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Abstract 

In the bone immune microenvironment, immune cells can regulate  
osteoblasts through a complex communication network. Macrophages 
play a central role in mediating immune osteogenesis, exosomes de
rived from them have osteogenic regulation and can be used as carriers 
in bone tissue engineering. However, there are problems with exoso
mal therapy alone, such as poor targeting, and the content of loaded 
molecules cannot reach the therapeutic concentration. In this study, 
macrophage-derived exosomes modified with miR-365-2-5p were de
veloped to accelerate bone healing. MC3T3-E1 cells were incubated 
with the culture supernatants of M0, M1 and M2 macrophages, and it 
was found that the culture medium of M2 macrophages had the most 
significant effects in contributing to osteogenesis. High-throughput se
quencing identified that miR-365-2-5p was significantly expressed in 
exosomes derived from M2 macrophages. We incubated MC3T3-E1 with exosomes overexpressing or knocking down miR-365-2-5p to examine the 
biological function of exosome miR-365-2-5p on MC3T3-E1 differentiation. These findings suggested that miR-365-2-5p secreted by exosomes in
creased the osteogenesis of MC3T3-E1. Moreover, miR-365-2-5p had a direct influence over osteogenesis for MC3T3-E1. Sequencing analysis com
bined with dual luciferase detection indicated that miR-365-2-5p binded to the 3'-UTR of OLFML1. In summary, exosomes secreted by M2 macro
phages targeted OLFML1 through miR-365-2-5p to facilitate osteogenesis.
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Introduction
Various degrees of bone defects can result from bone tumors, 
trauma, osteomyelitis and osteonecrosis [1]. The inflammatory 
microenvironment mediated by immune cells is necessary for 
bone regeneration, while macrophages are major immunological 
effector cells with high malleability and are involved in various 
stages of bone restoration [2]. Macrophages are polarized into 
pro-inflammatory M1 and pro-tissue healing M2 phenotype, both 
of which are momentous for bone restoration [3]. M1 macro
phages initiate the immune response involved in the acute in
flammatory phase, while M2 macrophages perform the pivotal 
role in the later tissue healing phase. Prolongation and shorten
ing of M1 and deficiency of M2 will exacerbate inflammatory 
damage [4]. In recent years, it has been increasingly demon
strated that macrophages regulate osteogenic activity by target
ing mesenchymal stem cells via exosomes [5]. Exosomes are 
microvesicles (30–160 nm) secreted through the cell membrane 
and contain active molecules, such as microRNA (miRNA), lipid 

and protein of parental cell origin [6]. Thus, exosomes are nano
materials of biological origin that serve as natural therapeutic 
carriers. They are mainly characterized by almost zero biotoxic
ity, high loading capacity and low immunogenicity [7]. In case of 
bone defects, exosomes secreted by macrophages act as nanocar
riers to transmit signals within macrophages to osteoblasts, 
modulating the immune response while affecting the function of 
osteoblasts [8]. Therefore, exploring the specific mechanisms by 
which osteoblasts interact with M1 and M2 macrophages may be 
helpful in further guiding clinicians in the treatment of bone 
defect-related diseases.

MiRNAs are the main small non-coding RNAs in exosomes. 
The miRNAs are not only mediate the crosstalk between macro
phages and osteoblasts in bone marrow microenvironment, but 
also in other tissue repairs [8–10]. The membrane of exosomes 
resists the unstable expression and degradation of miRNAs, so 
that exosome-encapsulated miRNAs are more biostable and can 
function precisely and efficiently [11, 12]. Exosomes transport 
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miRNAs to osteoblasts and regulate skeletal function by pairing 
with the 3'-UTR of target genes causing degradation or transla
tional repression of the genes [13]. As such, modification of 
miRNAs in macrophage exosomes could offer more efficacious 
treatment to bone defects. However, the most critical for bone re
generation is the sequential activation and timely conversion of 
the macrophage phenotype. Our previous findings suggested that 
exosomes derived from M1 and M2 macrophages contribute to 
BMSCs osteogenesis [14]. And further, miR-21a-5p derived from 
M1 macrophage exosomes can be transported to osteoblasts and 
target GATA2 to promote bone defect healing [15]. And yet, the 
mechanism of bone regeneration induced by M2 macrophage 
exosomes is still unclear.

The aim of this study was to investigate the effect of miRNA 
derived from M2 macrophage exosomes on osteogenic differenti
ation of mouse cranial osteoblasts (MC3T3-E1) and its potential 
therapeutic role in bone defect repair. With the insight of this 
process, we wish to prepare miRNA-modified M1 and M2 macro
phage exosomes in combination with bone tissue engineering. To 
obtain biological substitutes that can remodel bone morphology 
and perform temporal immunomodulation to promote effective 
bone healing.

Materials and methods
Cell culture
MC3T3-E1 and murine-derived macrophage line RAW264.7 were 
purchased from American Tissue Culture Collection RAW264.7 
cells and MC3T3-E1 cells were cultured in DMEM (10% fetal bo
vine serum (FBS) þ 1% penicillin/streptomycin) and a-MEM (10% 
FBSþ 1% penicillin/streptomycin), respectively.

Effect of macrophages conditioned medium on 
osteogenic differentiation of MC3T3
Quantitative real-time polymerase chain reaction
RAW 264.7 cells were treated with 20 ng/ml interferon-c (IFN-c) 
and 100 ng/ml lipopolysaccharide (LPS) for 2 days to acquire M1 
macrophages; 20 ng/ml interleukin-4 (IL-4) was used to treat 
RAW 264.7 to acquire M2 macrophages. Total RNA in cells was 
obtained with Trizol reagent, and reversed transcribed with a re
verse transcription kit. The amplification pre-mixed solution and 
primers were added and amplified by PCR instrument. The 
primer sequences were listed in Supplementary Material S1. The 
relative expression of mRNA was calculated by 2−��Ct method.

Preparation of macrophages CM
M0, M1 and M2 macrophages were seeded in plates for 24 h. After 
that, the medium was removed and 3 ml DMEM was applied to 
wells. The culture supernatants of macrophages were collected 
after 24 h. The supernatants were mixed with a-MEM complete 
medium at a ratio of 1:1, and 50 lg/ml vitamin C, 10 mM b-glycer
ophosphate and 10 nM dexamethasone were added to prepare os
teogenic induction solution [16]. They were named CM0, CM1 
and M2 macrophage conditioned medium (CM2). The control 
group was a-MEM osteogenic induction medium.

Influence of differently polarized macrophages 
CM on osteogenesis in MC3T3-E1
MC3T3-E1 osteoblasts were seeded in plates at 2�105 cells/well, 
and 500ll a-MEM was applied to wells. After 24 h, the a-MEM was 
replaced by the prepared osteogenic induction solution, and the 
solution was changed every 2 days. After 7 days, alkaline phospha
tase (ALP) staining of MC3T3-E1 was performed. The expression of 

ALP, type I collagen (COL-1) and runt-related transcription factor 2 
(Runx2) were examined by quantitative real-time polymerase 
chain reaction (qRT-PCR). Alizarin red S (ARS) staining of MC3T3- 
E1 was performed after 14 days.

ALP and ARS staining
The cells were washed twice with phosphate-buffered saline 
(PBS) and fixed with 4% paraformaldehyde at room temperature 
for 30 min, the residual liquid was removed and rinsed with PBS.

ALP staining was performed according to the instructions of 
BCIP/NBT Alkaline Phosphatase Color Development Kit (Beyotime, 
China) and incubate cells. ARS staining was performed by incubat
ing cells with 0.02% ARS. All were carried out at room tempera
ture. When the coloration reaches the desired depth, the reaction 
was terminated by removing the residual liquid and washing twice 
with PBS. Finally, the color depth was observed under the micro
scope and photographed. Quantitative analysis of ALP staining 
and ARS staining was performed using Image pro plus.

Influence of M2 macrophage-derived exosomes 
on proliferation and osteogenic differentiation of 
MC3T3-E1
Isolation and identification of M2-exos
M2 macrophage-derived exosomes (M2-exos) were extracted by 
ultracentrifugation. The supernatant of M2 macrophage culture 
medium was centrifuged at 4�C (500 G for 10 min, 12 000 G for 
20 min). After filtration through the 0.22 mm pore size filter and 
centrifugation at 100 000 G for 90 min, the upper layer was aban
doned. The precipitate was suspended in PBS and continued to 
be centrifuged for 70 min. The precipitate was resuspended in 
PBS and stored at −80�C.

Identification of M2-exos by transmission electron microscope 
(TEM). Added 10 ll sample to the copper mesh to precipitate for 
1 min, and absorbed the floating liquid. Uranium acetate (10 ll) 
was added to the copper mesh to precipitation for 1 min. The 
floating liquid was sucked off by filter paper, and dried at room 
temperature for several minutes. The morphology of exosomes 
was observed by imaging at 80–120 kV.

Endocytosis of the M2-exos by MC3T3-E1
Exosomes were stained and labeled according to the instructions 
of PKH67 (DLM, China). Exosomes were resuspended and diluted 
with a-MEM complete medium and added to the supernatant of 
MC3T3-E1 cell culture. After 24 h of culture, MC3T3-E1 was fixed 
with 4% paraformaldehyde for 40 min, and the membrane was 
broken by Triton X-100. The cells were covered with phalloidin 
solution at room temperature in the dark, and stained for 45 min. 
The nuclei were stained with DAPI.

The effect of M2-exos on proliferation of MC3T3-E1
MC3T3-E1 osteoblasts were seeded into plates. After cell adhe
sion, fresh medium was replaced, and exosomes with final con
centrations of 0, 5, 15, 30 and 50 lg/ml were added. The group 
without exosomes was used as the control group. At 24 and 48 h, 
100 ll of medium containing 10% Cell Counting Kit-8 (CCK-8) was 
placed into the wells. The absorbance at 450 nm was examined 
after 4 h.

Influence of M2-exos on osteogenesis in MC3T3-E1
MC3T3-E1 cells were seeded in 24-well plates at 2� 105 cells. 
After 24 h, the medium was changed to osteogenic induction me
dium containing 5 lg/ml of M2-exos. ALP staining and osteogenic 

2 | Regenerative Biomaterials, 2024, Vol. 11, rbae018  

https://academic.oup.com/rb/article-lookup/doi/10.1093/rb/rbae018#supplementary-data


gene expression were detected after 7 days of co-culture with 
MC3T3-E1. ARS staining was performed after 14 days.

The effect of miR-365-2-5p derived from M2-exos 
on osteogenic differentiation of MC3T3-E1
MiRNA sequencing analysis
The miRNA sequencing analysis has been applied to identify 
miRNAs that were highly expressed in M2 exosomes. The specific 
methods were described as in previous studies [17]. Libraries 
were constructed with 500 ng of total RNA from M1 macrophage- 
derived exosomes (M1-exos) and M2-exos using Small RNA 
Sample Pre Kit. Illumina SE50 sequencing was performed after 
the test was qualified. The sequencing analysis was entrusted to 
Beijing Novogene Technology Co.

MiR-365-2-5p cell transfection
MiRNA-up lentivirus and miRNA-down lentivirus were pur
chased from Jikai biotechnology Co., Ltd. The RAW264.7 density 
reached 50%, miR-365-2-5p overexpression lentivirus (OE-miR- 
365-2-5p), overexpression negative control (OE-NC), miR-365-2- 
5p knockdown lentivirus and knockdown negative control were 
transfected into cells. After 48 h, green fluorescent protein (GFP) 
was detected. Subsequently, 2 mg/ml puromycin was added, and 
resistant cells were collected after 24–48 h incubation to obtain 
stable transfected cell lines. MC3T3-E1 cells were transfected 
with miR-365-2-5p overexpressing lentivirus and negative control 
(NC) in the same way.

The effect of miR-365-2-5p derived from M2 
macrophage exosomes on osteogenesis in 
MC3T3-E1
The RAW264.7 transfected with lentivirus was induced into M2 
type, and exosomes were extracted. MC3T3-E1 cells were seeded 
in 24-well plates at a density of 5�103 cells/well. After 24 h, exo
somes were added to the a-MEM osteogenic induction medium. 
ALP staining and osteogenic gene expression were detected after 
7 days of co-culture. ARS staining was detected 14 days later.

Influence of miR-365-2-5p on proliferation and osteogenesis 
in MC3T3-E1
MC3T3-E1 osteoblasts were transfected with miR-365-2-5p over
expression and negative expression lentivirus. Afterwards, CCK-8 
was used to measure cell proliferation. Two groups of MC3T3-E1 
osteoblasts were seeded in 24-well plates. After 24 h, it was 
replaced by a-MEM osteogenic induction solution. After 7 days, 
ALP staining was examined. Furthermore, mRNA and protein ex
pression of osteogenesis-related molecules were detected. ARS 
staining was performed 14 days later.

Western blot
After 7 days of cell culture in each group, the cells were lysed by 
Radio Immunoprecipitation Assay to extract total proteins, and 
the protein concentration was estimated by Enhanced BCA 
Protein Assay Kit (Beyotime, China). The same amount of sample 
protein was added to a 10% SDS-PAGE well and transferred to a 
hydrophobic Polyvinylidene Fluoride (PVDF) membrane. After 
blocking the membrane antibody with 8% skim milk for 60 min, 
it was immersed in the primary antibody solution of Runx2, 
BMP2 and OPN (Beyotime, China) at a ratio of 1:1000 and over
night at 4�C. The membrane was washed three times with 
quickblockTM blocking buffer (Beyotime, China), and then incu
bated with secondary antibody solution of HPR-labeled goat 
anti-rabbit IgG (Beyotime, China) at a ratio of 1:1000. The PVDF 

membrane was washed with quickblockTM blocking buffer and 
then reacted with ECL developing reagent. The bands were ex
posed by chemiluminescence gel imaging system (Bio-Rad, USA).

Mechanism of miR-365-2-5p secreted by M2-exos 
to promote MC3T3-E1 osteogenic differentiation
High-throughput sequencing and bioinformatics analysis
Total RNA was extracted after MC3T3-E1 transfection of overex
pressing miR-365-2-5p lentivirus and NC lentivirus. Total 
amounts and integrity of RNA were assessed using the RNA Nano 
6000 Assay Kit of the Bioanalyzer 2100 system (Agilent 
Technologies, CA, USA). Subsequently, the library was prepared. 
Finally, the library was sequenced by Illumina NovaSeq 6000. 
Differential gene (DE) analysis by DESeq2 R package (1.20.0).

Dual luciferase reporter gene assay
Two hundred and ninety-three T cells were transfected with 
miR-365-2-5p overexpression lentivirus (OE-miR-365-2-5p) and 
negative expression lentivirus (OE-NC). The normal 3'-UTR se
quence (WT) and point mutation 3'-UTR sequence (MT) of 
OLFML1 were inserted into the pmir GLO vector to construct a 
dual luciferase reporter vector. WT-OLFML1 and MT-OLFML were 
transfected into 293 T-OE-miR-365-2-5p cells and 293 T-OE-NC 
cells by X-tremeGENE 9 Reagent (Roche, USA), respectively. The 
intracellular renilla and firefly fluorescence activity were deter
mined by a dual luciferase reporter gene detection system after 
48 h. The fluorescence value of the reporter gene ¼ firefly fluores
cence value/renilla fluorescence value.

Statistical analysis
All data were treated with GraphPad Prism 8 statistical software. 
Two-tailed Student’s t-test were applied for comparison among 
the two groups, and one-way ANOVA was performed for compar
isons among several groups. P<0.05 was considered statistically 
significant.

Results
M2 macrophage conditioned medium promotes 
osteogenesis in MC3T3-E1
Macrophages have plasticity, and different microenvironment sig
nal stimulation can significantly change their biological functions. 
RAW264.7 macrophages (M0) polarized to M1 and M2 types follow
ing induction by suitable cytokines. The mRNA expression of mac
rophage subtype markers was examined by qRT-PCR. The findings 
indicated that M1 marker CD86, iNOS was positively expressed in 
macrophages induced by LPS and IFN-c, and M2 marker CD206, 
Arg-1 was positively expressed in macrophages induced by IL-4 
(Figure 1A). In order to identify the influence of macrophages po
larization on osteogenesis of MC3T3-E1, a co-culture system of 
macrophages and MC3T3-E1 was constructed (Figure 1B). 
Compared to controls, CM2 significantly increased ALP staining, 
mineralized nodule formation and osteogenesis-related expression 
(ALP, COL-1 and Runx2) in MC3T3-E1 (Figure 1C–E).

M2-exos promote the proliferation of MC3T3- 
E1 cells
Exosomes are extracellular microvesicles secreted by cells and 
are an important way of intercellular communication. Next, exo
somes in the supernatant of M2 medium were extracted by dif
ferential centrifugation (Figure 2A). Transmission electron 
microscopy showed that the exosome was oval vesicles with a di
ameter of about 150 nm (Figure 2B). Particle size and 
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concentration analyses using a nanoparticle size analyzer. The 
results showed that the average particle size was 71.75 nm and 
the concentration was 2.08Eþ 10 particles/ml (Figure 2C and D). 

To explore the cellular uptake of exosomes, MC3T3-E1 with PKH 
67 labeled exosomes were co-cultured. As shown in Figure 2E, 
the blue and red fluorescence were the nucleus and cytoskeleton 
of MC3T3-E1, respectively, while the green fluorescence was exo
somes. The figure showed the presence of green fluorescence in 
the recipient cells, suggesting that exosomes were internalized 

into the cytoplasm and further utilized by the cell. It had been 

found that drugs promoted the proliferation of osteoblasts to 

promote bone formation [18]. Then, the impact of different con

centrations of M2 macrophage exosomes on cell proliferation 

was examined. After co-culture of exosomes and cells for 24 and 

48 h, 5 lg/ml exosomes enhanced the proliferation of MC3T3-E1 

most effectively (Figure 2F).

Differential miRNAs expression in M2-exos
Previously, M0, M1 and M2 exosomes were extracted and co- 

cultured with osteoblasts, respectively, and it was found that M2 

Figure 1. Effects of conditioned medium on MC3T3-E1 osteogenesis. (A) The expression of CD86 (M1 marker) and CD206 (M2 marker) in macrophages 
was measured by qRT-PCR. (B) The schematic diagram of co-culture for macrophages and MC3T3-E1. (C) The osteogenesis of MC3T3-E1 was analyzed 
by ALP staining after 7 days in the co-culture system. (D) The ability of MC3T3-E1 to form mineralized nodules was analyzed by ARS staining after 14 
days in the co-culture system. (E) The mRNA expression of COL-1, Runx2 and ALP in MC3T3-E1 was analyzed by qRT-PCR after 7 days in the co-culture 
system. 

�
P<0.05, 

��
P<0.01, 

���
P<0.01.

4 | Regenerative Biomaterials, 2024, Vol. 11, rbae018  



exosomes promoted osteogenic differentiation [8]. Therefore, the 
mechanism of M2 exosomes promoting osteogenesis was ex
plored. Total RNA from M1-exos and M2-exos were obtained for 
high-throughput sequencing. The Venn diagram showed that 216 
miRNAs were expressed in M1-exos and 183 miRNAs were 
expressed in M2-exos, with a total of 150 miRNAs (Figure 3A). A 

total of eight miRNAs were screened in M2-exos compared to M1- 
exos, of which six miRNAs were up-regulated and two miRNAs 
were down-regulated (Figure 3B). The differential miRNA screen
ing condition was padj< 0.05 and jlog2(foldchange)j (jlog2FCj)> 1. 
As shown in Figure 3C, miR-342-5p, miR-451a, miR-365-2-5p, 
miR-182-5p, miR-122-5p and miR-122b-3p were overexpressed in 

Figure 2. Extraction and characterization of exosomes secreted by M2 macrophage. (A) Exosomes preparation process. (B) TEM diagram of exosomes 
(scale bar: 100 nm). (C) Particle size analysis of exosomes. (D) Concentration information of exosomes. (E) Analysis of exosome uptake by MC3T3-E1. 
(F) Effects of different concentrations of M2-exos on MC3T3-E1 proliferation.
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M2-exos. In addition, miR-365-2-5p was not expressed in M1-exos 
(Figure 3D). The overexpressed miRNAs in M2-exos were con
firmed by qRT-PCR. The findings indicated that miR-365-2-5p, 
miR-182-5p and miR-342-5p were consistent with the sequencing 
results (Figure 3E). In particular, miR-182-5p and miR-342-5p neg
atively regulated osteogenic differentiation while miR-365 pro
moted bone formation [19–21]. The results of qRT-PCR showed 
that although miR-365-2-5p was expressed in M0 and M1 exo
somes, the expression level was low and not significant. 
Combined with sequencing results, it was found that miR-365-2- 
5p could not be stably expressed in M1 exosomes. Therefore, we 

investigated the effect of miR-365-2-5p in M2-exos on MC3T3-E1 

osteogenesis.

MiR-365-2-5p secreted by M2-exos promoted 
osteogenesis of MC3T3-E1
Next, the effect of miR-365-2-5p secreted by M2-exos on osteo

genic differentiation of MC3T3-E1 was investigated. Firstly, M2- 

exos that overexpressed and knocked down miR-365-2-5p were 

prepared. As shown in Figure 4A, lentivirus was successfully 

transfected into macrophages. Macrophages were induced to M2 

type, and the expression of miR-365-2-5p was detected by qRT- 

Figure 3. Identification of differentially expressed miRNAs of M2-exos. (A) Expression of miRNAs in M1-exos and M2-exos. (B) The number of 
differentially expressed miRNAs in M2-exos. (C) Differentially expressed miRNAs in M2-exos. (D) Expression profiles of differential miRNAs highly 
expressed in M2-exos. (E) Differential miRNAs highly expressed in M2-exos were confirmed by qRT-PCR. 

�
P<0.05, 

��
P<0.01, 

���
P<0.001.
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PCR. The findings indicated that miR-365-2-5p was significantly 
overexpressed or knocked down in M2-exos (Figure 4B). 
Subsequently, M2 macrophage exosomes (overexpressing or 
knocking down miR-365-2-5p) were co-cultured with MC3T3-E1 
to detect the effect of miR-365-2-5p in MC3T3-E1. As shown in  
Figure 4C, the trend of miR-365-2-5p in MC3T3-E1 was consistent 
with that in M2 macrophage exosomes. Finally, the influence of 
exosomal miR-365-2-5p on MC3T3-E1 osteogenesis was explored 
by adding M2-exos that overexpressed and knocked down miR- 
365-2-5p during MC3T3-E1 osteogenic differentiation. Compared 
with the NC group, ALP staining was remarkably enhanced, the 
number of calcified nodule formation was apparently increased, 
and the expression of osteogenesis-related genes was enhanced 
in the M2-OE-miR-365-2-5p group. In the M2-KD-Exo-miR-365-2- 

5p group, ALP staining was attenuated, the number of calcified 
nodule formation was clearly reduced, and miRNA expression of 
ALP, Runx2 and BMP2 was diminished (Figure 4D–F).

MiR-365-2-5p promoted osteogenic 
differentiation of MC3T3-E1
Subsequently, we investigated the capability of miR-365-2-5p to 
directly influence MC3T3-E1 osteogenesis. As displayed in  
Figure 5A, the expression of miR-365-2-5p in MC3T3-E1 was 
greatly increased. The CCK-8 kit was intended for the examina
tion of cell proliferation. The results indicated that overexpres
sion of miR-365-2-5p (OE-miR-365-2-5p) promoted MC3T3-E1 
proliferation (Figure 5B). In addition, miRNA expression of OPN, 
COL-1, OCN and Runx2 was examined by qRT-PCR, which 

Figure 4. Influence of miR-365-2-5p secreted by M2-exos on MC3T3-E1 osteogenesis. (A) Fluorescence microscopy for GFP expression. (B) MiR-365-2-5p 
expression in M2 macrophage was confirmed by qRT-PCR. (C) Expression of miR-365-2-5p in cells following co-culture of MC3T3-E1 with M2-exos 
overexpressing and knocking down miR-365-2-5p by qRT-PCR. (D) ALP staining to detect the impact of M2-exos secreted miR-365-2-5p on MC3T3-E1 
osteogenic differentiation (scale bar: 100 mm). (E) ARS staining was employed to observe the influence of miR-365-2-5p secreted by M2-exos on MC3T3- 
E1 mineralization (scale bar: 100 mm). (F) Influence of miR-365-2-5p secreted by M2-exos on the expression of osteogenesis-related genes (ALP, Runx2 
and BMP2) in MC3T3-E1 cells. 

�
P<0.05, 

��
P<0.01, 

���
P<0.001.
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Figure 4. (Continued).
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Figure 5. The effect of miR-365-2-5p on osteogenic differentiation of MC3T3-E1. (A) A cell model of MC3T3-E1 overexpressing miR-365-2-5p was 
constructed. (B) CCK-8 was used to examine the efficacy of miR-365-2-5p on the proliferation of MC3T3-E1. (C) The effects of miR-365-2-5p on mRNA 
expression of OPN, COL-1, OCN and Runx2 were measured by qRT-PCR. (D) The influence of miR-365-2-5p on Runx2, BMP2 and OPN protein expression 
was measured by WB. (E) The influence of miR-365-2-5p on extracellular matrix mineralization was observed by ARS staining (scale bar: 100 mm). (F) 
The influence of miR-365-2-5p on osteogenesis of MC3T3-E1 was observed by ALP staining (scale bar: 100 mm). 

�
P<0.05, 

��
P<0.01, 

���
P<0.001.
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indicated a clear increase in the OE-miR-365-2-5p group 
(Figure 5C). The protein expression of Runx2, BMP2 and OPN was 
detected by Western blot (WB) and found to be notably increased 
in the OE-miR-365-2-5p group (Figure 5D). To research the effect 
of miR-365-2-5p for extracellular matrix mineralization, ARS 
staining was performed following 14 days of MC3T3-E1 osteo
genic induction revealing increased mineral deposition in the 
OE-miR-365-2-5p group (Figure 5E). As well, miR-365-2-5p evoked 
enhanced ALP staining (Figure 5F).

The mechanism of miR-365-2-5p-mediating 
MC3T3-E1 osteogenic differentiation was 
analyzed by bioinformatics
To explore the mechanism by which miR-365-2-5p promoted 
MC3T3-E1 osteogenesis, we extracted the miRNA of MC3T3-E1 in 
OE-NC group and OE-miR-365-2-5p group for high-throughput 
sequencing analysis. Compared to the OE-NC group, the OE-miR- 
365-2-5p group had 6710 DEs, of which 4781 genes were down- 
regulated and 1929 genes were up-regulated (Figure 6A and B). 
Padj�0.05 and jlog2FCj �1 were set as the threshold for signifi
cantly differential expression. The heat map of cluster analysis 
showed that the two groups were mainly different in protein cod
ing (Figure 6C). The down-regulated genes and the miR-365-2-5p 
target genes predicted by the TargetScan database were inter
sected, ultimately 14 candidate genes were identified (Figure 6D). 
Literature research found that only OLFML1 and GNB4 negatively 
regulated osteogenic differentiation [22, 23]. Therefore, the 
mRNA expression of OLFML1 and GNB4 was verified by qRT-PCR. 
The decrease of OLFML1 in the OE-miR-365-2-5p group was more 
significant compared to the GNB4 (Figure 6E). This was consistent 
with the results of gene expression profiles (Figure 6F).

MiR-365-2-5p promoted MC3T3-E1 bone 
formation by targeting OLFML1
Ultimately, the regulatory mechanism of miR365-2-5p and 
OLFML1 was evaluated. The targetscan database predicted a 
binding site between miR365-2-5p and OLFML1 (Figure 7A). After 
transfection of 293 T cells with miR-365-2-5p overexpression len
tivirus and empty lentivirus, OLFML1-3'-UTR-WT plasmid and 
OLFML1-3'-UTR-MT plasmid were transfected, respectively, for 
luciferase reporter gene activity detection (Figure 7B). The out
comes indicated that overexpression of miR-365-2-5p reduced 
the fluorescence expression of OLFML1-3'-UTR-WT, and had no 
remarkable impact of OLFML1-3'-UTR-MT (Figure 7C).

Discussion
The essence of bone regeneration is a specific type of foreign 
body reaction that involves a series of resident cell/factor [24]. It 
has been shown that the immune system influences the course 
and outcome of bone healing by regulating the switch from an in
flammatory to an anti-inflammatory phenotype of cells [25]. 
Therefore, we consider whether it is possible to promote bone 
healing by modulating immunity. Among congenital immune 
cells, the macrophage is considered to be a key factor in coordi
nating the reconstruction of tissue function after injury [26].

Depending on the local bone microenvironment, macrophages 
can be polarized into either classically activated (M1) and alter
natively activated (M2) phenotypes [27]. M1 macrophages can be 
activated by LPS or pro-inflammatory cytokines, participate in 
host defense processes, and highly express iNOS and CD86 [28]. 
M2 macrophages can be activated by IL-4, play a role in promot
ing tissue repair and highly express receptor molecules Arg-1 and 

CD206 [29]. In this research, we successfully induced macro
phages polarization into M1 phenotype and M2 phenotype. And 
macrophages in different phenotypes were co-cultured with 
MC3T3-E1 to detect their effects on MC3T3-E2 osteogenic differ
entiation. ALP was an important phosphatase that promoted 
bone formation. The formation of calcified nodules was a unique 
hallmark of osteoblasts. Runx2 and COL-I were considered im
portant biomarkers in bone formation [30, 31]. ALP staining, ARS 
staining and gene expression of ALP, Runx2 and COL-I suggested 
that M2 macrophages promoted osteogenic differentiation of 
MC3T3-E1 (Figure 1).

Exosomes were vesicles with a diameter of 30–200 nm released 
by cells into the extracellular space and an important application 
in tissue engineering was as a nanocarrier for loading proteins, 
nucleic acids and drugs. Exosomes entered target cells mainly 
through membrane fusion, and the signaling molecules they car
ried acted on a variety of signaling pathways in target cells to 
participate in intercellular information transfer [32, 33]. 
Therefore, the internalization of exosomes by target cells was the 
basis and premised for their biological function regulation of tar
get cells. This study found that M2-exos was internalized by 
MC3T3-E1 and 5 lg/ml M2-exos dramatically promoted MC3T3- 
E1 proliferation (Figure 2).

It had been reported that miRNAs were involved in osteogenic 
differentiation of various cells [34]. Hu et al. [35] found that miR- 
1224-5p promoted osteoblast differentiation by targeting ADCY2 
through the rap1 signaling pathway. Huang et al. [36] demon
strated that the exosomal miR-19b sourced from mesenchymal 
stem cells augments osteogenesis of BMSCs via the WWP1/ 
Smurf2-mediated KLF5/b-catenin signaling pathway. In this 
study, miR-365-2-5p was notably overexpressed in M2-exos and 
promoted osteogenic differentiation (Figure 3). Exosomal mole
cules with a specific function were unstable in content and low 
in homogeneity. Therefore, it was of great clinical importance to 
modify exosomes. In this study, miR-365-2-5p-modified M2-exos 
were co-cultured with MC3T3-E1 to investigate the effect of miR- 
365-2-5p in exosomes. The findings indicated that miR-365-2-5p 
was translocated to MC3T3-E1 via M2-exos and promoted osteo
genic differentiation of MC3T3-E1 (Figure 4). Moreover, miR-365- 
2-5p can directly enhance the osteogenic ability of MC3T3- 
E1 (Figure 5).

The role of miR-365-2-5p derived from M2-exos in mediating 
osteogenesis of MC3T3-E1 prompted us to discover the mecha
nisms related to the event. It was found that miR-365-2-5p inhib
ited the expression of OLFML1 (Figure 6). A study had shown that 
mutation of OLFML1 lead to impaired osteoblast differentiation 
and abnormal development of bone tissue [22]. The dual lucifer
ase gene reporting technology verified the targeting relationship 
between miRNA and OLFML1. It was suggested that miR-365-2- 
5p can specifically bind to OLFML (Figure 7).

In summary, this study provided evidence that M2-exos can 
promote osteogenesis of MC3T3-E1 through miR-365-2-5p. At the 
same time, the event involved the downregulation of OLFML1 
(Figure 8). However, this study did not involve evidence related to 
the effect of miR-365-2-5p derived from M2-exos on bone defect 
repair in vivo. Moreover, bone metabolism is a continuous and dy
namic remodeling process whose homeostatic depends on the 
dynamic balance between osteoclast and osteoblast composition. 
It remains questionable whether M2-exos target osteoclasts and 
inhibit osteoclast overproduction. In future studies, we will ob
serve the effects of miR-365-2-5p derived from M2-exos on new 
bone production in rats and focus on molecular mechanisms re
lated to M2-exos-mediated osteoclasts. In addition, exosomes 
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Figure 6. The mechanism of miR-365-2-5p mediating MC3T3-E1 osteogenic differentiation was analyzed by bioinformatics. (A) Volcano map of DEs in 
OE-NC group and OE-miR-365-2-5p group. (B) Histogram of DEs in OE-NC and OE-miR-365-2-5p groups. (C) Heatmap of DEs in OE-NC and OE-miR-365- 
2-5p groups. (D) The target genes of miR-365-2-5 p were analyzed by Venn diagram. (E) The expression of OLFML1 and GNB4 in MC3T3-E1 cells was 
determined by qRT-PCR. (F) Heatmap of down-regulated gene expression profiles in the OE-miR-365-2-5p group. 
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P<0.001.
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have a short half-life in vivo and are easily cleared by the immune 

system [37]. Therefore, the development of tissue-engineered 

scaffolds for the delivery of exosomes is an interesting re

search direction.

Conclusion
In conclusion, miR-365-2-5p derived from M2 macrophage exo

somes promotes osteogenesis of MC3T3-E1 by targeting OLFML1. 

The current findings provide new insights in clinical practice for 

treating bone defects with exosomes. The sequential release of 
miRNA-modified M1 and M2 macrophage exosomes from bone 
tissue-engineered scaffolds will be a possible way to treat dis
eases, such as bone defects in the future.

Supplementary data
Supplementary data are available at Regenerative Biomaterials online.
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Figure 7. MiR-365-2-5p Promoted MC3T3-E1 bone formation by targeting OLFML1. (A) Diagram of miR-365-2-5p and OLFML1 binding sequence. (B) The 
construction of 293 T cell model overexpressing miR-365-2-5p. (C) The targeting relationship between miR-365-2-5p and OLFML1 was detected by dual 
luciferase assay. 
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Figure 8. MiR-365-2-5p derived from M2 macrophage exosomes 
promotes osteogenesis of MC3T3-E1 by targeting OLFML1.

12 | Regenerative Biomaterials, 2024, Vol. 11, rbae018  

https://academic.oup.com/rb/article-lookup/doi/10.1093/rb/rbae018#supplementary-data


References
01. Huang EE, Zhang N, Ganio EA, Shen H, Li X, Ueno M, Utsunomiya 

T, Maruyama M, Gao Q, Su N, Yao Z, Yang F, Gaudilli�ere B, 

Goodman SB. Differential dynamics of bone graft transplantation 

and mesenchymal stem cell therapy during bone defect healing 

in a murine critical size defect. J Orthop Translat 2022;36:64–74.

02. Wu P, Shen L, Liu HF, Zou XH, Zhao J, Huang Y, Zhu YF, Li ZY, 

Xu C, Luo LH, Luo ZQ, Wu MH, Cai L, Li XK, Wang ZG. The mar

riage of immunomodulatory, angiogenic, and osteogenic capa

bilities in a piezoelectric hydrogel tissue engineering scaffold 

for military medicine. Mil Med Res 2023;10:35.
03. Mu~noz J, Akhavan NS, Mullins AP, Arjmandi BH. Macrophage 

polarization and osteoporosis: a review. Nutrients 2020;12:2999.

04. Louiselle AE, Niemiec SM, Zgheib C, Liechty KW. Macrophage po

larization and diabetic wound healing. Transl Res 2021;236:109–16.
05. Wang D, Liu Y, Diao S, Shan L, Zhou J. Long non-coding RNAs 

within macrophage-derived exosomes promote BMSC osteogene

sis in a bone fracture rat model. Int J Nanomedicine 

2023;18:1063–83.

06. Luo X, Meng C, Zhang Y, Du Q, Hou C, Qiang H, Liu K, Lv Z, Li J, 

Liu F. MicroRNA-21a-5p-modified macrophage exosomes as 

natural nanocarriers promote bone regeneration by targeting 

GATA2. Regen Biomater 2023;10:rbad075.
07. Zhang C, Bao LR, Yang YT, Wang Z, Li Y. Role of M2 macrophage 

exosomes in osteogenic differentiation of mouse bone marrow 

mesenchymal stem cells under high-glucose and high-insulin. 

Sichuan Da Xue Bao Yi Xue Ban 2022;53:63–70.
08. Zhu Y, Zhao S, Cheng L, Lin Z, Zeng M, Ruan Z, Sun B, Luo Z, 

Tang Y, Long H. Mg2þ-mediated autophagy-dependent polariza

tion of macrophages mediates the osteogenesis of bone marrow 

stromal stem cells by interfering with macrophage-derived exo

somes containing miR-381. J Orthop Res 2022;40:1563–76.

09. Rahimian N, Nahand JS, Hamblin MR, Mirzaei H. Exosomal 

microRNA profiling. Methods Mol Biol 2023;2595:13–47.
10. Zhang J, Li S, Li L, Li M, Guo C, Yao J, Mi S. Exosome and exoso

mal microRNA: trafficking, sorting, and function. Genomics 

Proteomics Bioinformatics 2015;13:17–24.

11. Tsai YC, Kuo MC, Hung WW, Wu PH, Chang WA, Wu LY, Lee SC, 

Hsu YL. Proximal tubule-derived exosomes contribute to 

mesangial cell injury in diabetic nephropathy via miR-92a-1-5p 

transfer. Cell Commun Signal 2023;21:10.
12. Li Z, Wang Y, Li S, Li Y. Exosomes derived from M2 macrophages 

facilitate osteogenesis and reduce adipogenesis of BMSCs. Front 

Endocrinol (Lausanne) 2021;12:680328.
13. Meng C, Liu K, Lv Z, Zhang Y, Li J, Luo X, Qiang H, Li K, Liu F, 

Zhang B, Cui F. Inflammation and immunity gene expression 

profiling of macrophages on mineralized collagen. J Biomed 

Mater Res A 2021;109:1328–36.
14. Liu K, Luo X, Lv ZY, Zhang YJ, Meng Z, Li J, Meng CX, Qiang HF, 

Hou CY, Hou L, Liu FZ, Zhang B. Macrophage-derived exosomes 

promote bone mesenchymal stem cells towards osteoblastic fate 

through microRNA-21a-5p. Front Bioeng Biotechnol 2021;9:801432.
15. Isaac R, Reis FCG, Ying W, Olefsky JM. Exosomes as mediators of 

intercellular crosstalk in metabolism. Cell Metab 2021;33:1744–62.

16. Zhu Q, Tang Y, Zhou T, Yang L, Zhang G, Meng Y, Zhang H, Gao 

J, Wang C, Su YX, Ye J. Exosomes derived from mesenchymal 

stromal cells promote bone regeneration by delivering miR-182- 

5p-inhibitor. Pharmacol Res 2023;192:106798.

17. Zeng K, Li W, Kang Q, Li Y, Cheng Q, Xia W. miR-342-5p inhibits 

odonto/osteogenic differentiation of human dental pulp stem 

cells via targeting Wnt7b. Oral Dis 2023;29:2107–16.
18. Letarouilly JG, Broux O, Clabaut A. New insights into the epige

netics of osteoporosis. Genomics 2019;111:793–8.
19. Xu D, Gao Y, Hu N, Wu L, Chen Q. miR-365 ameliorates 

dexamethasone-induced suppression of osteogenesis in 

MC3T3-E1 cells by targeting HDAC4. Int J Mol Sci 2017;18:977.
20. Murakami K, Kikugawa S, Kobayashi Y, Uehara S, Suzuki T, 

Kato H, Udagawa N, Nakamura Y. Olfactomedin-like protein 

OLFML1 inhibits hippo signaling and mineralization in osteo

blasts. Biochem Biophys Res Commun 2018;505:419–25.

21. Wang J, Gao Z, Gao P. MiR-133b modulates the osteoblast differ

entiation to prevent osteoporosis via targeting GNB4. Biochem 

Genet 2021;59:1146–57.

22. Salazar-Puerta AI, Rincon-Benavides MA, Cuellar-Gaviria TZ, 

Aldana J, Martinez GV, Ortega-Pineda L, Das D, Dodd D, Spencer 

CA, Deng B, McComb DW, Englert JA, Ghadiali S, Zepeda-Orozco 

D, Wold LE, Gallego-Perez D, Higuita-Castro N. Engineered ex

tracellular vesicles derived from dermal fibroblasts attenuate 

inflammation in a murine model of acute lung injury. Adv Mater 

2023;29:e2210579.
23. Chen S, Wang H, Liu D, Bai J, Haugen HJ, Li B, Yan H. Early 

osteoimmunomodulation by mucin hydrogels augments the 

healing and revascularization of rat critical-size calvarial bone 

defects. Bioact Mater 2023;25:176–88.
24. Wolf SJ, Melvin WJ, Gallagher K. Macrophage-mediated inflamma

tion in diabetic wound repair. Semin Cell Dev Biol 2021;119:111–8.
25. Locati M, Curtale G, Mantovani A. Diversity, mechanisms, and sig

nificance of macrophage plasticity. Annu Rev Pathol 2020;15:123–47.

26. Zhao X, Di Q, Liu H, Quan J, Ling J, Zhao Z, Xiao Y, Wu H, Wu Z, 

Song W, An H, Chen W. MEF2C promotes M1 macrophage polar

ization and Th1 responses. Cell Mol Immunol 2022;19:540–53.

27. Yunna C, Mengru H, Lei W, Weidong C. Macrophage M1/M2 po

larization. Eur J Pharmacol 2020;877:173090.
28. Zhang F, Lv M, Wang S, Li M, Wang Y, Hu C, Hu W, Wang X, 

Wang X, Liu Z, Fan Z, Du J, Sun Y. Ultrasound-triggered biomi

metic ultrashort peptide nanofiber hydrogels promote bone re

generation by modulating macrophage and the osteogenic 

immune microenvironment. Bioact Mater 2023;31:231–46.
29. Nagashima D, Ishibashi Y, Kawaguchi S, Furukawa M, Toho M, 

Ohno M, Nitto T, Izumo N. Human recombinant lactoferrin pro

motes differentiation and calcification on MC3T3-E1 cells. 

Pharmaceutics 2022;15:60.
30. Hu Y, Wang Y, Chen T, Hao Z, Cai L, Li J. Exosome: function and 

application in inflammatory bone diseases. Oxid Med Cell Longev 

2021;2021:6324912.

31. Shao J, Zaro J, Shen Y. Advances in exosome-based drug delivery 

and tumor targeting: from tissue distribution to intracellular 

fate. Int J Nanomedicine 2020;15:9355–71.

32. Zhou YK, Han CS, Zhu ZL, Chen P, Wang YM, Lin S, Chen LJ, 

Zhuang ZM, Zhou YH, Yang RL. M2 exosomes modified by hy

drogen sulfide promoted bone regeneration by moesin medi

ated endocytosis. Bioact Mater 2023;31:192–205.
33. Iaquinta MR, Lanzillotti C, Mazziotta C, Bononi I, Frontini F, 

Mazzoni E, Oton-Gonzalez L, Rotondo JC, Torreggiani E, Tognon 

M, Martini F. The role of microRNAs in the osteogenic and chon

drogenic differentiation of mesenchymal stem cells and bone 

pathologies. Theranostics 2021;11:6573–91.

Regenerative Biomaterials, 2024, Vol. 11, rbae018 | 13  



34. Suh JS, Lee JY, Choi YS, Chung CP, Park YJ. Peptide-mediated in
tracellular delivery of mirna-29b for osteogenic stem cell differ
entiation. Biomaterials 2013;34:4347–59.

35. Hu L, Xie X, Xue H, Wang T, Panayi AC, Lin Ze, Xiong Y, Cao F, 
Yan C, Chen L, Cheng P, Zha K, Sun Yun, Liu G, Yu C, Hu Y, Tao 
R, Zhou Wu, Mi B. Liu G. MiR-1224-5p modulates 
osteogenesis by coordinating osteoblast/osteoclast differenti

ation via the Rap1 signaling target ADCY2. Exp Mol Med 
2022;54:961–72.

36. Huang Yan, Xu Y, Feng S, He Pan, Sheng B, Ni J. miR-19b enhances 
osteogenic differentiation of mesenchymal stem cells and pro
motes fracture healing through the WWP1/Smurf2-mediated 

KLF5/b-catenin signaling pathway. Exp Mol Med 2021;53:973–85.
37. Xiong Y, Chen L, Liu P, Yu T, Lin C, Yan C, Hu Y, Zhou W, Sun Y, 

Panayi AC, Cao F, Xue H, Hu L, Lin Z, Xie X, Xiao X, Feng Q, Mi B, 
Liu G. All-in-one: multifunctional hydrogel accelerates oxida

tive diabetic wound healing through Timed-Release of exosome 
and fibroblast growth factor. Small 2022;18:e2104229.

14 | Regenerative Biomaterials, 2024, Vol. 11, rbae018  


	Active Content List
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Supplementary data
	Funding
	Data availability
	References


