA-MB-231 cells at the ventral surface of inserts was
counted in at least several serially random high-power
fields (HPF).

The paracrine activity of treated MDA-MB-231 cells on EC
To assess whether the secretome of MDA-MB-231 cells
can promote/inhibit the migration of ECs, a Transwell
Insert assay was conducted. MDA-MB-231 cells were
treated with Met, 3-MA, Met@Exos, and 3-MA@Exos
for 48 hours. Then, the supernatants were discarded and
washed twice with pre-warmed PBS. Cells were again
incubated in FBS-free DMEM/HG culture medium
for the next 48 hours, and the conditioned media were
collected, centrifuged at 400 g, passed through 0.22 pm
microfilters, and stored at -80 °C until use. In the next
step, 5x10* human umbilical vein endothelial cells
(HUVECsS; purchased from National Cell Bank of Iran)
were resuspended in 200 pL fresh DMEM/HG culture
medium and transferred onto Transwell Inserts with 8 um
pore size. In the bottom space, 600-700 pL conditioned
media from treated MDA-MB-231 cells were added.
HUVECs were kept under standard culture conditions
for 48 hours. Upon completion of the incubation period,

the cells that migrated to the ventral surface of the inserts
were fixed, stained with Giemsa, and counted in several
random HPFs.

Monitoring angiogenesis potential using real-time PCR
assay and ELISA

The effect of different treatments on the expression of
specific factors such as AKTI1, IL-8, CDH5, TIMP3,
ERBB2, HIF1A, TNF, IFNA1, MMP2, VEGFA, IENG,
NOTCH4, IL-1B, PECAM], IL-6, and TGFBR1 in MDA-
MB-231 cells was evaluated using quantitative real-time
PCR (qPCR) (Table 1). In short, after completion of the
treatment period, cells were washed using cold PBS, and
total RNA contents were isolated utilizing a Trizol (Cat
no: LB38055; Life Biolab, Germany) according to the
manufacturer's instructions. cDNA synthesis was done
using 1 ug of RNA and a reverse cDNA synthesis kit
(Parstous, Iran). gPCR reactions were performed in a total
volume of 10 uL consisting of 5 uL SYBR Green Master
Mix, 0.25 pL forward primer, 0.25 uL reverse primer,
1 uL cDNA, and 3.5 pL deionized water. The reactions
were done in the Light Cycler 480 Instrument II (Roche).
The relative expression of each gene was calculated using
the 274¢T formula and normalized against the control
HPRT1 gene. Along with real-time PCR analysis, protein
levels of VEGF in cell lysates were also measured using
the Human VEGF-A ELISA kit (Cat no: E-EI-HO0111;
Elabscience” Bionovation Inc.) Cell extracts from treated
MDA-MB-231 groups were gathered, centrifuged, and
filtered through 0.22 um filters. 100 pL of each sample
or standard was added to pre-coated ELISA wells and
incubated at 37 °C for 90 minutes. Three washes later,
100 pL biotinylated detection antibody was added and
incubated for 60 min. Then, 100 uL HRP-conjugate
was added for 30 minutes, followed by five washes and
addition of 90 uL. TMB substrate for the development of
color. The reaction was halted by the addition of 50 uL
stop solution, and the absorbance was measured at 450
nm by a microplate reader. VEGF-A concentrations were
estimated from the standard curve, enabling examination
of treatment influence on angiogenic potential.

Induction of BC tumoroids

Hydrogel preparation

In this study, BC tumoroids were fabricated using Alg/
Gel microspheres crosslinked by ionic CaCl, solution
to recapitulate the 3D tumor microenvironment. For
hydrogel preparation, sodium Alg (2% w/v; I-1G, high
content of guluronicacid, and MW: 70 kDa; Kimica; Japan)
was dissolved in calcium-free CF-KRH solution (pH 7.4)
and sterilized with 70% ethanol.”> Porcine cutaneous Gel
(2% w/v; Sigma-Aldrich) was sterilized with chloroform
to preserve bio-adhesive properties. CF-KRH solution
(pH=7.4) was used as a solvent for the preparation of
the solution. Equal volumes of Alg and Gel were mixed
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Table 1. Primer sequence

Genes GenBabk number Primer sequencing (5'-3') Product length (bp)
e »
o
T
e :
el .
oo .
S .
e o
IENAT NM_024013.3 F- AACTCCCCTGATGAATGCGG 170

R- AGTGTAAAGGTGCACATGACG

F: forward; R: reverse .

to obtain a final 1% w/v concentration for each polymer.
The mixture was stirred overnight at room temperature to
ensure homogeneity and remove air bubbles.”
Fabrication of BC tumoroids using ionic crosslinking

To recapitulate the 3D tumor structure, BC tumoroids
were developed by the encapsulation of human umbilical
vein endothelial cells (HUVECs), human fibroblasts
(HFFF2),and MDA-MB-231 cellsat a ratio of 1: 1: 2 inside
the Alg/Gel microspheres. Cells were purchased from the
National Cell Bank of Iran (Pasteur Institute, Tehran) and
expanded in DMEM/HG culture medium with 10% FBS
and 1% Pen-Strep. Cells were encapsulated at passages
between 3 to 6. About 1 x 10° cells (at the abovementioned
ratio) were gently mixed into the hydrogel, maintaining
1% w/v concentration of each polymer. The cell-laden
hydrogel was injected into a sterile 21G needle attached
to a syringe pump (flow rate of 0.1 mL/minute). The tip of
the needle was set 5 cm above a bath of 0.2 M CaCl,. An
electric field of 8 kV was established between the needle
(anode) and the bath of CaCl, (cathode) for droplet
generation of uniform shape, and the droplets crosslinked
immediately by contacting the Ca*" ions and resulting
in spherical microspheres of diameter 200-300 pm. The
microspheres were washed several times with CF-KRH
solution to eliminate the non-bound calcium ions. After
that, Alg/gel microspheres were cultured in DMEM/HG

culture medium with 10% FBS and 1% Pen-Strep at 37 °C,
5% CO, for 48 hours to allow cell attachment, uniform
growth, and cell-cell interactions.

Scanning electron microscopy (SEM)

The microstructure and location of cells inside Alg/Gel
microspheres were studied using SEM. The Alg/Gel
microspheres were fixed inside a 4% paraformaldehyde
solution for 20 minutes and lyophilized. After gold
sputtering, the morphology and structure of microspheres
were studied using an SEM apparatus.

Effect of 3-MA and Met on BC tumoroid viability

To assess the cytoprotective and/or cytotoxic effects of Met
(5 pg/mL; based on preliminary 2D MTT data) and 3-MA
(1.5 pg/mL; according to previous studies confirming
autophagy inhibition via PI3K/AKT/mTOR signaling)
on BC tumoroid cells, microspheres were allocated into
three groups: Control, 3-MA, and Met groups. Cells
were treated for 48 hours under standard conditions (37
°C, 5% CO,). After that, the supernatant was discarded,
and microspheres were washed with PBS and incubated
with 2 mg/mL MTT solution for 3-4 hours at 37 °C. After
removing the solution, DMSO (100 uL/well) was added
to solubilize the formazan. The optical density was read
at 570 nm using a microplate reader, and the survival rate
was reported as % of the control group.
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Monitoring the cell density inside BC tumoroids

The density and location of tumoroid cells inside the Alg/
Gel microspheres were studied using hematoxylin-Eosin
(H & E) staining. After treatment of BC tumoroids with
3-MA and/or Met, Alg/Gel microspheres were fixed in 4%
PFA, and 5 pm-thick slides were prepared from paraffin-
embedded blocks. The density and distribution of BC
tumoroids were counted and reported per microsphere.
Orthotopic injections of BC tumoroids into the mouse
mammary gland

The possible effect of autophagy stimulation/inhibition
on BC tumoroid dynamic growth in in vivo conditions, an
orthotopic injection of cell-laden Alg/Gel microspheres
was done in the mouse mammary glands. BC tumoroids
(MDA-MB-231, HUVEC, HFF2) inside the Alg/Gel
microspheres were pretreated with drugs for 48 hours.
The treatment groups included: induction of autophagy:
Met at 5 ug/mL and inhibition of autophagy: 3-MA at
1.5 pg/mL. Microspheres were retrieved at 48 hours,
centrifuged, washed off remaining medium and free drug,
and prepared for injection.

Eighteen mature female Balb/c mice weighing 22-25 g
were accommodated in the animal house of the Faculty
of Advanced Medical Sciences, Tabriz University of
Medical Sciences, with 12 h light/12 h darkness, standard
temperature, and relative humidity for 7 days. Animals
were allowed access to chewing pellets and tap water ad
libitum. All phase of the study was approved by the ethics
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committee of the Vice President of Scientific Technology
and Knowledge Council for Development of Regenerative
Medicine and Stem Cells Technologies, and the Research
Ethics Committee of Tabriz University of Medical
Sciences (Ethical code: IR TBZMED.VCR.REC.1401.392).
Mice were anesthetized using a combination of Xylazine
(10 mg/mL) and Ketamine (80 mg/mL). About 200
uL of solution containing Alg/Gel microspheres with
a total number of ~1x10° cells was injected into the
fourth mammary fat pad (orthotopic site) to mimic a
physiological breast tumor microenvironment. Mice
were also immunocompromised using 200 mg/mL
cyclophosphamide (Endoxyna’) to prevent the rejection
of xenogeneic cells. After two weeks post-injection,
mice were euthanized using an overdose of ketamine
and xylazine. The transplanted mammary tissue and
surrounding tissue were retrieved and fixed for 24 hours
in 10% neutral buffered formalin to preserve cellular
and tissue structures. Specimens were dehydrated by
increasing alcohol series, cleared in xylene, and paraftin-
embedded. 5 um-thick sections were loaded and mounted
onto glass slides. Histological changes such as cellular
structure, nucleus and cytoplasm features, inflammation,
necrosis, cell migration, and microsphere integrity were
noted by performing H&E staining.

Statistical analysis
Data (Mean + SD) were analyzed using One-way ANOVA
with Tukey post hoc and GraphPad Prism software
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Fig. 1. Physicochemical properties of isolated Exos from human blood samples. Western blotting revealed the existence of identical markers such as CD63,
CD81, and TSG101 in enriched Exos (A; data were obtained from three pooled samples). The blots were cropped and presented in panel A. SEM images
show the typical spherical morphologies with an average size of 116+84 nm (B and C; n=3). DLS analysis of enriched Exos revealed a hydrodynamic
diameter of 202+52.59 nm and a zeta potential value of -12.76 £4.57 mV (n=3).
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(version 8.4.3). Assays were done in three technical and
statistical replicates, otherwise mentioned. P values <0.05
were considered statistically significant.

Results

Exos purification and immunophenotyping

The entity of isolated Exos was confirmed using different
analyses (Fig. 1A-E). Western blotting indicated the
existence of tetraspanins (CD63, CD81), and ESCRT
system effector (TSG101) in the enriched Exos in human
blood samples (Fig. 1A). Full-length blots are provided
in Fig. S1 for transparency (Supplementary file 1).
SEM images confirmed nano-sized spherical particles
with an average diameter of 116+84 nm (Fig. 1B-C;
yellow arrows). Using DLS, it was shown that the mean
hydrodynamic diameter of Exos reached 202+52.59
nm while the zeta potential value of -12.76+4.57 mV
was achieved, indicating appropriate physicochemical
properties of isolated Exos from the human blood (Fig.
1D-E).

Survival assay

In the present study, human MDA-MB-231 cells were
exposed to various concentrations of Met, ranging from
5 to 100 pg/mL for 48 hours (Fig. 2A). Data revealed the
statistically non-significant difference in the viability of
cells after treatment with different doses of Met when
compared to the non-treated control group (Fig. 2A).
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Likewise, treatment of MDA-MB-231 cells with Exos
corresponding to various exosomal protein contents
yielded non-significant differences (Fig. 2A; P>0.05). In
the groups that received Exos equal to exosomal proteins
ranging from 5 to 50 pg/mL, relatively similar survival
rates were obtained. Although the increase in Exo doses
from 75 to 500 pg/mL slightly increased the survival rate,
these data did not reach statistically significant differences.

Drug loading

UV-Vis spectroscopy analysis revealed a maximum
absorption wavelength (A_ ) for Met at 233.5 nm (Fig.
2B). Thus, the absorption rate was used to calculate the
drug loading percentage in conjunction with the formula
specified in the methods section. Based on the data, the
loading efficiency of Met on Exos was 23%. Notably, the
A, for 3-MA was identified at 272 nm, with a loading
efficiency of 64% onto Exos. These percentages reflect the
levels of drugs, either Met or 3-MA, incorporated into the
exosomal lumen.

Loading protocol did not affect the BC cell survival rate
and Exo internalization

MTT data revealed the lack of statistically significant
differences in terms of viability in Exos, 3-MA@Exos, and
Met@Exos as compared to the non-treated control cells
after 48 hours (Fig. 3A). These data indicate that the drug-
loaded Exos and naive Exos did not exert any tumoricidal
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Fig. 2. MTT assay. The survival rate of MDA-MB-231 cells in response to different doses of Met after 48 hours (A). Data revealed non-significant differences
in terms of cell viability in different groups as compared to the control cells (n=4; P>0.05). Measuring the viability of MDA-MB-231 cells after treatment with
Exos equals exosomal proteins, for 48 hours. Statistically non-significant differences were obtained in comparison with the control group (n=3; P>0.05).

Absorption spectra of Met and 3-MA using UV-Vis assay (B).
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Fig. 3. Monitoring the survival rate of MDA-MB-231 cells after being exposed to Exos, 3-MA@Exos, and Met@Exos for 48 hours using the MTT assay (A;
n=4). Internalization rate of Rhodamine B-labeled Exos by human MDA-MB-231 cells after 4 hours (B). Data indicated the lack of statistically significant
differences in the percentage of cells with internalized Exos compared to the control (unloaded) Exos. One-way ANOVA with Tukey post hoc analysis (n=3).

properties or intoxication on human MDA-MB-231
cells. Flow cytometry analysis revealed that the loading of
3-MA and/or Met did not affect the internalization rate in
human Exos in human MDA-MB-231 cells (Fig. 3B). Data
revealed that the percentage of MDA-MB-231 cells with
internalized Rhodamine B-labeled Exos reached 12.8 +2.3
and 10.6+0.86% compared to the control Exos group
(11.5+2.4%; P>0.05) after 4 hours in in vitro conditions.
These data confirmed the lack of detrimental effects of
loading techniques in Exo uptake by MDA-MB-231 cells
(Fig. 3B).

Autophagy status

Western blotting

The autophagy response was monitored using western
blotting in MDA-MB-231 cells 48 hours after being
treated with 5 ug/mL Met or 10 uM 3-MA. In this regard,
protein levels of Beclin-1, LC3, and p62 were measured.
Data showed the increase of Beclin-1 in 3-MA, 3-MA@
Exos, Met, and Met@Exos groups compared to the Exos
and non-treated control, indicating the initiation of
autophagy response (Fig. 4A). Along with these changes,
total LC3 contents were also heightened in 3-MA, 3-MA@
Exos, Met, and Met@Exos groups as compared to the
non-treated control. Of note, this increase was less in the
group that received Exos alone, and maximum effects
were shown in the cells that were treated with free 3-MA
(Fig. 4A). Full-length blots are provided as Fig. S2. The
stimulation of LC3 indicates the activation of autophagic

flux in MDA-MB-231 cells after 48 hours. Monitoring
the intracellular levels of p62 indicated a prominent
reduction in Met, Met@Exos, and Exos groups, resulting
in the completion of autophagy response, while higher
levels of p62 were achieved in control, 3-MA, and 3-MA@
Exos groups. These features confirmed that free 3-MA,
Met, and Exos bearing 3-MA and Met can initiate the
autophagy response via the induction of Beclin-1 and
an increase of LC3, while completion of the autophagy
response is significant in the groups that received free
Met, Met@Exos, or Exos alone.

IF staining

Using IF staining, the cytoplasmic LC3*puncta, a
marker of autophagosomes, were imaged in the different
experimental groups (Fig. 4B). Similar to data from
the western blot panel, it was shown that the intensity
of green-colored LC3 puncta was increased in 3-MA,
3-MA@Exos, Met, and Met@Exos groups compared to
the Exos and control groups (Fig. 4B). It seems that the
cells that received free 3-MA alone had a higher signal of
fluorescence related to LC3 contents, and this increase in
descending order in Met, 3-MA@Exos, and Met@Exos
groups. It can be said that the modulation of autophagy
by free Met, 3-MA, or drug-loaded Exos can influence
the cytoplasmic content of LC3, indicating the potential
impact on autophagy flux.

PCR array analysis
To indicate the impact of 3-MA, Met, 3-MA-, and Met-
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Fig. 4. Monitoring the autophagy status in MDA-MB-231 cells using western blotting and immunofluorescence staining after 48 hours. Western blotting
indicated the changes in the levels of Beclin-1, LC3, and p62 inside the MDA-MB-231 cells after being treated with 5 pgfmL Met, 10 pM 3-MA, or Met-,
3-MA-loaded Exos (A; data were obtained from three pooled samples). The blots were cropped and presented in panel A. A similar trend was achieved in
intracellular levels of green-colored LC3*puncta in different experimental groups using IF staining (B).

loaded Exos on different effectors related to autophagy
signaling pathways, PCR array analysis was conducted
(Tables S1 and S2, and Fig. 5). Data indicated the up-
regulation, and/or down-regulation of different genes
in the presence of 3-MA, Met, 3-MA-, and Met-loaded
Exos in MDA-MB-231 cells after 48 hours. Treatment
of MDA-MB-231 cells with Met or Met-loaded Exos can
increase the expression of genes related to autophagic
vacuole formation and vacuole targeting in which genes
including AMBRAI, ATG12, ATGI16L1, ATG4A, ATG4B,
ATG5, ATGY9A, BECNI, GABARAP, GABARAPLI,
GABARAPL2, MAPILC3A, MAPILC3B, RGSIY9, and
ULK1 were up-regulated as compared to the non-treated
cells (Table S2). While the expression of ATG4C, IRGM,
and WIPII was different in the Met and Met@Exos groups.
The expression of genes such as ATG12, ATG4A, ATG4B,
ATG4C, ATG4D, ATG5, GABARAPL1, MAPILC3A, and
RGS19was similarly down-regulated in 3-MA and 3-MA@
Exos groups. These data indicated that Met and Met@
Exos can promote the formation of autophagic vacuoles,
and most of these genes were inhibited in the presence
of free 3-MA or 3-MA@Exos. Of note, the transcription
of genes related to protein transport, such as ATGI0,
ATGI16L2, ATG4B, ATG4C, ATG7, and GABARAPLI,

was down-regulated in 3-MA and 3-MA@Exos treated
cells compared to the control group. On the contrast,
the expression of ATG4A, ATG4B, ATG7, ATGYA,
GABARAP, GABARAPLI, GABARAPL2 remained
unchanged or stimulated in Met, and Met@Exos groups
(Table S2). Based on the obtained data, the expression of
autophagosome-lysosome linkage genes, mainly LAMPI,
was up-regulated in Met and Met@Exos groups, and
down-regulated in 3-MA or 3-MA®@Exos. Other genes
from the same signaling axis, such as DRAM1, GABARAP,
and NPCI, exhibited different expression patterns. Data
confirmed that 3-MA and 3-MA®@Exos can influence the
ubiquitination process via the down-regulation of ATG7
and concomitant expression of ATG3 (Table S2). The
expression of HDAC6 did not show a similar pattern in
these groups. Based on the data, the expression of ATG3
and ATG7 was increased in Met-treated groups with
superior effects in the presence of Met@Exos. Likewise,
the effectors associated with chaperone-mediated
autophagy, including HSP90AAI and HSPAS8, were
also stimulated in Met and Met@Exos groups, while
these factors were inhibited or unchanged in 3-MA and
3-MA@Exos groups. We also noted that most of the genes
that behave as co-regulators of autophagy & apoptosis
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Fig. 5. Clustergram illustration of autophagy genes in BC MDA-MB-231
cells treated with Exos, Met, 3-MA, Met@Exos, and 3-MA@Exos for 48
hours (n=3). The red and green areas indicate the up-regulation and
down-regulation, respectively.

were up-regulated in Met, and Met@Exos groups with
concomitant downregulation in other groups (Tables
S1 and S2). The data showed that pro-apoptotic genes
such as AKT1, APP, ATG12, BAD, BID, CASP3, CASPS,
CDKN2A, CDKNI1B, FADD, FAS (TNFRSF6), HDACI,
HTT, IFNG, PRKAA1, TGM2 were significantly up-
regulated in Met, and Met@Exos groups. Anti-apoptotic
genes such as BCL2, BCL2L1 (BCLXL), CLN3, CXCR4,
EIF2AK3, IGF1, PIK3CG, and TGFB1 were increased
simultaneously in Met, and Met@Exos groups. Of note,
most of the pro- and anti-apoptotic factors were down-
regulated in Exos, 3-MA, and 3-MA@Exos groups as
compared to the control MDA-MB-231 cells, Met, and
Met@Exos groups. These data indicate that several genes
related to the autophagy signaling pathway are activated
in the presence of free Met or Met-loaded Exos, while
most of these genes were inhibited when MDA-MB-231
cells were exposed to 3-MA or 3-MA-loaded Exos. Thus,
3-MA and Met can influence the autophagy signaling
pathway, free from or after being loaded onto the Exos.

Autophagy modulation influenced tumor cell migration
and paracrine angiogenesis capacity

Here, the possible effects of autophagy modulation were
monitored on MDA-MB-231 cell migration and paracrine
angiogenesis properties after being incubated with free
3-MA, Met, or 3-MA and Met-loaded Exos for 48 hours
(Fig. 6). Data indicated that 48-hour treatment of BC
MDA-MB-231 cells with Exos stimulated the number of
migrating cells compared to the control group (Fig. 6A-
B). Unlike the Exos group, the migration rate was not
statistically significant in the 3-MA group as compared
with control cells. The incubation of cells with 3-MA-
loaded Exos can increase the migration rate compared
to the control group. A similar pattern was evident in
Met and Met@Exos groups after 48 hours, with the most
prominent effects in the Met@Exos group. However, these
effects were not statistically significant between the Exos,
3-MA, Met, 3-MA@Exos, and Met@Exos groups. These
data show that autophagy modulation can influence the
migration of MDA-MB-231 cells using free 3-MA, Met,
or 3-MA@Exos, and Met@Exos.

We also monitored the migration of HUVECs after
being exposed to the secretome of MDA-MB-231 pre-
treated with 3-MA, Met, 3-MA@Exos, and Met@Exos
(Fig. 6C). Of note, pre-treatment of MDA-MB-231
cells with Exos alone did not influence the paracrine
angiogenesis capacity. Data revealed a lack of statistically
significant differences in terms of HUVEC migration
in 3-MA-, 3-MA@Exos-treated MDA-MB-231 cells as
compared to the non-treated control cells. In the Met@
Exos, but not Met, group, the number of migrated cells
was increased compared to the experimental groups (Fig.
6C). Notably, these changes were not significant when
compared to the Met group. These data confirmed that
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Fig. 6. Transwell inserts migration assay (A-C). Monitoring the migration of MDA-MB-231 cells 48 hours after treatment with Exos, Met, Met@Exos, 3-MA,
and 3-MA@Exos (A-B; n=9). HUVECs migration rate incubated with MDA-MB-231 cells pre-treated with Exos, Met, Met@Exos, 3-MA, and 3-MA@Exos
(C; n=10). One-way ANOVA with Tukey post hoc analysis. ** P<0.01, *** P<0.001, and ****P<0.0001.

the stimulation of autophagy via drug-loaded Exos can
lead to the angiogenesis response mainly via enhancing
HUVECs migration.

Angiogenesis properties

The expression of different genes, IL-8, CDH5, TIMP3,
ERBB2, HIF1A, IENA1, MMP2, VEGFA, NOTCH4,
IL-1B, PECAMI, and IL-6 were monitored using real-
time PCR analysis (Fig. 7A, and Table 2). Based on the
obtained data, treatment of MDA-MB-231 cells with Exos
led to the down-regulation of almost all included genes
compared to the control group. In the 3-MA-treated cells,
the expression of MMP2, VEGFA, NOTCH4, IL-8, and
TIMP3 was reduced, while the transcription of genes such
as IL-1B and PECAM1 was increased as compared to the
control cells (Fig. 7A and Table 2). A relatively similar
trend was reported in the cells incubated with 3-MA@
Exos for 48 hours. The expression of IL-8, TIMP3, ERBB2,
MMP2, VEGFA, NOTCH4, PECAM], and IL-6 was also

A

diminished in the Met@Exos groups with concomitant
up-regulation of IL1B, and PECAMI1. The ELISA assay
showed that the levels of VEGF were diminished in
3-MA-treated cells, similar to the genomic panel (Fig.
7B). The down-regulation of VEGF was also reported in
the Met and Met@Exos groups. These data indicated the
significant reduction of angiogenesis-related factors such
as VEGF in BC cells after the modulation of autophagy
response (Fig. 7B). Both induction and stimulation of
autophagy can influence the angiogenesis factors in vitro.

Alg/Gel microspheres provided a suitable niche for BC
tumoroid cells

In the present work, Alg/Gel microspheres were used for
the development of BC tumoroids. Bright-field images
indicated the relatively even distribution of BC tumoroids
inside the microspheres (Fig. 8A; panel left). Based on
our calculation of the mean size of Alg/Gel microspheres
reached 413.63+42.24 um in cell-laden microspheres
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Fig. 7. Clustergram mapping of angiogenesis-related genes in MDA-MB-231 cells after 48 hours, evaluated by real-time PCR analysis (A; n=3). Measuring
protein levels of VEGF using ELISA (B; data were obtained from three pooled samples).
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Table 2. Monitoring the angiogenesis pathway in MDA-MB-231 cells after
48 hours

Genes Exos 3MA 3MA@Exos Met Met@Exos
L8 -13.27  -6.96 -3.46 -2.23 -3.03
CDH5 -10.56  -1.60 -3.34 1.24 1.25
TIMP3 -6.45 -2.89 -1.75 -3.76 -1.57
ERBB2 -3.20 -1.93 -8.94 -2.35 -2.53
HIF1A -9.92 1.32 -8.06 -1.37 1.09
IFNA1 -7.52 -1.60 -3.36 1.32 1.49
MMP2 -8.63  -10.13 -30.27 -6.82 -3.86
VEGFA -5.94 -2.91 -2.99 -3.76 -2.25
NOTCH4  -4.03  -12.73 -2.25 -6.50 -8.88
IL1B -5.74 3.51 -2.25 1.19 4.92
PECAM1  -2.75 3.43 4.11 -70.03 6.02
IL6 -5.50 -1.25 -4.26 -8.46 -18.25
HPRT1 1.00 1.00 1.00 1.00 1.00

Fold-change values in human MDA-MB-231 cells treated with free Met
and 3-MA, or Met-, and 3-MA-loaded Exos were calculated using the
272 methods related to the non-treated control group. Differences in
expression more than twofold were accepted as the cut-off value (n = 3).

when compared to the cell-free groups (397.94+74.07
um; Fig. 8A; panel right). Data indicated that the cell-
laden and cell-free samples had stability over 14 days. SEM
images indicated the existence of pores in the structure of
Alg/Gel microspheres (Fig. 8B; left panel, yellow arrows).
Data showed that cells can attach to the backbone of Alg/
Gel microspheres and acquire flattened morphologies
(Fig. 8B; middle and right panels; yellow arrows). MTT
assay confirmed the cytoprotective features of Alg/Gel
microspheres on BC tumoroids treated with Met for 48
hours when compared to the 3-MA group (P<0.05; Fig.
8C). No statistically significant differences were found
in terms of cell survival in 3-MA-treated microspheres
compared to the control microspheres.

Met increased cell density of BC tumoroids inside Alg/
Gel microspheres

Using H & E staining, the cell density was studied in each
microsphere after being treated with Met or 3-MA for 48
hours (Fig. 8D). Data showed the increase of cell density
in Met-treated Alg/Gel microspheres when compared to
the 3-MA and control (P< 0.05; Black arrows). These data
show that Met can increase the number of BC tumoroids
inside Alg/Gel microspheres.

Met increased the metastasis and tumor formation of
cell-laden microspheres in vivo

Orthotopic mammary gland transplantation of BC
tumoroids encapsulated inside Alg/Gel microspheres
showed that Alg/Gel microspheres can be detected in the
control and 3-MA groups (Fig. 8E). In the control group,
some cells could be detected inside the microsphere

parenchyma, while cells were barely detected inside the
Alg/Gel microspheres pre-treated with 3-MA. In both
groups, the microspheres are enclosed by a thin fibrotic
layer. In contrast, the microspheres were degraded in
the Met group, and their remnants were detected as dark
purple clumped masses devoid of cells. It seems that
these cells migrated into the neighboring tissues and
generated metastatic foci with a lobular form (Fig. 8E).
These features indicate that the treatment of encapsulated
BC tumoroids with Met can increase the possibility of
tumor cell metastasis into the mammary gland and the
generation of metastatic foci.

Discussion

As a common belief, autophagy response is a fundamental
phenomenon in the control of dynamic growth and
bioactivity of tumor cells, especially CSCs.** More
interestingly, autophagy with a dual role in tumor cells
and CSCs can function as pro-survival and tumoricidal
factors.™>* For example, it was suggested that autophagy
inhibition and/or overactivity can influence the
angiogenesis rate and vascularization into the tumor
parenchyma in different pathological conditions,
highlighting the critical role of autophagy machinery in
tumor biology.*®** Recent studies have highlighted that
over-activation and inhibition of autophagy can result
in opposing effects in the context of tumor angiogenesis.
For instance, autophagy activation in breast cancer cells
has been associated with enhanced VEGF secretion
and promotion of angiogenesis,*” whereas long-term
or excessive induction of autophagy has been reported
to impair vascular maturation and attenuate tumor
perfusion.*' Similarly, it has been shown that autophagy
stimulation in CD146" cells can drive their differentiation
into endothelial-like phenotypes,”? while inhibition of
autophagy using 3-MA significantly reduced endothelial
cell sprouting and in vitro tubulogenesis.”® These
findings emphasize that autophagy exerts context- and
dose-dependent roles in regulating angiogenesis within
the tumor microenvironment.**** Due to the lack of
knowledge related to the autophagy-angiogenesis
relationship in cancer biology, this study aimed to address
how and by which mechanisms autophagy modulation can
inhibit/stimulate the angiogenesis response in human BC
cells. MDA-MB-231 cells contain a large CD44"/CD24
population with stemness features.* For this purpose,
two autophagy modulators, free Met and 3-MA or Met-
, and 3-MA-loaded Exos were used for the regulation of
autophagy.

We aimed to use human blood Exos as bioshuttles
for the delivery of 3-MA and Met into the target MDA-
MB-231 CSCs. Based on the present data, it was found
that the loading efficiency of Met in Exos was 23%.
Consistent with our results, Zhan et al reported an
approximate loading efficiency of 20.7% for Met in blood
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Fig. 8. Development of BC tumoroids inside the Alg/Gel microspheres crosslinked by CaCl,. Bright-field images indicated the distribution of HUVECs, MDA-
MB-231 cells, and HFFF2 cells inside the microspheres (A: Left panel: cell-laden microspheres; Right panel: cell-free microspheres). SEM images of Alg/
Gel microspheres. Data showed the existence of pores in the structure of Alg/Gel microspheres (B; Left panel). Cells can attach to the backbone of Alg/Gel
microspheres and acquire relatively flattened morphologies (B: middle and right panels). MTT assay of BC tumoroids inside the Alg/Gel microspheres after
48 hours (C: n=13). Monitoring cell density in Alg/Gel microspheres after 48 hours in the presence of Met and 3-MA in in vitro conditions (D; n=11). Met
increases the mean cell number in Alg/Gel microspheres compared to the control and 3-MA groups. Histological examination of mice mammary glands using
orthotopic transplantation of human BC tumoroids inside the Alg/Gel microspheres after two weeks (E). One-way ANOVA with Tukey post hoc analysis. **

P<0.05; ** P<0.01, and ***P<0.001.

Exos.”” While exogenous 3-MA loading in human Exos
reached 64%. One reason for the difference in the loading
capacity of Met and 3-MA in Exos can be related to the
chemical structure of these compounds. Considering
the chemical formula, Met hydrochloride, as used in this
study, is more hydrophilic and exhibits organic cations
at the physiological pH values as compared with the
3-MA.* Consistent with our observations, other groups

have demonstrated that the chemical nature of the
cargo strongly influences the encapsulation efficiency.
For example, hydrophilic molecules such as Met exhibit
significantly lower loading efficiency compared with more
hydrophobic drugs, due to their limited compatibility
with the lipid bilayer of Exos.” This is consistent
with our finding that 3-MA achieved a markedly
higher loading percentage than Met. Moreover, drug-
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membrane interactions have been highlighted as critical
determinants for the stability of encapsulation.” These
data support the notion that the higher loading of 3-MA
versus Met is largely based on chemical compatibility with
the exosomal membrane. Our data also indicated that the
sonication process and loaded drugs did not affect the
internalization rate of labeled Exos in MDA-MB-231
cells in the early 4 hours, as compared to the control Exo
group. It has been proposed that Exos and other EV types
can enter the recipient cells via different mechanisms,
such as endocytosis, direct fusion with the cell membrane,
micropinocytosis, phagocytosis, and lipid rafts.' If it is
assumed that the loading protocol inhibits the uptake of
Exos by a specific route or makes a slight change in the
structure of Exos, the existence of other mechanisms can
compensate for the entry of Exos into the MDA-MB-231
cells. Thus, we propose that due to the different modes of
Exo internalization in the recipient cells, non-statistically
significant differences were obtained.

It was also noted that treatment of MDA-MB-231 cells
with Met and Met@Exos led to the activation of autophagy
(Beclin-1, LC31, and p62]) after 48 hours. PCR array
also indicated the upregulation of different autophagy
effectors in Met and Met@Exos groups. Despite the
increase of LC3 and Beclin-1 levels in 3-MA and 3-MA@
Exos groups, the increase of p62 showed an impaired
autophagy response in these groups. It is thought that the
close interaction of p62 and LC3 provides a platform for
the degradation of ubiquitinated cargoes by autophagy.*
PCR array analysis revealed the significant and slight
down-regulation of MAP1LC3A and B in 3-MA-treated
groups compared to the control cells. Along with these
changes, the expression of SQSTM1/p62 was also reduced
in these groups. The reduction of GABARAPL] and
LAMP1 indicated an impaired autophagy flux and fusion
with lysosomes in the MDA-MB-231 cells in the presence
of free 3-MA or loaded 3-MA in Exo0s.*® The reduced
expression of specific genes such as HSP90AAI and
HSPAS8 in 3-MA-treated groups confirmed the inhibition
of chaperone-mediated autophagy, while the expression
of these genes was significantly increased in Met-treated
groups.” These findings are in close alignment with past
reports. As examples, 3-MA inhibition of autophagy flux
by reducing LC3-II expression and lysosomal fusion
impairment with consequent p62 accumulation and faulty
autophagosome maturation have been shown.*>? On
the contrary, activating AMPK and suppressing mTOR
results in Met-mediated induction of autophagy with
elevated LC3-II and Beclin-1 levels.”® Correspondingly,
the lack of recruitment of autophagy proteins, including
GABARAPLI1 and LAMPI1, upon 3-MA administration
was shown to confirm a partial maturation deficiency in
autophagosomes.® To support this, chaperone-mediated
autophagy modifications were also noted with HSP90A A1
and HSPA8 downregulation in 3-MA-treated groups,

while Met significantly increased their expression.™
Moreover, it is shown previously that Met can stimulate
autophagy and allow protective stress responses in
triple-negative breast cancer cells, in keeping with our
observations.” Taken together, these data indicate that
treatment of MDA-MB-231 cells with the free 3-MA or
3-MA@Exos can lead to the suppression of autophagy
response at different molecular levels. In contrast, the
expression of various genes associated with autophagy
machinery was induced in the presence of Met. Our
data indicate that Exos loaded with Met and/or 3-MA
are relatively suitable bio-shuttles in the modulation of
autophagy response in human MDA-MB-231 cells. In line
with present data, previous research has confirmed the
Exos as effective nanocarriers in the delivery of chemicals
and biological molecules for different regenerative
purposes.*

Genomic data also indicated the up-regulation and
down-regulation of co-regulators of autophagy &
apoptosis in different experimental groups. Most of
these genes were stimulated in the Met and Met@Exos
groups. It seems that these changes were compensatory
mechanisms in response to the autophagy modulation.
Even though the activation of pro-apoptosis genes did
not yield reduced cell survival, as indicated by the MTT
assay. Thus, it can be said that the alteration of autophagy
effects alters the expression of apoptosis genes as well.
Recent studies provide strong evidence supporting these
observations. For example, it has been reported that
induction of autophagy can upregulate pro-apoptotic
markers without significantly reducing cell viability,
suggesting that autophagy may act as a compensatory
survival mechanism in breast cancer cells.”” Similarly,
Met treatment was shown to activate autophagy while
simultaneously priming apoptotic pathways, yet this
activation did not necessarily culminate in immediate cell
death, which is consistent with our results.”® In addition,
inhibition of autophagy by 3-MA has been associated with
disruption of apoptotic signaling crosstalk and altered
gene expression patterns, although without marked short-
term effects on cell survival.***' Collectively, these findings
reinforce the concept that the autophagy-apoptosis
interplay is highly context-dependent, functioning more
as a dynamic regulatory balance than a simple survival-
versus-death switch.”

It was also shown that the migration rate of MDA-
MB-231 cells was increased when exposed to Met and
Met@Exos when compared to the control and 3-MA
groups. Autophagy response can increase cell migration
via engaging several mechanisms.**® One possible
mechanism would be that the changes in fatty acid
composition and generation of lamellipodia and tunneling
nanotubes are stimulated in the presence of an autophagy
response, resulting in relatively suitable morphological
adaptation, which can help the cell to move easily to
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different sites inside the body.” The maximum migration
rate was evident in MDA-MB-231 cells treated with Met@
Exos. Cao et al indicated that autophagy can increase the
migration of normal fibroblasts by lung cancer cells via
concomitant induced epithelial-mesenchymal transition
and an increase of IGF-2, leading to active cell migration.™
These features reduce the attachment of tumor cells to
the supporting extracellular matrix (ECM) and induce
migration capacity.” Besides, autophagy activation can
stimulate triple negative BC cells, like MDA-MB-231
cells, via nuclear translocation of oncogenic effectors
such as YAP belonging Hippo signaling pathway.”” The
reduction of migration rate in 3-MA-treated groups can
be related to the suppression of Beclin-1 and MAP1LC3,
confirmed by PCR array analysis. These factors can
stabilize the Bl integrin-related signaling cascade. The
inhibition of the p1 integrin signaling pathway leads to the
deactivation of the urokinase-type plasminogen activator
system, which is critical in cell migration and metastasis.”
The existence of statistically significant differences in
the number of migrated cells between the 3-MA@Exos
compared to control groups would be presumably related
to the existence of genetic traits and proteomic features
inside the Exo lumen with the potential to alter the cell
migration capacity, as such properties were evident in the
Exos group as well. In line with these claims, the migration
rate was reduced in the 3-MA group.

We also monitored the angiogenesis potential of BC
MDA-MB-231 cells after activation and/or inhibition of
autophagy response. Despite the increase in metastasis
properties, the induction of autophagy led to a reduction
of VEGF factor in the Met and Met@Exos groups
compared to the control and Exos groups. These values
were prominently reduced in the 3-MA group. In
contrast, autophagy modulation increases the expression
of PECAM (CD31) in 3-MA, 3-MA@Exos, and Met@
Exos groups, except Met-treated cells. These features
confirmed the trans-differentiation of MDA-MB-231
cells into the endothelial lineage. Other angiogenesis-
related genes were reduced in 3-MA- and Met-treated
groups. As a common belief, autophagy activation
can promote tumor development and expansion via
the stimulation of angiogenesis.” Even though both
inhibition and stimulation of autophagy can promote
the expression of endothelial cell-like factors, such as
PECAM. In a previous study, we indicated that autophagy
stimulation in CDI146%cells can promote endothelial
lineage, cardiomyocyte, and pericyte differentiation in
vitro when compared to the hydroxychloroquine-treated
cells.”? In the present study, it was noted that autophagy
modulation can inhibit the majority of angiogenesis-
related factors, except for some genes such as PECAM. In
the Met and Met@Exos groups, the expression of TGF-f
reached 4.5- and 2.2-fold when compared to the control
cells. It has been shown that TGF- can physically interact

with the Neuropilin-1 receptor, leading to the suppression
of angiogenesis capacity.* The lack of significant changes
in HIF-1a expression in these groups may point to the
fact that activation of autophagy signaling in hypoxic
conditions results in better angiogenesis outcomes.* Of
course, it should not be forgotten that excessive autophagy
response not only does not promote vascularization
potential but can also contribute to impaired
angiogenesis.” However, the reduction of angiogenesis in
3-MA-treated cells is highly associated with the inhibition
of different effectors related to the autophagy signaling
pathway. Recent data indicated that autophagy inhibition
can blunt the angiogenesis response in terms of in vitro
tubulogenesis and endothelial cell sprouting.*’ These
results are consistent with recent studies that highlight the
multifaceted and context-dependent role of autophagy in
regulating angiogenesis. Indeed, for instance, stimulation
of autophagy in breast cancer cells was shown to inhibit
VEGF secretion in an AMPK-dependent manner,*
which is consistent with our observed reduced VEGL
levels in our Met-treated groups. On the contrary,
inhibition of autophagy by 3-MA was shown to prevent
endothelial sprouting and in vitro tube formation, which
is in line with our noted disabled angiogenesis in 3-MA-
treated animals.*® Moreover, it has been speculated
that chronic or excessive autophagy activation might
counterintuitively inhibit angiogenesis by evoking
endothelial cell dysfunction or cell death by apoptosis,
which is not in contradiction with our noted result that
overactivation does not enhance pro-vascularization.*!
The combined results indicate that autophagy fulfills a
bifunctional regulatory function in angiogenesis: whereas
mild stimulation may stimulate endothelial-like trans-
differentiation (e.g., upregulation of PECAM/CD31),*
pharmacologic inhibition and excessive overactivation
would ultimately lead to vascular dysfunction.*

We also found that treatment of encapsulated MDA-
MB-231 cells, HUVECs, and HFFF-2 cells inside Alg/
Gel microspheres with Met led to increased survival
rate compared to the control and 3-MA groups and free
MDA-MB-231 cells. The 3D culture system with Alg/
Gel microspheres bearing HUVECs, MDA-MB-231 cells,
and HFFF-2 cells can recapitulate the relatively in vivo
conditions. Theenhanced survivalrateis possibly dueto the
3D microenvironment provided by Alg/Gel microspheres.
The existence of Gel within the Alg network provides the
essential clues and motifs required for the stimulation of
tumor cells and other cell types.®¢! Besides, the assembling
of three cell lineages inside the Alg/Gel microspheres can
support the vital signals to maintain the dynamic growth
of tumor cells or vice versa in response to autophagy
modulation using different chemicals.®> Commensurate
with these data, the histological examination confirmed
that the local density of cells increased in Met-treated
microspheres compared to other groups. Whether BC
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cells, HUVECs, or HFFF-2 cells responded to autophagy
stimulation needs further investigation. However, the
inhibition of autophagy response using 3-MA did not
alter the survival rate compared to the encapsulated
BC tumor cells inside the Alg/Gel microspheres. More
interestingly, the orthotopic injection of BC tumoroids
into female mice led to the expansion of tumor-like
structures to the neighboring tissue, while in the control
and 3-MA groups, the structure of Alg/Gel microspheres
was relatively intact, harboring few cells. The integrity of
supporting Alg/Gel microspheres was entirely lost, and
cells migrated into the juxtaposed tissue. One reason
would be that autophagy stimulation acts as an oncogenic
factor in the tumorigenesis of BC tumoroids inside the
Alg/Gel microspheres.®® The histological examination
revealed the generation of lobular structures inside the
mammary gland parenchyma juxtaposed to the injection
sites. The loss of the Alg/Gel matrix can also be associated
with enhanced metastatic behavior of tumor cells.*
While the number of encapsulated cells per Alg/Gel
microspheres was reduced in the 3-MA group.® Taken
together, the stimulation of autophagy can promote
encapsulated tumor cell dynamic growth and metastasis
to the juxtaposed niches after transplantation. These
results are consistent with previous studies which show
3D Alg/Gel scaffolds produce a microenvironment
favorable for tumor support by mimicking extracellular
matrix signaling and up-regulating cancer cell viability,
ultimately benefiting the in vitro survival of breast
cancer cells.®® Similarly, it is reported that breast cancer
spheroids cultured in GelMA-based hydrogels show
enhanced proliferative and invasive capacity, which is
consistent with our finding of enhanced cell density in
Met-treated microspheres.” On the contrary, inhibition
of autophagy by 3-MA administration is found to result
in decreased proliferation and decreased viability in 3D
tumor spheroids, which is consistent with our result
showing 3-MA treatment impaired the viability of breast
cancer cells.* Moreover, the in vivo disintegration of Alg/
Gel microspheres followed by local invasion of BCs is
consistent with past research which shows activation of
autophagy facilitates extracellular matrix destruction and
metastatic niche formation.®

Moreover, the in vivo disintegration of Alg/Gel
microspheres followed by local invasion of breast cancer
cells is consistent with past research, which shows that
activation of autophagy facilitates ECM destruction and
metastatic niche formation.

Conclusion

The current data underscore the putative role of autophagy
regulation in the angiogenesis capacity of triple-negative
human BC cells. The autophagy activator/inhibitor was
successfully introduced to the BC MDA-MB-231 cells
using Exos as valid bioshuttles. Data also confirmed the

Research Highlights

What is the current knowledge?
o Therole of autophagy has been proven in the bioactivity
of tumor cells.

What is new here?

o Autophagy inhibition/stimulation can influence the
activity of breast cancer cells.

o Autophagy activation/inhibition led to changes in
angiogenesis  potential.

o Activation of autophagy promoted cell metastasis in in

vivo conditions.

relatively congruent changes in drug-loaded Exos groups
when compared to matched control groups, indicating
Exos as a smart delivery vehicle for the modulation of
autophagy. We also found that autophagy modulation can
alter the migration capacity and angiogenesis response in
these cells, which can be crucial in the control of tumor
cell metastasis and expansion in in vivo conditions.
In vivo data confirmed that stimulation of autophagy
can trigger BC tumoroids expansion and metastasis
into the mammary gland in mice receiving orthotopic
xenogeneic implantation. It is suggested that the present
data underscore the potential of targeting autophagic
pathways and Exo-mediated processes, someday being
able to enhance therapeutic strategies in BC patients some
days in the near future.
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