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Abstract

In the tumor microenvironment, macrophages polarize into the M2 phenotype to facilitate tumorigenesis. Tumor-derived
exosomes can act as mediators between the tumor microenvironment and stromal cells by transporting proteins, mRNAs,
and miRNAs. Exosomal miRNAs play a pivotal role in modulating tumor microenvironment and macrophage polarization.
Here, we overexpressed miR-130 and miR-33 in exosomes of MDA-MB-231 cells and investigated their effect on macrophage
polarization and tumor progression. For this purpose, exosomes were extracted from MDA-MB-231 cells and characterized
using dynamic light scattering, electron microscopy, and western blotting of exosomal markers. Then, miR-130 or miR-33
containing exosomes were used to treat IL4-induced M2 or tumor-associated macrophages (TAMs). After treatment, the
polarization status of macrophages, including the expression of M1 specific genes, and the secretion of cytokines were evalu-
ated. Finally, the conditioned medium from exosome-treated macrophages was incubated with cancer cells to evaluate its
effect on the migration and invasion ability of cancer cells and, in vivo experiments investigated the effect of exosome-treated
macrophages on breast cancer progression. Exosomes characterization results approved the range of size and homogeneity
of extracted exosomes. Overexpression of miR-130 and miR-33 in exosomes increased the expression of M1 signature genes
(IRF5, MCP1, CD80) and secretion of cytokines (IL-1p and TNF-a) as well as yeast phagocytic activity of macrophages.
Besides, the conditioned medium of macrophages treated with miRNA containing exosomes declined the migration and
invasion ability of cancer cells. The in vivo results indicated the inhibitory effect of exosome-treated macrophages on tumor
growth. Furthermore, the results showed that in response to exosome-treated macrophages, the production of TNF-a by
spleen cells increased, while the production of IL-10 and TGF-f by these cells decreased. These findings suggest that over-
expression of miR-130 and miR-33 in exosomes can decrease tumor progression by shifting macrophage polarization from
M2 to M1 phenotype and can be a potential therapeutic strategy for tumor interventions.
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Introduction

Breast cancer is the most prevailed malignancy in women
worldwide and accounts for 30% of newly diagnosed cancer
cases in women [1]. Despite advancements in its early detec-
tion and treatment, the incidence and mortality rate of breast
cancer are increasing. Therefore, understanding the molecu-
lar mechanism of cancer development is required for better
diagnosis and prognosis. Tumor mass is not just a population
of malignant cells. It contains endothelial cells, fibroblasts,
mesenchymal stem cells (MSCs), immune cells, as well
as secreted factors and extracellular matrix proteins. It is
collectively known as the tumor microenvironment (TME)
and has a critical role in tumor growth and metastasis [2].
Macrophages are one of the most abundant immune cells in
TME. In response to a wide variety of microenvironmen-
tal signals, they can shift from classically activated (M1)
into alternatively activated (M2) macrophages [3]. The Thl
cytokine interferon-y, lipopolysaccharide (LPS), and Toll-
like receptor (TLR) agonists can polarize macrophages into
the M1 phenotype. M1 macrophages are involved in pro-
inflammatory, microbicidal, and anti-tumor processes. They
are characterized by high production of pro-inflammatory
interleukins, such as interleukin-6 (IL-6), IL-12, IL-23, and
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tumor necrosis factor-alpha (TNF-a), their ability to present
antigens, and production of toxic intermediates, including
nitric oxide (NO) and reactive oxygen intermediates (ROI)
[4]. The M2 phenotype is driven by IL-4, IL-13, and trans-
forming growth factor-beta (TGF-f). This phenotype is char-
acterized by the production of anti-inflammatory cytokines,
such as IL-10, high expression of scavenging receptors, and
development of Th2 responses [5]. Unlike the M1 mac-
rophages, M2 macrophages exert anti-inflammatory and
tumorigenic responses [4]. In TME macrophages, are termed
as tumor-associated macrophages (TAMs). This microenvi-
ronment often directs macrophage polarization from the M1
to the M2 state. TAMs regulate the formation, growth, and
angiogenesis of cancers by interacting with cancer cells [6].
So, suppression of M2 or induction of M1 phenotype in mac-
rophages could be a therapeutic option in cancer treatment
[7]. Some strategies include abrogating the prostaglandin
E2, IL-6, and signal transducer and activator of transcription
3(STATS3) activation loop or depriving tumors of growth fac-
tors to interfere with M2 macrophage attraction and differen-
tiation [8]. Another strategy is reprogramming of M2 to M1
type using the administration of interferon-gamma (IFN-y)
or forced activation of Notch signaling [9, 10]. Moreover, the
significant role of miRNAs has been identified in the regu-
lation of macrophage polarization. MiR-155 was reported
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to promote M1 macrophage polarization. MiR-155 inhib-
ited CCAAT/enhancer-binding protein beta (C/EBPf) and
interleukin 13 receptor (IL-13R) as an M2-specifying factor
and suppressed M2/Th2 response [11]. MiR-125b exhibited
the ability to induce M1 polarization by downregulation of
IFN regulatory factor 4 [12]. Contrary, miR-124 suppresses
the activation of pro-inflammatory macrophages. miR-124
inhibits CCAAT/enhancer-binding protein alpha (C/EBP-o)
and PU.1 and promoted M2 phenotype development [13].
MiR-130 and miR-33 were previously found to play a role
in M1 macrophage polarization. These miRNAs suppressed
M2 polarization by targeting transcription factors peroxi-
some proliferator-activated receptor gamma (PPARY) and
MafB, respectively, in IL-4/STAT6-dependent manner [14,
15]. In this study, we used exosomes to deliver miR-130 and
miR-33 to macrophages. Exosomes are phospholipid mem-
brane vesicles that play a key role in cell-cell communica-
tion [16]. Exosomes typically are between 30 and 100 nm,
which carry lipids, proteins, DNA, mRNA, miRNA, and
other ncRNAs [17]. Exosomes have nanoscale size, express
targeting ligands, and deliver bio-macromolecules and
exhibit great biocompatibility. Because of these properties,
exosomes are emerging as a nanocarrier for delivering drugs
and nucleic acid-based molecules [18]. So, in this study, we
selected miR-130 and miR-33, which induce M1 polariza-
tion. We hypothesized that overexpression of these miRNAs
in exosomes could change macrophage polarization into the
M1 phenotype to suppress tumor progression.

Materials and methods
miRNA selection

To find miRNAs that mediate M1 macrophage polariza-
tion, we first examined the signaling and metabolic path-
ways involved in this process. The critical factors in these
pathways were identified. Then, we used relevant literature
and bioinformatic tools (TargetScan, miRWalk, and DIANA
tools) to identify miRNAs which target these factors.

Cell culture

MDA-MB-231, human breast cancer cell line, MCF-10A,
normal epithelial breast cell line, and 4T1, mouse breast can-
cer cell line, were purchased from the national cell bank of
Pasteur Institute of Iran (Tehran, Iran). The MDA-MB-231
cells and MCF-10A cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Gibco, USA) contain-
ing 10% fetal bovine serum (FBS) or horse serum (Gibco,
USA), respectively. 4T1 cells were cultured in Roswell Park

Memorial Institute 1640 (RPMI-1640) containing 10% FBS.
All cells incubated into a humidified atmosphere in 37 °C
with 5% CO,.

Exosome isolation

To prepare the conditioned medium for exosomes isolation,
MDA-MB-231 cells and MCF-10A cells separately were
seeded at 2 x 10° cells/75 cm?, when cell density reached
an average of 80% confluence, the medium was replaced
with serum-free medium containing Insulin-Transferrin-
Selenium (ITS, Thermofisher, USA). Then, the supernatant
was collected after 48 h (h). Exosomes were isolated using
the EXOCIB kit (Cibbiotech, Iran) according to the manu-
facturer’s instructions. The extracted exosomes were quanti-
fied by their total protein content using Bicinchoninic Acid
(BCA) protein assay kit (Ariatous, Mashad, Iran) and stored
at — 80 °C until use.

Exosome characterization
Dynamic light scattering (DLS)

To determine the size distribution and homogeneity of
extracted exosomes, Dynamic light scattering (DLS) analy-
sis was performed using a DLS Zetasizer (Malvern, Worces-
tershire, UK). Data were analyzed by the Malvern software
(Zetasizer Ver. 7.11).

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to evaluate
the size and morphology of exosomes. A drop of SpL of
diluted exosome in PBS was deposited on a sterile glass slide
and dried at room temperature. Then, it was visualized under
a scanning electron microscope (KYKY-EM3200, Beijing,
China).

Transmission electron microscopy (TEM)

20pL of MDA-MB-231-derived exosomes was placed in
50uL of 2% agarose gel. Then, the sample was transferred
into 3.7% formaldehyde and sent to the macroscopy division
in the Biophysics Department (Shahid Beheshti University
of Medical Sciences, Tehran, Iran) for further processing
and imaging.
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Western blot analysis of exosome markers

Exosomes were mixed with an equal volume of radioimmu-
noprecipitation assay (RIPA) lysis buffer containing Phenyl
methyl sulfonyl fluoride (PMSF) and boiled at 95 °C for
5 min. 40 pg of protein was run in 12% sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE). For
western blot analysis, protein samples were transferred to a
nitrocellulose membrane using a semi-dry transfer system
(Trans—Blot®SD, Bio-Rad, USA) and blocked in 3% skim
milk in Tris-buffered saline solution with tween 20 for 3 h.
Membranes were then incubated with primary antibodies,
including CD63 (1:1,000) (Purified anti-human CD63,
BioLegend, Italy) and anti-human CDS81 (1:1,000) (Puri-
fied anti-human CD81, BioLegend, Italy). Then, nitrocel-
lulose membrane was incubated with Horseradish peroxi-
dase (HRP)-conjugated secondary antibodies. Finally, the
enhanced chemiluminescent (ECL) detection system (Amer-
sham PharmaciaBiotech, Buckinghamshire, UK) was used
to visualize signals.

Exosome staining

To study exosomes uptake, isolated exosomes were stained
with PKH67 green fluorescent dye (Sigma-Aldrich, Mis-
souri, USA) according to the manufacturer’s protocol with
some modification. Briefly, 3 pL of PKH67 was diluted in
500 pL of diluent C. Then, 100 pg of suspended exosomes in
an equal volume of diluent C (500 pL) was added to the dye
solution. 5 min incubation was performed at 37 °C. To stop
the reaction, 250 pL of FBS was added for 1 min. Subse-
quently, stained exosomes were separated using an exosome
extraction kit. After overnight incubation, stained exosomes
were diluted to 50 pL of distilled PBS and were added to
cells cultured in the glass bottom chamber slides. 24 h after
treatment, the cells were washed with PBS and fixed using
paraformaldehyde. Microscopic analyses were performed
using a confocal laser scanning microscope (Leica TCS
SPE, US).

Peripheral blood macrophage isolation and culture

Peripheral blood samples were obtained from healthy donors
(ethics code: IR.SBMU.RETECH.REC.1396.353). 10 ml
heparinized blood was used for peripheral blood mononu-
clear cells (PBMC) isolation using the Ficol density gradient
according to the standard protocol with some modifications
[19]. Afterward, monocytes were isolated from PBMCs
using the plastic adherence method. In this method, PBMCs
were distributed in a cell culture flask or plate at 37 °C and
5% CO2 and allowed to adhere for 3.5 h. Subsequently,
non-adherent cells were removed, and adherent monocytes
were cultured in RPMI-1640 (Gibco, NY, USA) containing
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10% FBS. 50 ng/ml macrophage colony-stimulating factor
(M-CSF) (PeoroTech, USA) was also applied to differenti-
ated monocytes to macrophages.

Flow cytometry analyses of peripheral blood
monocytes

Immunofluorescence analysis was performed by fluorescein
isothiocyanate (FITC)-conjugated mouse antibody against
CD14. The monocytes were harvested and washed with
PBS, then labeled with CD14 monoclonal antibody (BD,
CA, USA). The antibody-labeled monocytes were detected
using a flow cytometer, and the data were analyzed using
FlowlJo software (Tree Star, Inc., USA).

In vitro M1, M2, and TAM generation
and characterization

To induce M1 polarization, cells were treated 24 h with
100 ng/ml lipopolysaccharide (LPS) (Merc, Germany),
and to promote M2 polarization, cells were stimulated with
20 ng/ml IL4 (Merc, Germany) for 24 h. To generate TAM,
monocytes were cultured for 7 days in RPMI-1640 10% FBS
and 50% of conditioned medium from MDA-MB-231 cells.
Then, we analyzed the expression of M1 markers, includ-
ing IRF5, MCP1 and, CD80, and M2 markers, including
Arg, TGM2 and, CD206 by real-time PCR. For this purpose,
total RNA from macrophages was extracted using Hybrid-
R™ (GeneAll, Korea). RNA was reverse-transcribed using
random hexamer and oligo (dT) primers. Quantitative real-
time PCR was performed using SYBR Green I in the Ste-
pOnePlus™ Real-Time PCR System. The final volume of
each reaction was 20uL, and all experiments were done in
duplicates. GAPDH housekeeping gene was used to normal-
ize the relative expression of mRNAs. Relative expressions
were calculated according to the AACt method.

Loading exosomes with miRNA mimic

Exosomes were diluted in a 1:1 ratio in electroporation
buffer. miRNA mimic (miR-130 and miR-33) (Bioneer,
Korea) at a final concentration of 100 pmol was added to
0.5 pg/pL of exosomes. The mixture was loaded into a cold
0.2 cm electroporation cuvette, and electroporation was
done at 0.200 kV using an Eppendorf AG 22331 electropo-
ration instrument (Eppendorf, Humburg, Germany). The
experimental groups consisted of exosomes that have been
received miR-130 mimic or miR-33 mimic or both of them.
Furthermore, a group of exosomes was electroporated with
miRNA negative control (scramble).
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Experimental groups

All evaluations in this study were done in the following
group. IL4-induced M2 macrophage and TAM were treated
with miR-130-loaded exosomes, miR-33-loaded exosomes,
miR-130 + miR-33-loaded exosomes, scramble-loaded
exosomes, and exosomes of MDA-MB-231 without miRNA.
In the control group, we had IL4-induced M2 macrophage
and TAM without adding exosomes.

RNA extraction and real-time reverse transcription
PCR

After the treatment of macrophages with modified exosomes
for 48 h, total RNA from macrophages was extracted using
Hybrid-R™ (GeneAll, Korea). For miRNA and gene expres-
sion analyses, RNA was reverse-transcribed using stem-loop
and random hexamer primers, respectively, according to the
previous experiments [20]. Quantitative real-time PCR was
performed using the TagMan probe for miRNAs and SYBR
Green I for target genes in the StepOnePlus™ Real-Time
PCR System. The final volume of each reaction was 20uL,
and all experiments were done in duplicates. SNORD47 and
GAPDH housekeeping genes were used to normalize the
relative expression of miRNAs and mRNAs, respectively.
Relative expression was calculated according to the AACt
method.

Enzyme-linked immunosorbent assay (ELISA)

After the treatment of macrophages with miRNA-loaded
exosomes, the cell culture supernatant was collected, and
levels of IL-10, TGF-f, IL1-f and, TNF-a were measured
using DuoSet® ELISA Development Systems (R&D Sys-
tems, Minneapolis, MN, USA) according to the manufac-
turer’s protocol.

Phagocytosis assay of yeast particles

To evaluate the phagocytosis ability of macrophages, dry
yeast particles were diluted in RPMI-1640 medium to obtain
10® particles/ml. Macrophages were treated with 100pL of
this suspension in a 1:10 ratio for 1 h at 37 °C. Then, cells
were washed to remove non-internalized particles. Finally,
cells were stained with Giemsa dye, and at least 200 cells
were counted to report mean phagocytosis percent.

MTT (3-(4, 5-Dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide) assay

MDA-MB-231 cells were cultured in a 96-well plate and
allowed to grow to 80% confluent. Then, the medium
was removed, and the conditioned medium of differently

treated macrophages was added. After 72 h, the medium
was replaced with fresh media containing 50 pL (2 mg/ml
in PBS) of MTT solution, and cells were incubated for 4 h.
Finally, the mixture of medium/MTT was replaced with
DMSO, and after 30 min, the absorbance was measured at
570 nm.

Cell migration assay

To evaluate the effect of exosomes on MDA-MB-231 cell
migration, transwell chambers (SPL, Korea) with 8§ pm
inserts were utilized. 1 x 10> MDA-MB-231 cells were
deposited in the top chambers with a serum-free medium.
The bottom chamber was filled with the conditioned medium
of differently treated macrophages. After 24 h incubation,
non-migrating cells were removed by a cotton-tipped appli-
cator and migrated cell fixed with methanol and stained with
crystal violet. The number of the migrated cells was counted
in five randomly-chosen fields, and the mean of migrated
cells was reported.

Cell invasion assay

Cell invasion was evaluated with the transwell system (SPL,
Korea). At first, top chamber was coated with the extracel-
lular matrix and stored at 37 °C to solidify. MDA-MB-231
cells were plated in the upper chamber in the serum-free
medium. The conditioned medium of differently treated
macrophages was added to the lower chamber. After 24 h of
incubation, a cotton-tipped applicator was used to remove
upper chamber cells, and invaded cells were fixed and
stained with crystal violet. The invasion ability of MDA-
MB-231 was determined by counting the number of invad-
ing cells. The number of invading cells was counted in five
random fields, and the mean of invaded cells was reported.

Isolation of mouse peritoneal macrophages

The female BALB/c mice, 6—-8 weeks old, were housed in
a ventilated room at 12 h photoperiod with free access to
food and water. All animal experiments were conducted in
accordance with the guideline approved by the ethics com-
mittee of Shahid Beheshti University of Medical Sciences
(Ethics code: IR.SBMU.RETECH.REC.1396.353). To col-
lect peritoneal macrophages, female BALB/c mice were
injected intraperitoneally with 2 ml 3% thioglycollate. Four
days later, peritoneal macrophages were harvested by PBS
intraperitoneal lavage [13]. Then, primary harvested cells
were cultured in RPMI-1640 medium supplemented with
10% FBS, and after 2 h incubation in 37 °C, non-adherent
cells were removed.
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Experimental tumor model and treatments

The female BALB/c mice (6-8 weeks old) were injected
subcutaneously in the mammary fat pads with 2 x 10° 4T1
cells mixed with treated macrophages (1:3). The experi-
mental groups (n=4/group) included 4T1 4+ macrophages
treated with PBS (control group), 4T1 + macrophages treated
with unloaded exosomes, 4T1 + macrophages treated with
scramble-loaded exosomes, 4T1 + macrophages treated
with miR-130-loaded exosomes, 4T1 + macrophages treated
with miR-33-loaded exosomes, 4T1 + macrophages treated
with both miR-130 + miR-33-loaded exosomes. The rate of
tumor growth in terms of tumor volume was examined every
5 days. Mice were sacrificed 30 days after injection. The
tumors were removed and subjected to Hematoxylin and
Eosin (H and E) staining.

Spleen cell cultures for cytokine assays

To measure the level of TNF-a, IL-10, and TGF-p, spleen
cells were isolated and the mononuclear cell suspension was
prepared. Then, the red blood cells were lysed using lysis
buffer, and mononuclear cells were cultured with or with-
out phytohemagglutinin (PHA) (Gibco, USA). After 72 h,
the cell culture supernatant was collected, and the level of
cytokines was measured using DuoSet ELISA kit (R&D Sys-
tems, Minneapolis, MN, USA).

Statistical analysis

All the results were expressed as the mean + standard devia-
tion (SD). Comparisons between more than two groups were
performed using one-way analyses of variance (ANOVA)
test. Two groups were compared by Student’s ¢ test (Graph
Pad Prism 4.0, CA, US). P values <0.05 were considered
statistically significant.

Results

Characterization of exosomes derived from tumor
cells and exosome labeling

The size and morphology of the exosomes that were
extracted from MDA-MB-231 cells were evaluated by SEM,
TEM, DLS, and western blotting. SEM analysis indicated
the spherical shape of exosomes with a diameter of < 100 nm
(Fig. 1a). TEM analysis showed the lipid bilayer membrane
of exosomes (Fig. 1b). Zetasizer measurement identified
an average size of ~92 nm for exosomes (Fig. 1c). West-
ern blot analysis confirmed the presence of tetraspanin
family proteins, including CD63 and CD81, as exosomal
surface marker proteins in exosomes, while expression of
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these markers was not observed in cell lysate (Fig. 1d). To
label exosomes and detect their uptake to the target cells,
the green fluorescent lipid dye (PKH67) was used. After
exosomes staining, target cells were treated by exosomes.
Confocal microscopy indicated fluorescent signals of
exosomes inside the cytoplasm that approved their uptake
to the cells (Fig. le).

Characterization of human peripheral blood
monocytes M1, M2 and, TAM

Human peripheral blood monocytes express the high level
of CD14. The analysis of surface expression of CD14 by
flow cytometry confirmed that most of the isolated cells are
positive for CD14 as a monocyte-specific marker (Fig. 2a).
To investigate if exposure to LPS, IL-4, and conditioned
medium from MDA-MB-231 cells can affect macrophage
differentiation, the expression of M1 and M2 markers was
investigated using real-time PCR assay. The results showed
that treatment of macrophage by LPS induced M1 pheno-
type with high expression of IRF5 (5.8-fold), MCP1 (20.42-
fold), and CD80 (2.76-fold), while the expressions of Arg
(5.4-fold), TGM2 (11.11-fold), and CD206 (10.58-fold)
were decreased. In contrast, in macrophages stimulated by
IL4 (M2), increased expression of Arg (2.56-fold), TGM2
(2.39-fold) and CD206 (1.44-fold) and decreased expres-
sion of IRF5 (4.16-fold), MCP1 (1.052-fold), and CD80
(2.98-fold) confirmed M2 polarization of macrophages. In
macrophages treated with the conditioned medium of MDA-
MB-231(TAMs), also we observed increased expression of
Arg (2.23-fold), TGM2 (1.94-fold), and CD206 (1.33-fold)
and a decline in expression of IRF5 (3.5-fold), MCP1 (1.29-
fold) and CD80 (3.44-fold) (Fig. 2b).

Enhancement of miRNAs expression level
in macrophages after treatment by miRNA-loaded
exosomes

To prepare the miRNA-loaded exosomes, the electroporation
strategy was done according to the procedure described in
the material and method section. Then, macrophages were
separately treated with miRNA-loaded exosomes in differ-
ent groups. The results of real-time PCR confirmed that in
treated macrophages with miR-130-loaded exosomes or
miR-33-loaded exosomes, the expression level of miR-130
and miR-33 increased 80.86-fold and 29.95-fold, respec-
tively, compared with the control group (Fig. 3a, b).

Induction of macrophage reprogramming
with miRNA-loaded exosomes

The function of modified exosomes on macrophage polari-
zation was examined in two groups of macrophages:
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Fig. 1 Characterization of MDA-MB-231 cell line exosomes and exo-
some labeling a SEM micrograph of isolated exosomes confirmed
the sphere shape and size of exosomes. b TEM micrograph showed
the lipid bilayer of exosomes. ¢ DLS analysis based on size distri-
bution by number showed a single peak at~92 nm. d Western blot.
Tumor-derived exosomes were positive for CD63 and CD81 as exo-

IL-4-induced M2 macrophages and TAMs. IL-4 was used
to induce M2 polarization in macrophages. To obtain
TAM, human monocytes were incubated with the condi-
tioned medium of MDA-MB-231 cells. Then, IL-4-induced
M2 macrophages and TAMs were treated with modified
exosomes. The real-time results showed when these two
groups of macrophages were treated with miRNA-loaded
exosomes, the expression of M1 markers, including IRFS,
MCP1, and CD80, increased. In contrast, the expression of
M2 markers, ARG, TGM2, and CD206, decreased. In the
IL-4-induced M2 macrophages group, the most expression
level of IRF5 and MCP1 and CD80 was induced by miR-
33 (3.07-fold), miR-130+ miR-33 (18.98-fold), and miR-33

somal markers. MCF7 cell lysates were used as a negative control.
e Exosomes were labeled with a green fluorescent dye (PKH67),
and macrophages were incubated with PKH-labeled exosomes for
24 h. Confocal laser scanning microscope showed the internalization
of labeled exosomes in the cytoplasm and around the macrophage
nucleus

(1.98-fold), respectively. For M2 markers, the lowest level
of expression of ARG, TGM2, and CD206 was observed
in macrophage treated with miR-33 (3.3-fold), miR-130
(6.57-fold), and miR-130 + miR-33 (5.4-fold), respectively
(Fig. 4a). In the TAM group, the highest expression of IRF5,
MCP1 and CD80 was detected in macrophages treated with
miR-130 (4.72-fold), miR-130+ miR-33 (12.71-fold), and
miR-130 4+ miR-33 (6.81-fold), respectively. About M2
markers, the lowest expression level of ARG, TGM2, and
CD206 was detected in TAMs treated with miR-130+ miR-
33 (2.38-fold), miR-33 (3.12-fold), and miR-33 (6.6-fold),
respectively (Fig. 4b). To confirm the role of miRNA-loaded
exosomes on macrophage polarization, the supernatant of
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Fig.2 Characterization of human peripheral blood monocytes, M1,
M2, and tumor-associated macrophages. a The results of flow cytom-
etry analysis confirmed that most of the purified cells are positive for
CD14. b After treatment of macrophages by LPS, the results con-
firmed increased expression of M1 markers (IRF5, MCP1, and CD80)
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and decreased expression of M2 markers (ARG, TGM2, and CD206)
while treatment with IL-4 or conditioned medium of MDA-MB-231
cells increased expression of M2 markers (ARG, TGM2 and, CD206)
and decreased expression of M1 markers (IRF5, MCP1, and CD80).
*P<0.05, **P<0.01
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Fig. 3 Enhancement of the miRNAs expression level in macrophages
using miRNA-loaded exosomes. Macrophages were treated by
exosomes containing miR-130 or miR-33 mimics or miR-130+ miR-

macrophages was collected after treatment with modified
exosomes. Then, the production of M1 and M2 cytokines
was evaluated. In both IL-4induced M2 macrophages and
TAMs groups, findings of ELISA assay indicated higher
expression of M1 cytokines (IL-1p and TNF-a) than M2
cytokines (IL-10 and TGF-f) after treatment. In the IL-4-in-
duced M2 macrophages group, the highest level of IL-1p
and TNF-a secretion was observed in macrophages treated
with miR-130. IL-10 and TGF-p showed the highest level
of expression in macrophages treated with miR-130 + miR-
33 and miR-130, respectively (Fig. 4c). In the TAM group,
miR-33-loaded exosomes induced the most production
of IL-1P and TNF-a in treated macrophages. While, the
most production of IL-10 and TGF-f was induced by miR-
130+ miR-33-loaded exosomes in TAMs (Fig. 4d). Collec-
tively, these results suggested that the presence of miRNA-
loaded exosomes can promote macrophage polarization to
the M1 phenotype.

Overexpression of miRNAs increased phagocytotic
activity of macrophages

As shown in Fig. 5, macrophage treatment with miRNA-
loaded exosomes increased the yeast phagocytosis. In IL-
4-induced M2 macrophages, (Fig. 5a) the mean+ SD of
the phagocytosis percentage in treated cells with miR-130,
miR-33, and miR-130+miR-33 was 80.5+6.3, 62.5+4.9,
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33 mimics. Real-time PCR results showed increased expression of a
miR-130, b miR-33 in treated macrophages. **P <0.01, ***P <0.001

66.5+4.9, and 57.8 +4.3, respectively. In TAM (Fig. 5b),
the mean + SD of treated cells with miR-130, miR-33,
and miR-130+ miR-33 was 68 +4.24, 60.5 +2.12, and
66.5+4.9, and 52.5 +3.53, respectively.

Condition medium of exosome-received
macrophages can decrease proliferation
and invasion of MDA-MB-231 cells

Since macrophage reprogramming by miRNA-loaded
exosomes was confirmed, we examined whether this mac-
rophage reprogramming was involved in the proliferation,
invasion, and migration ability of tumor cells. For this
purpose, MTT assay was performed using the conditioned
medium of differently treated macrophages. The results
revealed decreased viability of MDA-MB-231 cells in the
presence of conditioned medium from macrophages treated
with miRNA-loaded exosomes both in IL-4-induced M2
macrophages and TAM groups (Fig. 6a, b). Cell migra-
tion is an essential step in the metastatic process of cancer
cells, and it has been demonstrated that M2 macrophages
promote tumor cell migration and invasion [21]. So, we
examined the effect of macrophage reprogramming by
miRNA-loaded exosomes on migratory and invasive behav-
ior of MDA-MB-231 cells. Transwell migration and invasion
assays demonstrated that conditioned medium from mac-
rophages treated with miRNA-loaded exosomes impaired
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mean =+ SD of the migrating cells in treated groups with miR-
130, miR-33, and miR-130 + miR-
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343.87 +£53.91, and 304 +28.48, respectively (Fig. 6¢).
In the TAM group, the mean + SD of migrating cells after
treatment of macrophages with miR-130, miR-33, and miR-
130+ miR-33 was 302.9+25.99, 285.865 +55.98, and

IL-10 concentration (pg/ml)

33 was 348.45 +40.58,
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«Fig. 4 The expression of the M1 and M2 specific markers and the
production of cytokines. MiRNA-loaded exosomes direct mac-
rophages to a M1 phenotype. IL-4-induced M2 macrophages and
TAMs were treated with miRNA-loaded exosomes, and RT-PCR was
performed after 48 h. The expression level of M1 markers, includ-
ing IRF5, MCP1, and CD80 increased while, the expression level
of M2 markers, including ARG, TGM2, and CD206, decreased
after treatment with miR-130, miR-33, and miR-130+ miR-33-
loaded exosomes in both a IL-4-induced M2 macrophage and b
TAM. ELISA assay. The cytokine secretion was measured in the
conditioned medium of treated macrophages with miRNA-loaded
exosomes in ¢ IL-4-induced M2 macrophage and d TAMs. The pro-
duction level of M1 cytokines (IL-1p and TNF-«) increased while
the production level of M2 markers (IL-10 and TGF-p) decreased.
*P<0.05, ¥*P<0.01, ***P<0.001

342.31+17.72, respectively (Fig. 6d). In the IL-4-induced
M2 group, the mean + SD of the invading cells in treated
groups with miR-130, miR-33, and miR-130+ miR-33
was 228.25+15.20, 265.25 +24.39, and 265.87 +35.53,
respectively (Fig. 7a). The mean + SD of invading cells in
the TAM group was 225.985 +29.67, 226.795 +39.88, and
251.22 +22.5, respectively (Fig. 7b).

Treated macrophages with miR-130
or miR-33-loaded exosomes inhibit tumor growth
in mouse

To determine the effect of exosome-treated macrophages
on breast cancer progression, BALB/c mice were injected
with 4T1 cells mixed with different groups of treated mac-
rophages. Tumor growth analysis indicated that the tumor
volumes were lower in the group of mice, which received
treated macrophages with miR-130 or miR-33-loaded
exosomes or both of them than those of the control group
(Fig. 8a, b). Hematoxylin and eosin staining also showed
the presence of necrotic areas in the tumor of mice which
received treated macrophages with miR-130 or miR-33-
loaded exosomes or both of them (Fig. 8c).

Treated macrophages with miR-130

or miR-33-loaded exosomes increased production
of TNF-a and decreased production of IL-10

and TGF-B

Assessment of cytokine production by spleen cell of breast
cancer showed that the expression of TNF-« in the group of
mice which received treated macrophages with miR-130 or
miR-33-loaded exosomes was higher than that in the control
group. The expression level of TNF-a between the group
of mice which received treated macrophages with miR-
130+ miR-33-loaded exosomes and the control group had no
significant differences. The expression of IL-10 and TGF-f
in the group of mice, which received treated macrophages

with miR-130 or miR-33-loaded exosomes, or both of them,
was lower than the control group (Fig. 8d).

Discussion

In this study, we reported that modifying the miRNA content
of tumor-derived exosomes can reprogram pro-tumoral
M2-like macrophages toward an anti-tumoral M1 phenotype.
M2 macrophages are abundant in the tumor microenviron-
ment, and in some cancers, they can comprise 50 percent of
the tumor mass [22].TAMs facilitate tumor angiogenesis,
growth, invasion, and migration to promote metastasis [23].
Recently, the key role of miRNAs in balancing between the
M1 and M2 phenotypes of macrophages has been emerged.
MiRNAs regulate transcription factors involved in mac-
rophage polarization. The dysregulation of miRNA-tran-
scription factor networks results in numerous diseases [24].
To find miRNAs that mediating the regulation of mac-
rophage polarization, we first examined signaling pathways
and cellular metabolism involved in macrophage polariza-
tion to identify key factors in these pathways. Then, we used
relevant literature and bioinformatics studies to identify
miRNAs which target these factors. The results of signaling
pathway studies showed that peroxisome proliferator-acti-
vated receptor y (PPARY) is an important coordinator of
STAT6. PPARY, in concert with STAT6 direct dynamic
change of macrophage polarization toward M2 [25]. IL-4-
STAT6-PPAR-y signaling axis plays a crucial role in mono-
cyte differentiation into alternatively activated macrophages
[26, 27]. The expression levels of PPARY are associated with
the expression of M2 markers [28]. The bioinformatics stud-
ies using TargetScan, miRWalk, and DIANA-tools showed
that the PPARY gene is a potential target of miR-130. Exper-
imental data also support this hypothesis [14]. Another fac-
tor identified in the signaling pathway studies was MafB.
MafB is a member of Maf transcription factors family, which
plays a role in establishing monocyte-macrophage lineage
[29]. This factor may mediate, at least in part, IL-4/STAT6
signaling to induce expression of M2 markers. Based on
bioinformatic and experimental studies, miR-33 can target
MafB [15]. So in this study, we hypothesized that delivering
the miRNA-130 and miR-33 mimics by tumor cell-derived
exosomes into pro-tumoral M2 macrophages can induce
anti-tumoral M1 phenotype. At first, we compared the
expression of miR-130 and miR-33 in the MDA-MB-231
cell line and MCF-10A cell line as control, and we found
that miR-130 and miR-33 were downregulated in MDA-
MB-231 cells compared with MCF-10A cells. These miR-
NAs also were downregulated in exosomes of MDA-
MB-231 compared with those of MCF-10A. Then, we used
electroporation to load miRNAs mimic into exosomes, and
our results proved successful miRNAs mimic delivery to
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Fig. 5 Phagocytosis assay. Phagocytic assay showed increased phagocytosis ability of treated macrophages with miRNA-loaded exosomes in a
IL-4-induced M2 macrophage and b TAM. *P <0.05, **P <0.01, **P <0.001

tumor-derived exosomes. Exosomes have several benefits
that make them suitable as a delivery system. These benefits
include low immune response, non-toxicity, small size,
increased stability, and biocompatibility. Additionally,
exosomes can easily pass through the cell membrane [30,
31]. The uptake studies using PKH67 staining demonstrated
that tumor-derived exosomes could be taken up by mac-
rophages. Human macrophages were polarized to M2 by
treatment with 20 ng/ml IL-4 for 24 h, and TAM was
obtained by incubation of human monocytes with condi-
tioned medium collected from MDA-MB-231 culture for

@ Springer

6 days [32]. The phenotype of M2 macrophages and TAMs
was determined by the assessment of M1 and M2 markers.
Then, we treated TAMs and IL-4-induced M2 macrophages
with miRNA-loaded exosomes. The expression level of miR-
130 and miR-33 increased after treatment with exosomes.
Treatment with miRNA-loaded exosomes increased expres-
sion of markers and cytokines associated with M1 pheno-
type, including MCP1, IRF5, CD80 and, TNF-a, IL-1p. In
contrast, this treatment resulted in the downregulation of
markers and cytokines associated with the M2 phenotype,
including ARG, TGM2, TGF-f, IL-10, and CD206. Since
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Fig.6 MTT and Migration assay of MDA-MB-231 cells. The treat-
ment of MDA-MB-231 cells with the conditioned medium of the
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and b TAM. Overexpression of miR-130 or miR-33 in exosomes
inhibited the migration capacity of MDA-MB-231 cells in ¢ IL-4-in-
duced M2 macrophage and d TAM. MDA-MB-231 cells were cul-
tured in the upper compartment of the transwell and then were placed
in 24 well plate containing conditioned media from differently groups
of treated macrophages. After 24 h, the number of migrated cells was
counted manually *P <0.05, **P <0.01, ***P <0.001
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Fig.7 Invasion assay. Invasiveness of MDA-MB-231 cells decreased
after miRNAs overexpression in a IL-4-induced M2 macrophage and
b TAM. MDA-MB-231 cells were cultured in the upper chamber of
the transwell containing matrigel and were placed in 24 well plate

M1 macrophages exhibited an anti-tumoral effect, we evalu-
ated migration and invasion capacity of MDA-MB-231 cells
after culturing with the conditioned medium of exosomes-
treated macrophages. Our results showed that the migration
and invasion capacity of MDA-MB-231 cells significantly
decreased when these cells were incubated with the condi-
tioned medium of macrophages treated with miRNA-loaded
exosomes. After confirming the anti-tumoral role of exo-
some-treated macrophages in vitro, we evaluated their anti-
tumoral role in vivo. In vivo findings also indicated reduced
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containing conditioned medium of different treated macrophages. The
migrated cells to the bottom of the membrane were stained and quan-
tified. ¥*P <0.05, **P<0.01

tumor growth and increased tumor necrosis in the presence
of treated macrophages with miR-130 or miR-33 or
miR130 + miR-33-loaded exosomes. We also evaluated
cytokine production as an important factor in anti-tumor
immune function [33]. The findings showed increased pro-
duction of TNF-a and decreased production of IL-10 and
TGF-p in the group of mice which received treated mac-
rophages with miR-130 or miR-33 or miR130 + miR-33-
loaded exosomes. So, it could be inferred that overexpres-
sion of miR-130 and miR-33 in tumor-derived exosomes can
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Fig.8 Treated macrophages with miRNA-loaded exosomes exert
antitumor activity. a Monitoring of tumor growth at the indicated
time points. b Measurement of the final volume. ¢ Histologic obser-

induce the anti-tumoral M1 phenotype in macrophages and
inhibit tumor progression. The regulatory role of exosomal
miRNAs in macrophage polarization has been reported in
several studies. In ovarian cancer, miR-222-3p can transfer
to macrophages by exosomes and target suppressor of
cytokine signaling 3 (SOCS3). The inhibition of SOCS3
expression results in the activation of the STAT3 signaling
pathway in macrophages, which is critical for M2 polariza-
tion [34]. In pancreatic cancer, a miR-encoding plasmid
DNA was used to modify the miRNAs content of exosomes.
The modified exosomes expressed miR-155 or miR-125b-2
and reprogrammed macrophages in the tumor microenviron-
ment [35]. In another study, SK-LU-1 cancer cells were
transfected with plasmid DNA encoding for wild-type p53
(wt-p53) and miR-125b. The secreted exosomes of these

vation using hematoxylin and eosin staining. d Evaluation of immune
response by measurement of TNF-a, IL-10, and TGF-p concentra-
tion. *P<0.05, **P<0.01

cells also showed expression of wt-p53 and miR-125b. The
altered miR-125b expression level in exosomes could skew
macrophages toward anti-tumoral M1 polarization [36]. Our
study demonstrated the potential role of exosomal miR-130
in M1 macrophage polarization. Similar results have been
shown by other studies. In non-small cell lung cancer
(NSCLC), low expression of miR-130 is associated with
poor prognosis and increased tumor growth and metastasis.
Furthermore, there is an inverse correlation between miR-
130 expression and PPAR-y and CD163 in NSCLC tissues
[37]. In a study by Lin et al., it was demonstrated that miR-
130 could target PPARY gene and induce M1 polarization.
In contrast, Th2 stimulation activates histone deacetylation
at the miR-130 promoter and suppresses its inhibitory effect
on PPARY [14]. PPARY has a synergic effect on STAT6 and
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induces expression of M2-related genes. STAT6 is a master
transcription factor regulating M2 polarization in response
to IL-4 and IL-13 [38, 39]. Our data also revealed that miR-
33 overexpression in tumor-derived exosomes could direct
macrophage polarization toward an anti-tumoral M1 pheno-
type. The role of miR-33 as a pro-inflammatory miRNA had
been previously demonstrated. In line with our results, Kim
showed that miR-33-mediated phenotypic shift from M2 to
M1 state by targeting MafB [15]. MafB regulates mac-
rophage polarization by enhancing the expression of M2
polarization marker genes and suppressing the expression of
M1 marker genes. On the other hand, it was reported that in
atherosclerosis and other chronic inflammatory diseases,
miR-33 inhibition could be a therapeutic approach since
miR-33 inhibition can induce M2 polarization. Inhibition of
miR-33 results in fatty acid oxidation (FAO) upregulation
and derives alternative activation of macrophages. MiR-33
is a metabolic regulator and mediates its effect by targeting
AMPK. This protein integrates cellular energy homeostasis
and reduces FAO to promote the pro-inflammatory M1 phe-
notype [40]. Multiple studies in human and mouse mac-
rophages have indicated that M1 macrophages are dependent
on glycolysis [41, 42]. Although recently, some studies have
reported metabolic differences between human and mouse
macrophages [43, 44]. Our results indicated the capability
of miR-33 to induce M1 polarization in human macrophages,
although further studies are needed to clarify its precise
mechanism.

In conclusion, our data suggest that tumor-derived
exosomes can use as a delivery system for efficient miRNA
transfer to macrophages, and miR-130 and miR-33 can
direct macrophage polarization toward M1 by targeting
PPARY and MafB by involvement in the IL-4-STAT6 path-
way. We observed that either miRNA alone had its effects
or there is no synergy between these miRNAs. Furthermore,
we observed that macrophage reprogramming by miRNA-
loaded exosomes attenuated tumor progression in vivo. So,
macrophage reprogramming mediated by exosomal miRNAs
can be a promising approach in the inhibition of tumor pro-
gression in breast cancer.
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Shahid Beheshti University of Medical Sciences, Tehran, Iran (Contact
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