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KEYWORDS Abstract Macrophages (Mos) play a crucial role in the pathological progression of osteoar-
Apoptotic body; thritis (OA) by regulating inflammation and tissue repair. Decreasing pro-inflammatory M1-
Extracellular vesicles; Mos and increasing anti-inflammatory M2-Mos can alleviate OA-related inflammation and pro-
Macrophage mote cartilage repair. Apoptosis is a natural process associated with tissue repair. A large num-
phenotype switch; ber of apoptotic bodies (ABs), a type of extracellular vesicle, are produced during apoptosis,
MicroRNA-21; and this is associated with a reduction in inflammation. However, the functions of apoptotic
Osteoarthritis bodies remain largely unknown. In this study, we investigated the role of M2-Mes-derived
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apoptotic bodies (M2-ABs) in regulating the M1/M2 balance of macrophages in a mouse model
of OA. Our data show that M2-ABs can be targeted for uptake by M1-Mos, and this reprograms
M1-to-M2 phenotypes within 24 h. The M2-ABs significantly ameliorated the severity of OA,
alleviated the M1-mediated pro-inflammatory environment, and inhibited chondrocyte
apoptosis in mice. RNA-seq revealed that M2-ABs were enriched with miR-21—5p, a microRNA
that is negatively correlated with articular cartilage degeneration. Inhibiting the function of
miR-21—-5p in M1-Mgs significantly reduced M2-ABs-guided M1-to-M2 reprogramming following
in vitro cell transfection. Together, these results suggest that M2-derived apoptotic bodies can
prevent articular cartilage damage and improve gait abnormalities in OA mice by reversing the
inflammatory response caused by M1 macrophages. The mechanism underlying these findings
may be related to miR-21-5p-regulated inhibition of inflammatory factors. The application
of M2-ABs may represent a novel cell therapy, and could provide a valuable strategy for the
treatment of OA and/or chronic inflammation.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

Macrophages (Mos) are innate immune cells present in every
tissue, and play a critical role in the initiation, maintenance
and resolution of inflammation, leading to tissue damage or
repair.’”? The effects of Mes are associated with the high
degree of heterogeneity and plasticity among the different
phenotypes.>* In brief, macrophages activated by specific
microenvironmental signals can be broadly divided into two
subtypes, classically activated M1-Mes with pro-inflamma-
tory effects and alternately activated M2-Mos with anti-in-
flammatory and tissue repair functions.’ The polarization
(M1 vs. M2) of macrophages is important for the progression
and prognosis of inflammatory diseases, and the ratio of M1/
M2 Mes is highly regulated under physiological conditions.®
However, in some pathological states, the M1-Mes domi-
nate, triggering and/or accelerating the progression of
conditions as diverse as osteoarthritis (OA), inflammatory
bowel disease and wound healing.’

Therefore, the regulation of macrophages provides a
possible strategy for preventing or treating inflammatory
diseases. It has previously been demonstrated that a severe
M1/M2 imbalance participates in the initiation of OA.%
Targeted macrophage polarization may represent a prom-
ising treatment for OA. Reprogramming pro-inflammatory
M1-Mgs into anti-inflammatory M2-Mos can decrease syno-
vial inflammation and cartilage destruction in models of
OA.° Notably, the maintenance of macrophage phenotypes
is driven by genetic/epigenetic signals and is influenced by
environmental signals.'%""

It is well known that extracellular vesicles with an intact
membrane structure are released by cells.'? These tiny
vesicles carry genetic materials from their cells of origin,
including microRNA, mRNA, DNA and proteins, all of which
can play important roles in cell communication and sig-
naling.’>~"® There are three main subtypes of extracellular
vesicles: exosomes, micro-vesicles, and apoptotic bodies. '®
Apoptotic bodies, the product of programmed apoptosis,
contain bioactive substances and can be specifically
recognized by macrophages via the “eat-me” signal (cal-
reticulin) on their surfaces.'”'® In addition, previous

studies have observed that the endocytosis of apoptotic
cells (apoptotic bodies) by macrophages contributes to
tissue repair and the regression of inflammation."'® Whether
this reduction in inflammation and enhanced tissue repair
are related to phenotypic changes after the uptake of
apoptotic bodies by macrophages remains unclear.

In this study, we found that M1-M¢gs can be effectively
converted to M2 Me after phagocytosis of M2-derived
apoptotic bodies. Moreover, the reprogrammed M2 Mo
expressed specific markers of M2-Mes and secreted anti-
inflammatory  cytokines.  Subsequently, = M2-derived
apoptotic bodies (M2-ABs) were injected into the knees of a
mouse model of OA generated by anterior cruciate ligament
transection (ACLT). In vivo, there was M¢ phenotypic con-
version of M1 to M2, and this successfully alleviated the
progression of OA (Fig. 1A).

Material and methods
Cell culture

The primary macrophages were derived from bone marrow-
derived macrophages (BMDM) of C57BL/6 mice. To put it
simply, bone marrow from the femur and tibia was ob-
tained, washed and filtered to form a single-cell suspen-
sion, which was maintained for 7 days in RPMI-1640 (Gibco)
medium supplemented with 10% fetal bovine serum
(Gibco), 1% penicillin/streptomycin (Invitrogen, USA) and
10 ng/mL M-CSF (PeproTech, USA). M1 was obtained by
stimulation of 40 ng/mL IFN-y (Peprotech) for 48 h. For M2
activation, cells were treated with 20 ng/mL IL-4 (Pepro-
tech) for 48 h. For the analysis of phagocytosis experiment,
NIH-3T3 fibroblasts and HUVECs were obtained from Procell
Life Science & Technology Co. Ltd (Wuhan, China).
Chondrocytes were derived from male C57BL/6 mice.
The articular cartilage was separated and cut into 1 mm
fragments. The chondrocytes were digested with 0.25%
trypsin and 0.2% collagenase at 37 °C for 30 min and 5 h,
respectively. The cells were filtered through a 70 um cell
filter and rinsed with sterile phosphate-buffered saline
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Establishment of M1 and M2 Mgs and characterization of Mp-ABs. (A) Schematic illustration of apoptotic bodies-guided

macrophage reprogramming. M2 Mo-derived apoptotic bodies (M2-ABs) can trigger the switch of M1 to M2 Mos transformation and
alleviate the progression of osteoarthritis. (B) Schematic diagram of obtaining M1 and M2 Mgs. (C) Western blot analysis showed the
expression of Mo markers 24 h after polarization. (D) Representative SEM image of ABs. Scale bar, 500 nm. (E) Size distribution of
ABs measured by DLS. (F) Western blot analysis specific protein markers of Mps and Mgs-ABs. (G) Confocal images of M1 Mes in-
cubation with 10, 25, 50, and 100 ug/mL of DiD-labeled M2-ABs in 4 or 6 h, respectively (Red: DiD-labeled M2-ABs; Blue: cell
nuclear). Scale bars, 50 um. (H) Relative fluorescence intensity of DiD-labeled M2-ABs internalized in M1 Mes.
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(PBS) 3 times. The collected chondrocytes were then
cultured in a DMEM (Gibco) dish at 37 °C and 5% CO,. The
medium was changed every 2—3 days, and only primary or
subgeneration chondrocytes were wused during the
experiment.

Isolation and characterization of ABs derived from
BMDM

Macrophages were starved in serum-free medium for 24 h,
and then treated with staurosporine (0.5 uM) for 4 h to
induce apoptosis. The culture medium was collected and
centrifuged at 50 g for 5 min to remove the cells and debris.
After two repetitions, the supernatant was further centri-
fuged for 1000 g (10 min) to concentrate ABs into particles,
which were then resuspended with 1 x PBS and stored at
—80 °C for subsequent experiments. The protein concen-
tration was measured using the BCA protein Detection Kit.
DLS analysis was performed using a Zetasizer Nano ZSE
(Malvern, UK). The morphology of the ABs was observed by
SEM (Hitachi, Japan). Western blotting was performed to
characterize the protein constitution of the ABs.

ABs labeling and cell phagocytosis

ABs derived from Mes were labeled with a membrane la-
beling dye (1'-dioctadecyl-3,3,3’,3'-tetramethylindodi-
carbocyanine, DiD) (Thermo Fisher Scientific) according to
the manufacturer’s protocol. The ABs were incubated in a
5 ug/mL DiD staining solution at 37 °C for 30 min, washed
with PBS, and centrifuged at 3000 g for 30 min for two
consecutive times. Ultrafiltration tube (300 kDd, Sigma
Aldrich) was used to remove the unattached dye. The cells
were inoculated in 35 mm confocal dish with a density of
1 x 10° co-cultured with DiD labeled ABs in different
concentrations at 37 °C for 4 or 6 h, and then observed with
a confocal microscope (Olympus SpinSR10, Japan).

Effects of ABs on cell viability

The cytotoxicity of ABs with M1 and M2 Mgs were evaluated
using Cell Counting Kit-8 (CCK-8, Beyotime Bio-Tech,
China). Cells (1 x 10* cells well-1) were seeded in 96-well
plates and cultured in RPMI-1640 overnight. Then, M2-ABs
(0, 5,10, 15, 25, 50, 100 and 200 pug/mL) were added into
the cells and incubated for another 24 h in a humidified
atmosphere with 5% CO, at 37 °C. Then, the cells were
washed with PBS and incubated with 10% CCK-8 solution for
2 h at 37 °C. Finally, the absorbance was measured at
450 nm using a microplate reader (Bio-Rad, Hercules, CA,
USA).

Western blot analysis

Protein concentration of cells and ABs was determined by
BCA protein assay. The same amount of total protein was
separated in 4%—10% SDS-PAGE and transferred to the PVDF
membrane. The proteins transferred to the membrane
were blocked at room temperature with 5% skim milk for
60 min, followed by overnight incubation with primary

antibodies at 4 °C. Then, after washing with TBS-T, the
membrane was incubated for 2 h at room temperature with
secondary horseradish peroxidase-conjugated goat anti-
rabbit 1gG. The protein bands were visualised with
enhanced chemiluminescence (Thermo Fisher Scientific,
iBright FL1500, USA). The antibodies used in this procedure
are as follows: B- Tubulin (CST, #2146, 1:1000), B-actin
(CST, #8457, 1:1000), CD86 (CST, #91882, 1:1000), iNOS
(CST, #13120, 1:1000), CD206 (CST, #24595,1:1000), Argi-
nase-1  (CST, #93668, 1:1000), Caspase-3 (CST,
#9662,1:1000), Cleaved Caspase-3 (CST, #9664,1:1000).

Quantitative real-time polymerase chain reaction
(9-PCR)

Total RNA was isolated using Trizol reagent (Life Technol-
ogies). Single-stranded cDNA was prepared from 1 pg of
total RNA using reverse transcriptase with oligo-dT primer
according the manufacturer’s instructions (Promega, USA).
The primers used are listed in Table S1. Values were

normalized to GAPDH mRNA levels and calculated by
ZfAACt'

Immunocytochemistry

The cultured cells were fixed in 4% paraformaldehyde for
10 min and then washed three times with PBS. They were
then permeated in 0.25% Triton X-100 (Sigma—Aldrich) for
5 min, followed by washing with PBS three times. The PBST
solution containing 1% BSA was blocked for 1 h and then
added with primary antibody at 4 °C overnight. The cells
were washed three times with PBST and then the secondary
antibodies were incubated in the dark for 1 h at room
temperature. After three PBST washes, 4',6- diamidino- 2-
phenylindole (DAPI) staining was performed. Images were
captured using a confocal microscope (Olympus SpinSR10,
Japan). The antibodies used in this procedure are as fol-
lows: iNOS (CST, #13120, 1:200), CD206 (CST,
#24595,1:200), Arginase-1 (CST, #93668, 1:200), Alexa Fluor
488 (Anti-Rabbit IgG (H + L), Beyotime, 1:1000), Alexa
Fluor 647 (Anti-Rabbit IgG (H + L), Beyotime, 1:1000).

Flow cytometry

The stained macrophages were analyzed by flow cytometry
(Thermo Fisher Scientific, Attune NxT, USA). Staining and
analysis of cells according to operator’s manual and reagent
instructions. The antibodies used in this procedure are as
follows: CD11b-FITC (Biolgend, #101206, USA), PE-CD86
(Biolgend, #105008, USA), Brilliant Violet 421-F4/80 (Bio-
lgend, #123132, USA), Brilliant Violet 650-CD206 (Biolgend,
#141723, USA). All of the data were analyzed with FlowJo
software (Tree Star).

Cytokine measurements in reprogrammed M2 mes
(RM2)

The cells were cultured in serum-free medium for 24 h,
followed by a 500 uL medium collection. The samples were
processed using the Bio-Plex mouse cytokine 23-Plex panel



1118

L. Qin et al.

arrays (Bio-Rad Laboratories, Hercules, CA, USA) and
detected using the Bio-Plex Protein Array System (Bio-Rad
Laboratories) according to the manufacturer’s instructions.
The concentrations were calculated using the function:
Relative concentration cytokine concentration/total pro-
tein concentration.

Effect of RM2 on chondrocyte proliferation

Primary chondrocytes were plated in a six-well culture
plate (Corning, PET, 0.4 um, USA) at a density of 2 x
10° cells per well in a fresh culture medium. Cells were
incubated at 37°C and 5% CO, overnight to allow the for-
mation of a confluent monolayer at 70% confluence. Sub-
sequently, M1, M2, or RM2 were added to each well at a
density of 2.5 x 10° cells per well. After 24 h of co-culture,
the upper compartment was abandoned and the prolifera-
tive activity of EDU cells was analyzed. EdU incorporation
was performed using the BeyoClick™ EdU Cell Proliferation
Kit with Alexa Fluor 488 (Beyotime; Shanghai, China) ac-
cording to the manufacturer’s protocol. Incubate with the
same volume of EdU solution at 37 °C for 2 h. Cells were
fixed with 4% paraformaldehyde for 15 min, permeabilized
with 0.3% TritonX-100 for 15 min, and incubated with 500 pL
of click-reactive solution for 30 min. All nuclei were stained
with Hoechst 33,342 and the percentage EdU-positive/
Hoechst-positive was calculated. Images were captured
using a fluorescence microscope (Olympus, IX71, Japan).

RNA sequencing (RNA-seq) analysis

Total RNAs were extracted from M2 - derived apoptotic
bodies using TRIzol reagent (Invitrogen, cat. No. 15596026)
following the methods by Chomczynski et al (https://doi.
org/10.1006/abio.1987.9999). DNA digestion was carried
out after RNA extraction by DNasel. RNA quality was
determined by examining A260/A280 with NanodropTM
OneCspectrophotometer (Thermo Fisher Scientific Inc).
RNA integrity was confirmed by 1.5% agarose gel electro-
phoresis. Qualified RNAs were finally quantified by Qubit 3.0
with QubitTM RNA Broad Range Assay kit (Life Technologies,
Q10210). Two g total RNAs were used for stranded RNA
sequencing library preparation using Ribo-off rRNA Deple-
tion Kit (Mouse) (Catalog No. MRZG12324, Illumina) and KC-
DigitalTM Stranded mRNA Library Prep Kit for Illumina®
(Catalog No. DR08502, Wuhan Seghealth Co., Ltd. China)
following the manufacturer’s instruction. The kit eliminates
duplication bias in PCR and sequencing steps, by using a
unique molecular identifier (UMI) of 8 random bases to label
the pre-amplified cDNA molecules. The library products
corresponding to 200—500 bps were enriched, quantified,
and finally sequenced on NovaSeq 6000 sequencer (Illu-
mina) with PE150 model.

MicroRNA transfection

Macrophages were transfected with miR-21—5p inhibitor
and inhibitor negative control (NC) (Shanghai GenePharma
Co. Ltd.) using Lipofectamine 3000 (cat. No. L3000015;
Invitrogen: Thermo Fisher Scientific, Inc.) at a final con-
centration of 100 nM, and the same conditions were applied

for each transfection experiment. Transfection was
evaluated under a fluorescence microscope at 12 h and
further experiments were continued at 24 h. The sequences
of inhibitor and negative controls were as follows: miR-
21-5p inhibitor, CY5-5-UCAACAUCAGUCUGAUAAGCUA-3’;
and inhibitor negative control, 5'-UCAACAUCAGUCUGAUA
AGCUA-3'.

Distribution of ABs in vivo

We fluorescently labeled ABs according to the instructions
of fluorescent reagent (Cyanine 7 NHS Ester Cy7 NHS,
#MX4669-1 MG, China). In vivo fluorescence analysis was
performed on C57BL/6 mice. All animal experiments were
performed in accordance with the International Guide for
the Care and Use of Laboratory Animals and approved by
the Research Ethics Committee of the First Affiliated Hos-
pital of Chongqing Medical University (2021-526). Injection
of PBS or ABs (10 pg per 10 plL) into mouse knee joint
(n = 5). The fluorescence intensity was measured by in vivo
imaging system (AniView100, BLT, Guangzhou, China). The
fluorescence intensity of tumor region of interest (ROIs)
was quantitatively analyzed using AniView software (BLT,
Guangzhou, China).

Mice knee OA model induced by anterior cruciate
ligament transection (ACLT)

20 male mice (8 weeks old) were established as osteoar-
thritis models according to previous research methods.?’
These mice were randomly divided into four groups of 5
mice each. The mice were treated with the sham operation
as the control group. The sham operation was performed by
only opening the joint capsule and then suturing the inci-
sion. The other three groups of mice were anesthetized,
with the joint cavity opened and the anterior cruciate lig-
ament (ACL) transected, followed by delamination and
closure of the skin. After surgery, each group was injected
with 10 ul equal volume of PBS, M1-ABs (10ug/10 pulL) and
M2-ABs (10ug/10 L) in the joint cavity for 5 consecutive
weeks, once a week.

Evaluations with micro-CT scanning

After 5 weeks of treatment, the mice were sacrificed and
the obtained knee joints were immobilized with 4% para-
formaldehyde (pH 7.4). Micro-CT (Viva CT80; Scanco, Zur-
ich, Switzerland) was used to scan the knee tissue with a
resolution of 10 um. We defined the region of interest (ROI)
as covering the entire subchondral bone of the tibial
plateau. Three-dimensional structural parameters analyzed
included bone volume (BV), bone volume/total tissue vol-
ume (BV/TV), and trabecular number (Tb. n), thickness
(Tb. Th) and separation (Tb. Sp).

Histological analysis

The sample was decalcificated in 10% EDTA and then
embedded in paraffin. Sagittal sections (4 um thick) were
stained with hematoxylin-eosin (H&E) and Safranin O-fast
green (S&F). Histologic scoring was performed by two
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blinded observers using a modified Mankin scoring system.?'
Immunohistochemistry and immunofluorescence staining
were accomplished with antibodies against CD86 and CD206
(CST; dilution 1:200), Images were captured using a Zeiss
Axio Imager light microscope. The relative expression of
aggrecan was quantified by ImageJ software.

Statistical analysis

All data were shown as the mean + standard deviation. All
groups were compared with a student t-test or one-way
analysis of variance, and P-values less than 0.05 were
considered statistically significant. Graph analysis was
performed using GraphPad Prism 9.0 (GraphPad Software,
USA).

Results

Identification of M1 and M2 mes and
characterization of macrophage-derived apoptotic
bodies

To avoid differences between mouse strains and genders,
all mononuclear macrophages were obtained from 6-to-8-
week-old male C57BL/6 mice. We differentiated primary
monocytes from mouse bone marrow-derived hematopoi-
etic stem cells (HSCs) and activated Mes with different
functional phenotypes, followed by the extraction of
macrophage-derived apoptotic bodies from the classically
activated M1-Mos (M1-ABs) and alternately activated M2-
Mes (M2-ABs) (Fig. 1B).

In brief, bone marrow-derived mononuclear cells iso-
lated from mouse tibia were incubated in vitro with
monocyte-colony stimulating factor (M-CSF) for 7 days to
differentiate the cells into macrophages.? During the cul-
ture process, macrophage precursor cells adhered to the
wall were activated, allowed to proliferate, and gradually
differentiated into mature macrophages Mos (MO). Fluo-
rescence-activated cell sorting (FACS) analyses showed that
more than 98% of HSCs differentiated into mature CD11b
and F4/80 double-positive MO cells (Fig. S1). We further
stimulated the unpolarized MO with IFN-y and IL4, respec-
tively, and 24 h later?® flow cytometry showed that more
than 95% of the MO cells had been polarized to M1 (F4/80™"
and CD86") and M2 (F4/80" and CD206") Mops (Fig. S2).
Western blot analysis showed that the MO cells clearly
started to express the representative marker proteins of M1
(CD86 and iNOS) and M2 (Arginase and CD206) Mes under
different stimulus conditions (Fig. 1C). In addition, the
classically activated M1 and alternatively activated M2 Mos
showed the typical fried egg and spindle-shaped cell
morphology, respectively (Fig. S3).

We induced apoptosis in the M1 and M2 cells by exposing
them staurosporine and then obtained apoptotic bodies by
differential centrifugation.?* Scanning electron microscopy
(SEM) showed that Me-derived ABs were vesicles approxi-
mately 1 um in diameter (Fig. 1D), which was consistent
with the dynamic light scattering (DLS) data (Fig. 1E). Both
M1-ABs and M2-ABs expressed the same membrane markers
(CD86 and CD206) as the source cells, and had high levels of

cleaved caspase-3, indicating the successful induction of
apoptosis (Fig. 1F). Notably, the typical intracellular pro-
teins (INOS and ARG-1) of the source cells were not
detected in either the M1-ABs or M2-ABs, indicating that the
apoptotic bodies did not simply transfer donor-specific
labeled proteins to the recipient cells (Fig. 1G).

Next, we evaluated the efficiency of the uptake of
apoptotic bodies by Mes (Fig. 1G). The Mos were cultured
with fluorescent dye-labeled apoptotic bodies at concen-
tration gradients of 0—100 ug/mL for 4 or 6 h. The cyto-
toxicity of the AB was determined by the CCK-8 assay, and
the viability remained above 93.7% for both the M1 and M2
Meos incubated with 100 ug/mL of M2-ABs (Fig. S4). Confocal
microscopy showed that the attachment and internaliza-
tion of apoptotic bodies in M1-M¢s increased in a dose- and
time-dependent manner, and the internalization of
apoptotic bodies by macrophages tended to be stable when
the concentration of apoptotic bodies was 50 ug/mL for 4 h
(Fig. 1H). Therefore, the 50 pg/mL concentration of
apoptotic bodies was selected to determine whether it is
possible to reprogram macrophage phenotypes.

Because we are particularly interested in the uptake of
apoptotic bodies by macrophages inside the knee joint, we
compared the ability of other types of cells to acquire
apoptotic bodies under the same conditions (Fig. S5). As
expected, the M1-Mps demonstrated the greatest uptake of
ABs, supporting the possibility that apoptotic bodies might
reprogram M1-Mes in vivo.

Evaluation of M2-ABs reprogramming M1 to M2 mes
in vitro

To verify whether Me-ABs can trigger the reprogramming of
Meos from the pro-inflammatory M1 phenotype to the anti-
inflammatory M2 phenotype, we first incubated M1-Meos
with 50 ug/mL M1-ABs or M2-ABs for 24 h (Fig. S6). Western
blot analyses suggested that M1-ABs enhanced the polari-
zation of M1. Of note, the expression of arginase was
significantly increased in the M1-Mes incubated with M2-
ABs.

We next examined the time-dependent changes associ-
ated with incubating 50 ng/mL M2-ABs to reprogram M1-
Mes to the M2 phenotype. An immunocytochemical (ICC)
analysis showed that with the increase in the incubation
time, the expression of iNOS gradually decreased. After
48 h, the expression of iNOS had almost completely dis-
appeared from the cells, and the expression of arginase was
strongly induced (Fig. 2A). Western blot and RT-qPCR ex-
periments demonstrated that with the increase in incuba-
tion time, the protein expression levels of arginase and
CD206 in the M1-Mes gradually increased and reached a
maximum after 48 h (Fig. 2B, D).

To accurately quantify the extent to which M2-ABs
guided M1-M¢ reprogramming, a flow cell measurement
method was used to compare the CD206 positive rates of
classically activated M1-Mes and the M1-Mes incubated
with 50 pg/mL M2-ABs for different periods of time
(Fig. 2E). A flow cytometry analysis showed that the pro-
portion of M1 reprogrammed to M2 reached 40.6% after 24 h
of incubation with M2-ABs, and this significantly increased
to 79.0% after 48 h and stabilized at 81.5% after 72 h. These
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results indicate that the classically activated M1-Mes can
be successfully reprogrammed into M2 Mes by a M2-Abs-
guided phenotypic switch.

Evaluation of the in vitro anti-inflammatory and
cartilage protective effects of reprogrammed M2-
Mes (RM2)

Although the above findings indicated that M2-ABs can
guide the transition of M1- Mes to the M2 phenotype
(Fig. 2), the ability of the reprogrammed M2-Mes (RM2) to
produce anti-inflammatory cytokines and protect cartilage
is unknown. To address these questions, we first evaluated
the changes in the secretion of anti-inflammatory and pro-
inflammatory cytokines by RM2 and alternately activated
M2-Meos in serum-free medium (Fig. 3A), and then further
analyzed the effects of RM2 on the proliferation of chon-
drocytes (Fig. 3B).

The Bio-plex system was used to analyze the levels of
certain cytokines and chemokines in the supernatants of
various cell types. The expression levels of proinflammatory
cytokines and chemokines such as interleukin-1a/f (IL-10./
B), IL-6, IL-17, Eotaxin, TNF-a, IFN-y, MCP-1, MIP-1a. and
RANTES were significantly reduced in both the RM2 and M2-
Moes compared with M1-Mes (Fig. 3A, a—j). Interestingly,
the levels of anti-inflammatory cytokines, such as IL-4 and
IL-10, were significantly elevated in the supernatants of
RM2 and M2-Mgs, with no significant difference found be-
tween RM2 and M2-Meos (Fig. 3A, k—L).

Chondrocytes achieve satisfactory proliferative activity
within 24 h after plating.”” Therefore, different macro-
phage populations were co-cultured with chondrocytes in a
trans-well chamber for 24 h, and the difference in the
proliferation of chondrocytes was detected by the EDU-
488 cell proliferation activity kit (Fig. 3B). Compared with
the classically activated M1-Mgs, the RM2 and alternatively
activated M2-Meos significantly promoted chondrocyte
proliferation (Fig. 3B, b—c) These results further support
the idea that local M1-Mgs can be reprogrammed to M2-
Meos, and this may prevent or reduce the progression of
osteoarthritis.

M2-ABs drive M1-M@s reprogramming to M2-M¢s via
micro-RNA(s)

Extracellular vesicles can influence the function of recip-
ient cells by delivering miRNAs to regulate gene expression
at the post-transcriptional level.?® Therefore, we profiled
and quantified the micro-RNAs in M2-ABs. A total of 886
known microRNAs were identified in the miRNA sequencing
analysis of RNA purified from M2-Abs. Next, the top 50
known miRNAs detected in M2-Abs were sorted according to
the total reading count (Fig. 4A). Interestingly, among the
enriched miRNAs, the expression levels of miR-21a-5p,
mmu-let-7c-5p, mmu-miR-146 b-5p, miR-223—3p, miR-34a-
5p, miR-29a-3p and miR-125 b-5p have been previously
reported to actively participate in the polarization of M2
macrophages.?®?° Subsequently, a fluorescence-labeled
miR-21a-5p inhibitor (GenePharma, Shanghai, China) was
transfected into M1-Mes, and the co-localization of the

miR-21a-5p inhibitor and macrophages was detected by
fluorescence microscopy 24 h after transfection (Fig. 4B).
M2-ABs were added to the M1-Mes already transfected with
miR-21a-5p inhibitors, and the effects of the apoptotic
bodies on M1-Mes reprogramming were evaluated by
Western blot and flow cytometry analyses 48 h later.
Western blotting showed that M1-Mgs-specific proteins
could still be detected in the miR-21a-5p inhibitor group,
but not the control group (Fig. 4C), suggesting that miR-
21a-5p inhibitors significantly affected the function of M2-
ABs. Similarly, in a subsequent flow cytometry study, the
proportion of M1-M¢s being reprogrammed to M2-Mgs in the
miR-21a-5p inhibitor group was only 46.5%, which was
significantly lower than that in the other experimental
groups (Fig. 4D; Fig. S7).

Effects of M2-ABs on OA induced by in situ
transformation of M1 phenotype into M2-Meos

Before exploring the effects of M2-ABs on the progression of
OA, we performed real-time fluorescence imaging analyses
of the in vivo distribution of M2-ABs (Fig. 5). The fluores-
cence signal of Cy7-N-hydroxysuccinimide (NHS)-labeled
ABs remained clearly in the knee for more than 3 days and
was reduced gradually over time (Fig. 5A). On day 5 after
joint injection, the signal had diminished to less than 10% of
the initial value. Since extensive reprogramming was noted
by 72 h during co-incubation in vitro, this result suggests
that the locally injected ABs would have sufficient time to
reprogram the M1-Mgs into M2-Mes. The apoptotic bodies
in mice were mainly metabolized in the liver and kidneys
(Fig. 5B, C), and the labeled ABs had completely dis-
appeared on day 6 after injection (Fig. S7). Therefore, our
data suggest that weekly local treatment could achieve
local macrophage reprogramming and avoid the accumu-
lation of ABs in other organs.

It is thought that during the early stages of osteoar-
thritis, bone loss is associated with increased bone
remodeling.>® A mouse model of OA can be induced by
performing ACLT.>" Thus, to investigate the effects of M2-
ABs on the subchondral bone remodeling of OA, we injected
M2-ABs into the knee joint after performing ACLT in mice.
The pCT results showed that ACLT injury induced significant
bone resorption, with increased subchondral osteolysis of
the tibia (Fig. 6). Compared with the PBS-treated ACLT
group, the M1-Abs-treated group showed more severe bone
loss, while the M2-Abs-treated group showed significant
knee bone protection and subchondral bone retention,
indicating that osteolysis was diminished after M2-ABs were
administered in vivo (Fig. 6A, B). The BV of subchondral
bone in the tibial plateau was 0.05167 mm? in the ACLT
group, which was significantly (P < 0.05) lower than
0.07553 mm? of the control group (Fig. 6C). Nonetheless,
compared with the PBS-treated ACLT group, the bone vol-
ume of the subchondral bone showed a significant decrease
(P < 0.01) in the M1-Abs group (0.03973 mm?®) and a sig-
nificant increase (P < 0.01) in the M2-ABs group
(0.06843 mm?) (Fig. 6C). The bone-related parameters,
including the trabecular bone volume fraction (BV/TV),
trabecular separation (Tb.Sp), trabecular number (Tb.N)
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and trabecular thickness (Tb.Th), also support that M2-ABs
play a role in inhibiting bone destruction in vivo (Fig. 6C).

In addition to the radiological examinations, the histo-
logical changes of the cartilage were also detected. He-
matoxylin and eosin (H&E) staining (Fig. 7A) and Safranin O-
fast green staining (Fig. 7B) showed that the cartilage sur-
face of the control group (sham operation) was smooth
without regularity or pits. However, the articular cartilage
in the PBS- and M1-Abs-treated groups showed pronounced
cartilage erosion and cartilage matrix degradation. Inter-
estingly, there were no significant degenerative changes in
the M2-Abs-treated group (Fig. 7A, B). Based on these his-
tological findings, we further assessed the cartilage thick-
ness and Mankin scores in each group. Compared with the
control (sham operation) group, significantly reduced
cartilage thickness and increased Mankin scores were
observed in the PBS and M1-ABs groups, while there were no
significant differences between the M2-ABs group and the
control group (Fig. 7E, F).

Notably, an evaluation of the type distribution of syno-
vial macrophages by immunofluorescence of synovial tissue
showed that the positive rates of M2 macrophages in the
control (sham operation) group and the M2-Abs group were
significantly higher than those in the PBS and M1-ABs groups
(Fig. 7C, G). In the PBS and M1-ABs groups, there was an

increased percentage of CD86-positive macrophages, indi-
cating that there was increased infiltration of pro-inflam-
matory M1 macrophages in these synovial tissues, whereas
the infiltration of pro-inflammatory macrophages in syno-
vial tissues was largely prevented in the M2-ABs group
(Fig. 7D, H). The above results provide further support that
M2-derived apoptotic bodies can play an anti-inflammatory
role in mice by reprogramming M1 macrophages into M2
macrophages, reducing chondrocyte damage, and thus
preventing or alleviating the progression of OA.

Discussion

Persistent inflammation can lead to the onset and pro-
gression of chronic inflammatory diseases, such as auto-
immune diseases and osteoarthritis.” Evidence suggests
that the imbalance of M1/M2 caused by the proliferation of
M1-Mgs is the main contributor to chronic inflammation.®
Given the high plasticity between macrophage phenotypes,
re-establishing the M1/M2 balance by directly reprogram-
ming M1-Mgs in the inflammatory environment to M2-Mgs
may represent an effective strategy for treating chronic
inflammatory diseases.” Interestingly, the recovery from
acute inflammation depends on the clearance of necrotic
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tissue and cell debris by macrophages.*? Macrophages also
play an important role in programmed cell clearance.**
However, there is no inflammatory response during this
process, and evidence suggests that mononuclear phago-
cytes respond to apoptotic cells by releasing anti-inflam-
matory factors, including interleukin-10 (IL-10) and TGF-B1,
possibly due to the release of biologically active molecules
contained in the internalized apoptotic bodies.** 3¢ The
ABs are extracellular vesicles (1—-5 pum) with a sub-
membrane that are considered to be a key mediator of
apoptosis.>**” Different cell-derived apoptotic corpuscles
are loaded with different types of bioactive substances,
including microRNA and DNA, to regulate cell-to-cell
communication. 3

The accurate delivery of apoptotic bodies to their target
cells is a prerequisite for performing apoptosis-mediated
cell reprogramming. As noted above, the end-stage clear-
ance of apoptotic cells is mainly accomplished by macro-
phages. Phosphatidylserine (PtdSer, PS) and annexin-V
(Anxin-V) can be transferred to the surface of the vesicle
envelope during apoptosis, where they act as signals to
trigger phagocytic recognition and uptake.“’ Extracellular
vesicles have been shown to be ideal nanomaterials in that

they can deliver bioactive substances to target cells
without interference from external factors, and thus play a
key regulatory role in intercellular communication by
regulating target cell function.*'

Among the microRNAs that were found to be enriched in
ABs, some possess the potential to induce the polarization
of macrophages towards the M2-Mes phenotype, which
provides a molecular basis for the biological effects of ABs.
Among these, miRNA-21 regulates the inflammatory
“switch” at an appropriate time and has previously been
shown to be positively correlated with the polarization of
macrophages towards M2.* Considering the abundance of
miR-21 found in the M2-ABs in our study (Fig. 4A), we hy-
pothesized that M2-ABs induce macrophage phenotypic
reprogramming by delivering miR-21 to M1-Mes.

In support of this function, we found that M2-ABs-guided
M1-to-M2 reprogramming could be significantly reduced by
inhibiting miR-21 in M1 macrophages (Fig. 4B, D). In addi-
tion, Zhu et al.** Found that miR-21—5p was significantly
down-regulated in OA chondrocytes, and more importantly,
the expression level of miR-21—5p was negatively corre-
lated with cartilage degeneration, which was consistent
with the results of this study. Based on these findings, it
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appears that M2-derived ABs have broad regulatory effects
on macrophages at the transcriptional level, which
contribute to the reprogramming of M1-Mes to the M2
phenotype in the setting of chronic inflammation associ-
ated with OA. This reprogramming leads to rebalancing of
the M1/M2 ratio and the prevention or improvement of the
inflammatory condition and findings associated with OA.

In this study, we collected ABs derived from M2-Mes and
explored their regulatory role in phenotypic switching in
macrophages. We selected OA as the disease model for this
study, because a local inflammatory environment in the
joint is essential in the development of chondrocyte
apoptosis and OA.** Such an environment is mainly pro-
duced by an imbalance in the polarization of macrophages
in the synovial lining.*>*® M1-derived inflammatory cyto-
kines [including tumor necrosis factor alpha (TNF-a) and
interleukin (IL)-1B] lead to increased cartilage apoptosis by
promoting the production of stroma-degrading enzymes,
whereas M2-Mgs, also known as wound healing macro-
phages, alter the local inflammatory environment by
secreting anti-inflammatory cytokines [primarily IL-4 and
IL-10].47“® In this study, we found that M2-ABs treatment
effectively protected articular cartilage and attenuated
early OA development. Following the local injection of
apoptotic bodies from M1 and M2 macrophages into the
knees of mice with ACLT, it was observed that M2-ABs
significantly alleviated the progression of OA and corrected
the balance of M1/M2 in situ at an early stage. Although this
study indicates that M2-ABs can effectively prevent the
progression of OA in mice, the mechanism(s) by which these
ameliorate OA has not been fully determined. Therefore, it
is necessary to further study the molecular composition and
mechanism(s) by which M2-ABs exert their effects. In
addition, while we clearly observed that M2-ABs delayed
the injury of articular cartilage in animal experiments, the
optimal concentration and timing of M2-Abs administered
still need to be determined.

Conclusion

To our knowledge, this study is the first demonstration that
apoptotic bodies derived from alternatively activated M2-
Mes can alleviate the progression of osteoarthritis by
inducing the conversion of classically activated M1-M¢s into
a M2-like phenotype. Since M2-ABs guided Mo reprogram-
ming could effectively correct the imbalance of M1/M2 in
OA, we hypothesize that M2-ABs may also provide a prom-
ising therapeutic strategy for various diseases related to
the imbalance of pro-inflammatory and anti-inflammatory
immune responses.
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