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A B S T R A C T

Activation state of synovial macrophages is significantly correlated with disease activity and severity of rheu-
matoid arthritis (RA) and provides valuable clues for RA treatment. Classically activated M1 macrophages in 
inflamed synovial joints secrete high levels of pro-inflammatory cytokines and chemokines, resulting in bone 
erosion and cartilage degradation. Herein, we propose extracellular vesicle (EV)-guided in situ macrophage 
reprogramming toward anti-inflammatory M2 macrophages as a novel RA treatment modality based on the 
immunotherapeutic concept of reestablishing M1-M2 macrophage equilibrium in synovial tissue. M2 
macrophage-derived EVs (M2-EVs) were able to convert activated M1 into reprogrammed M2 (RM2) macro-
phages with extremely high efficiency (>90%), producing a distinct protein expression pattern characteristic of 
anti-inflammatory M2 macrophages. In particular, M2-EVs were enriched for proteins known to be involved in 
the generation and migration of M2 macrophages as well as macrophage reprogramming factors, allowing for 
rapid and efficient driving of macrophage polarization toward M2 phenotype. After administration of M2-EVs 
into the joint of a collagen-induced arthritis mouse model, the synovial macrophage polarization was signifi-
cantly shifted from M1 to M2 phenotype, a process that benefited greatly from the long residence time (>3 days) 
of M2-EVs in the joint. This superb in situ macrophage-reprogramming ability of EVs resulted in decreased joint 
swelling, arthritic index score and synovial inflammation, with corresponding reductions in bone erosion and 
articular cartilage damage and no systemic toxicity. The anti-RA effects of M2-EVs were comparable to those of 
the conventional disease-modifying antirheumatic drug, Methotrexate, which causes a range of toxic adverse 
effects, including gastrointestinal mucosal injury. Overall, our EV-guided reprogramming strategy for in situ 
tuning of macrophage responses holds great promise for the development of anti-inflammatory therapeutics for 
the treatment of various inflammatory diseases in addition to RA.   

1. Introduction

Synovial macrophages, a type of resident immune cell in synovial
tissue, play a crucial role in the pathogenesis of rheumatoid arthritis 
(RA). In particular, the presence of abundant activated macrophages in 
arthritic synovial tissue is directly related to disease severity and prog-
nosis of RA [1]. Owing to their high plasticity and heterogeneity, mac-
rophages can become polarized into M1 pro-inflammatory or M2 

anti-inflammatory phenotypes depending on stimulation by signals 
from the surrounding microenvironment [2,3]. In the healthy joint, 
large numbers of macrophages remain relatively quiescent as alterna-
tively activated (M2) macrophages, which produce anti-inflammatory 
cytokines such as transforming growth factor-β (TGF-β), interleukin-10 
(IL-10) and IL-13. In swollen inflamed synovial tissue, however, classi-
cally activated, termed M1-type, macrophages secrete pro-inflammatory 
cytokines such as tumor necrosis factor-α (TNF-α), IL-6 and IL-1β, 
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resulting in tissue destruction and bone erosion [4,5]. Thus, maintaining 
a balance between M1 and M2 through dynamic switching is necessary 
for beneficial processes that promote RA remission. 

Disease-modifying antirheumatic drugs (DMARDs), conventional 
synthetic small chemical drugs with anti-inflammatory function, are 
typically the first-line pharmaceutical treatment for RA and are 
commonly given by oral, subcutaneous and intramuscular routes [6]. 
Because synovial joints have a relatively avascular structure with a 
limited peripheral blood supply, these systemic administration routes 
lead to insufficient accumulation of drugs in the target tissues, and also 
cause severe systemic adverse reactions, such as renal/liver impairment, 
bone marrow toxicity and gastrointestinal complications [7]. Therefore, 
intra-articular injections of drugs can be a good alternative for 
improving bioavailability and reducing systemic exposure. However, 
intra-articular administration of DMARDs provides limited benefit 
owing to the lack of local retention, reflecting the short half-lives (<4 h) 
of small molecules in the joint through clearance via the synovial 
vasculature and rapid draining through the lymphatics [8]. Focusing on 
this point, recent approaches to arthritis treatment using nanoparticles 
or extracellular vesicles (EVs) have been made [9–11]. However, most of 
these recent studies on RA treatment focus on relieving symptoms such 
as increased collagen production or macrophage depletion through in-
hibition of inflammation [12–15]. Unfortunately, therapeutic ap-
proaches based on macrophage depletion interfere with the crucial 
immune surveillance role of these cells, leading to serious systemic 
complications with long-term treatment, such as infections, ulcers and 
hepatitis. In this respect, shifting synovial macrophages to M2 pheno-
type can be a promising alternative strategy for RA therapy that targets 
the macrophage polarization. Indeed, several studies have investigated 
macrophage repolarization strategies using engineered nanoparticles for 
the treatment of RA [16,17]. However, these nanoparticles require 
additional complex engineering processes, and in terms of biocompati-
bility, adverse side effects and overzealous immune responses still 
remain. In this study, we propose EV-guided in situ macrophage 
reprogramming as a novel therapeutic tool in RA for effectively driving 
the direct conversion of pro-inflammatory M1 into anti-inflammatory 
M2 macrophages in synovial tissue (Fig. 1). 

EVs, which transport various bioactive substances and act as central 

mediators of intercellular communication, are emerging as promising 
therapeutic agents in a variety of diseases. Since the discovery that cell- 
derived EVs can induce phenotypic changes in recipient cells, many 
studies have explored the cargo content of EVs and their potential as 
cell-free therapeutics [18–20]. In addition to the function of EVs as 
carriers of bioactive molecules, the phospholipid-based envelopes of EVs 
make it easier for these vesicles to cross the plasma membranes of 
recipient cells, a critical step for successful local and systemic drug de-
livery. Herein, we found that M2 macrophage-derived EVs (M2-EVs) can 
rapidly and effectively reprogram M1 macrophages into functional 
M2-like macrophages in vitro and in vivo. The in vitro function of these 
reprogrammed M2 macrophages (RM2) derived from M1 phenotype was 
examined by evaluating their capacity to produce pro- and 
anti-inflammatory cytokines. RM2s displayed a protein expression 
pattern that was strikingly similar to that of M2 macrophages and were 
capable of producing high levels of anti-inflammatory cytokines 
together with significantly reduced secretion of pro-inflammatory cy-
tokines. In-depth mass spectrometry-based proteomic analyses revealed 
that M2-EVs contained not only reprogramming factors that induce 
macrophage repolarization, such as glutamine synthase and milk fat 
globule-epidermal growth factor 8 (MFG-E8), but also 
anti-inflammatory factors such as matrix metalloproteinase 19 (MMP19) 
and chemokine (C–C motif) ligand 8 (CCL8). Unlike small chemical 
drugs with a very short joint half-life, M2-EVs had a long retention time 
of nearly 3 days within joints of collagen-induced arthritis (CIA) model 
mice, thus facilitating EV-guided in situ macrophage reprogramming 
toward anti-inflammatory M2 macrophages in the joint and amelio-
rating RA with no signs of systemic toxicity. 

2. Material and methods 

2.1. Preparation and culture of bone marrow-derived macrophages 

Bone marrow-derived macrophages (BMDM) were prepared from 
DBA-1J mice as the previously described method [21]. First, the femur 
and tibia bones were separated from mice, and bone marrow was flushed 
into a 100 mm Petri dish using a 21 G needle with a 30 mL syringe in 
ice-cold Roswell Park Memorial Institute 1640 (RPMI 1640) media 
(Gibco). Bone marrow cells were cultured in RPMI 1640 media with 
10% FBS (Gibco) containing 10 ng/mL of macrophage 
colony-stimulating factor (MCSF) (Peprotech) for 7 days. On the 4th day 
of culture, additional media were added, and on the 6th day of culture, 
the media were changed. On the 7th day of culture, cytokines (Pepro-
tech) for polarization of M1 and M2 macrophages were added and 
differentiated for 2 days (Fig. 2A, S1). 

2.2. Separation and characterization of extracellular vesicles from 
BMDM 

Separation of EVs from BMDM media was performed as previously 
described by Thery et al. [22] and reviewed by others [23]. The polar-
ized macrophages were cultured in serum free media for 2 days, and the 
culture media were centrifuged at 300 g for 10 min (fixed angle JA-20 
rotor, set at maximum acceleration and deceleration speed in Avanti 
J-E with Beckman Coulter) to separate remaining cells. Dead cells and 
cell debris were then removed by centrifugation at 2000 g for 10 min 
and 10,000 g for 30 min, respectively. The supernatant containing EVs 
was separated and centrifuged at 150,000 g for 90 min (fixed angle type 
70 Ti rotor, set to maximum acceleration and deceleration speed on 
Optima XE-100 with Beckman Coulter). The EV pellet was washed once 
with PBS and then rotated again at 150,000 g for 90 min to pellet EVs. 
Finally, the EV pellet was re-suspended in the desired buffer, then ali-
quoted for storage at − 80 ◦C. 

For cryogenic transmission electron microscopy (Cryo-TEM) images 
of EVs, EV samples were fixed with 0.5% glutaraldehyde overnight. 
Then, the EV sample was centrifuged at 150,000 g for 30 min, re- 

Fig. 1. Schematic illustration of the strategy for treating RA using M2 
macrophage-derived extracellular vesicles (M2-EVs). M2-EVs could ameliorate 
RA by inducing the conversion of M1 into M2 macrophages. 
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suspended with absolute ethanol and transferred to lacey carbon grid 
(Sigma-Aldrich). The grid was stored in liquid nitrogen and maintained 
at − 180 ◦C. Images were taken with Vitrobot™ (MARKII FP 5350/60, 
Thermo Fisher Scientific). EVs were quantified by bicinchoninic acid 
protein (BCA) assay (Thermo Fisher Scientific) and their size distribu-
tions were determined by dynamic light scattering analysis (Malvern 
Instruments). Immunoblotting was performed to identify EV markers 
CD81 (ab79559, Abcam; 1:200) and tumor susceptibility gene 101 
protein (TSG101) (ab125011, Abcam; 1:200). 

2.3. Labeling and cellular uptake of EVs 

EVs were labeled by incubation with cyanine 5.5-N-hydrox-
ysuccinimide ester (Cy5.5-NHS ester) for 3 min at 37 ◦C. After incuba-
tion, unreacted Cy5.5-NHS ester was removed with a column (MWCO 
3000 Da, Invitrogen). Cells including macrophages, T cells, dendritic 
cells and NIH-3T3 were seeded at density of 3 × 105 cells in 35 mm 
confocal dish, incubated at 37 ◦C with labeled EVs (100 μg/mL) for 1, 4, 
12 and 24 h, then observed with a confocal microscope (Leica TCS SP6, 
Germany). The fluorescence intensities were quantified using an image 
analyzer. EEA1 (Abcam, UK, ab206860, 1:200) was used for staining of 
early endosomal marker. 

2.4. Western blot analysis 

Total protein prepared in standard RIPA buffer (25 mM Tris-HCl, pH 
7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate and 0.1% SDS) 
was diluted with 5 × standard SDS loading buffer and heated at 95 ◦C for 
5 min. The equal amount of cell lysate protein (20 μg) measured by BCA 
assay was separated with 10% sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) gel and transferred onto 0.45 μm 
nitrocellulose membrane. Then, membranes were blocked for 30 min at 
room temperature in 5% skim milk and subsequently incubated with 
primary antibodies overnight at 4 ◦C. Next day, the membranes were 
washed three times for 15 min with Tris Buffered Saline pH 7.5 with 
0.1% Tween 20 (TBS-T) and incubated with horseradish peroxidase 
(HRP) tagged second antibodies in blocking solution for 1 h. The labeled 
proteins were visualized with LAS-3000 Luminescent Image Analyzer 
(FujiFilm). The antibodies used in this study were as follows: iNOS 
(ab210823, Abcam; 1:200), arginase-1 (#93668, CST; 1:200), CD163 
(ab182422, Abcam; 1:200), CD206 (SC-376108, Santa Cruz Biotech-
nology; 1:200), β-actin (ab8227, Abcam; 1:1000), anti-mouse-HRP 
(ab6728, Abcam; 1:2000) and anti-rabbit-HRP (ab6721, Abcam; 
1:2000). 

Fig. 2. Establishment of macrophage polarization and characterization of M2-EVs. (A) Schematic depiction of M1-EV and M2-EV preparation. (B) Western blot 
analysis showing differences in the expression of macrophage markers depending on the concentration of polarization factors. (C) Representative Cryo-TEM image of 
M2-EVs. (D) Size distributions of M2-EVs, analyzed by dynamic light scattering. (E) Immunoblotting for CD81, TSG101, arginase-1 and CD163 in M2-EVs and M2 
macrophage lysates. (F) Confocal images and relative fluorescence intensity of M1 macrophages after incubating for 1, 4, 12 or 24 h with 100 μg/mL of Cy5.5-N- 
hydroxysuccinimide (NHS ester)-labeled M2-EVs. Data are presented as means ± SD (n = 6/group). 
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2.5. Quantitative RT-PCR analysis and ELISA assay 

Total RNA was extracted with TRIzol Reagent (Invitrogen) and 
complementary DNA templates were synthesized using the Superscript 
III First-Strand Synthesis System (Invitrogen). RT-qPCR was performed 
on StepOnePlus Real-Time PCR System (Applied Biosystems) by using 
SYBR Green PCR Master Mix (Applied Biosystems), with each sample 
prepared in triplicate according to the manufacturer’s protocol. The 
expression data were normalized to GAPDH levels and assessed using 
ΔΔCt method. For ELISA assays, cell culture supernatants were collected 
by centrifugation at 1500g for 10 min at 4 ◦C to remove cell debris. 
Mouse M1/M2 Cytokines multiplex ELISA Kit (# ARG82913) were 
purchased from Arigobio (Hsinchu, Taiwan) and the expression of all 
cytokines was measured according to the manufacturer’s instructions. 

2.6. Proteomic analyses 

M1, M2 and RM2 macrophages obtained from treatment of M2-EVs 
were lysed in RIPA buffer with protease inhibitor cocktail. EVs, 
respectively, derived from M1 and M2 macrophages were also lysed in 
RIPA buffer with protease inhibitor cocktail. The protein concentrations 
were determined using BCA assay and the proteins were separated based 
on molecular weight using 4–12% Bis-Tris gel. While 100 μg of each type 
of macrophage samples were run in triplicate on the same gel, 95 μg of 
each type of EV sample was run in duplicate on the same gel. After the 
gel was stained with Coomassie Brilliant Blue R-250, the stained gel for 
each lane of sample was divided into 14 slices and the proteins con-
tained in each gel slice were subjected to trypsin digestion. Briefly, the 
proteins were reduced with 10 mM dithiotreitol in 25 mM NH4HCO3 for 
1 h at 56 ◦C and alkylated with 55 mM iodoacetamide in 25 mM 
NH4HCO3 for 1 h at 25 ◦C in the dark followed by trypsin digestion 
overnight. Peptides were then extracted with 67% acetonitrile (ACN)/ 
5% formic acid (FA) in water. The extracted peptides in each tube were 
dried in a SpeedVac and subsequently re-suspended with 20 μL of 0.4% 
acetic acid. 

For mass spectral analysis, 13.5 μL of each sample was injected into a 
reversed-phase Magic C18AQ column (15 cm × 75 μm) on an Eksigent 
MDLC system (Eksigent Technologies Dublin). The operating flow rate 
was 350 nL/min, with the following gradient conditions: 0 min 100% 
buffer A (100% water with 0.1% formic acid) and 0% buffer B (100% 
acetonitrile with 0.1% formic acid), 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. The nano HPLC system was coupled to an LTQ XL- 
Orbitrap mass spectrometer (Thermo Fisher Scientific). The spray 
voltage was set to 2.5 kV and the temperature of the heated capillary was 
set to 250 ◦C. Survey full-scan mass spectrometry (MS) spectra 
(300–1800 m/z) were acquired with 1 microscan at a resolution of 
60,000, allowing preview mode for precursor selection and charge-state 
determination. Tandem mass (MS/MS) spectra for the ten most intense 
ions from the preview survey scan were acquired concurrently in the ion 
trap with the following options: isolation width, 2 m/z; normalized 
collision energy, 35%; dynamic exclusion duration, 360 s. Precursors 
with +1 charge and unassigned charge states were discarded during 
data-dependent acquisition. Each LC-MS/MS file was searched against 
the SwissProt mouse database (November 2020) with 17196 entries 
using Proteome Discoverer software (version 2.4, Thermo Fisher Sci-
entific). The search criteria were set to a mass tolerance of 15 ppm for 
MS data and 0.5 Da for MS/MS data with fixed modification of carba-
midomethylation of cysteine (+57.021 Da) and variable modification of 
methionine oxidation (+15.995 Da). The false discovery rate (FDR) was 
set at 0.01 for identification of peptides and proteins. All proteins were 
identified by two or more unique peptides. 

The relative abundances of proteins, respectively, among M1, M2 
and RM2 macrophages induced by M2-EVs and between M1-EVs and 
M2-EVs were calculated based on peak areas using Minora algorithm- 
based label-free quantification in Proteome Discoverer 2.4. Statistical 

analysis of the dataset obtained from the label-free quantification was 
performed using Perseus software (1.6.14.0) [24]. Normalized abun-
dance values obtained from peak area normalized by total peptides were 
log-transformed. Missing values were replaced using values computed 
from the normal distribution with a width of 0.3 and a downshift of 1.8. 
Proteins exhibiting statistical significances among M1, M2 and RM2 
macrophages were detected by one-way analysis of variance (ANOVA) 
comparison of the log2 (normalized abundance) values obtained from 
the three replicates of each type of macrophage samples. Statistically 
significant proteins between M1-EVs and M2-EVs were found by Stu-
dent’s t-test comparison of the log2 (normalized abundance) values 
obtained from the two replicates of each type of EV samples. A p-value 
<0.05 was considered statistically significant. For hierarchical clus-
tering of proteins showing statistically significant changes (>2.0-fold, 
p-value <0.05) in M2 and RM2 macrophages compared to M1 macro-
phage or between M1-EVs and M2-EVs, normalized abundance values 
were first normalized using z-score and then clustering of both columns 
and rows was pursued based on Euclidean distance using the average 
linkage method using Perseus (1.6.14.0). Gene Ontology (GO) func-
tional classifications were analyzed with DAVID software (http://david. 
abcc.ncifcrf.gov). GO term over-representation analysis was performed 
to identify GO terms that were significantly enriched in either protein 
showing significant changes in M2 and RM2 macrophages in comparison 
to M1 macrophages or identified proteins from EV samples. STRING was 
used to visualize functional interaction network for the proteins spe-
cifically identified from M2-EVs with minimum required interaction 
score as medium confidence (0.4) [25]. 

2.7. In vivo biodistribution study of EVs 

For the in vivo biodistribution test, mice received footpad injection of 
Cy5.5-labeled EVs (100 μg/20 μL) and PBS (n = 3). The whole-body 
fluorescence images were taken every 24 h after administration by the 
in vivo imaging system (IVIS) Lumina Series III (PerkinElmer). After 48 h 
of post-administration, major visceral organs (liver, lung, spleen, kidney 
and heart) and hind paws from treated mice were extracted and 
analyzed with IVIS Spectrum system. Quantification of fluorescence 
intensities in region of interest (ROIs) was analyzed using Living Image 
software (PerkinElmer). 

2.8. In vivo therapeutic effects of EVs in murine collagen-induced arthritis 
(CIA) model 

CIA animal model was prepared as previous described with minor 
modification [26]. Briefly, DBA/1J mice were injected intradermally at 
the base of the tail with 200 μg of bovine type II collagen (2 mg/mL, 
Chondrex) emulsified in 100 μL of complete Freund’s adjuvant (4 
mg/mL, Chondrex). On day 21, the booster immunization with incom-
plete Freund’s adjuvant was induced. Since there was a limit to the in-
jection volume of intra-articular EV administration due to the relatively 
small spatial structure of the mouse ankle joint, animal experiments 
were performed using the footpad injection method. Twenty-one days 
after the first immunization, PBS and M2-EVs (100 μg/20 μL) were 
injected into footpads of mice, and MTX (2.5 mg/kg) was injected 
intraperitoneally every 4 days. The hind limbs of CIA mice were clini-
cally scored as follows: 0 = no sign of inflammation, 1 = mild inflam-
mation with minimal hyperplasia of the synovial lining layer with 
cartilage destruction, 2 = mild swelling and erythema extending to the 
midfoot and ankle joint, 3 = moderate swelling and erythema extending 
from the metatarsal joints to the ankle and 4 = severe swelling and er-
ythema encompassing the foot, ankle and digits. These paw scores were 
summed up to give maximum possible score of 16 per mouse [27]. All 
animal experiments were carefully performed in accordance with the 
International Guide for the Care and Use of Laboratory Animals and 
approved by Korea Institute of Science and Technology. 
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2.9. Hepatotoxic injury assay 

For alanine aminotransferase (ALT) and aspartate aminotransferase 
(AST) tests, PBS, M2-EVs (100 μg/20 μL) and MTX (2.5 mg/kg) were 
injected into footpads of DBA/1J mice every 4 days. After 21 days, blood 
samples were collected via cardiac puncture and blood was allowed to 
clot at room temperature for approximately 10 min. The coagulated 
blood samples were centrifuged at 3000 rpm for 15 min at 4 ◦C to collect 
serum. AST and ALT kits were purchased from BioVision, and the ac-
tivity of all serum enzymes was measured according to the manufac-
turer’s instructions. 

2.10. Histological analysis 

After the therapeutic monitoring for 24 days, dissected arthritis 
joints were fixed in 10% buffered formalin, decalcified using Decalcified 
Solution-Lite (Sigma-Aldrich) for 6 h, embedded in paraffin and sliced 
into 5 μm-thick sections. Joint sections were stained with hematoxylin 
and eosin (H&E) and safranin O/fast green, and examined under an 
optical microscopy BX 51 Olympus (Olympus). For micro-computed 
tomography (micro-CT), the hind paws were harvested in saline and 
immediately stored at − 80 ◦C. The cross-section images of hind paw 
specimens were acquired at an isotropic resolution of 35 μm a micro-CT 
system (Skyscan 1076, Skyscan). Scanning parameters were set as 
follow: 100 kV X-ray voltage, 100 μA current, 275 ms exposure time and 
0.4◦ rotation steps with a 1-mm-thick aluminum filter. The terminal 
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining 
of the joint sections was carried out with DeadEnd™ Fluorometric 
TUNEL System (Promega) according to the manufacturer’s instructions. 

2.11. Flow cytometry analysis 

To isolate synovial macrophages, the hind paw was dissected, and 
the skin, muscles and tendons were removed. After chopping the tissues, 
cells were dissociated by incubating with RPMI media containing 10% 
FBS, collagenase from Clostridium histolyticum (2 mg/mL, Sigma- 
Aldrich) and DNase (0.03 mg/mL, Sigma-Aldrich) for 45 min. For flow 
cytometry analysis, macrophages were fixed with 4% paraformaldehyde 
and permeabilized with 0.25% Triton X-100. Then, the fixed cells were 
incubated with primary antibodies in 5% BSA for 2 h at 4 ◦C. After two 
PBS washes, the cells were stained with secondary antibodies in the dark 
for 1 h at 4 ◦C. The stained macrophages were analyzed by flow 
cytometry (Guava easyCyte Flow Cytometers, MERCK). For in situ 
reprogramming analysis, the cells were labeled with Celltracker™ Green 
CMFDA (Thermo Fisher Scientific) according to the manufacturer’s in-
structions. The antibodies used in this study were as follows: CD206 (SC- 
376108, Santa Cruz Biotechnology; 1:200), F4/80 (ab105155, Abcam; 
1:200) Alexa Fluor 488 (ab150117, Abcam; 1:500) and Alexa Fluor 647 
(ab150083, Abcam; 1:500). 

2.12. Statistical analysis 

All data was expressed as mean ± standard deviation (SD) and 
analyzed using a one-way analysis of variance (ANOVA) followed by 
Tukey’s multiple comparison post-hoc test. A value of p < 0.05 was 
considered statistically significant. Statistical significance is indicated as 
* p < 0.05, **p < 0.01 and ***p < 0.001. 

3. Results and discussion 

3.1. Establishment of M1 and M2 macrophages and characterization of 
M2-EVs 

To obtain a cell source of EVs for macrophage reprogramming, we 
first extracted bone marrow cells from femurs and tibias of DBA-1J mice, 
which are commonly used in CIA models, employing the method 

described in a previous study [21]. The extracted bone marrow cells 
were differentiated into naïve M0 macrophages by culturing with 
monocyte-colony stimulating factor (Fig. 2A). Since several studies have 
reported differences in polarization methods and degree of polarization 
to M1 and M2 macrophages between mouse species [28,29], we inves-
tigated the extent of polarization as a function of the concentration of 
polarization factors and polarization time by Western blotting (Fig. S1 
and 2B). Lipopolysaccharide (LPS)/interferon gamma (IFN-γ) and 
intereukin-4 (IL-4) were used to polarize M0 macrophages into 
pro-inflammatory M1 and anti-inflammatory M2 macrophages, respec-
tively. Macrophages treated with 100 ng/mL of LPS expressed signifi-
cantly lower levels of M2-specific marker CD206 and clearly expressed 
M1 marker iNOS at 24 h. In M2-polarized macrophages, expression of 
M2 marker CD163 was first detected within 24 h of treatment with IL-4 
(20 ng/mL). After treatment with IL-4 for 48 h, expression levels of M2 
markers arginase-1, macrophage scavenger receptor (CD163) and 
macrophage mannose receptor 1 (CD206) were significantly increased, 
confirming that the macrophages were completely polarized to M2 
phenotype. 

M2-EVs were harvested from M2 macrophage culture media using an 
ultracentrifugation method. The physicochemical properties of M2-EVs 
(size and shape) were examined by transmission electron microscopy 
(TEM) and dynamic light scattering (DLS) analysis (Fig. 2C and D). M2- 
EVs observed by Cryo-TEM exhibited a characteristic spherical shape 
with a lipid bilayer membrane and a size of ~100 nm, a value consistent 
with the Z-average particle diameter detected by DLS. In addition, the 
shape and size of these EVs were maintained at 37 ◦C for about 4 days 
and showed high stability. We then explored whether the general EV- 
specific markers, CD81 and tumor susceptibility gene 101 protein 
(TSG101), were expressed in M2-EVs using Western blot analysis 
(Fig. 2E). In addition to these EV-specific markers, M2-EVs also 
expressed the M2 macrophage marker, arginase-1, but did not express 
the highly specific M2-type macrophage marker, CD163. EVs are known 
to serve as intercellular messengers that carry cargoes such as nucleic 
acids, proteins and lipids from parent cells to other cells [30]. Thus, 
CD163 was selected as a marker for in vitro reprogramming experiments 
that could rule out the possibility of simple delivery of M2-specific 
markers via M2-EVs. It is known that the EV-uptake efficiency of 
myeloid cells differs depending on their differentiation status; in 
particular, macrophages have highly efficient cellular uptake mecha-
nisms for EVs [31]. To examine the EV-uptake efficiency of M1 macro-
phages, we incubated M1 macrophages (100 μg/mL) with fluorescent 
dye-labeled EVs for 1, 4, 12 or 24 h (Fig. 2F). As expected, confocal 
microscopy images showed that a significant number of EVs were 
absorbed by macrophages within 4 h, and cellular uptake of EVs was 
saturated after 24 h. In order to further explore the targeting ability of 
EVs, the cellular uptake behaviors of EVs were investigated with 
different types of cells including macrophages, T cells, dendritic cells 
and fibroblasts (Fig. S2A). Interestingly, M2-EVs exhibited favorable 
cellular uptake in the macrophage group, suggesting the possibility that 
macrophage-originated EVs selectively target macrophages themselves. 
Several studies have already shown that EVs can recognize the parent 
cells and be taken up in a cell-specific manner [32–34]. It was also 
confirmed that M2-EVs were successfully internalized through endocy-
tosis by observing the co-localization between early endosomal markers, 
EEA1 (Early Endosome Antigen 1), and EVs in cells (Fig. S2B). 

3.2. M2-EVs induce effective in vitro reprogramming of M1 into fully 
functional M2 macrophages 

Although the critical role of the immunomodulatory function of 
macrophages in RA therapy has been extensively studied [5,35,36], 
most previous studies have investigated one-way approaches for 
reducing the inflammatory response by simply depleting local/systemic 
pro-inflammatory macrophages or recruiting more anti-inflammatory 
macrophages from the circulation [37–41]. These systemic 
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macrophage-deletion strategies may disturb macrophage-mediated im-
mune surveillance and cause unusual adverse reactions, including in-
fections or hepatitis. In this regard, in situ reprogramming of 
tissue-resident macrophages from anti-inflammatory M1 to 
pro-inflammatory M2 phenotype could be an attractive therapeutic 
approach for RA. To induce EV-guided macrophage reprogramming 
toward M2 phenotype, we cultured classically activated M1 macro-
phages in serum-free media containing 100 μg/mL of M2-EVs (Fig. 3A). 
Immunocytochemical analyses performed after a 24 h incubation 
revealed that M2-EVs completely turned on the M2-marker arginase-1 
and turned off the M1-marker iNOS in RM2 macrophages (Fig. 3B). In 
addition to causing a morphological change from round to elonga-
ted/dendritic shapes, M2-EVs significantly up-regulated the expression 

of CD206 and CD163, major markers of M2 macrophages, in RM2 
macrophages (Fig. 3C). The fact that M2-EVs do not carry CD163 in-
dicates induction of RM2 reprogramming rather than a simple transfer 
of M2-specific proteins, reflecting the excellent macrophage-switching 
capability of M2-EVs. To further explore changes in the functional sta-
tus of RM2 macrophages, we monitored the production of representative 
pro- and anti-inflammatory cytokines in M1, M2 and RM2 macrophages 
using quantitative reverse transcription-polymerase chain reaction 
(RT-qPCR) and ELISA assay (Fig. 3D and S3). As expected, expression 
levels of the pro-inflammatory cytokines TNF-α and IL-6 were low in 
RM2 macrophages and similar to levels found in M2 macrophages, 
whereas the production of anti-inflammatory cytokines such as TGF-β, 
IL-4 and IL-10 in these cells was significantly increased compared with 

Fig. 3. Reprogramming of M1 macro-
phages into M2 macrophages by M2- 
EVs. (A) Illustration of M2-EV–guided 
direct macrophage reprogramming. (B) 
iNOS and arginase-1 immunostaining in 
M1, M2 and RM2 macrophages. (C) 
Western blot analysis of M1, M2 and 
RM2 macrophages. (D) Relative 
expression of TNF-α, IL-6, TGF-β and IL- 
10 genes in M1, M2 and RM2 macro-
phages by RT-qPCR analysis. Data are 
presented as means ± SD (n = 6/group; 
*p < 0.05 vs. M1 group). (E) Heat map 
showing hierarchical clustering of 712 
proteins with statistically significant 
changes in abundance (>2.0-fold, p- 
value < 0.05) in both M2 and RM2 
macrophages compared with M1 mac-
rophages. Rows represent each protein 
and columns are three technical repli-
cates of M1, M2 and RM2 macrophages. 
Hierarchical clustering of the 712 pro-
teins was performed using Perseus soft-
ware (1.6.14.0) on log-transformed 
normalized abundance values after z- 
score normalization of the data. Hier-
archical clustering demonstrated that 
M2 and RM2 macrophage proteins were 
clustered together, whereas M1 macro-
phage proteins clustered independently.   
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that in M1 macrophages. These results suggest that M2-EVs are highly 
effective in inducing RM2 macrophages (>90% conversion; Fig. 3B and 
S1C) that display functional traits of an anti-inflammatory state. 

To assess the degree of identity between M2 and RM2 macrophages 
and differences between M1 and RM2 macrophages at the proteome 
level, we performed LC-MS/MS analyses on the three types of macro-
phages. A total of 2490, 2208 and 2154 proteins were identified by LC- 
MS/MS (performed in triplicate) in M1, M2 and RM2 macrophages, 
respectively, and 1845 proteins were shared among the three types of 
macrophages (Fig. S2, Table S1). Label-free quantitative analyses of 
2684 proteins in the three types of macrophages based on peak areas 
revealed significant changes in 1313 proteins (p-value < 0.05; Table S2). 
Of these 1313 proteins, 888 proteins showed significant changes be-
tween M1 and M2 (>2.0-fold, p-value < 0.05), and 990 proteins 
exhibited significant changes between M2 and RM2 (>2.0-fold, p-value 

< 0.05), of which 712 proteins were shared (Fig. S3). Hierarchical 
clustering analyses of the 712 proteins that exhibited significant changes 
in common in both M2 and RM2 compared with M1 macrophages 
showed that proteins in M2 and RM2 groups were clustered together, 
whereas those of M1 were clustered independently, indicating that RM2 
macrophages generated by M2-EV–guided reprogramming exhibit a 
more M2-like phenotype with the consistent presence of M2-specific 
proteins (Fig. 3E). In fact, 680 proteins, corresponding to approxi-
mately 95% of the 712 proteins in common, exhibited the same 
increasing or decreasing trends in abundance levels in both M2 and RM2 
compared with M1. In particular, arginase-1 (UniprotKB accession: 
Q61176) showed >52.0-fold and >30.0-fold increases in M2 and RM2 
macrophages, respectively, compared with M1 macrophages, and 
CD206 (Q61830) showed >2.0-fold and >6.0-fold increases in M2 and 
RM2 macrophages, respectively, compared with M1 macrophages. On 

Fig. 4. Proteomic analyses of EVs. (A) Venn diagram showing the number of proteins identified by LC-MS/MS analysis in M1-EVs and M2-EVs. Of a total of 1168 
proteins identified in the two types of EVs, 1094 were found in M1-EVs and 1038 were identified in M2-EVs. (B) Heat map with dendrogram of hierarchical clustering 
for two technical replicate LC-MS/MS runs of M1-EVs and M2-EVs. Hierarchical clustering of the 199 proteins was performed using Perseus software on log- 
transformed normalized abundance values after z-score normalization of the data. (C) STRING interaction enrichment analysis of 20 proteins that were specif-
ically identified in M2-EVs among the identified proteins in M1-EVs and M2-EVs, and M1, M2 and RM2 macrophages. These 20 proteins were significantly increased 
in M2-EVs compared with M1-EVs based on label-free quantitative analyses. The nodes represent proteins, with color depicting the corresponding biological pro-
cesses. Colored nodes represent query proteins, and edges display protein-protein interactions. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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the other hand, iNOS (P29477) was decreased >66.0-fold and >312.0- 
fold in M2 and RM2 macrophages, respectively, compared with M1 
macrophages. Thus, proteins that are well known to be specifically up- 
regulated in M2 (arginase-1, CD206) or M1 (iNOS) macrophages 
exhibited the same directional changes in abundance in RM2 and M2 
macrophages. Next, to further understand the functional implications of 
up- and down-regulated proteins in M2 and RM2 compared with M1 
macrophages, we performed GO enrichment analyses. These analyses 
showed that, among 346 and 374 proteins that showed significant in-
creases (>2.0-fold, p-value < 0.05) in M2 and RM2 macrophages, 
respectively, compared with M1 macrophages identified seven GO bio-
logical process (BP) terms—oxidation-reduction process, transport, 
mitochondrial electron transport, tricarboxylic acid cycle, lipid meta-
bolic process, fatty acid metabolic process and metabolic process—in 
common among the top 10 GO BP terms that were significantly over- 
represented in M2 and RM2 macrophages (Fig. S4). As for proteins 
showing significant decreases in M2 and RM2 compared with M1 mac-
rophages, eight of the top 10 enriched GO BP terms, including immune 
system process, defense response to virus and response to virus, were 
shared, implying that RM2 macrophages shared similar biological 
functions with M2 macrophages. Taken together, these results show that 
M2-EVs can successfully induce RM2 macrophages with molecular and 
functional features that closely resemble those of M2 macrophages. 

3.3. Proteomic analyses of EVs derived from M1 and M2 macrophages 

To explore the unique characteristics of M2-EVs, we also performed 
proteomic analyses of EVs derived from M1 and M2 macrophages and 
compared their proteomic signatures. LC-MS/MS analyses identified a 
total of 1094 and 1038 proteins in M1-EVs and M2-EVs, respectively, 
964 of which were commonly identified in both samples (Fig. 4A, 
Table S3). An analysis of 1168 proteins identified in M1-EVs and M2-EVs 
using DAVID software showed that the most highly enriched cellular 
component (CC) in both types of EV samples was extracellular vesicle, 
with 657 proteins being annotated for this CC category (Fig. S5). In 
addition, TSG10 (Q61187), CD81 antigen (CD81; P35762), programmed 
cell death 6-interacting protein (Alix; Q9WU78) and CD9 antigen (CD9; 
P40240), which are known as EV-specific markers, have been confi-
dently identified in EV samples [42,43]. Label-free quantitative analyses 
of 1166 proteins based on peak areas between the two types of EV 
samples showed significant changes in 226 proteins (p-value < 0.05; 
Table S4). Of these proteins, 98 proteins exhibited >2.0-fold increases in 
M2-EVs, whereas 101 proteins showed >2.0-fold increases in M1-EVs. 
Arginase-1 and CD206, known to be up-regulated in M2 macrophages 
[44,45], showed >37.0-fold and >143.0-fold increases, respectively, in 
M2-EV samples, indicating that M2-EVs possess similar characteristics 
specific to M2 macrophages. On the other hand, iNOS was significantly 
increased (>189.0-fold) in M1-EV samples. A hierarchical clustering 
analysis of 199 proteins that exhibited statistically significant changes 
(p-value < 0.05, >2.0-fold) between M1-EV and M2-EV samples showed 
clearly distinct protein expression patterns between the two types of EVs 
(Fig. 4B). 

We next attempted to determine which components of M2-EVs 
played major roles in the reprogramming process that converts M1 
into M2 macrophages. First, a Venn diagram analysis was performed 
using lists of identified proteins from M1-EVs and M2-EVs, and M1, M2 
and RM2 macrophages with more than two unique peptides (Fig. S6). 
This analysis specifically identified 29 proteins in M2-EVs. We then 
explored whether these 29 proteins were detected in other types of EV 
samples in addition to M2-EVs. We found that, of the 29 proteins, 28 
proteins were also detected in the M1-EV sample; the remaining protein, 
transcobalamin-2 (O88968), known as primary vitamin B12-binding 
and transport protein, was only detected in M2-EVs [46]. None of the 
29 proteins were detected in M1, M2 and RM2 macrophages. Of the 29 
proteins, 20 proteins were significantly increased (>2.0-fold, p-value <
0.05) in M2-EVs compared with M1-EVs (Table S5). We next examined 

the functional interaction networks of the 20 proteins specific to M2-EVs 
using a STRING interaction enrichment analysis (Fig. 4C). In addition to 
providing a visualization of the functional association networks of the 
proteins, this STRING analysis revealed enrichment of the top five GO BP 
terms, including positive regulation of viral budding via host ESCRT 
complex, angiogenesis related to EV biogenesis and M2 macrophage-like 
property [47,48]. Among those proteins showing significant 
up-regulation in M2-EVs, MMP19 (Q9JHI0) and CCL8 (Q9Z121) possess 
anti-inflammatory properties and are known to regulate the generation 
and migration of M2 macrophages into inflamed tissues as part of the 
resolution phase [49,50]. In addition, glutamine synthetase (P15105) 
has been reported to play a pivotal role in the metabolic network for M2 
macrophage polarization, and MFG-E8 (P21956) was previously found 
to promote the transformation of macrophages to M2 subtype [21,51, 
52]. Collectively, these findings suggest that these proteins in M2-EVs 
act through complex interactions to induce the reprogramming of M1 
into M2 macrophages. 

3.4. In vivo therapeutic effects of M2-EV–guided macrophage 
reprogramming in collagen-induced arthritis mice 

Prior to examining the therapeutic effects of M2-EVs in a collagen- 
induced arthritis (CIA) mouse model, we investigated the bio-
distribution of EVs in these mice to determine the optimal administra-
tion route and schedule (Fig. 5). Cyanine 5.5-labeled M2-EVs 
administered via footpad injection were maintained at a very high 
concentration in the ankle joints of the hind limb for about 4 days and 
were detectable for up to 12 days (Fig. 5A). The fluorescence of free 
cyanine-5.5 was significantly reduced only 1 day after injection and did 
not affect the biodistribution of EVs (Data not shown). Intra-articular 
(IA) administration of M2-EVs yielded a biodistribution similar to that 
of footpad injection (Fig. S7); in contrast, M2-EVs administered via 
intravenous (IV) or subcutaneous (SC) routes tended to be eliminated 
from the body within 2–3 days. Thus, local administration leads to 
enhanced accumulation and prolonged sequestration of EVs in articular 
tissues, likely due to a combination of slow distribution dynamics via 
microvascular or lymphatic pathways and enhanced capillary perme-
ability by joint inflammation [53,54]. Unlike small molecules, which 
show rapid efflux from the joint following intra-articular injection [55, 
56], EVs, with their extended intra-articular retention times, can provide 
sustained action for RA therapy after local injection. The particle size of 
M2-EVs (~100 nm) is advantageous in this regard, enabling their rapid 
entry into articular tissue compartments and subsequent extended 
retention via an endothelial permeability and retention (EPR)-like effect 
reminiscent of that which has been extensively explored for passive 
tumor targeting of nanoparticles [57], thereby providing less of an op-
portunity for EVs to permeate into other normal tissues. Consistent with 
this, an assessment of the tissue distribution of M2-EVs 4 days after 
footpad injection showed that M2-EVs tended to be less widely distrib-
uted, primarily to the liver and kidneys (Fig. 5B and C). However, a large 
fraction of M2-EVs were still retained in the hind paw, predicting pro-
longed duration of EV action. 

On the basis of these results, we chose to administer 100 μg of M2- 
EVs in a volume of 20 μL every 4 days via s.c. footpad injection into 
CIA model mice as an in vivo RA treatment paradigm. Among traditional 
DMARDs, which are typically synthetic small molecule drugs with anti- 
inflammatory function, Methotrexate (MTX), the first-line drug for the 
clinical treatment of RA, was used here as a positive control [58]. The in 
vivo therapeutic efficacy of EV treatments was monitored over a 50-day 
period after the first immunization of CIA mice (Fig. 6A–C). The severity 
of joint inflammation and swelling was used as a direct indicator of RA, 
and clinical scores (scale, 0 to 4) were assigned to forelimbs and hind 
limbs [27]. Fully developed arthritis, including swollen paw and ery-
thema, was observed from day 21 after the first immunization. Admin-
istration of MTX or M2-EVs slowed RA progression, significantly 
reducing average arthritis scores to 4.1 and 6.2, respectively, with 
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corresponding mean paw thicknesses of 7.9 and 8.7. By comparison, 
mice in the saline-treated group exhibited a severe course of RA with no 
resolution phase and reached a significantly higher arthritic score 
(average, 12.2) compared with mice in MTX- and M2-EV-treated groups. 
In addition, paw temperature, measured as an additional feature of 
inflammation in CIA mice using an infrared thermal scanning camera 
(Fig. 6D), was higher in saline-treated arthritis mice (34.1 ± 0.5 ◦C) than 
in untreated control mice (28.3 ± 0.2 ◦C; p < 0.01), and was signifi-
cantly attenuated in mice treated with MTX (30.2 ± 0.7 ◦C, p < 0.05) or 
M2-EVs (30.4 ± 0.5 ◦C, p < 0.01) compared with saline-treated arthritis 
model mice. The improvements in clinical indices observed with 
administration of M2-EVs were accompanied by significantly suppressed 
production of joint-associated inflammatory cytokines compared with 
saline injection (Fig. 6E). In particular, the protein expression levels of 
TNF-α and IL-6 decreased 1.7- and 3.5-fold, respectively, in the M2-EV 
group compared with the saline group. These results confirm the 
effectiveness of M2-EV–guided reprogramming in suppressing inflam-
matory responses and RA progression, demonstrating that the efficacy of 
M2-EV treatment is comparable to that of the conventional RA drug, 
MTX. Considering that traditional DMARDs cause a spectrum of toxic 
side effects, including gastrointestinal damage [59,60], the EV-based 
approach may offer advantages over MTX. Indeed, TUNEL assays 
showed a remarkable increase in the number of apoptotic cells in small 
intestinal crypts and villi in MTX-treated mice (Fig. 6F, green), whereas 
no apoptotic cell death was observed in the intestinal mucosa of 
M2-EV–treated mice. Even after the administration of both MTX and 
M2-EVs via footpad injection, the AST and ALT levels, which are in-
dicators of liver toxicity, were increased significantly only in the 
MTX-treated group, whereas there was no detectable change in the 
M2-EV-treated group compared to the saline group (Fig. S10). As a 
result, it shows that the superiority of M2-EVs in toxicity over MTX is 
due to the difference in the type of drugs themselves, not the difference 
in the route of administration. 

For histological examinations of synovial tissues, paws were har-
vested 45 days after the first immunization and stained with hematox-
ylin and eosin (H&E) and Safranin O (Fig. 7A and B). Notably, the 
histopathological status of MTX and M2-EV–treated mice was similar to 
that of normal healthy mice. Thus, treatment with MTX or M2-EVs 
significantly attenuated cartilage erosion, neutrophil infiltration and 
synovial hyperplasia (Fig. 7C–E). To further assess the impact of M2-EV 

treatment on bone destruction in CIA mice, we monitored the bone 
tissues of hind paws using ex vivo high-resolution micro-CT imaging. 
Severe joint bone erosion was observed in saline-treated mice (Fig. 7F), 
whereas mice in the M2-EV–treated group displayed an intact joint 
structure with a smooth bone surface, indicating that M2-EVs success-
fully prevented inflammatory bone destruction in the CIA mouse model. 

3.5. EV-guided in situ reprogramming of M1 into M2 macrophages in 
joints of collagen-induced arthritis mice 

To explore the reprogramming of pro-inflammatory M1 macro-
phages into anti-inflammatory M2 macrophages in vivo, we first assessed 
the expression of specific phenotypic markers of M1 (iNOS) and M2 
(CD206) macrophages in arthritic joint sections from CIA mice by 
immunochemical analysis (Fig. 8A and B). iNOS expression was mark-
edly increased in the joint tissues of saline-treated CIA mice. M2-EV 
treatment simultaneously decreased iNOS expression and increased 
CD206 expression, implying an efficient switch of synovial macrophages 
toward M2 phenotype. In contrast, CIA model mice treated with MTX 
exhibited drastic decreases in both iNOS and CD 206 expression, indi-
cating significant depletion of synovium-resident macrophages. De-
creases in synovium-resident macrophages can precede the symptoms of 
RA, reflecting the fact that such a macrophage-depleted environment is 
detrimental to the healing process of damaged muscles, bones, tendons 
and ligaments [1,61]. In fact, the representative mechanism of action of 
MTX in RA treatment is its well-known promotion of adenosine release 
and subsequent adenosine-mediated inhibition of inflammation through 
binding to specific receptors on the surface of lymphocytes, monocytes 
and neutrophils [62]. However, by interfering with the trans-
methylation reaction, which is important for functional activation of 
various biological compounds, including proteins and lipids, MTX 
treatment concurrently suppresses the function of these immune effector 
cells [63]. Thus, there are still remaining concerns about potential 
long-term consequences of MTX treatment, despite its well-known 
benefits. 

Phenotypic changes in the synovial macrophage subpopulation were 
further explored using flow cytometry analysis (Fig. 8B). The results of 
this analysis were consistent with the results of immunohistochemical 
analyses. After the administration of M2-EVs, disease-associated in-
creases in the M1 macrophage (F4/80+) population in CIA mice were 

Fig. 5. In vivo biodistribution of EVs. (A) Real-time in vivo imaging after footpad injection of Cy5.5-NHS labeled M2-EVs. (B) Ex vivo imaging of hind paws and major 
organs at day 4 after mice were treated with M2-EVs. (C) Quantitative tissue distribution data for M2-EVs on day 4 after footpad injection of M2-EVs. Data are 
presented means ± SD (n = 6/group). 
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decreased from 13.4% ± 4.2%–9.6% ± 2.8% in association with an in-
crease in the M2 macrophage (CD206+) population from 6.2% ± 2.2%– 
8.1% ± 3.0%. As expected, the overall population of synovial macro-
phages in MTX-treated mice also decreased compared with that in 
normal healthy mice. 

Finally, to directly confirm M2-EV–guided macrophage reprogram-
ming in the synovial joint, we injected fluorescence-labeled M1 mac-
rophages intra-articularly together with M2-EVs and performed a flow 
cytometry analysis 1 day later (Fig. 8C). This analysis showed that 
~24% of fluorescently pre-labeled M1 macrophages were switched to 
M2 macrophages (CD206+), strongly supporting the conclusion that 
M2-EVs enable in situ reprogramming of resident macrophages toward 

M2 phenotype. 

4. Conclusion 

Collectively, our results demonstrate that M2-EVs, which show rapid 
accumulation and extended retention within articular tissue, can suc-
cessfully re-establish the M1-M2 macrophage equilibrium in RA syno-
vial tissue by very effectively switching pro-inflammatory M1 to anti- 
inflammatory M2 macrophages. Thus, M2-EV–guided in situ macro-
phage reprogramming toward anti-inflammatory M2 macrophages 
clearly ameliorates synovial inflammation and protects against joint 
destruction in CIA mice, producing anti-arthritic activity comparable to 

Fig. 6. In vivo therapeutic efficacy of M2-EVs in CIA model mice. (A) Mean clinical score measurements and (B) paw thickness of CIA mice treated with saline, MTX, 
or M2-EVs. PBS and M2-EVs (100 μg/20 μL) were injected into footpads of mice, and MTX (2.5 mg/kg) was injected intraperitoneally every 4 days. (C, D) 
Representative images of hind paws in different treatment groups obtained with a conventional (C) or infrared (D) camera. (E) Relative expression of TNF-α and IL-6 
genes in joint tissue of different treatment groups. All data are presented as means ± SD (n = 6/group; ***p < 0.001, **p < 0.001 and *p < 0.05 vs. control). (F) 
Representative images of TUNEL (terminal deoxynucleotidyl transferase dUTP nick-end labeling)-stained sections of small intestine tissues from normal and CIA 
model mice treated with saline, MTX, or M2-EVs. 
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that of MTX, but without the several potential adverse effects associated 
with this latter traditional DMARD. In addition to serving as a promising 
source of acellular therapy, EVs as drug-delivery vehicles can be further 
exploited for the manufacture of targeting ligands and biological ther-
apeutics through additional engineering. However, there are still several 
barriers to overcome before clinical use of EVs, such as low productivity 
of EVs, heterogeneity, and analysis of key components that cause ther-
apeutic or adverse effects. Therefore, along with in-depth studies to 
overcome these barriers, M2-EV–guided reprogramming for in situ tun-
ing of macrophage responses can be utilized as a highly effective and 
safe anti-inflammatory therapeutic strategy for various inflammation- 
related diseases, including RA. 
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macrophage populations in synovial tissue in different treatment groups. (D) Flow cytometry analysis of in situ macrophage reprogramming by M2-EVs in synovial 
tissue. CD206-positive cells from the labeled macrophage population were analyzed by flow cytometry 24 h after co-injecting M1 macrophages labeled with Cell-
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