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Highly immunosuppressive tumor microenvironment containing various protumoral immune cells accelerates
malignant transformation and treatment resistance. In particular, tumor-associated macrophages (TAMs), as the
predominant infiltrated immune cells in a tumor, play a pivotal role in regulating the immunosuppressive tumor
microenvironment. As a potential therapeutic strategy to counteract TAMs, here we explore an exosome-guided
in situ direct reprogramming of tumor-supportive M2-polarized TAMs into tumor-attacking M1-type macro-
phages. Exosomes derived from M1-type macrophages (M1-Exo) promote a phenotypic switch from anti-
inflammatory M2-like TAMs toward pro-inflammatory M1-type macrophages with high conversion efficiency.
Reprogrammed M1 macrophages possessing protein-expression profiles similar to those of classically activated
M1 macrophages display significantly increased phagocytic function and robust cross-presentation ability,
potentiating antitumor immunity surrounding the tumor. Strikingly, these M1-Exo also lead to the conversion of
human patient-derived TAMs into M1-like macrophages that highly express MHC class II, offering the clinical
potential of autologous and allogeneic exosome-guided direct TAM reprogramming for arming macrophages to
join the fight against cancer.

1. Introduction for producing desired functional cells [4,5]. While direct conversion

circumvents the risk of tumorigenesis associated with pluripotency

In the field of regenerative medicine, exogenous cell transplantation
has been extensively studied as a strategy for generating desired func-
tional cell types; however, the risk of teratoma formation and difficulty
of transplantation limit their clinical applications [1,2]. In particular,
the poor engraftment efficiency associated with transplantation
methods employing injection of cells has motivated the development of
breakthrough technologies capable of promoting cell fate conversion
within the body [3]. Direct cell reprogramming, which directly induces
the conversion of cell types from one lineage to another without
bridging intermediate pluripotent steps, is a relatively simple method
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compared with induced pluripotent stem cell (iPSC) differentiation [6],
the use of viral vectors for transporting multiple exogenous factors still
poses several issues in clinical applications owing to insufficient effi-
ciency and safety concerns [7].

Implementation of in situ direct cell reprogramming requires the safe
and efficient in vivo delivery of reprogramming-inducing factors [8].
Hence, in this study, we suggest exosomes—naturally occurring vehicles
capable of safely transferring cocktails of endogenous material—as an
entirely new platform for in situ direct cell reprogramming. Because
exosomes contain a variety of factors related to cell differentiation,
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growth, migration and signal transduction, they have virtually unlim-
ited potential as cell-conversion-inducing factors [9,10]. Rather than
delivering one type of inducing factor at a time, exosomes can deliver
the complex signals necessary for direct cell conversion at once by
simultaneously transporting biomacromolecules, such as a group of
micro RNAs (miRNAs), capable of inducing synergistic direct cell
reprogramming outcomes [11,12].

Exosomes are nano-sized extracellular membrane vesicles composed
of a lipid bilayer that serve as integral nanocarriers of endogenous in-
formation (proteins, miRNAs, and mRNAs) obtained from their origi-
nating cells. Following the discovery of the role of exosomes as vehicles
for the horizontal transfer of mRNAs or miRNAs that elicit phenotypic
changes in target cells [13], several studies demonstrated applications of
exosomes in cell-free therapy [14,15]. In particular, stem cell-derived
exosomes have been the focus of attention as an alternative approach
to stem cell-based therapy in regenerative medicine [16]. Moreover,
exosomes are considered to be promising delivery vehicles with better
safety profiles than those of other synthetic nanoparticles, such as viral
vectors, cationic lipids, and polymer-based particles. They are also
highly versatile with excellent biocompatibility [17,18].

Based on the concept of exosome-mediated in situ direct reprog-
ramming, we here developed a simple strategy for converting M2-type
tumor-associated macrophages (TAMs) to M1-type macrophages. The
solid tumor microenvironment (TME) actively recruits myeloid cells,
inducing widespread infiltration of macrophages [19]. However, instead
of stimulating the immune system to rid the body of foreign debris, these
abundant TME macrophages create a pro-tumor environment that ac-
celerates tumor growth and angiogenesis, facilitates metastasis, and
promotes immunosuppression [20]. Generally, TAMs are M2-like mac-
rophages exhibiting an anti-inflammatory phenotype rather than
M1-polarized macrophages [21]. Therefore, the polarization status of
macrophages in the TME has generated considerable interest as a
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possible target of therapeutic approaches for
pro-tumorigenic functions of macrophages.

Here, we exploited the ability of exosomes derived from M1-type
macrophages (M1-Exo) to redirect TAMs into tumor-killing macro-
phages (Fig. 1). Proteomic analyses demonstrated that gene expression
profiles were similar between reprogrammed M1-type macrophages
(RM1) and M1 macrophages, and that RM1 macrophages expressed co-
stimulatory molecules involved in antigen-presentation, characteristic
of M1 macrophages. We further found that M1-Exo contain various
miRNAs that are efficient drivers of direct macrophage polarization,
including miR-27a, miR-125b, miR-155, and miR-199a. In addition,
macrophages reprogrammed into anti-tumorigenic M1-type showed
improved phagocytosis and cross-presentation ability, and were capable
of slowing tumor growth. M1-Exo were also able to induce phenotypic
conversion of cancer patient-derived TAMs into macrophages with an
M1-like phenotype that highly express MHC class II, suggesting their
potential use for autografts or allografts. Our findings thus suggest that
exosome-mediated direct reprograming of macrophages based on their
central roles in cancer pathogenesis could provide a clear opportunity
for cancer therapy.

suppressing

2. Material and methods
2.1. Materials

Fetal bovine serum (FBS), Cell Tracker 5-chloromethylfluorescein
diacetate (CMFDA), Deep Red, pHrodo Red SE, GM130 (ARC0589;
MA5-35107) and EGR2 antibodies (erongr2; 17-6691-82) were pur-
chased from Thermo Fisher Scientific Inc. RPMI-1640 and Dulbecco’s
Modified Eagle Medium (DMEM) were from Hyclone (Cytiva). Recom-
binant murine M-CSF (315-02), murine IFN-y (315-05), and IL-4 (214-
14) were purchased from Peprotech. Amicon Ultra-15 10K centrifugal
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Fig. 1. Schematic representation of M1-Exo-mediated TAM reprogramming. M1-Exo are able to reprogram tumor-supporting anti-inflammatory M2-type TAMs

into pro-inflammatory M1 macrophages.
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filters were purchased from Merck. Nitrocellulose membranes (0.2 pm)
were obtained from Bio-Rad. Lipopolysaccharide (LPS) was purchased
from Sigma Aldrich. Hoechst 33342 trihydrochloride trihydrate was
purchased from Life Technologies. The following antibodies were ob-
tained from BioLegend: Brilliant Violet 650-conjugated anti-mouse F4/
80 (clone BM8; 123149); fluorescein isothiocyanate (FITC)-conjugated
anti-human HLA-DR (clone L243; 307603); PerCP/cyanine-conjugated
anti-mouse CD11b (clone M1/70; 101228); Brilliant Violet 421-conju-
gated anti-mouse CD38 (clone 90; 102732); phycoerythrin (PE)-conju-
gated, SIINFEKL-bound anti-mouse H-2Kb (clone 25-D1.16; 141603);
FITC-conjugated anti-mouse CD206 (clone C068C2, 141703), PE-
conjugated anti-mouse CD86 (clone GL-1; 105007); APC-conjugated
anti-mouse CD40 (clone 3/23; 124611); Brilliant Violet 650-conjugated
anti-rat 1gG2a; PerCP/cyanine-conjugated anti-rat IgG2b kappa; Bril-
liant Violet 421-conjugated anti-rat IgG2a kappa; PE-conjugated anti-
mouse IgGl kappa; FITC-conjugated anti-rat IgG2a kappa; PE-
conjugated anti-rat 1gG2a kappa; allophycocyanin (APC)-conjugated
anti-rat IgG2a kappa; and Alexa Fluor 647-conjugated anti-mouse CD8a.
PE-conjugated anti-mouse iNOS (clone CXNFT; 2082543), PE-
conjugated anti-rat 1gG2a kappa, and TRIzol reagent were purchased
from Invitrogen. The Fc blocker, anti-CD16/CD32 (clone 2.4G2;
553142), was from BD Pharmingen. Anti-mannose receptor (ab64693),
anti-CD163 (ab182422), anti-iNOS (ab15323) and anti-Tsg101 (ab83)
antibodies, and Nitric Oxide Assay kit (Fluorometric) were acquired
from Abcam. Anti-Alix (clone 1A12; sc53540) and anti-CD81
(sc166029) antibodies were from Santa Cruz. Anti-GAPDH antibody
(MAB5718) was purchased from R&D Systems.

2.2. Cell culture

Murine 4T1-Luc breast cancer cells and human HT29 colon adeno-
carcinoma cells were cultured in RPMI-1640 (Hyclone) containing 10%
FBS (Gibco) and 1% antibiotic-antimycotic (Gibco). Murine B16F10
melanoma cells were cultured in DMEM (Hyclone). Bone marrow (BM)
cells, the most homogeneous macrophage source, were obtained in high
yield from marrow extracted from the hind limb [22,23], and were
seeded at 9 x 10° cells per plate in 150-mm culture dishes. After 24 h,
the suspended cells were collected and resuspended in fresh media. Bone
marrow-derived macrophages (BMDMs) were differentiated by treating
bone marrow cells with 20 ng/mL of M-CSF (Peprotech). After 7 days of
differentiation, adherent cells were harvested. Cells were treated for 24
h with 100 ng/mL LPS (Sigma) and 20 ng/mL IFN-y (Peprotech) for M1
activation, and with 20 ng/mL of IL-4 for M2 activation. All cell lines
were incubated at 37 °C in a humidified 5% CO, environment.

2.3. Exosome preparation

For isolation of exosomes, BMDMSs (9 x 10° cells per 150 mm dish)
were differentiated by incubating with M-CSF (Peprotech). After
changing the medium to serum-free RPMI-1640 (Welgene), cells were
incubated for an additional 48 h. Cells, cell debris, and large vesicles
were removed by serial centrifugation of cell supernatants at 300 xg for
10 min, 2000xg for 10 min, and 10,000xg for 30 min in an Avanti J-E
centrifuge (Beckman Coulter; fixed angle JA-20 rotor) at maximum ac-
celeration and deceleration speed. Centrifuged supernatants were
filtered using Amicon Ultra centrifugal filters (10K MWCO; Merck) and
ultracentrifuged at 150,000 xg for 3 h in an Optima XE-100 centrifuge
(Beckman Coulter; fixed angle type 45 Ti rotor) with maximum accel-
eration and deceleration. Exosomes were re-suspended in autoclaved
phosphate-buffered saline (PBS) containing protease inhibitor cocktail
and stored at 4 °C. The concentration of exosomes was determined based
on their protein concentration using a BCA Protein Assay kit (Bio-Rad).

2.4. Dynamic light scattering

The size analysis of exosomes was performed using a Zetasizer Nano
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XS instrument at 25 °C, and data were analyzed using the manufac-
turer’s software.

2.5. Transmission electron microscopy

The size and shape of exosomes were analyzed using cryo-
transmission electron microscopy (Cryo-TEM). Samples for Cryo-TEM
analysis were prepared by first fixing exosome samples with 0.5%
glutaraldehyde overnight, after which they were centrifuged at
150,000xg for 30 min, re-suspended in absolute ethanol, and placed on
a lacey grid. The grid was stored in liquid nitrogen and maintained at
—180 °C. Exosome membranes were vitrified using an FEI Vitrobot
system (FP5350/60).

2.6. Immunoblotting

Expression of M1 or M2 markers was confirmed by first seeding 5 x
10° BMDMs on day 7 in 35 mm Petri dishes under M1 or M2 condition.
After 24 h, the cells were incubated for 2 h at 4 °C with RIPA buffer with
a protease inhibitor cocktail. After centrifugation at 12,000 rpm for 20
min, the supernatant was collected and protein was quantified using a
BCA Protein Assay kit (Bio-Rad). 10 pg of protein was separated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to nitrocellulose membranes. The membranes were
washed for 2 h with 1X Tris-buffered saline containing 0.1% Tween-20
(TBST)/5% skim milk and incubated in blocking solution containing
primary antibodies at 4 °C overnight. Thereafter, membranes were
incubated with horseradish peroxidase (HRP)-conjugated anti-mouse or
anti-rabbit peroxidase secondary antibodies at room temperature for 1

h.
2.7. MiRNA sequencing

Total RNA was prepared from M1-Exo and M2-Exo using the TRIzol
reagent (Invitrogen). RNA was quantified using a NanoDrop 2000
Spectrophotometer system (Thermo Fisher Scientific), and RNA quality
was examined with an Agilent 2100 bioanalyzer using the RNA 6000
Pico Chip (Agilent Technologies). Read counts mapped on differentially
expressed genes and mature miRNA sequences were extracted from the
alignment file using Bedtools (v2.25.0) and Bioconductor using R
(version 3.2.2) statistical programming language (R development Core
Team, 2016). Log2 values of read counts were applied to determine the
expression levels of miRNAs. miRNA expression profiling with miRWalk
2.0 was conducted by a commercial service (e-biogen).

2.8. Cellular uptake of exosomes and in vitro cytotoxicity

Freshly isolated exosomes (100 pg) were labeled by incubating
overnight with 6.8 pg of Cy5.5 NHS-ester and then washed twice with
PBS. BMDM:s (2 x 10° cells) were plated in 35-mm glass-bottom confocal
dishes under M1 or M2 conditions. After 24 h, the medium was replaced
with serum-free medium containing labeled exosomes. The cells per-
meabilized with 0.2% Triton X-100 for 5 min at room temperature
following washing with PBS. Cell nuclei were stained by incubating with
Hoechst 33342 for 5 min at room temperature. Images were analyzed
using a Leica TCS SP5 confocal microscope. For in vitro cytotoxicity
tests, BMDMs (2 x 10* cells) were seeded in 96-well plates containing
different concentrations of exosomes. After incubating for 24 h, CCK-8
solution (20 pL) was applied to each well and cell viability was
assessed using a microplate reader (SpectraMax 34; Molecular Devices).

2.9. Flow cytometry
Expression of M1 or M2 markers on the surface of exosomes was

assessed by incubating 10 pg of purified exosomes with 20 pL aldehyde/
sulfate latex beads (4 pm; Invitrogen) and then adjusting the final
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volume to 1 mL with PBS. After adding 110 pL of 1 M glycine buffer and
incubating for 30 min to block free binding sites on the beads, the mixed
beads were washed twice with PBS containing 0.5% BSA. Exosome-
bound beads were conjugated with PE-CD86 (clone GL-1; BioLegend),
APC-CD40 (clone 3/23; BioLegend) or FITC-CD206 (clone C068C2;
BioLegend) antibodies by incubating for 1 h at 4 °C, then washing twice
with PBS/0.5% BSA. Expression of M1 or M2 markers was confirmed by
first seeding 5 x 10° BMDMs in a 35 mm Petri dish under M1 or M2
conditions. After 24 h, the cells were detached from the dish using cold
Dulbecco’s PBS, pre-incubated with 2 pg of purified rat anti-mouse
CD16/CD32 (BD Biosciences) on ice for 25 min, and then incubated
with PE-conjugated anti-CD86, APC-conjugated anti-CD40 or FITC-
conjugated anti-CD206 antibodies. All data were acquired using
Accuri C6 and FlowJo v8 software (BD Biosciences). For the anti-miRNA
transfection, transfection was carried out at a concentration of 50 pmol/
mL of anti-miRNA using lipofectamine (Thermo Fisher Scientific) ac-
cording to the manufacturer’s manual along with M2-Exo treatment. For
analysis of macrophage populations in vivo, single-cell suspensions were
prepared from tumor tissues using a mouse Tumor Dissociation Kit
(#130-096-730; Miltenyi Biotec) according to the manufacturer’s in-
structions, after which cells were filtered through a 40-pm strainer and
red blood cells (RBCs) were removed using an RBC lysis buffer
(#420302; BioLegend). For live cell analyses, live cells were isolated
using a Dead Cell Removal Microbeads Kit (#130-090-101; Miltenyi
Biotec) according to the manufacturer’s protocol and then blocked with
purified rat anti-mouse CD16/CD32 (Mouse BD Fc Block; BD Bio-
sciences) in staining buffer for 15 min. Cells were stained with anti-
bodies to the surface markers CD11b (clone M1/70; BioLegend), F4/80
(clone BMS; BioLegend), CD38 (clone 90; BioLegend) or isotype control
for 30 min at 4 °C. After washing twice with staining buffer, samples
were fixed with BioLegend Fixation Buffer for 45 min at room temper-
ature and washed twice with 1X BioLegend Permeation Buffer. Intra-
cellular proteins were stained by permeabilizing cells for 45 min at room
temperature and then incubated with PE-conjugated anti-NOS2 (CXNFT;
eBioscience) or isotype control. Flow cytometry was performed on cells
suspended in staining buffer using a Beckman Coulter flow cytometer,
and data were analyzed with FlowJo v8 software.

2.10. Proteomics analysis

M1, M2, and RM1 macrophages induced by M1-Exo were lysed in
RIPA buffer with protease inhibitor cocktail. Protein concentrations
were quantified using the bicinchoninic acid (BCA) method, and pro-
teins were separated based on molecular weight using 4-12% Bis-Tris
gels. Samples (100 pg) of each macrophage type were run in triplicate
on the same gel. After the gel was stained with Coomassie Brilliant Blue
R-250, the lane for each sample was divided into 14 slices and the
proteins contained in each gel slice were subjected to tryptic digestion.
Peptides were then extracted with 67% acetonitrile (ACN)/5% formic
acid (FA) in water. After drying in a SpeedVac, peptides were resus-
pended with 20 pL of 0.4% acetic acid. For mass spectral analyses, 13.5
pL of each sample was separated using a reversed-phase Magic C18AQ
column (15 cm x 75 pm) on an Eksigent MDLC system (Eksigent
Technologies) coupled to an LTQ XL-Orbitrap mass spectrometer
(Thermo Fisher Scientific). The operating flow rate was 350 nL/min, and
the gradient conditions were as follows: 0 min, 100% buffer A (water
containing 0.1% FA) and 0% buffer B (ACN containing 0.1% FA); 0-5
min, 0-8% B; 5-85 min, 8-30% B; 85-90 min, 30-70% B; 90-100 min,
70% B; 100-110 min, 70-2% B; and 100-120 min, 2% B. Survey full-
scan mass spectrometry (MS) spectra (300-1800 m/z) were acquired
at a resolution of 60,000. Tandem mass (MS/MS) spectra for the ten
most intense ions were acquired in the ion trap with the following op-
tions: isolation width, 2 m/z; normalized collision energy, 35%; dynamic
exclusion duration, 360 s. Each LC-MS/MS file was searched against the
SwissProt mouse database (March 2021) containing 17077 entries using
Proteome Discoverer software (version 2.4; Thermo Fisher Scientific).
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The search criteria were set to a mass tolerance of 15 ppm for MS1 data
and 0.5 Da for MS2 data, with a fixed modification of carbamidome-
thylation of cysteine (+57.021 Da) and variable modification of
methionine oxidation (+15.995 Da). The false discovery rate (FDR) was
set to 0.01 for identification of peptides and proteins, and the proteins
were identified by two or more unique peptides. The relative abun-
dances of proteins among M1, M2, and RM1 macrophages were calcu-
lated based on peak areas using Minora algorithm-based label-free
quantification in Proteome Discoverer 2.4. Statistical analyses of the
dataset obtained from label-free quantification were performed using
Perseus software (1.6.14.0) [24]. Normalized abundance values ob-
tained from peak areas normalized to total peptides were
log-transformed. Proteins exhibiting significant differences among M1,
M2, and RM1 macrophages were detected by comparison of logs
(normalized abundance) values obtained from the three replicates of
each type of macrophage samples using one-way analysis of variance
(ANOVA). A p-value < 0.05 was considered to be statistically significant.
For hierarchical clustering of proteins showing statistically significant
changes (>2.0-fold, p-value < 0.05) in M1 and RM1 macrophages
compared with M2 macrophages, normalized abundance values were
first normalized using z-scores, and then both columns and rows were
clustered based on Euclidean distance using the average linkage method
in Perseus software (1.6.14.0). Analyses of GO functional classifications
were pursued using DAVID software (http://david.abcc.nciferf.gov) to
identify GO terms that were significantly enriched among proteins
showing significant increases in M2 and RM1 macrophages relative to
M2 macrophages.

2.11. Phagocytosis assay

For flow cytometry-based phagocytosis assays, BMDMs and HT29
tumor cells were first labeled with CellTracker Green (CMFDA) and
CellTracker Deep Red, respectively (1 pM each), after which BMDMs
were seeded at a density of 4 x 10° cells in 35 mm petri dishes and co-
cultured with HT29 cells at a ratio of 1:2 for 2 h at 37 °C in a 5% CO-
environment. After incubation, intact cells were collected with cold PBS,
pipetted repetitively to yield a single-cell suspension, and analyzed by
flow cytometry (Accuri C6; BD Biosciences) using FlowJo v8 software.
The BMDM phagocytosis percentage was calculated as phagocytosed
tumor cells (double positive)/total number of BMDMs. For fluorescence
microscopy-based phagocytosis analysis, BMDMs were plated at a den-
sity of 2 x 10° cells per 35 mm glass-bottom confocal dish together with
pHrodo-SE-stained tumor cells at a ratio of 1:2. After co-incubation at
37 °C in a 5% CO4 environment for 2 h, cells were washed several times
with PBS (pH 10) to remove unphagocytosed cancer cells. Phagocytosis
in 10 randomly selected microscopic dish fields per assay was analyzed
by fluorescence microscopy (Nikon), and the BMDM phagocytosis per-
centage was calculated as described above.

2.12. NO assay

BMDMs (5 x 10° cells) were seeded in 35 mm Petri dishes in medium
containing differentiation-inducing cytokines. After culturing for 24 h,
the medium was replaced with serum-free RPMI-1640 (Welgene), and
cells were treated with exosomes for an additional 24 h. All supernatants
were collected and cell debris was removed by filtering using a 10 kD
spin column. Cell-free supernatants, diluted 20-fold, were analyzed
using a Nitric Oxide Assay kit (Thermo Fisher Scientific) according to the
manufacturer’s protocol.

2.13. Analysis of cross-presentation

BMDMs were plated at density of 4 x 10° cells per 35 mm Petri dish
in medium containing differentiation-inducing cytokines and 2 pg of
OVA peptide for 24 h. The following day, cells were detached from the
dish using cold DPBS. The collected cells were pre-incubated with 2 pg
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anti-mouse CD16/CD32 (Mouse BD Fc Block; BD Biosciences) for 25 min
on ice and then stained with PE-conjugated, SIINFEKL-bound anti-H2Kb
(Clone 25-D1.16; BioLegend). Data were analyzed using Accuri C6 and
FlowJo v8 software.

2.14. In vivo tumor models and exosome treatment

An orthotopic mouse model was created by inoculating the fat pad of
7-week-old female BALB/c mice with 1 x 10° 4T1-Luc tumor cells.
Tumor dimensions were measured with calipers, and tumor volume
(mm®) was calculated as (width)? x (length) x 0.5. The mean tumor size
reached 50-100 mm? approximately 4 days after cell inoculation, and
mice were treated with PBS, M1-Exo or M2-Exo, injected intratumorally
on days 4, 7 and 10. All in vivo experiments were conducted in pathogen-
free animal rooms following the guidelines of the Institutional Animal
Care and Use Committee (IACUC) of the Korea Institute of Science and
Technology (#KIST-2021-11-144).

2.15. Immunofluorescence staining

Tumor tissues were embedded in OCT compound and frozen at
—80 °C. For iNOS and CD206 staining, tissues were cryo-sectioned at 15
pm, blocked by incubating with PBS/3% BSA for 1 h, and then were
incubated with anti-iNOS or anti-CD206 antibody in PBS/1% BSA
overnight at 4 °C. After washing three times with PBS, slides were
incubated with FITC-conjugated or Percp Cy5.5-conjugated secondary
antibody for 1 h at room temperature. Nuclei were stained with Hoechst
33342 for 5 min at room temperature. Images of stained slides were
analyzed with a Leica fluorescence microscope.

2.16. Human TAM isolation and analysis

This prospective study was approved by the Asan Medical Center
(Seoul, Republic of Korea) Institutional review board and written
informed consent were obtained from all patients prior to study
participation (#52019-0794-0001). A total of 36 patients with head and
neck cancer who underwent surgery at Asan Medical Center between
2019 and 2000 were included in this study. For human TAM isolation,
single-cell suspensions were prepared from tumor tissues using a human
tumor dissociation kit (#130-095-929; Miltenyi Biotec) according to the
manufacturer’s instructions, and then filtered with a 40 pm strainer.
After incubating cell suspensions with RBC lysis buffer, 3 x 108
remaining cells were plated in a 100 mm standard tissue culture dish and
incubated overnight at 37 °C in a 5% CO; environment in RPMI-1640
medium containing 50 pg/mL gentamicin and 250 ng/mL M-CSF. The
next day, non-adherent cells were removed by vigorous washing with
DPBS, and isolated TAMs were labeled by immunostaining for HLA-DR
(clone L243; BioLegend), CD163 (ab182422; Abcam), CD11b (clone
M1/70; BioLegend), and CD206 (clone C068C2; BiolLegend) and
analyzed by flow cytometry. M1-Exo were obtained from M1-
differentiated macrophages derived from the human monocytic THP-
1 cell line. THP-1 cells were differentiated into macrophages by incu-
bating for 24 h in RPMI-1640 medium containing 200 nM PMA (P8139;
Sigma Aldrich). M1-polarized macrophages were obtained by further
incubating THP-1 cells with 100 ng/mL LPS and 20 ng/mL IFN-y for 48
h. For quantitative RT-PCR (RT-qPCR) analyses, total RNA was extracted
with TRIzol reagent (Invitrogen) and transcribed to cDNA template
using the Superscript III First-Strand Synthesis System (Invitrogen). RT-
qPCR was performed in triplicated on a StepOnePlus Real-Time PCR
System (Applied Biosystems) using SYBR Green PCR Master Mix
(Applied Biosystems), according to the manufacturer’s protocol. Data
were normalized to GAPDH levels and evaluated using the AACt
method.
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2.17. Statistical analysis

All statistical numerical analyses were carried out using GraphPad
Prism 8.0 (GraphPad Software, La Jolla, CA, USA). Multiple compari-
sons were performed using a one-way analysis of variance (ANOVA)
with Tukey’s post hoc test or two-way ANOVA with Bonferroni post hoc
test. Values are expressed as means + SD, and p-values < 0.05 were
considered statistically significant. Individual p-values (*p < 0.05; **p
< 0.01; ***p < 0.001; ****p < 0.0001) are indicated in figure legends.

3. Results

3.1. Isolation and characterization of exosomes from polarized
macrophages

Bone marrow from mouse (C57BL/6) femurs and tibias was used as a
source of cells for macrophage polarization. C57BL/6 mice are currently
the most commonly used inbred strain in laboratories because they are
genetically stable and phenotypically consistent and their background is
well characterized [25]. They are considered a Thl-dominant mouse
strain [26], and show high interferon gamma (IFN-y) and tumor necrosis
factor-alpha (TNF-a) production [27,28].

To induce polarization of macrophages, we cultured bone marrow-
derived cells with monocyte colony stimulating factor (M-CSF) for ~6
days and then stimulated them with cytokines capable of promoting
differentiation into M1-or M2-type macrophages (Fig. 2A). Differentia-
tion of bone marrow-derived macrophages (BMDMs) into each type of
macrophage was confirmed by assessing expression of the M1
macrophage-specific marker inducible nitric oxide synthase (iNOS) and
the M2 macrophage-specific markers arginase-1 and CD206 by Western
blot analysis (Fig. 2B). After isolation of exosomes from the supernatant
of activated macrophages, we characterized each type of purified
macrophage-derived exosome with respect to size, morphology, and
surface marker expression (Fig. 2C and D). Both M1-type macrophage-
derived exosomes (M1-Exo) and M2 type macrophage-derived exosomes
(M2-Exo) averaged ~100 nm in diameter and were surrounded by a
lipid bilayer membrane, as revealed by cryogenic transmission electron
microscopy (Cryo-TEM). Western blot analysis clearly identified the
exosome surface markers, ALIX, TSG101 and CD81, in both types of
exosomes. M1-Exo and M2-Exo were found to express iNOS and
arginase-1, respectively, an expression pattern reflecting that of the
corresponding parental cell [29]. Note that the marker CD206 was not
detected in either type of exosome, indicating that exosomal cargoes are
selectively sorted into exosomes during their biogenesis [30,31].

Prior to confirming the reprogramming ability of M1-Exo, we eval-
uated their cellular uptake efficiency and cytotoxicity by incubating
fluorescent dye-labeled M1-Exo with M2-type macrophages (Figs. S1A
and B). M1-Exo were successfully taken up by M2 macrophages within 1
h and showed no cytotoxicity at any concentration in the range of 0-150
pg/mL.

3.2. M1-Exo effectively mediate in vitro reprogramming of M2 to M1
macrophages

Next, we confirmed M1-Exo-mediated direct M2-to-M1 conversion
in culture. Since iNOS and arginase-1, representative markers of M1 and
M2 polarized macrophages, respectively, were also detected in exo-
somes derived from the corresponding macrophages, we verified in vitro
cell reprogramming using other markers that are not expressed in exo-
somes (Fig. S1C). For this purpose, the co-stimulatory molecules, CD86
and CD40, which are involved in antigen presentation, were used to
detect M1 macrophages, and CD206 was used as an M2 macrophage
surface marker. To determine the efficiency of macrophage reprog-
ramming by M1-Exo, then we investigated changes in the expression of
macrophage markers in M2 macrophages treated with M1-Exo using
flow cytometry (Fig. 2E). This analysis showed that the distribution of
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and M2 marker (CD206).

cells expressing CD86 and CD40 among reprogrammed M1 macro-
phages (RM1) showed a shift similar to that of M1 macrophages,
whereas the number of cells expressing CD206 decreased.

We further performed a proteomic analysis by mass spectrometry to
compare the similarity of gene expression in detail for M1, M2, and RM1
groups. A total of 2396 proteins were identified in common among three
replicate LC-MS/MS runs (Fig. 3A, Table S1). Label-free quantitative
analyses of the identified proteins based on peak areas followed by
statistical analysis (Table S2) showed that 909 and 508 proteins
exhibited significant changes (>2.0-fold, p-value <0.05) in M1 and RM1
macrophages, respectively, compared with M2 macrophages, of which
450 were common to both M1 and RM1 groups (Fig. 3B).

Hierarchical clustering analyses of these 450 proteins showed that
proteins in M1 and RM1 macrophage groups clustered together, whereas
those of M2 macrophages clustered independently, suggesting that RM1
macrophages generated by treatment with M1-Exo acquired protein
expression patterns similar to those of M1 macrophages (Fig. 3C). A
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further Gene Ontology (GO) enrichment analyses of the 596 and 374
proteins that showed significant increases (>2.0-fold, p-value <0.05) in
M1 and RM1 macrophages, respectively, compared with M2 macro-
phages showed that seven GO biological process (BP) terms, including
immune system process and response to virus, were common among the
top 10 GO BP terms significantly over-represented in M1 and RM1
macrophages compared with M2 macrophages (Fig. 3D). These results
imply that the RM1 macrophages generated by treatment with M1-Exo
acquired functional properties similar to those of M1 macrophages. On
the basis of these findings, we conclude that exosomes derived from M1
macrophages successfully reversed the polarization of M2 macrophages
in culture.

3.3. RM1 macrophages gain phagocytic and antigen cross-presenting
capacity

M1 macrophages are known to perform phagocytosis better than M2
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macrophages and may also cross-present antigens [32,33]. Therefore, to with HT29 human colon cancer cells stained with pHrodo Red (Fig. 4A).
determine whether RM1 macrophages also exert the functions of M1 Fluorescence microscopy images showed similarly high phagocytic ca-
macrophages, we evaluated their phagocytosis and antigen-presenting pacity in M1 and RM1 macrophage groups. Quantification of these re-
ability. To evaluate phagocytosis, we first labeled macrophages of sults by flow cytometric analysis of each group of fluorescence-labeled

each group with CellTracker Green CMFDA dye and co-cultured them cells revealed that the percentage of phagocytosis in the RM1 group
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increased to 8%—a figure similar to that of the M1 group and almost
twice that of the M2 group (4.4%) (Figs. 4B and S2A).

Interestingly, nitric oxide (NO) assays showed that the amount of NO
production by RM1 macrophages was as high as that by M1 macro-
phages (Fig. 4C). These finding imply that RM1 macrophages, like M1
macrophages, produce NO and reactive oxygen intermediates (ROI), and
are thus capable of killing bacteria, viruses, or tumor cells [34].

We also evaluated the antigen cross-presentation ability of RM1
using soluble endotoxin-free ovalbumin (OVA) peptide 257-264 (SIIN-
FEKL) (Figs. 4D and S2B). Similar to results obtained with phagocytosis
and NO production assays, RM1 macrophages showed improved antigen
cross-presentation ability compared with M2 macrophages. Specifically,
the cross-presentation percentage of RM1 was increased by 6.4- and 7.7-
fold compared with MO and M2, respectively, reaching a level compa-
rable to that of M1. Taken together, our results suggest that RM1 mac-
rophages are reprogrammed not only to express markers of M1
macrophages, but also to recapitulate their functional properties,
including promoting tumor invasion, releasing ROS, and enhancing
antigen-presenting ability.

3.4. Key differences in miRNA expression profile between M1-Exo and
M2-Exo

Next, we investigated the factors contained within M1-Exo that drive
macrophage polarization towards anti-tumorigenic M1 types. To this
end, we compared miRNA expression profiles between M1-Exo and M2-
Exo using miRNA sequencing (Fig. 5A). Exosome-derived miRNAs are
known to play unique and essential roles in macrophage activation and
polarization through exosome-mediated intercellular communication
[35,36].

534

Several pro-inflammatory miRNAs were detected in M1-Exo; in
addition, miR-27a, miR-125b, miR-155 and miR-199a, which are known
to be involved in macrophage activation and repolarization, were
identified [37-40]. Interestingly, it has been reported that miR-155,
which is overexpressed in M1-Exo relative to M2-Exo, is not only an
M1 phenotypic marker, it is also capable of reprogramming TAMs into
pro-inflammatory M1 macrophages [37,41]. To determine which genes
were targeted by the top 20 miRNAs (i.e., those expressed more than
2-fold higher in M1-Exo than in M2-Exo), we further performed GO and
KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analyses
(Fig. 5B). GO analyses showed that the identified miRNAs were signif-
icantly enriched for the BP categories of anatomical development and
cell differentiation, molecular function categories of ion binding and
cytoskeleton protein binding, and cellular component categories of
organelle and cytoplasm. A KEGG pathway analysis revealed that the
most highly correlated pathways identified were endocytosis, pro-
teoglycans in cancer, MAPK signaling pathway, pathways in cancer, and
NF-xB signaling pathway. Furthermore, to identify the key miRNAs
responsible for reprogramming, miR-155 and miR-199a, the top two
upregulated miRNAs in M1-Exo, were silenced with their respective
anti-miRNAs during reprogramming (Fig. 5C). Clearly, inhibition of
miR-155 and miR199a, which modulates the TLR4/NF-kB signaling
pathway leading to pro-inflammatory properties, affected macrophage
reprogramming efficiency. Macrophage reprogramming efficiency was
significantly reduced in the group in which the function of both miRNAs
was suppressed than in the group where each miRNA was silenced.
However, inhibition of both miRNAs was not able to completely reverse
polarization of macrophages, highlighting that macrophage reprog-
ramming should be driven by a combination of factors, rather than
simply one factor. Overall, these results demonstrate that M1-Exo



H. Kim et al. Bioactive Materials 25 (2023) 527-540
A B Biological process
Anatomg:al structur%
o Read Count (Log2) , _evelop_m_en
B Cell differentiation
Protein modification process
mmu-miR-155-5p Nitro gn com ound
mmu-miR-199a-3p mefabolic process
mmu-let-7e-5p Biosynthetic process
mmu-miR-143-3p 0 50 100 150
mmu-miR-199a-5p -logo(p-value)
mmu-miR-7b-5p Molecular function
mmu-miR-223-3p
mmu-miR-23b-3p lon binding
mmu-miR-146a-5p Cytoskeleton protein binding
mmu-miR-27a-3p Nugleic acid bindin
mmu-miR-27b-3p transcription factor activi
mmu-miR-541-5p Enzyme binding
mmu-miR-101a-3p t . Prfotein bindi[}g
mmu-miR-150-5p ranscription factor activity ;————7—,
mmu-miR-22-3p -log1o(p-value)
mmu-miR-125b-5p Cellular component
mmu-miR-709
mmu-miR-29b-3p Organelle
mmu-miR-24-3p Cytoplasm
ETHEANEE 08 Protein complex
mmu-miR-140-5p
mmu-miR-181a-5p Cytoskeleton
mmu-miR-16-5p Nuclear chromosome
mmu-miR-93-5p 0 40 80 120
mmu-miR-298-5p -logyg(p-value)
mmu-miR-425-5p KEGG pathway
mmu-miR-122-5p
mmu-miR-339-5p Endocytosis
mmU-mi:-igZ-:p Proteoglycans in cancer
mmu-miR-15a-5p 2 .
mmu-miR-149-5p MAPK S|gnaI|ng' pathway
mmu-miR-34a-5p Pathways in cancer
mmu-miR-9-5p NF-kB signaling pathway
0 4 8 12
M1-Exo M2-Exo Jogsy(p-value)
C M1-Exo M1-Exo M1-Exo
+ anti-miR-155  + anti-miR-199a + both
| 38.9 61.1| | 272 72.8 |1 726 27.4
€ - 1
3
8
°©
o

PE-CD86

Fig. 5. Analysis of exosomal miRNAs. (A) Heat map illustration of miRNA-seq data from M1-Exo and M2-Exo. The inclusion criteria were a 2-fold difference in
log2 (fold-change) in either direction with a p-value < 0.05 (red, up-regulation; green, down-regulation). (B) GO and KEGG pathway analyses of miRNA target genes.
The top five enriched GO terms and pathways for 18 miRNAs upregulated in M1-Exo were analyzed. (C) Efficiency of reprogramming in M2 treated with M1-Exo and

anti-miRNAs.

contain not only specific miRNAs involved in cell differentiation, but

3.5. M1-Exo-induced in vivo reprogramming exerts anti-tumor effects

also a class of miRNAs that are reported to induce macrophage activa-

tion and repolarization.

TAMs are central drivers of tumor progression, metastasis, and
recurrence after treatment [42]. TAMs usually exhibit a pro-tumorigenic

535



H. Kim et al.

M2-like phenotype, whereas M1 macrophages exert anti-tumor func-
tions [43]. These M1-like and M2-like TAMSs coexist within tumors, and
the proportion of M1/M2 subpopulations directly influences anti-tumor
immune responses [44,45]. Accordingly, using a 4T1 tumor-bearing
mouse model, we further investigated whether TAMs directly reprog-
rammed in situ by M1-Exo suppress tumor growth. A disproportionate
number of TAMs from murine 4T1 breast tumor tissues are known to
exhibit the M2 phenotype and are thus a potentially effective target for
direct cell conversion [46,47]. Consistent with this, not only did 4T1
tumor tissues contain ~4-fold more macrophages than B16F10 tumors
(Fig. S3A), their proportion of M2 macrophages was also higher
(Fig. S3B) [48].

We next examined the anti-tumor efficacy of M1-Exo administered
locally into 4T1-Luc tumors in an orthotopic mouse model (Fig. 6A). Our
results revealed that mice in the M1-exosome-treated group showed
delayed tumor growth compared with untreated controls and M2-
Exo-treated groups. Exosome treatment had no effect on body weight
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(Fig. S3C), implying that exosomes are relatively nontoxic. Flow cyto-
metric analyses of tumor tissues further showed that the total macro-
phage population in tumor tissues of the M1-Exo-treated group was
increased by ~2-fold compared with the control groups (Fig. 6B). Exo-
somes contain information from the parent cells in the form of proteins,
fats, nucleic acids, and bioactive substances. Thus, inflammatory factors
encapsulated in M1-Exo may induce the local accumulation of macro-
phages [49]. Interestingly, M2-Exo treatment also slightly delayed
tumor growth compared to the control group. Although it was not sta-
tistically significant, considering the result of increased macrophage
population, it cannot be excluded that the immune system of BALB/c
mice exerted a defense mechanism against macrophage-derived exo-
somes from C57BL/6 mice during allogeneic transplantation. To deter-
mine whether the observed reduction in tumor growth was attributable
to TAM reprogramming by M1-Exo, we also investigated changes in
macrophage subpopulations in tumor tissues. Indeed, the population of
M1 macrophages (iNOSTCD38"EGR2) in the M1-Exo-treated group
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was increased ~3-fold compared with control groups, whereas the M2
population (iNOS™CD38 EGR2") was decreased (Fig. 6C). Similar re-
sults were obtained by immunofluorescence analyses, which showed
increased iNOS and decreased CD206 expression in M1-Exo-treated
tumor tissues (Fig. S4).
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Exosome-mediated in situ direct macrophage reprogramming also
affected on the expression level of immune cytokines. Similar to the
population change of macrophage phenotypes in Fig. 6C, the pro-
inflammatory cytokine TNF-a was increased in the M1-Exo treatment
group, whereas the anti-inflammatory cytokine IL-10 increased in the

THP-1 cell
(M1 differentiated)

>
&
\%"é +°
NV W&
kDa) @7 W
100

10

100
APC-CD11b Diameter (nm) 130_|Z| Saaes

RM1 E & —_—
kDa) TAM 4+ M1-Exo <300+ -
180 N mm TAM

—— w— w— [ CD206 B =+ M1-Exo (75 g/ml) RM1
(7] mm  + M1-Exo (150 ug/ml)
£ 200
140—| W—- w—— =] cD163 %X
=
35— 2
e - MHC 1 5 100+
Qo
S
35— ——— esmme wsss | GAPDH E o
5 a
o CD206 CcD163 MHC I
F RM1 TAM RM
| ! ! = TAM g !
A! = RM1 [ : M

100 10! 102 10° 10° 100 10!

102 100 104 100 107 102 103 104

APC-CD206 PE-CD163 FITC-MHC Il

Fig. 7. Reprogramming of patient-derived TAMs into M1-like TAMSs. (A) Schematic diagram of the experimental design and steps for reprogramming of patient-
derived TAMs. (B) Flow cytometric analysis of macrophage subpopulations sorted from tumor tissues of patients. The cells were divided into two TAM subtypes based
on MHC-II expression: MHC-II high (M1-like TAMs) and MHC-II low (M2-like TAMs). (C) Characterization of M1-polarized macrophages and their derived exosomes.
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M2-Exo treatment group (Fig. 6D). Although it is difficult to expect
dramatic anti-cancer effects through targeting of TAMs alone, it has
been reported that these strategies can enhance the efficacy of immune
checkpoint inhibitor-based therapies. For example, the targeting CD47-
SIRPa pathway has been reported to enhance the response rate of anti-
PD1 therapy [50]. Similar to the results of increased total macrophage
population, M1-Exo also increased the T cell population in tumor tissues,
exerting an improved anticancer effect when treated in combination
with anti-PD-L1 (Figs. S5 and 6E).

Collectively, these findings indicate that M1-Exo have the ability to
promote anti-tumor responses, likely owing to reprogramming of pro-
tumorigenic TAMs into tumor-killing macrophages as well as an in-
crease in the number of immune cells including macrophages and T cells
in tumor sites.

3.6. Cancer patient-derived TAMs can also be repolarized by M1-Exo

To determine whether M2-like macrophages within human tumors
can also be repolarized by M1-Exo, we used TAMs isolated from patient-
derived cancer tissues and THP-1 cells, a human monocytic cell line, as
exosome sources (Fig. 7A). As expected, most TAMs isolated from tumor
tissues were M2-like macrophages with low expression of MHC class-II
molecules, and M1-like macrophages with high MHC class-II expres-
sion were scarce (Fig. 7B). THP-1 cells were successfully differentiated
into macrophages by treatment with phorbol 12-myristate 13-acetate
(PMA). The polarization of THP-1 cells into M1-type was confirmed by
demonstrating the expression of CD86 and MHC class-II markers, and
inflammatory factors (TNF-a, IL 6) (Fig. 7C, S6A, B), polarization
markers that differ from those expressed in mouse-derived macro-
phages. Expression of the M2 polarization markers, CD206 and CD163,
was not detected in M1-polarized THP-1 cells (Fig. 7C), consistent with
previous reports [51,52].

The exosome markers, ALIX and TSG101, were observed in M1-Exo
derived from M1-polarized THP-1 cells, and dynamic light scattering
(DLS) also confirmed that these M1-Exo were about 90 nm in diameter
(Fig. 7C). Treatment of TAMs isolated from patients’ tumor tissues with
M1-Exo (75 and 150 pg/mL) decreased the expression of CD206 and
CD163, while significantly increasing the expression of MHC class II
involved in the immune response (Fig. 7D and E). Flow cytometric an-
alyses showed similar phenotypic changes in these TAMs, in particular
revealing that M1-Exo induced the transition of low MHC class-
[I-expressing TAMs to high MHC class-II-expressing TAMs (Fig. 7F).
Collectively, these results indicate that M1-Exo can also induce the
phenotypic conversion of human-derived TAMs into M1-like macro-
phages that highly express MHC class II.

4. Discussion

As tumors progress, TAM abundance increases, allowing the cancer
to become more aggressive and spread. TAMs are polarized toward a
pro-tumorigenic and immunosuppressive M2 phenotype that lacks
tumor-associated antigen specificity. Several approaches for targeting
M2-macrophages, including inhibition of monocyte infiltration into
solid tumors and elimination of TAMs, have been investigated as cancer
therapies [8,53-55]. These strategies are relatively direct routes for
combating tumors, but the potential for increased risk of infection and
chronic inflammation associated with approved drugs that deplete
TAMs pose challenges to their clinical use. These observations highlight
the need for increased biological understanding of the impact of M1
macrophages in the TME on primary or metastatic tumors, underscoring
the importance of such insight for the development of new strategies
targeting TAMs.

In this paper, we demonstrated a simple approach for inducing TAMs
to reverse course utilizing exosomes derived from M1 macrophages.
Rather than supporting cancer cells, the resulting reprogrammed mac-
rophages acquired the ability to kill cancer cells through phagocytosis.
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M1-Exo-induced macrophage reprogramming also enhanced the cross-
presentation ability of macrophages and ultimately exerted a signifi-
cant anti-tumor effect in vivo.

Given that M1-type macrophages possess pro-inflammatory activity
that promotes Th1l immune responses, therapeutic strategies that target
TAMs can be considered promising immunotherapy approaches.
Because macrophages are not only professional antigen-presenting cells
but also actively participate in the immune response through phagocy-
tosis and clearance of cellular debris, enhancing their anti-tumoral
phenotypes is closely associated with amplification of the anti-cancer
immune responses of other leukocytes, such as T cells.

Current macrophage-based immunotherapeutic approaches rely
mechanistically on TAMs. These TAM-targeted therapeutics include in-
hibition of monocyte recruitment through inhibition of CSF-1/CSF-1 or
CCL2/CCR2 (agonist/receptor) signaling, induction of cancer cell
phagocytosis by targeting of the CD47-SIRPa pathway, and targeted
depletion of TAMs [56]. Effective anti-tumor immunotherapy has also
been demonstrated through reprogramming of TAMs from the M2
phenotype towards the M1 phenotypes [57,58]. For example, activation
of CD40 signaling or inhibition of the PI3Ky pathway has been reported
to polarize M2-type macrophages to the M1 phenotype [59,60]. Spe-
cifically, anti-CD40/anti-CSF-1R co-treatment was found to decrease
TAMs as well as increase maturation and differentiation of
pro-inflammatory macrophages, driving potent priming of effector T
cells in draining lymph nodes [61]. It has also been demonstrated that
inhibition of PI3Ky synergizes with anti-PD1 therapy to promote
anti-tumor immune responses that induce sustained tumor regression in
mouse tumor models [62]. Despite these achievements, the fact that
nanoparticle formulation or additional exosome engineering process are
required to deliver bioactive agents to the TME for macrophage polar-
ization remains a complicating factor in interpreting the observed
anti-tumor effects [63,64]. The addition of engineering processes lowers
the biocompatibility of the carrier and detracts from its clinical
application.

In this context, the exosome-based reprogramming strategy
described here represents a highly effective method for direct conver-
sion of M2-polarized TAMs into M1-polarized TAMs. Exosomes intrin-
sically contain a mixture of genetic factors capable of changing cellular
fates [65]. In addition, given their role in intercellular communication,
exosomes can also efficiently transfer key molecules for cellular
reprogramming into the targeted cells. The beauty of such a naturally
derived, exosome-based reprogramming strategy is that therapeutic
substances—without adverse effects—can be obtained from the patients
themselves. Autologous or allogeneic transplantation strategies using
human peripheral blood mononuclear cells (PBMCs)-derived M1-Exo
have potential for promising anti-tumor immunotherapy in the future.
Indeed, our results showed that exosomes derive from allogenic
(C57BL/6) macrophages can be used to exert anti-tumor effects in
tumor-bearing BALB/c mice. In this context, exosomes for cancer
immunotherapy can be obtained by isolating PBMCs from the patient’s
own or others’ blood and differentiating them into M1 macrophages. An
important advantage of this allogeneic approach is that it overcomes
limitations in the source of cells for transplantation, bringing this
strategy one step closer to clinical application. An important advantage
of this allogeneic approach is that it overcomes limitations in the source
of cells for transplantation, bringing this strategy one step closer to
clinical application.

5. Conclusion

Our findings demonstrate that M1-Exo-induced macrophage polar-
ization is both very efficient and simple. The reprogrammed macro-
phages not only express several M1 macrophage-related markers, but
also showed very similar proteomic expression patterns to that of M1-
macrophages, and were functionally altered. Furthermore, we found
that MI1-Exos contain many miRNAs involved in macrophage
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differentiation and recruitment, as well as miRNAs that induce macro-
phage reprogramming. In situ macrophage reprogramming could be
successfully performed in vivo without additional exosome engineering,
and it exerted significant anti-tumor effects in 4T1 tumor bearing mice.
Notably, because of their phenotypic plasticity, macrophages continu-
ously adapt in response to the surrounding microenvironment; thus,
their polarization status can change. Therefore, effective methods for
inducing durable therapeutic interventions should be considered before
these strategies can reach their full potential. However, the growing
interest in exosomes as therapeutic entities suggests that the remaining
challenges for the clinical translation of exosome-based therapeutics will
ultimately be met. Our results provide evidence supporting the
compelling possibility of using exosomes as therapeutic modalities for in
situ direct cell reprogramming.
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