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Abstract

Background: In tissue engineering, mesenchymal stem cells (MSCs) are common seed cells because of abundant
sources, strong proliferation ability and immunomodulatory function. Numerous researches have demonstrated that
MSC-macrophage crosstalk played a key role in the tissue engineering. Macrophages could regulate the differentia-
tion of MSCs via different molecular mechanisms, including extracellular vesicles. Apoptotic macrophages could gen-
erate large amounts of apoptotic vesicles (apoVs). ApoVs are rich in proteins, RNA (microRNAs, mRNAs, ncRNAs, etc.)
and lipids, and are a key intercellular communication mediator that can exert different regulatory effects on recipient
cells. MiRNAs account for about half of the total RNAs of extracellular vesicles, and play important roles in biological
processes such as cell proliferation and differentiation, whereas the functions of macrophage-derived apoVs remain
largely unknown. There was no research to clarify the role of macrophage-derived apoVs in MSC fate choices. In this
study, we aimed to characterize macrophage-derived apoVs, and investigate the roles of macrophage-derived apoVs
in the fate commitment of MSCs.

Methods: We characterized macrophage-derived apoVs, and investigated their role in MSC osteogenesis and
adipogenesis in vitro and in vivo. Furthermore, we performed microRNA loss- and gain-of-function experiments and
western blot to determine the molecular mechanism.

Results: Macrophages could produce a large number of apoVs after apoptosis. MSCs could uptake apoVs. Then,

we found that macrophage-derived apoVs inhibited osteogenesis and promoted adipogenesis of MSCs in vitro and
in vivo. In mechanism, apoVs were enriched for microRNA155 (miR155), and apoVs regulated osteogenesis and adi-
pogenesis of MSCs by delivering miR155. Besides, miR155 regulated osteogenesis and adipogenesis of MSCs cultured
with macrophage-derived apoVs via the SMAD2 signaling pathway.

Conclusions: Macrophage-derived apoVs could regulate the osteogenesis and adipogenesis of MSCs through deliv-
ering miR155, which provided novel insights for MSC-mediated tissue engineering.
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Background

Over the past several decades, tissue engineering has
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ability and differentiation potential, be able to establish
stable cell lines, and have the lowest possible antigenic-
ity [9-11]. MSCs have been widely applied in regen-
erative medicine research because of their abundance,
strong proliferation ability and immunomodulatory
function [12-16].

Macrophages are important modulators of host
defense. Under physiological or pathological condi-
tions, resting macrophages (MO0) can polarize into pro-
inflammatory phenotype (M1) and anti-inflammatory
phenotype (M2) [17-20]. Many investigations have
indicated that MSC-macrophage crosstalk occupied
an important role in the osteogenic differentiation of
MSCs through different molecular mechanisms, espe-
cially through extracellular vehicles (EVs) [21-23].
Kang et al. reported that MO and M2 EVs could promote
bone regeneration, while M1 EVs could inhibit bone
regeneration [21]. Xiong et al. showed that exosomes
secreted by M2 macrophages promoted osteogenesis,
whereas exosomes secreted by M1 macrophages inhib-
ited osteogenesis of bone mesenchymal stem cells [22].
Exosomes derived from M1 macrophages significantly
promoted the expression of PPAR-y and lipid droplet
formation [23]. Therefore, vesicles produced by mac-
rophages in different polarization states have different
effects on MSCs.

Macrophages can secrete vesicles in a physiologi-
cal state, they can also secrete many apoptotic vesicles
(apoVs) under an apoptotic state, but little is known
about the macrophage-derived apoVs. Apoptosis is the
spontaneous and orderly death of cells and contributes to
the maintenance of homeostasis [24—26]. ApoVs are rich
in protein, RNAs and lipids, and they are a key intercel-
lular communication medium [27]. Our previous study
has investigated that functional efferocytosis of apoVs
could restore liver macrophage homeostasis and amelio-
rates type 2 diabetes [28]. In 2018, Liu D et al. reported
that apoptotic bodies could maintain bone homeostasis
in physiological and pathological conditions and may
have therapeutic potential for osteoporosis [29]. In 2020,
Liu H et al. showed that extensive apoptosis occurred
soon after stem cell transplantation, and a large number
of apoptotic bodies were released, enhancing angiogen-
esis and having a therapeutic effect [30]. However, the
regulation of macrophage-derived apoVs on fate choices
of MSCs is unclear. In this study, we detected that mac-
rophage-derived apoVs could promote adipogenesis and
inhibit osteogenesis of MSCs both in vitro and in vivo,
implicating miR155 in the mechanism by which apoVs
regulate MSC adipogenesis and osteogenesis. Our study
not only clarified the novel functions of macrophage-
derived apoVs on differentiation of MSCs, but also gave
hints for tissue engineering.
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Methods

Culture of RAW 264.7 macrophages and MSCs

Primary RAW264.7 macrophages and hASCs were
obtained from ScienCell Research Laboratories and these
cells were grown in proliferation medium (PM) which
contained 10% (v/v) fetal bovine serum (FBS) and antibi-
otics in DMEM.

Osteogenic and adipogenic induction of MSCs

The osteogenic medium (OM) contained 10 nM
dexamethasone, 200 uM ascorbic acid and 10 mM
B-glycerophosphate in DMEM with 10% (v/v) FBS and
antibiotics. The adipogenic medium (AM) contained
100 nM dexamethasone, 50 nM insulin, 0.5 mM 3-isobu-
tyl-1-methylxanthine, and 200 uM indomecin in DMEM
with 10% (v/v) FBS and antibiotics.

TUNEL staining

Apoptosis was detected using the TUNEL Cell Apopto-
sis Detection Kit (Applygen). Briefly, normal or apoptotic
macrophages were fixed and treated with 0.2% Triton
X-100. Images were obtained using a fluorescence micro-
scope (Olympus) after exposure to rhodamine fluores-
cein (red) labeled dUTP solution in the dark for 1 h.

Isolation and purification of apoVs

ApoVs were collected as described previously with modi-
fications [28]. When macrophages reached 80-90%
confluence, serum-free medium containing 500 nM stau-
rosporine (STS) (Enzo Life Sciences) was replaced and
the supernatant was collected 12 h later. The superna-
tant was centrifuged at 800 g for 10 min and the precipi-
tate was discarded, then, at 16,000 g for 30 min and the
precipitate was collected and washed twice with filtered
PBS. The Pierce BCA Protein Assay Kit (Thermo Scien-
tific) was used to assess apoV concentration.

Identification of apoVs

The morphology of the apoVs was observed by transmis-
sion electron microscopy (TEM). The apoVs were fixed
and dropped onto a carbon-coated copper net. After
air drying, apoVs were twice negatively stained with 1%
uranyl acetate. Images were captured at 120 kV using an
HT7700 TEM (Hitachi). The particle size of apoVs was
determined by nanoparticle tracking analysis (NTA)
using a Nano Sight NS300 (Malvern). After obtaining
apoVs, RIPA lysate containing 2% protease inhibitor was
added, and BCA protein quantitative test kit was used to
detect the protein quantification of apoVs.

ApoV uptake by MSCs
ApoVs were labeled with PKH-26 (Sigma-Aldrich) as
described previously with modifications [31]. The labeled
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apoVs were washed in filtered PBS at 16,000 g for 30 min.
Next, apoVs were incubated with MSCs for 4 and 8 h.
After incubation, the cells were fixed. Then, the cells were
treated with 0.1% Triton X-100 at room temperature for
7 min, washed twice with PBS. 5 pg/mL FITC-Cyclopep-
tide (Sigma-Aldrich) was added to stain F-actin. A solu-
tion of 6-diamidine-2-phenylindole (DAPI) was used to
stain nuclei. The images were obtained using a LSM 5
EXCITER (Carl Zeiss).

Oil red O staining and quantification

The MSCs were cultured in PM, AM, and AM with
apoVs (AM+apoVs), respectively. The medium was
changed every 2-3 days. After 14 days, oil red O staining
and quantitative experiment were performed. Oil red O
working solution was added to stain the cells. The stain-
ing was observed under the microscope at any time. For
quantitative evaluation, stained cells were added to 100%
isopropyl alcohol and dissolved for 10 min, the absorb-
ance at 500 nm was measured.

Alkaline phosphatase (ALP) staining and ALP activity,
Alizarin red S (ARS) staining and quantification

The MSCs were divided into three groups: PM, OM,
and OM added apoVs (OM+apoVs). The medium was
changed every 2-3 days. After osteogenic induction for
7 days, ALP staining and activity assays were performed.
BCIP / NBT staining kit (Beyotime Biotechnology) was
used for ALP staining. ALP activity was quantified using
an ALP Assay Kit (Nanjing Jiancheng) and the absorb-
ance at 520 nm was measured. ALP activity (U/gprot) per
gram of protein was calculated.

ARS staining and quantification were performed
14 days after osteogenic induction. Cells were incubated
with Alizarin red buffer (Sigma-Aldrich). And 100 nM
cetylpyridine solution was added for the quantification.
The absorbance at 562 nm was measured.

Real-time quantitative polymerase chain reaction
(RT-gPCR)

Total RNA was extracted from cells using TRIzol reagent
(Invitrogen) and cDNA was synthesized using a reverse
transcription system (TaKaRa) RT-qPCR was performed
on the ABI Prism 7500 real-time PCR System using SYBR
Green Master Mix. GAPDH and U6 were used as the ref-
erence genes. The primer sequences are listed in Table 1.

Western blot analysis

Cells were lysed in RIPA lysis buffer and protein extracts
were subjected to 10% SDS-PAGE and transferred to pol-
yvinylidene difluoride membranes. The membranes were
incubated with the primary antibodies overnight and
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Table 1 List of primers used in this study

Gene Forward primer (5'-3’) Reverse primer (5'-3’)

ALP GACCTCCTCGGAAGA TGAAGGGCTTCTTGTCTGTG
CACTC

BGLAP AGCAAAGGTGCAGCC GCGCCTGGGTCTCTTCACT
TTTGT

RUNX2 CCGCCTCAGTGATTTAGG GGGTCTGTAATCTGACTC
GC TGTCC

PPARy GAGGAGCCTAAGGTAAGG  GTCATTTCGTTAAAGGCTGA
AG

(/EBPa CGCAAGAGCCGAGATAAA  CACGGCTCAGCTGTTCCA
GC

GAPDH GAAGGTGAAGGTCGGAGTC  GAAGATGGTGATGGGATTTC

mmu-miR155 GCTTCGGTTAATGCTAAT CAGAGCAGGGTCCGAGGTA
CGTG

mmu-U6 CGCTTCGGCAGCACATATAC TTCACGAATTTGCGTGTCATC

then with a peroxidase-conjugated secondary antibody.
The ECL Kit (NCMbio) was used to detect protein bands.

In vivo implantation of MSCs

The protocol was approved by the Institutional Animal
Care and Use Commiittee of the Peking University Health
Science Center (approval no. LA2021006). All surgeries
were performed under anesthesia, and all efforts were
made to minimize animal suffering.

The MSCs were cultured in (PM, AM, AM + apoVs) for
7 days, and mixed with the collagen membrane scaffolds.
The number of cells inoculated in each tube was 1 x 10°,
and the volume of the collagen membrane scaffold was
about 8 mm x 8 mm x 2 mm. The mixtures (n=10 per
group) were implanted into BALB/c nude mice. The
operation was carried out in an SPF animal operat-
ing room, 6-week-old female BALB/C nude mice were
anesthetized, sterilized, and an incision of about 2 cm in
length was made in the midline of the back, the subcu-
taneous implantation cavity was separated, and the cell-
scaffold mixtures were implanted, sutured in position.
The tissues were harvested after 6 weeks. All samples
were performed by hematoxylin and eosin (H&E) stain-
ing and oil red O staining.

The MSCs were cultured in (PM, PM+apoVs),
and mixed with B-TCP (RB-SK-005 G) (about
3 mm x 2 mm x 2 mm), and the number of cells inocu-
lated in each tube was 1 x 10°. The tissues were harvested
after 8 weeks. All samples were performed by H&E stain-
ing and Masson staining.

MiRNA transient infection

Mimics-miR155 (miR155), mimics-negative control
(miR-NC), inhibitor-miR155 (inhi-miR155), and inhib-
itor-negative control (inhi-NC) were purchased from
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Sangon Biotech. The sequences are listed in Table 2.
When macrophages reached 60-70% density, miRNAs
were transfected into macrophages using Lipofectamine
3000 (Invitrogen). After 48 h, cells were collected for
RNA analysis. ApoVs were obtained as described above.

Statistical analysis

SPSS 19.0 software was used for statistical analysis. Com-
parisons of two groups were performed using independ-
ent two-tailed Student’s t tests, and comparisons of more
than two groups by one-way ANOVA and Tukey’s post
hoc test. Data were expressed as mean + standard devia-
tion. A value of P<0.05 was considered indicative of sta-
tistical significance.

Results

Characterization of macrophage-derived apoVs and apoV
uptake by MSCs.

STS was used to induce apoptosis of macrophages.
Apoptotic and normal macrophages were observed
under the fluorescence microscope. A larger number
of TUNEL positive stained cells (red) were observed in
the STS group, while control group had seldom stained
cells (Fig. 1A). Apoptotic macrophages could generate
lots of apoVs; the output of apoVs was much higher than
exosomes (Additional file 1: Fig. S1). TEM showed that
apoVs had a cup-shaped morphology and the diameter
was about 200 nm (Fig. 1B). NTA showed that the diam-
eter distribution of apoVs was 240.6 +115 nm (Fig. 1C).
To investigate whether apoVs could be ingested by MSCs,
MSCs were cultured with PKH-26-labeled apoVs (red) for
4 h and 8 h, respectively. The nuclei of MSCs were stained
with DAPI (blue). The F-actin of MSCs was stained with
phalloidin (green). Confocal laser microscopy showed
that red-stained particles appeared around the MSCs
nucleus after 4 h, and the number of red-stained particles
increased after 8 h (Fig. 1D).

Macrophage-derived apoVs promoted adipogenesis

of MSCs in vitro.

We set up different concentration gradients (0.5, 1, 2,
4 pug/mkL) to clarify the optimal concentration of apoVs,
and cultured MSCs in OM and AM, respectively, for
7 days. PPARy was an important marker to measure the

Table 2 List of miRNAs used in this study
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adipogenic differentiation of stem cells [32]; RUNX2
was an important marker to measure the osteogenic dif-
ferentiation of stem cells [33]. In AM culture, 2 pg/ml
apoVs significantly increased the PPARy expression; in
OM culture, 2 and 4 pg / ml apoVs inhibited the RUNX2
expression levels more significantly (Additional file 2:
Fig. S2). Therefore, we used 2 pug / mL apoVs in the sub-
sequent experiments. Next, to further investigate the
role of macrophage-derived apoVs in MSC adipogen-
esis, we treated MSCs under AM with or without apoVs.
After 14 days, the cells were stained with oil red O. A
great number of red-stained lipid droplets were formed
when cells were cultured in AM, while the lipid droplets
were significantly increased in MSCs treated with apoVs
(Fig. 2A). In AM, oil red O quantitative analysis (Fig. 2B)
of the group under stimulation by apoVs was higher than
the group without apoVs (P<0.05). PPARy and C/EBP«x
were important markers to measure the adipogenic dif-
ferentiation of stem cells [32, 34]. In addition, PPARy
and C/EBPa expression levels of the group treated with
apoVs were significantly higher than group without apoVs
(P<0.001) (Fig. 2C). Moreover, the protein expression
of PPARy was up-regulated during adipogenesis in the
group treated with apoVs compared with the group with-
out apoVs (Fig. 2D, E).

Macrophage-derived apoVs inhibited osteogenesis

of MSCs in vitro.

To further explore the effect of macrophage-derived
apoVs on osteogenesis of MSCs, we treated MSCs under
OM with or without apoVs for 7 days. The cells were
examined by ALP staining (Fig. 3A) and ALP quanti-
fication (Fig. 3B), the results showed that apoVs signifi-
cantly inhibited osteogenic differentiation of MSCs. ALP,
RUNX2 and BGLAP were important markers to meas-
ure the osteogenic differentiation of stem cells [33, 35,
36]. The expression of ALP and RUNX2 was significantly
decreased by apoVs (Fig. 3C). After treated MSCs under
OM with or without apoVs for 14 days, the ARS stain-
ing and quantification showed similar results that apoVs
could inhibit osteogenic differentiation of MSCs (Fig. 3D,
E). Moreover, RUNX2 and BGLAP expression was sig-
nificantly decreased by treatment with apoVs for 14 days
in OM (Fig. 3F). In addition, the protein expression of

Sense (5'-3')

Antisense (5’-3')

mmu-miR155
mmu-mimics-NC
mmu-inhibitor-miR155
mmu-inhibitor-NC

UUAAUGCUAAUUGUGAUAGGGGU
UUGUACUACACAAAAGUACUG
ACCCCUAUCACAAUUAGCAUUAA
CAGUACUUUUGUGUAGUACAA

CCCUAUCACAAUUAGCAUUAAUU
GUACUUUUGUGUAGUACAAUU
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Fig. 1 Characterization of macrophage-derived apoVs and apoVs uptake by MSCs. A TUNEL staining results in different groups. TUNEL positive
stained cells were red. B Morphology of apoVs observed by TEM. C Particle size distribution of apoVs measured by NTA: the mean size = SD of apoVs

was 240.6 £ 115 nm. D MSCs were incubated with PKH-26-labeled apoVs (red) for 4 h and 8 h, respectively. The nuclei of MSCs were stained with
DAPI (blue). The F-actin of MSCs was stained with phalloidin (green)
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Fig. 2 Macrophage-derived apoVs promoted adipogenesis of MSCs in vitro. A Macrophage-derived apoVs promoted adipogenesis as indicated by
oil red O staining. B Oil red O quantitative analysis showed that apoVs promoted adipogenesis. C Macrophage-derived apoVs enhanced the mRNA
expression of PPARy and (/EBPa detected by RT-gPCR. D Western blot showed that the protein expression of PPARy was up-regulated in the group

treated with apoVs compared with the group without apoVs. E Western blot quantification showed the same result as Fig. 2D. *P<0.05, **P < 0.01,
***p<0.001
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(See figure on next page.)

Fig. 3 Macrophage-derived apoVs inhibited osteogenesis of MSCs in vitro. A ApoVs inhibited osteogenic differentiation as indicated by ALP
staining. B ApoVs inhibited osteogenic differentiation as indicated by ALP quantification. C ApoVs inhibited the mRNA expression of ALP and
RUNX2 detected by RT-qPCR. D ApoVs inhibited osteogenesis as indicated by ARS staining. E ApoVs inhibited osteogenesis as indicated by

ARS quantification. F ApoVs reduced the mRNA expression of RUNX2 and BGLAP detected by RT-gPCR. G Western blot showed that the protein
expression of RUNX2 was down-regulated in the group treated with apoVs compared with the group without apoVs. H Western blot quantification
showed the same result as Fig. 3G. **P<0.01, ***P<0.001
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RUNX2 was down-regulated during osteogenesis by
apoVs (Fig. 3G, H).

Macrophage-derived apoVs promoted adipogenesis

of MSCs in vivo.

To examine the role of macrophage-derived apoVs in
MSC adipogenic differentiation in vivo, we combined
MSCs (PM, AM, and AM + apoVs) with collagen sponges
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and implanted them into nude mice. H&E staining
showed that the AM+apoVs group had more adipose
tissue-like structures than the AM group, whereas the
PM group showed a large amount of collagen membrane
scaffold and no adipose tissue-like structures (Fig. 4A).
Oil red O staining showed that the AM+apoVs group
had more red-stained adipose tissue-like structures than

AM-+apoVs

100pm

Fig. 4 Macrophage-derived apoVs promoted adipogenesis of MSCs in vivo. A H&E staining of the PM, AM, and AM 4 apoVs groups of MSCs. B Oil
red O staining of the PM, AM, and AM +apoVs groups of MSCs. The red rectangles indicated the corresponding magnified areas
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the AM group (Fig. 4B). Therefore, macrophage-derived
apoVs could promote adipogenesis of MSCs in vivo.

Macrophage-derived apoVs inhibited osteogenesis

of MSCs in vivo.

In order to determine the role of macrophage-derived
apoVs in MSC osteogenesis in vivo, we mixed MSCs
cultured in (PM and PM+apoVs) with B-TCP, then
implanted them into nude mice. H&E staining (Fig. 5A)
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showed that the PM group had more new, strongly eosin-
ophilic tissue compared to the B-TCP group, whereas
the PM + apoVs group had fewer bone tissue-like struc-
tures than PM group. Masson staining (Fig. 5B) showed
more blue-green collagen fibers in the PM group than the
B-TCP group, whereas the PM +apoVs group had fewer
blue-green collagen fibers than the PM group. Therefore,
macrophage-derived apoVs inhibited osteogenesis of
MSC:s in vivo.

Fig. 5 Macrophage-derived apoVs inhibited osteogenesis of MSCs in vivo. A H&E staining of the 3-TCP, PM and PM +apoVs groups. B Masson
staining of the B-TCP, PM and PM + apoVs groups. The red rectangles indicated the corresponding magnified areas

PM-+apoVs
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MiR155 promoted adipogenesis of MSCs cultured

with macrophage-derived apoVs.

Several studies have shown that the contents of EVs
including mRNAs, miRNAs, ncRNAs, protein and
lipids. MiRNAs account for about half of the total RNAs
of EVs, and play a key role in the transfer of biomol-
ecules to recipient cells and cell-to-cell communica-
tion [37-39]. The content of apoVs was higher than that
of exosomes, and the content of miRNA in apoVs was
much higher than that of exosomes (Additional file 3:
Fig. S3). We detected some key miRNAs involved in
osteogenesis and adipogenesis processes, the variation
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of miR155 was most significant (Additional file 4: Fig.
S4), so we mainly focused on miR155. Subsequently,
we detected the expression of miR155 in the apoVs
(Fig. 6A), and the results showed that miR155 was highly
enriched in apoVs, so we mainly studied miR155 in the
follow-up research. Next, we transfected macrophages
with inhibitor-negative control (inhi-NC), inhibitor-
miR155 (inhi-miR155), mimics-negative control (miR-
NC) and mimics-miR155 (miR155), the expression
levels of miR155 could be significantly decreased by
(inhi-miR155) or increased by (miR155) in macrophages,
and miR155 expression levels decreased or increased
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Fig. 6 MiR155 promoted adipogenesis of MSCs cultured with macrophage-derived apoVs. A Expression levels of miR155 in macrophages and
apoVs indicated that miR155 was highly enriched in apoVs. B Expression levels of miR155 in macrophages transfected with inhi-NC, inhi-miR155,
miR-NC or miR155 and corresponding apoVs. C MSCs cultured in PM or AM treated with or without apoVs stained for oil red O. D Quantification of

oil red 0. *P<0.05, **P<0.01, ***P<0.001
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more significantly in corresponding apoVs: apoVs (inhi-
NC), apoVs (inhi-miR155), apoVs (miR-NC) and apoVs
(miR155), respectively (Fig. 6B). Subsequently, apoVs
(inhi-NC), apoVs (inhi-miR155), apoVs (miR-NC) and
apoVs (miR155) were added to MSCs for adipogenic
induction. The results showed that the adipogenesis
of MSCs was decreased in apoVs (inhi-miR155) group
compared to the apoVs (inhi-NC) group. In addition, the
adipogenesis ability of MSCs was improved in the apoVs
(miR155) group compared to the apoVs (miR-NC) group
(Fig. 6C, D). In order to determine the effect of miR155
on adipogenic differentiation of MSCs in vivo, MSCs
treated with apoVs (inhi-NC), apoVs (inhi-miR155),
apoVs (miR-NC) and apoVs (miR155) were subjected to
adipogenic induction and implanted into nude mice sub-
cutaneously. All samples were performed by H&E stain-
ing and oil red O staining. H&E staining showed that the
AM+apoVs (miR155) group had more adipose tissue-
like structures than the AM+apoVs (miR-NC) group,
whereas the AM +apoVs (inhi-miR155) group showed a
large amount of collagen membrane scaffold and fewer
adipose tissue-like structures than AM+apoVs (inhi-
NC) group (Fig. 7A). Oil red O staining showed the same
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results (Fig. 7B). Therefore, macrophage-derived apoVs
could promote adipogenesis of MSCs via miR155 in vivo.
Collectively, these results showed that miR155 promoted
adipogenic differentiation of MSCs cultured with mac-
rophage-derived apoVs.

MiR155 inhibited osteogenesis of MSCs cultured

with macrophage-derived apoVs.

In order to further clarify the role of miR155 in mac-
rophage-derived apoVs in regulating the osteogenesis of
MSCs, we cultured MSCs with apoVs (inhi-NC), apoVs
(inhi-miR155), apoVs (miR-NC) and apoVs (miR155) in
OM. The ALP staining and quantification showed that
the osteogenesis of MSCs was up-regulated in the apoVs
(inhi-miR155) group compared with apoVs (inhi-NC)
group, while the osteogenesis of MSCs was decreased in
apoVs (miR155) group than the apoVs (miR-NC) group
(Fig. 8A, B). ARS staining and quantification confirmed
these results (Fig. 8C, D). Therefore, our results suggested
that miR155 could regulate osteogenesis and adipogen-
esis of MSCs in the presence of macrophage-derived
apoVvs.
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Fig. 7 Macrophage-derived apoVs promoted adipogenesis of MSCs via miR155 in vivo. A H&E staining. B Oil red O staining. The red rectangles
indicated the corresponding magnified areas
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MiR155 regulated adipogenic and osteogenic
differentiation of MSCs cultured with macrophage-derived
apoVs via the SMAD2 signaling pathway.

To elucidate the mechanism by which apoVs regu-
late stem cell differentiation, we screened key factors
related to osteogenic and adipogenic differentiation,
among which the down-regulated SMAD?2 signal-
ing pathway was more significant (Additional file 5:
Fig. S5). The results indicated that apoVs could regu-
late the osteogenic and adipogenic differentiation of
MSCs through the SMAD?2 signaling pathway. Then, we
focused on the SMAD?2 signaling pathway. It has been
reported that SMAD?2 was a target gene of miR155 [40,
41], but the effect of macrophage-derived miR155 on
the SMAD2 pathway of MSCs has not been investi-
gated. So, we further studied the regulation of miR155
on the SMAD?2 signaling pathway. Enhancement of the
SMAD? signaling pathway increased osteogenic differ-
entiation and inhibited adipogenic differentiation [42—
44]. We cultured MSCs with apoVs (inhi-NC), apoVs
(inhi-miR155), apoVs (miR-NC) and apoVs (miR155) in
AM and OM, then used western blot analysis to clarify
the changes of SMAD2 pathway proteins (Fig. 9A, B).
In the apoVs (inhi-miR155) group, the SMAD2 signal-
ing pathway was up-regulated compared to the apoVs
(inhi-NC) group. Moreover, the SMAD2 signaling
pathway was down-regulated in the apoVs (miR155)
group compared to the apoVs (miR-NC) group. Our
data suggested that miR155 regulated adipogenic and
osteogenic differentiation of MSCs cultured with mac-
rophage-derived apoVs via the SMAD?2 signaling path-
way (Fig. 10).
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Discussion
Macrophages played important roles in stem cell sur-
vival and tissue repair [45]. Different polarization states
of macrophages have different effects on stem cell dif-
ferentiation. In 2018, He et al. reported that condi-
tioned medium of M1 macrophages could promote
the adipogenesis of bone marrow mesenchymal stem
cells (BMMSCs), whereas conditioned medium of MO
and M2 macrophages could promote the osteogenesis
of BMMSCs [46]. In 2020, Ma et al. showed that mac-
rophages could inhibit the adipogenic differentiation of
hASCs in vitro [47]. Furthermore, the stem cell-mac-
rophage interaction was associated with the development
of several adipose-related diseases [48—50]. These studies
suggested that macrophages could regulate the differ-
entiation of MSCs via different molecular mechanisms.
However, the effect of macrophage-derived apoVs on the
multidirectional differentiation of stem cells was unclear.
In this study, we detected the role of macrophage-
derived apoVs in the fate commitment of MSCs. We
investigated that apoptotic macrophages could secrete
a large number of apoVs which had a cup-shaped mor-
phology and the diameter was under 1 pm. The content
of apoVs was higher than that of exosomes. ApoVs were
ingested by MSCs. In addition, we detected that mac-
rophage-derived apoVs could promote adipogenesis and
inhibit osteogenesis of MSCs both in vitro and in vivo.
EVs secreted by cells contain a large number of miR-
NAs, which can be transported to recipient cells and
change the expression of target genes [51-53]. Although
specific miRNAs have no clear physiological functions,
miRNAs are involved in almost all biological processes.
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Fig. 9 MiR155 regulated adipogenesis and osteogenesis of MSCs cultured with macrophage-derived apoVs via SMAD?2 signaling pathway. A
MiR155 inhibited the expression of SMAD2 and P-SMAD2 during the adipogenic differentiation of MSCs. B MiR155 inhibited the expression of
SMAD2 and P-SMAD2 during the osteogenic differentiation of MSCs
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In 2017, Gu et al. reported that miR155 inhibited osteo-
genesis by targeting the positive regulation of osteogen-
esis factors [54]. In 2019, Mao Z et al. identified that
miR155 was highly expressed in osteoporotic patients
and inhibited osteoclast activation and bone resorption
[55]. Ying et al. found that miR155 was overexpressed in
obese adipose tissue macrophage exosomes, and miR155-
KO animals were insulin sensitive and glucose tolerant
[56]. We found that apoVs were enriched in miR155.
ApoVs could be taken up by MSCs, and the contents of
the apoVs could be transferred to stem cells. In addi-
tion, miR155 regulated adipogenic and osteogenic dif-
ferentiation of MSCs cultured with macrophage-derived
apoVs via the SMAD?2 signaling pathway. Therefore, mac-
rophage-derived apoVs could regulate the osteogenesis
and adipogenesis of MSCs through miR155, suggesting
a novel tissue engineering method based on multidirec-
tional differentiation of stem cells.

Soft tissue defect or depression caused by trauma,
infection, operation or congenital malformation is very
common in clinics. Adipose tissue engineering can repair
soft tissue defects, correct contour deformation, and pro-
vide solutions for tissue reconstruction after soft tissue
trauma [57-61]. Adipogenic differentiation of stem cells
plays an important role in the construction of adipose tis-
sue engineering and the treatment of soft tissue defects
[62, 63]. Our results showed that macrophage-derived
apoVs could promote stem cell adipogenesis through
miR155, which suggested that apoVs could be used as
miRNA carriers to treat soft tissue defects. Thus, mac-
rophage-derived apoVs could provide a new soft tissue
method.

Overall, our study still has some limitations. Further
analysis of the binding of miR155 and SMAD2 by dual
luciferase assay is needed. In future research, we plan
to explore the influence of apoVs derived from M1 and
M2 polarized macrophages on stem cell differentiation.
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Finally, further research is needed to enable the clinical
application of apoVs in tissue engineering.

Conclusion

Our study found that macrophage-derived apoVs could
regulate osteogenesis and adipogenesis of MSCs through
miR155. ApoVs could transport miRNAs and regulate
multidirectional differentiation of stem cells, which pro-
vides a novel method for tissue engineering based on
multidirectional differentiation of stem cells.
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