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A B S T R A C T

Immune reactions are a key factor in determining the destiny of bone substitute materials after implantation.
Macrophages, the most vital factor in the immune response affecting implants, are critical in bone formation, as
well as bone biomaterial-mediated bone repair. Therefore, it is critical to design materials with osteoimmuno-
modulatory properties to reduce host-to-material inflammatory responses by inducing macrophage polarization.
Our previous study showed that calcium silicate (CS) bioceramics could significantly promote osteogenesis.
Herein, we further investigated the effects of CS on the behavior of macrophages and how macrophages regu-
lated osteogenesis. Under CS extract stimulation, the macrophage phenotype was converted to the M2 extreme.
Stimulation by a macrophage-conditioned medium that was pretreated by CS extracts resulted in a significant
enhancement of osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs), indicating the
important role of macrophage polarization in biomaterial-induced osteogenesis. Mechanistically, oncostatin M
(OSM) in the macrophage-conditioned medium promoted osteogenic differentiation of BMSCs through the
ERK1/2 and JAK3 pathways. This in vivo study further demonstrated that CS bioceramics could stimulate os-
teogenesis better than β-TCP implants by accelerating new bone formation at defective sites in the femur. These
findings improve our understanding of immune modulation of CS bioactive ceramics and facilitate strategies to
improve the in vitro osteogenesis capability of bone substitute materials.

1. Introduction

Bone defects caused by trauma, tumor, and osteomyelitis have
prompted the use of bone regeneration biomaterials [1–6]. Biomaterials
for the regeneration of bone defects have rapidly developed from pure
biological inert materials to materials that can stimulate osteoblast,
osteoclast, and other specific cell responses at the molecular level [7].
Therefore, the current principle for designing biomaterials is to stimu-
late osteogenic differentiation in vitro and to then examine the bioma-
terials in vivo models [8]. In vivo and in vitro experiments often are
inconsistent, however, which in turn hinders the clinical application of
biomaterials [9]. The contradiction implies that we may focus more on

the in vitro characteristics of materials but ignore their in vivo biological
effect [10].

Recently, the development of osteoimmunology has changed our
focus on the in vivo interactions among host immune cells, bone cells,
and biomaterials [8,11]. During fracture healing, osteoblasts and os-
teoclasts indicate a dynamic balance in bone formation and remodeling
[12,13]. Immune cells can produce inflammatory cytokines, including
interleukin-1 (IL-1), IL-6, and tumor necrosis factor-α (TNF-α), or can
transform cell subtypes to regulate osteoclastogenesis using cytokine
macrophage-colony stimulating factor (M-CSF), osteoprotegerin (OPG),
and receptor activator of NF-κB ligand (RANKL) [14,15]. Some studies,
however, also suggest that immune cells can regulate osteoblasts
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through the regulatory molecules, including transforming growth
factor-β (TGF-β), IL-10, and vascular endothelial growth factor (VEGF)
[16–18]. Correspondingly, “smart” biomaterials, as foreign implants,
should be able to induce beneficial immune responses in immune cells,
thereby building an osteogenesis-promoting environment for bone cells
and enhancing implant integration [19]. Therefore, it is important to
explore the functional plasticity of immune cells in biomaterial-induced
bone formation.

As innate immune cells, macrophages are among the first cells to act
against foreign elements, such as biomaterials, playing an essential role
in material-induced immune reactions [20,21]. Characterized by dif-
ferent cytokine secretions and surface markers, macrophages have two
major phenotypes, namely, M1 and M2. The biomaterial-induced en-
vironment can stimulate macrophages to transform their phenotype and
physiological function [22]. Classically, inflammatory macrophages
(M1), with the typical surface marker CD11c, are well known to en-
hance Th1-biased inflammation by pro-inflammatory cytokines (IL-6,
TNF-α), which enhance osteoclastic activities [23]. By contrast, alter-
native anti-inflammatory macrophages (M2), with the typical surface
marker CD206, are helpful in enhancing Th2-biased inflammation [24]
by anti-inflammatory cytokines, such as IL-10, which is beneficial for
the formation of new bones or fibrous capsules [8]; macrophages also
secrete a range of osteoinductive molecules, such as BMP-2 and TGF-β,
to promote osteogenesis [25,26]. Furthermore, as the precursors of
osteoclasts, macrophages participate in the degradation of biomaterial
and the remodeling of bone [27]. The diversity and flexibility of mac-
rophages make them a major target for modulating biomaterial-induced
immune reactions [28]. Further investigations should be performed to
better characterize alternate macrophage phenotypes to understand
how host immune cells, bone cells, and biomaterials coordinate.

It has been reported that biomaterials with special components and
surface topographies can also induce macrophage polarization,
switching from pro-inflammatory M1 to anti-inflammatory M2 types
[29]. In addition, the polarization induced by the materials may be
closely related to their osteogenic activity. Our previous studies have
shown that calcium silicate (CaSiO3, CS)-based biomaterials are more
effective for bone marrow mesenchymal stem cell (BMSC) proliferation,
osteogenic differentiation, and bone formation compared with the tra-
ditional Ca–P based materials [30,31]. However, whether or not the CS
bioceramics have osteoimmunomodulatory properties remains unclear.

Herein, we tested the in vitro osteogenic capacity of CS in the
modulation of macrophages by comparison with the commonly used
osteoconductive material β-TCP. By detecting the functional switch of
macrophages in vitro, we can predict which biomaterials may be better
for osteogenesis, as determined by in vivo animal experiments.
Therefore, the application of osteoimmunology in the design of the
bone materials provides us with ideas to evaluate the materials in os-
teogenesis and to explore the mechanism of material-induced bone
healing.

2. Materials and methods

2.1. Preparation and characterization of β-Ca3(PO4)2 and CaSiO3

bioceramic particles

β-Tricalcium phosphate (β-Ca3(PO4)2, β-TCP) and CaSiO3 (CS)
bioceramic particles with a size of 300–450 μm were obtained by the
calcining method. First, β-TCP and CS powders were synthetized using
chemical precipitation, as described in our previous study [30,32–34].
All reagents were analytical-grade and purchased from China National
Medicine Shanghai Chemical Reagent Corporation. For the β-TCP
powders, analytical-grade Ca(NO3)2·4H2O and (NH4)2HPO4 were suc-
cessively dissolved into aqueous solutions at a concentration of 0.5 M.
Then, the Ca(NO3)2 aqueous solution was dripped into the (NH4)2HPO4
aqueous solution under constant stirring until the molar ratio of Ca/P
reached 1.5; the pH value of the reaction system was controlled at

around 8.0 using ammonium hydroxide. After stirring the precipitates
for 24 h after complete addition, the products were filtered and washed
with deionized water three times. Then the β-TCP powders was ac-
quired by calcination at 800 °C for 2 h. We utilized the same method for
the CS powder preparation, which used Ca(NO3)2·4H2O and Ca-
SiO3·9H2O as raw materials, and set the Ca/Si molar ratio to 1.0.

Each of the obtained β-TCP and CS powders were mixed with 8%
(wt) polyvinyl alcohol aqueous solution. Then, we uniaxially com-
pressed the powders into plates with a 25-mm diameter and 10-mm
thickness using stainless steel die. The β-TCP and CS biscuits were
calcined at 1050 °C for 5 h and subsequently cooled to about 25 °C in
the furnace. After calcination, the β-TCP and CS plates were crushed
and filtered to obtain particles with a diameter of 300–450 μm.

The phase and morphology of the final products were determined
using X-ray diffraction (XRD, Geigerflex, Rigaku Co., Japan) with
monochromated CuKα radiation and scanning electron microscopy
(SEM: JSM-6700F, JEOL, Japan), respectively.

2.2. Macrophage culture and stimulation using material extracts

2.2.1. Isolation and culture of BMDMs
The isolation and culture of bone marrow-derived macrophages

(BMDMs) was conducted as previously described [35]. In detail, femurs
and tibias were isolated from C57BL/6 mice (Joint Ventures Sipper BK
Experimental Animal, Shanghai, China) within an age range of 6–8
weeks. Each group consisted of six mice, and we the experiments were
repeated three times independently. Bone marrow was cleansed with
phosphate buffer saline (PBS) using a 1 mL syringe. Then, the cells were
forced through a 70 μm cell filter to get rid of cell clumps, 1 mL Tris-
NH4Cl solution was added, and the suspension was incubated for
10 min on ice to discard the red blood cells. The isolated bone marrow
cells were resuspended in BMDM growth medium (Dulbecco's modified
Eagle medium [DMEM, Invitrogen, Carlsbad, CA, USA] [36] supple-
mented with 10% fetal bovine serum [FBS, Invitrogen] and 10 ng/mL
M-CSF, R&D Systems, Minneapolis, MN, USA) and were then seeded
into six-well tissue culture plates. On day 7, the mature BMDM for-
mation by flow cytometry analysis was assessed to detect cells that
expressed CD11b and F4/80 (both antibodies were obtained from
eBiosciences, San Diego, CA, USA). To increase the purity of the mac-
rophages, the non-adherent cells were washed off before use.

2.2.2. Preparation of the material extracts and stimulation of BMDMs
The material extracts were prepared by soaking CS and β-TCP bio-

ceramic powders in serum-free DMEM in succession at a solid/liquid
ratio of 100 mg/mL, respectively. The mixture was first incubated at
37 °C for 24 h and then centrifuged. We collected the supernatant and
passed it through 0.2-mm filter membranes for sterilization (Pall
Corporation, Port Washington, NY, USA). The levels of endotoxins in
the material extracts was measured before use. In the present study, the
extract of the β-TCP bioceramics were used, which is traditional bone
graft in clinics, as the control sample.

The mature BMDMs were seeded into a 24-well tissue culture plate
at a density of 1 × 105 cells/well. After 12 h, the culture medium was
replaced with 500 μL of the material extract supplemented with 10%
FBS. DMEM containing 10% FBS but without the mineral extract was
used as the control sample. The ion concentrations of Ca and Si in cell
culture mediums with CS and β-TCP bioceramic extract components
were determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES; 710-ES, Varian, Palo Alto, CA, USA). The pH
values of the cell culture mediums with the bioceramic extract com-
ponents were determined by using an electrolyte type pH meter (pH-
FE28, Five Easy Plus, Shanghai, China). Then, the cells were collected
to assess mRNA, protein, and surface marker expression using the fol-
lowing methods. To give a dynamic observation of the gene and protein
expression for BMDMs, the mRNA expression of inflammatory factors
was detected within 12 h and the mRNA expression of M-CSF, VEGF,
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and OSM within 24 h. The protein levels of these factors were detected
within 24 h after treatment with CS or the β-TCP extract. After in-
cubation for 48 h, the supernatant was collected as the conditioned
medium.

2.2.3. BMSC isolation and stimulation with the conditioned medium
Isolation and cultivation of BMSCs according to protocols estab-

lished in former studies was performed [9]. Briefly, bone marrow was
obtained from the femoral bone marrow cavity of C57BL/6 mice.
Density gradient centrifugation was used for the isolation of mono-
nuclear cells from bone marrow with the addition of Lymphoprep.
Tissue culture bottles that contained DMEM supplemented with 10%
FBS were seeded with the collected cells. The medium was replaced at
3-day intervals until the primary mesenchymal cells reached 80%
confluency. Non-adherent hematopoietic cells were discarded with the
replaced medium. The BMSCs based on their morphology was char-
acterized as previously described [9]. To stimulate the BMSCs with the
conditioned medium, the culture medium (DMEM + 20% FBS) was
supplemented with the collected conditioned medium at a ratio of 1:1.
The pure material extract and culture medium that were not supple-
mented with the conditioned medium served as controls. To measure
the expression of bone-related genes, including osteopontin (OPN),
osteocalcin (OCN), alkaline phosphatase (ALP), and collagen type I
(COL1), as well as the protein expression of BMSCs, including ALP and
OPN, the BMSCs were seeded into 12-well plates at a density of
2 × 105 cells/well. After incubation for 12 h, we substituted the culture
medium with conditioned medium or control medium.

2.3. Flow cytometry

For flow cytometry detection of surface makers, macrophages were
cultured from isolated bone marrow cells supplemented with 10 ng/mL
M-CSF for 7 days. And then, flow cytometry analysis was used to
identify macrophage polarization at 2 days after treatment with CS or
the β-TCP extract. We incubated the BMDMs with anti-mouse CD16 and
anti-mouse CD32 (eBiosciences, San Diego, CA, USA) at 25 °C for
20 min to inhibit the Fc receptor from nonspecific binding. The cells
were then washed with PBS and stained with the previously mentioned
antibodies at 25 °C for 20 min. We performed all flow cytometric
analysis on a fluorescence-activated cell sorter (FACS) LSR Fortessa
with FACSDiva software (BD Biosciences, San Jose, CA, USA).

2.4. Quantitative RT-PCR

Quantitative real-time PCR (qRT-PCR) analysis was performed as
previously described [37] using a LightCycler and a SYBR RT-PCR kit.
Total RNA isolation and purification was performed with an RNeasy
Mini Kit (Qiagen, Valencia, CA, USA). Approximately 1 μg of total RNA
was used for the synthesis of complementary DNA (cDNA) by the FSQ-
201 ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). We conducted
RT-PCR analysis with diluted cDNA and SYBR Green Realtime PCR
Master Mix (Toyobo, Osaka, Japan) in a LightCycler 1.5 PCR system
(Roche, Penzberg, Germany). The mean cycle threshold (Ct) value of
each target gene was normalized against the Ct value of a housekeeping
gene (β-actin) to determine relative expression levels. For the calcula-
tion of fold changes, all related genes were normalized to the controls as
shown in the first column. We used Primer 3 software (http://bioinfo.
ut.ee/primer3-0.4.0) to design the sequences of primers (Table 1).

2.5. Enzyme linked immunosorbent assay (ELISA)

Conditioned medium from BMDMs treated with CS or the β-TCP
extract was collected as above. Then, inflammatory factors and OSM
was detected using enzyme linked immunosorbent assay (ELISA) kits (R
&D Systems, Minneapolis, MN) according to the manufacturer's proto-
cols.

2.6. Alkaline phosphatase staining and quantification

ALP staining was made using a BCIP/NBT Alkaline Phosphatase
Colour Development Kit (Beyotime) on day 10. Washed the cells twice
with PBS, then with glutaraldehyde 2.5%, 300 μl/W, fixed for 10min,
rinsed twice with PBS, then configured and added BCIP/NBT staining
working solution according to the product instructions, next, incubated
at room temperature in the dark for 5–30min, removed BCIP/NBT
dyeing working solution, at last, washed 1–2 times with water to stop
the color reaction. Quantification of ALP staining was done by ImageJ.
In detail, ImageJ software was used for quantification of positively
stained area. Then, the area of positive staining was divided by total
area to make percentage of positively stained area. Finally, the ALP
levels were normalized to the “Blank” group.

2.7. In vivo experiments for biomaterials

2.7.1. Animal and surgical procedures
Wistar rats (National Tissue Engineering Center, Shanghai, China)

were kept for 2 weeks before the experiments. We conducted experi-
ments in accordance with the NIH Guidelines for Laboratory Animal
Care and Use (NIH 85-23 Rev. 1985) and surgical protocols were ap-
proved by the Research Center for Laboratory Animal of the Second
Military Medical University of China. A total of 60 rats underwent bi-
lateral femur implantations and were divided into two groups: the β-
TCP implant group (n = 30; rats underwent surgery, with the defect
filled with β-TCP implants) and the CS implant group (n = 30; rats
underwent surgery, with the defect filled with CS material). The rats
were anesthetized using isoflurane. Approximately 6-mm-long bilateral
longitudinal skin incision was made to expose the middle portion of the
femurs. Then, 6 × 2 mm artificial femoral bone defects were drilled in
the shaft of both femurs using a trephine bur and filled the particle

Table 1
Sequences of primers used in this study.

Gene Primer sequences

β-actin F: 5′-AGTGTGACGTTGACATCCGT-3′
R: 5′-GCAGCTCAGTAACAGTCCGC-3′

IL-1β F: 5′-TGCCACCTTTTGACAGTGATG-3′
R: 5′-TGATGTGCTGCTGCGAGATT-3′

TNF-α F: 5′-CTGAACTTCGGGGTGATCGG-3′
R: 5′-GCTTGTCACTCGAATTTTGAGA-3′

IL-10 F: 5′-GCTCTTACTGACTGGCATGAG-3′
R: 5′-CGCAGCTCTAGGAGCATGTG-3′

TGF-β1 F: 5′-CTCCCGTGGCTTCTAGTGC-3′
R: 5′-GCCTTAGTTTGGACAGGATCTG-3′

OSM F: 5′-CCCGGCACAATATCCTCGG-3′
R: 5′-TCTGGTGTTGTAGTGGACCGT-3′

VEGF F: 5′-CACATAGAGAGAATGAGCTTC-3′
R: 5′-CTCCGCTCTGAACAAGGCT-3′

M-CSF F: 5′-GGCTTGGCTTGGGATGATTCT-3′
R: 5′-GAGGGTCTGGCAGGTACTC-3′

OPN F: 5′-TCACCTGTGCCATACCAGTTA-3′
R: 5′-TGAGATGGGTCAGGGTTTAGC-3′

OCN F: 5′-GCAAAGGTGCAGCCTTTGTG-3′
R: 5′-GGCTCCCAGCCATTGATACAG-3′

ALP F: 5′-TCAGAAGCTAACACCAACG-3′
R: 5′-TTGTACGTCTTGGAGAGGGC-3′

COL1 F: 5′-AGAACAGCGTGGCCT-3′
R: 5′-TCCGGTGTGACTCGT-3′

Table 2
The ion concentration and pH value of the cell culture mediums with CS and β-
TCP extracts.

Groups Ca2+ (ppm) Si4+ (ppm) pH

With β-TCP extract 623.21 2.32 7.81
With CS extract 626.19 10.82 7.87
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implants into the drill holes. Subsequently, the soft tissues were closed
and sutured the skin. To study bone healing over time, the animals were
killed in a CO2 chamber at 4, 8, and 12 weeks after the operation.

2.7.2. 3D micro-CT imaging
The additional evaluation of femur bone structure was analyzed

using a microcomputed tomography (micro-CT) imaging apparatus (GE
Explore Locus SP micro-CT, USA). First, the defective femurs were
scanned under the following CT parameters: voltage, 80 kV; currency,
124 μA; and resolution, 8 μm. Then, to evaluate the process of bone
formation, two-dimensional slice images were used to reconstruct the
3D micro-CT images with Microview 2.2 software (GE Health Systems,
Chicago, IL, USA). Moreover, the percentages of new bone volume
against total tissue volume (BV/TV) and bone mineral density (BMD)
were assessed using auxiliary histomorphometric software (Scanco
Medical AG, Switzerland).

2.7.3. Histological and observation
All procedures were performed using previously described methods

[38]. The limbs at weeks 4, 8, and 12 were dehydrated in graded al-
cohol (from 75% to 100%) and embedded in polymethyl methacrylate.
An axial section of each specimen was cut and stained by van Gieson's
picrofuchsin for the histological observation of new bone formation.
The areas of new bone were measured and analyzed using Image Pro
version 5.0 analysis software (Media Cybernetic, Silver Springs, MD,
USA). Areas of new bone were presented as a percentage of the max-
imum new bone area value in the experimental data.

2.8. Statistical analysis

All values are expressed as the mean ± standard deviation (SD).
The unpaired Student t-test was used in data analysis. Statistical sig-
nificance was defined as P < 0.05.

3. Results

3.1. Material characterization of β-TCP and CS, ion concentration and pH
of β-TCP and CS extracts

Fig. 1 A confirms that the prepared particles were pure β-Ca3(PO4)2
and β-CaSiO3 phases. The SEM images revealed that the prepared β-
TCP and CS particles were irregularly shaped, with a size range of
300–450 μm (Fig. 1B). The ion concentration and pH value of the cell
culture mediums with β-TCP and CS extract components, respectively
were showed in Table 2. There was no difference between the two
groups in the concentration of Ca2+. However, the CS has obviously
higher silicon (Si) ion content than the β-TCP group. The pH of CS
extracts was 7.87 and β-TCP extracts was 7.81, which were both
slightly alkaline microenvironment.

3.2. Immunomodulatory properties of material extracts of the macrophages

3.2.1. Polarization of BMDMs with CS extracts
We used the BMDMs to investigate the activation of material ex-

tracts on the immunomodulatory properties of macrophages, which
were more representative of macrophages in the local microenviron-
ment (Fig. 2A). After induction of bone marrow cells, we confirmed the
differentiation into BMDMs was successful by detecting the expression
of CD11b and F4/80, the traditional surface markers of macrophages
(Fig. 2B). Then, we cultured the BMDMs with material extracts from the
CS or β-TCP controls (Fig. 2A).

3.2.2. The M1 and M2 surface markers of BMDMs
We investigated the influence of the material extracts on the clas-

sical M1 and M2 markers of macrophages. We used FACS to study the
M1 and M2 surface markers of BMDMs after treatment with different

material extracts. The M1 surface marker CD11c in BMDMs induced
with β-TCP extracts showed a higher fluorescence value compared with
the CS treatment group. However, the mean fluorescence intensity of
the M2 surface marker of CD206 was significantly lower in the β-TCP
group, which indicated a shift from the M1 to M2 type after CS extract
treatment (Fig. 3A and B).

3.2.3. Expression of inflammatory cytokines in BMDMs
To further confirm the phenotype switch of BMDMs, we investigated

the inflammatory gene expression levels after extract treatment. The
mRNA expression of M1 genes, such as IL-1β and TNF-α, was sig-
nificantly downregulated in BMDMs treated with the CS extracts
(P < 0.05) compared with the β-TCP group. However, the expression
of M2 genes, such as IL-10 and TGF-β, was significantly upregulated
upon treatment with the same stimulants (P < 0.05) (Fig. 3C). Con-
sistent with the qRT-PCR results, the secretion of IL-1β, TNF-α, IL-10,
and TGF-β as detected by ELISA showed similar trends (Fig. 3D). Thus,
CS extract treatment may induce BMDMs to switch phenotypes from M1
to M2.

3.2.4. Effects of BMDM-conditioned medium on the osteogenic
differentiation of BMSCs
3.2.4.1. BMDM-conditioned medium treated by CS extract promotes the
osteogenic differentiation of BMSCs. Previous studies have reported that
the phenotypic switch of macrophages regulates osteogenic
differentiation of BMSCs through secreting factors [39]. Thus, we
sought to determine whether the conditioned medium of BMDMs
treated by material extracts had the same effects. First, we detected
the expression of osteogenesis-related genes in BMDMs upon material
extract treatment. The M-CSF and VEGF expression showed no
difference between the CS and β-TCP extract treatment groups
(P > 0.05) (Fig. 4A and B). However, the expression of oncostatin M
(OSM) was upregulated in response to CS extract treatment (Fig. 4C and
D).

Next, we used the conditioned medium of BMDMs to stimulate the
BMSCs. The mRNA expression levels of OPN, ALP, and COL1, genes that
are relevant to mineralization, were significantly upregulated in BMSCs
stimulated by the BMDM-conditioned medium treated by the CS ex-
tract, in contrast to that treated by the β-TCP extract (P < 0.05)
(Fig. 5A, C, and 5D). Western blotting also exhibited a significant in-
crease in the protein expression of OPN and ALP in the CS-treated group
(Fig. 6A–C). Direct treatment of BMSCs with both material extracts,
however, had a much weaker effect on the expression of these genes.
Then, we used ALP staining to evaluate osteogenic differentiation. In
staining, the insoluble dark blue to blue-violet precipitate formed by
ALP can indirectly reflect the activity of ALP. Obviously, cells treated
with the BMDM-conditioned medium treated by CS extracts formed
more precipitate than cells treated with medium treated by β-TCP ex-
tracts (Fig. 7A–C). These results were confirmed by the quantification
analysis of ALP staining by ImageJ (Fig. 7D).

3.2.4.2. Oncostatin M mediates the osteogenic differentiation of BMSCs via
the ERK1/2 and JAK3 pathways. Next, we sought to determine the
factors in the CS-conditioned medium that mediated the osteogenic
differentiation of BMSCs. As the expression of OSM was upregulated in
the CS-conditioned medium (Fig. 4C and D), the medium had a weaker
effect on ALP and OPN expression in BMSCs than in the controls after
silencing of the OSM gene in BMDM (Fig. 8B and C). It has been
reported that OSM can promote osteogenesis via the ERK1/2 and JAK3
pathways [40]. To determine the mechanism underlying the osteogenic
differentiation of BMSCs, we detected the involved pathway upon
BMDM-conditioned medium treatment. Fig. 8E and F shows that
ERK1/2 and JAK3 were upregulated in BMSCs stimulated by the
BMDM-conditioned medium treated with the CS extract, which can
be reversed by silencing the OSM gene in BMDM. Direct treatment of
BMSCs with CS extracts, however, did not impart the same effect
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Fig. 1. (A) XRD patterns of the β-TCP and CS particles. (B) and (C) SEM morphologies of (B) β-TCP and (C) CS particles, respectively.

Fig. 2. Schematic illustration of the experiment. (A) Schematic illustration of the culture of BMDMs and the stimulation of BMDMs and BMSCs. (B) FACS analysis of
CD11b and F4/80 expression in BMDMs with or without M-CSF induction.
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Fig. 3. CS extracts promote the polarization of BMDMs. (A) FACS analysis and (B) quantification of mean fluorescence intensity for CD11c and CD206 expression of
BMDMs treated with CS or the β-TCP extract. (C) mRNA expression levels of IL-1β, TNF-α, IL-10, and TGF-β relative to β-actin in BMDMs with the stimulation of CS
and β-TCP extract for 0, 4, 8, and 12 h. (D) Protein expression levels of IL-1β, TNF-α, IL-10, and TGF-β were determined by ELISA. *P < 0.05. The result was
normalized to “Blank.”

Fig. 4. mRNA expression levels of (A) M-CSF, (B) VEGF, and (C) OSM relative to β-actin by BMDMs with the stimulation of CS and β-TCP extract (conditioned
medium) for 0, 6, 12, and 24 h. (D) OSM protein expression levels were determined by ELISA. *P < 0.05. The result was normalized to “Blank.”
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(Fig. 8D–F). On the basis of these results, OSM can promote the
osteogenic differentiation of BMSCs through the ERK1/2 and JAK3
pathways. The same trend was found at the protein level (Fig. 8D–F).

3.3. In vivo osteoimmunology modulation of bone formation

To compare the osteogenic properties of the two materials in vivo,
we used micro-CT and tissue sections for evaluation in the animal ex-
periments. The micro-CT scanning exhibited different patterns of new
bone formation between the β-TCP implant and CS implant groups

compared with the sham group 4, 8, and 12 weeks after implantation
(Fig. 9A). We observed enhanced new bone formation in the CS implant
group compared with the β-TCP implant group (P < 0.05). As detected
in the following morphometric analysis: BMD in the CS implant group
was greater than that in the β-TCP implant group (Fig. 9B). The β-TCP
implant and CS implant groups both showed a significantly higher
percentage of BV/TV, in contrast, with respect to the CS implant and
the β-TCP implant groups, the former group showed a higher percen-
tage of BT/VT (Fig. 9C). We detected the same trend in the histological
images, in the van Gieson's picrofuchsin histological observation, both

Fig. 5. mRNA expression levels of (A) ALP, (B) OCN, (C) OPN, and (D) COL1 relative to β-actin in BMSCs stimulated by the CS extract, β-TCP extract, or BMDM-
conditioned medium treated with these two extracts. *P < 0.05, “NS” represents “not significant.” The result was normalized to “Blank.”

Fig. 6. (A) Protein levels and (B and C) quantification results of ALP and OPN, as determined by immunoblotting. β-actin was used as a control. *P < 0.05, “NS”
represents “not significant.” The result was normalized to “Blank.”
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implants were loose in microstructure and spaces between partials were
hundreds of micrometers. What's more, the percentage of new bone
area in the CS group was higher than in the β-TCP group (Fig. 10A and
B).

4. Discussion

Ideal implant materials should stimulate osteogenic differentiation
and induce a beneficial osteogenic microenvironment in vivo; in parti-
cular, these materials should have osteoimmunomodulatory properties.
In this study, we found that CS bioceramics could stimulate macro-
phage polarization and then promote the osteogenic differentiation of
BMSCs through OSM in macrophage-conditioned medium through the
ERK1/2 and JAK3 pathways.

This study presented strong evidence for the effect of macrophage
polarization in biomaterial-mediated osteogenesis. Macrophages can
switch their phenotypes between the M1 and M2 extremes in response
to environmental changes [41]. We divided the process of de novo bone
formation into three phases: the early phase, the bone formation phase,
and the bone-remodeling phase. The early phase was dominated by the
inflammatory phase, in which most of the macrophages were of the
inflammatory M1 type. Prolonged M1 extremes led to the formation of
a fibro-capsule, resulting in the failure of the new bone formation. At
this moment, the efficient switch from the M1 to the M2 phenotype
resulted in osteogenic cytokine release and the formation of new bone
tissue [8]. In our study, rather than achieving macrophage-mediated
osteoimmunity using the macrophage cell line “RAW” or peritoneal
macrophages, we used naive macrophages isolated from bone marrow,
which resembled the physiological conditions much more closely and
were more sensitive to the local microenvironment. Stimulated by the
CS extract, macrophages exhibited an elevation in the expression of

CD206, which was an M2 surface marker, as well as IL-10 and TGF-β,
which were anti-inflammatory cytokines (Fig. 3A–D). In comparison,
macrophages exposed to the control material β-TCP exhibited higher
expression of CD11c, an M1 surface marker, along with IL-1β and TNF-
α, which were pro-inflammatory cytokines (Fig. 3A–D). These findings
indicated that CS could induce macrophage differentiation toward the
M2 type, whereas the control β-TCP tended to cause a shift toward the
M1 type. Previous studies have reported that M1 macrophages secreted
various pro-inflammatory cytokines to induce osteoclastogenesis and
enhance osteoclastic activities, leading to bone resorption [8]. Besides,
at the early stage, after implantation, scaffolds and their degradation
materials could activate macrophages [42], which could infer the de-
gradation of CS stimulate immune response and polarize to M2. Thus,
our study indicated that CS was more suitable and compatible than β-
TCP by preventing pro-inflammatory immune responses to implants,
which was beneficial for osteogenesis.

Osteogenesis is the process of apatite formation which has been
suggested to be a direct result of the surface reaction of CS in vitro and in
vivo. The dissolution of CS and ion exchanges for hydrogen (pH) play
key role among the reaction [36,43]. The immune environment was
modulated by CS and contained both bioactive ions released by cell-
mediated degradation and chemically dissolved ions. CS was able to
adjust the rate of physiological release of Si ions. In the present study,
ICP-OES showed that the Si ion concentration in the cell culture
medium with CS extract was about 10.82 ppm, whereas Si ion con-
centration in the cell culture medium with β-TCP extract were
2.32 ppm. At the cellular level, it has Si-containing ionic products could
improve the proliferation and osteogenic differentiation of BMSCs and
periodontal ligament cells by stimulating the expression of osteogen-
esis-related genes and bone matrix proteins of BMSCs [44]. Si also was
shown to have antioxidant and anti-inflammatory properties, which

Fig. 7. ALP staining results. (A) BMSCs cultured in cultured medium and with osteogenic supplement (OS). (B) BMSCs cultured in BMDM-conditioned medium
treated with the β-TCP extract and with OS. (C) BMSCs cultured in BMDM-conditioned medium treated with the CS extract and with OS. (D) Quantification of ALP
staining by ImageJ. The result was normalized to “Blank.”
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were significant in bone metabolism by suppressing the gene expression
of inflammatory factors, including COX-2, iNOS, and TNF-α [45]. Lin
et al. designed novel Si-substituted hydroxyapatite (Si-HA) nanorods
that promoted the osseointegration and biosealing with soft tissue by
releasing Si ions [46]. In addition, Si can promote osteoblast activity
and bone mineralization by increasing the expression of type I collagen
[47], and Si-containing ionic products generated from bioactive glass,
coatings, and bioceramics have a similar promoting effect on osteo-
blasts [48]. It was noted that there was no difference between the two
groups in the concentration of Ca2+. However, the CS has obviously
higher silicon (Si) ion content than the β-TCP group. Higher con-
centrations of Si can suppress osteoclasts and their capacity to resorb
bone [46], Besides, it has been confirmed that the release of the Si ions
could activate the osteogenic genes of osteoblast such as BMP-2, which
was an important stimulator of osteogenesis, and up-regulate osteoblast
proliferation [49,50]. Although, the β-TCP group has the concentration
of 2.32, it may relate to the cell culture medium DMEM, rather than β-
TCP, for the normal DMEM also have the silicon (Si) ion component
[51]. In conclusion, we could infer the better osteogenesis of CS may
related to the higher concentrations of Si. The pH of CS extracts was
7.87 and β-TCP extracts was 7.81. It has been found that the alkaline
microenvironment pH is good for bone formation [52,53]. Therefore,
both biomaterials could benefit the bone regeneration and the CS was
better.

For a greater understanding of the possible mechanism underlying
the effect of CS on osteogenesis, we measured the expression of osteo-
genic genes and proteins in BMDMs. Although the osteogenesis-related
M-CSF and angiogenesis-related VEGF showed no difference, the ex-
pression of OSM in the macrophages treated by CS was higher than in
those treated by β-TCP (Fig. 4A–C). Furthermore, the BMDM-condi-
tioned medium was much more effective than the simple material

extract, which indicated that the BMDM-conditioned medium treated
with the CS extract enhanced osteogenic differentiation of BMSCs. IL-10
and TGF-β were also released by macrophages stimulated with CS ex-
tracts. We did not fully exclude the role of IL-10 and TGF-β. The ex-
pression of mineralization-related genes ALP and OPN, however, was
significantly downregulated in BMSCs after silencing of the OSM gene
in BMDMs, indicating that OSM played a role in the osteogenic differ-
entiation of BMSCs.

OSM, an inflammatory cytokine generally produced by osteoclasts,
has attracted increasing attention in the field of osteoimmunity because
of its dual effects, as it stimulates both osteogenesis and osteoclasto-
genesis [54]. OSM could directly act on osteoclast precursors or stromal
cells to exert osteoclast activity by the upregulation of RANKL, which
regulated osteoclastogenesis [55]. The supposed mechanism is that
OSM could enter the lacunar-canalicular network, which was closest to
where resorption takes place, and served as a receptor of osteocytes.
Hirata et al. [56], however, demonstrated that ALP activity and mi-
neralization could be strongly induced by OSM, which could also be
observed in terms of the mRNA and protein expression of ALP in the CS-
conditioned medium (Figs. 5A and 6A-B). ALP is closely related to bone
calcification [57], which was further confirmed by our ALP staining
results (Fig. 7). In cultured BMSCs, OSM has also been reported to have
synergistic effects with BMP-2 [58]. BMP-2 is a widely recognized os-
teoinductive agent that can be upregulated by the stimulation of M2
macrophages, which was consistent with our study on the effect of CS-
induced M2 extremity.

Although some studies uncovered the role of OSM in promoting
bone formation by stem cells through the activation of macrophages
[59], our study, as a material-based research, focused on the mechan-
isms and challenges associated with the clinical application of mate-
rials, especially the relationship among biomaterials, immune cells, and

Fig. 8. (A) mRNA expression levels of OSM relative to β-actin in BMDMs stimulated by the CS extract with or without silencing of OSM. (B and C) mRNA expression
levels of ALP and OPN relative to β-actin in BMSCs stimulated by the CS-conditioned medium with or without silencing of OSM. (D) Protein levels and quantification
(E and F) results of ERK1/2 and JAK3 and related phosphorylation, as determined by immunoblotting. β-actin was used as a control. Images are shown of one
representative experiment. Quantification data are presented as the mean ± SD of three independent experiments. *P < 0.05.
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bone cells. A previous study verified that CS promoted osteogenesis,
and the relationship between osteogenesis and bone formation was
examined by measuring the expression of BMP-2 [60]. Mechanistically,
it is believed that osteogenesis is promoted by BMP-2 osteogenic pro-
tein secreted by macrophages. This study did not delve into the re-
lationship among macrophage subtypes, inflammation, and osteogen-
esis in sufficient detail to reveal the mechanisms underlying
osteoimmunology. Studies to confirm the role of biomaterials in vivo
have been lacking. Therefore, our research focused mainly on the re-
lationship between biomaterials, host immune cells, and osteogenesis
based on clinical issues.

In the mechanism studies, we observed that ERK1/2 and JAK3 were
upregulated in BMSCs stimulated by the BMDM-conditioned medium
treated with the CS extract, which was reversed by silencing the OSM
gene in BMDMs (Fig. 8D–F). In addition, cytokines produced by mac-
rophages as a result of CS stimulation played an active role in bone
formation, possibly through the activation of the OSM pathway. Further
experiments on osteogenesis-related genes (OPN, ALP, and COL1) of
BMSCs cultured in the CS-conditioned medium revealed much higher
expression than in BMSCs cultured in the β-TCP-conditioned medium
(Fig. 5A, AC, and AD). The contrast between the two media was also
demonstrated by the mineralization level and degree of osteoblast dif-
ferentiation, which is determined by ALP staining (Fig. 7A–C). All these
data strongly indicated that the CS-conditioned medium promoted the

osteogenic differentiation of BMSCs by activating the OSM and relevant
pathways. We did not fully exclude the role of IL-10 and TGF-β, which
were also released by macrophages stimulated with CS extracts.
Therefore, future studies need to examine other relevant pathways.

Further investigation also should be conducted to elucidate the role
of different macrophage phenotypes on bone formation. Consensus on
which macrophage phenotype is more favorable for osteogenesis has
not been reached [61], which may be related to the subpopulations of
M2 macrophages. M2a macrophages, also known as alternatively acti-
vated macrophages, are polarized by the stimulation of IL-10 and IL-4,
which boost the secretion of extracellular matrix proteins and collagen,
an indispensable process for wound recovery [62]. M2b macrophages
are activated by immune complexes and agonists of Toll-like receptor
(TLR) [63]. Macrophages recognize the foreign agents through the TLR
pathway, which is similar to the mechanisms by which M1 macro-
phages induce the immune response to degrade or expel the foreign
bodies. M2c refers to macrophages activated by IL-10 or glucocorticoid
hormones, which regulate immune responses in new bone formation
[64]. Therefore, the role of different subpopulations of M2 macro-
phages and the switch of M1 macrophages in osteogenesis require
further investigation. Besides the in vitro study, the osteogenesis of two
biomaterials has been further evaluated in animals by micro-CT and
histological methods, which also confirmed the CS had better osteo-
genic properties than β-TCP (Figs. 9 and 10). What's more, as the hard

Fig. 9. (A) Coronal section of 3D micro-CT reconstruction of bone regeneration in the femoral bone defect in animals with new bone formation; original bone is
shown in white, new bone is shown in yellow, implanted material is shown in blue. (B) The defect sites were analyzed to calculate the BMD. (C) Percentage of new
bone relative to total tissue volume (BV/TV) (n= 10 rats/batch). *P < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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tissue repair implants, good degradability also need to consider, CS
ceramics could stimulate bone regeneration with good bioactive and
biodegradable materials has been reported by previous study [65],
which was also confirmed in our study that the loose microstructure
and appropriate space in Fig. 10. To better evaluate biomaterials in the
clinic, further studies are needed to investigate the in vivo osteoimmu-
nomodulatory function of the biomaterials. The real immune response
induced by biomaterials includes a series of reactions and different
types of cells at various stages of new bone formation. It is of great
importance to circumvent the technical limitations and to explore
complex and dynamic immune responses in vivo, which could better
promote the applications of biomaterials in the clinic.

5. Conclusions

In conclusion, we demonstrated the manipulation of osteoimmu-
nomodulatory properties of bioactive CS (CaSiO3) bioceramics.
Compared with the traditional clinically used β-TCP bioceramics, CS
had significantly greater osteoinductive capacity, which was observed
both in vitro and in vivo in the present study. According to our study, CS
extract promoted macrophage polarization, thus reducing the host-to-
material inflammatory response. Moreover, after stimulation by mac-
rophage-conditioned medium pretreated by CS extracts, the osteogenic
differentiation of BMSCs was greatly enhanced by macrophage-derived
OSM. These findings confirmed that the participation of macrophages
in modulating osteogenesis of bone substitute materials. Therefore,
research on the interaction with immune cells, such as macrophages,
can be a valuable strategy for evaluating the osteogenic capacity of
bone substitute biomaterials.
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