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Abstract

Bioactive silicate ceramics (BSCs) have been widely reported to be able to induce bone tissue re-

generation, but the underlying mechanisms have not been fully elucidated. Previous studies have

reported that ionic products of BSCs can promote bone regeneration by directly simulating osteo-

genic differentiation of mesenchymal stem cells (MSCs) and modulating the polarization of macro-

phages to create a favorable inflammation microenvironment for initiating bone regeneration cas-

cades. However, the immunomodulatory ability of MSCs also plays a critical role in bone

regeneration but the effects of BSCs on the immunomodulatory ability of MSCs have been rarely

investigated. This study aims to investigate the effects of ionic products of BSCs on the immuno-

regulatory ability of MSCs to further understand the mechanism of BSCs enhancing bone regener-

ation. Results showed that ionic products of calcium silicate (CS), one of the representative BSCs,

could enhance the immunosuppressive function of human bone marrow mesenchymal stem cells

(HBMSCs) by up-regulating the expression of immunosuppressive factors in HBMSCs via NF-jB

pathway. In addition, CS-activated HBMSCs showed stronger stimulatory effects on M2 polariza-

tion of macrophages than CS ionic products. Furthermore, the macrophages educated by CS-

activated HBMSCs showed stronger stimulatory effects on the early osteogenic differentiation of

HBMSCs than the ones regulated by CS ionic products. These results not only provide further un-

derstanding on the mechanism of BSCs enhancing bone regeneration but also suggest that it is

critical to consider the effects of biomaterials on the immunomodulatory function of the tissue

forming cells when the immunomodulatory function of biomaterials is investigated.
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Introduction

During the past few decades, bioactive silicate ceramics (BSCs) have

been widely reported to have great application potential for bone re-

pair due to their good osteoinductivity. For advancing the develop-

ment of biomedical BSC products, the mechanisms of BSCs on

inducing bone regeneration have been intensively studied. At first, it

was discovered that BSCs could induce the formation of a carbonate

substituted hydroxyapatite layer on their surface when exposed to

body fluid, which allowed the materials to chemically bond to living

bone and thus promoted the formation of new bone [1–3]. Then,

with the increasing understanding of the interactions between bio-

materials and living cells, more and more studies have demonstrated

that the ionic dissolution products (e.g. Si, Ca, P) from BSCs are
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able to stimulate specific cellular responses associated with the pro-

cess of osteogenesis and angiogenesis, such as promoting the and dif-

ferentiation of osteoblasts [4–6] and mesenchymal stem cells

(MSCs) [7–9], activating the secretion of growth factors from fibro-

blasts [10] and endothelial cells [11, 12] and regulating the interac-

tion between endothelial cells and stem cells or fibroblasts [13–15].

However, the mechanisms of the biological function of BSCs are still

unknown, which is crucial for design of bioactive bone repairing

materials. Some previous studies have shown that osteoimmunomo-

dulatory property of bone biomaterials may play a key role [16],

and evidences have emerged that many BSCs can promote the bone

regeneration through directly modulating the inflammation

responses of host by regulating the polarization of macrophages

[17–20]. For example, Chen et al. [17] reported that Sr, Zn and Si

ions released from Sr2ZnSi2O7 could inhibit the secretion of pro-

inflammatory cytokines and fibrosis-enhancing factors of macro-

phages, and the conditioned medium from macrophages stimulated

with Sr2ZnSi2O7 could significantly enhance the osteogenic differen-

tiation of bone marrow MSCs (BMSCs). Wu et al. [18] reported that

clinoenstatite (MgSiO3) could enhance osteogenesis and inhibit

osteoclastogenesis by regulating macrophages to polarize into M2

phenotype. However, previous studies mainly focus on the direct

effects of BSCs on the behaviors of macrophages without consider-

ing the immunomodulatory effects of other cells on macrophages.

In the process of bone regeneration, it is well known that MSCs

can be recruited from bone marrow, periosteum and blood circula-

tion to the injury site under the induction of inflammatory factors

and chemokines released by macrophages to further proliferate, dif-

ferentiate and secrete extracellular matrix for forming bone tissue

[21–23]. Recently, more and more studies have reported that MSCs

can affect the immune microenvironment and subsequently adjust

the functions of various innate immune cells and adaptive immune

cells, so that a balanced inflammation and regenerative microenvi-

ronment can form for promoting the bone regeneration and repair

[24]. Many studies have confirmed that the mechanism by which

MSCs regulate macrophage phenotype polarization is closely related

to its paracrine function [25–30]: in response to the stimulation of

inflammatory factors produced by M1 type macrophages, MSCs

first recruit macrophages to themselves by releasing chemokines.

Under TNF-a stimulation, MSCs secrete tumor necrosis factor-

inducible gene 6 protein (TSG-6) and act on the recruited macro-

phages, thereby inhibiting the expression of TNF-a and other pro-

inflammatory factors through a negative feedback loop and weaken-

ing the pro-inflammatory cascade of macrophages. Meanwhile,

MSCs up-regulate the expression of cyclooxygenase 2 (COX-2) and

indoleamine 2,3-dioxygenase (IDO) and catalyze the synthesis of

metabolites, such as prostaglandin E2 (PGE2) and kynurenic acid

(KYNA), thereby stimulating macrophages to express M2 pheno-

typic markers and secrete IL-10 and transform M1 type macro-

phages into M2 type macrophages.

Based on the findings on the critical roles of immunomodulation

function of MSCs in tissue regeneration, the effects of biomaterials

on immunomodulation function of MSCs attract intensive attention.

Increasing evidences have shown that the biomaterials can regulate

the immunomodulation function of MSCs with structural and me-

chanical signals, including the surface microstructure [31] and

roughness of biomaterial surfaces [32, 33], as well as fiber arrange-

ment [34, 35] etc. For example, Wan et al. [34] found that adipose-

derived MSCs (Ad-MSCs) cultured on a polylactic acid (PLLA) elec-

trospun membranes with orderly arranged nanofibers could secrete

more immunosuppressive molecules TSG-6 and COX-2 than those

cultured on a PLLA electrospun membranes with randomly ar-

ranged nanofibers. More interestingly, the conditioned medium of

Ad-MSCs cultured on electrospun membranes with orderly arranged

nanofibers can promote the polarization of macrophages toward the

M2 phenotype. However, the effects of chemical signals of biomate-

rials on immunoregulatory function of MSCs have been rarely

reported. More recently, Lima et al. [36] reported that high concen-

tration (5 mM) of Mg ions could significantly increase the secretion

of immunosuppressive molecule PGE2 from MSCs, and the condi-

tioned medium of MSCs stimulated by Mg ions could inhibit the ex-

pression of inflammatory factor TNF-a, IL-1b and IL-6 but promote

the expression of anti-inflammatory factor IL-10 in macrophages,

suggesting that some biologically active chemical ions may have

ability to regulate the immunomodulatory properties of MSCs.

Since the ionic products of BSCs have been confirmed to have

various biological effects on MSCs, such as influencing proliferation

and differentiation of MSCs, it can be hypothesized that the ionic

products of BSCs may also be able to modulate the immunomodula-

tion function of MSCs and subsequently affect the behaviors of mac-

rophages to adjust the inflammation microenvironment for inducing

bone regeneration. To prove this hypothesis for providing further

understand on the mechanism of the BSCs in promoting bone regen-

eration, in this study, calcium silicate (CS) ceramics (CaSiO3, CS)

was selected as the representative of BSCs. The effects of CS ionic

products on the immunosuppressive function of human bone mar-

row MSCs (HBMSCs) were firstly investigated and the molecular

mechanism was studied. Then, the effects of CS ionic products and

activated HBMSCs by CS ionic products on the behaviors of macro-

phages were investigated and compared. After that, the macro-

phages regulated by CS ionic products and macrophages modulated

by CS-activated HBMSCs on the osteogenic differentiation of

HBMSCs were evaluated and compared.

Materials and methods

Preparation of CS ion products
CS powders were provided by Shanghai Institute of Ceramics,

Chinese Academy of Sciences. To prepare CS ionic products (CS ion

extracts), 1 g CS powder was soaked in 5 ml of serum-free

Mesenchymal Stem Cell Medium (MSCM, ScienCell, USA) accord-

ing to the method adapted from previous literature and ISO10993-5

[37, 38], and incubated in a humidified 37�C/5% CO2 incubator for

24 h. The supernatant was then collected and sterilized through a fil-

ter (Millipore, 0.22 lm) and stored at 4�C for further use.

Cell culture
HBMSCs and human acute monocytic leukemia THP-1 cells were

both purchased from Zhong Qiao Xin Zhou Biotechnology Co., Ltd

(Shanghai). HBMSCs were cultured with MSCM þ 10% fetal bo-

vine serum (FBS, ScienCell) þ 1% penicillin/streptomycin (P/S,

ScienCell) þ 1% Mesenchymal Stem Cell Growth Supplement

(MSCGS, ScienCell). Culture medium was refreshed every other day

and the cells were passaged at 80% confluence. HBMSCs at pas-

sages 3–7 were used.

THP-1 cells were grown in Roswell Park Memorial Institute

1640 (RPMI-1640) complete medium (Zhong Qiao Xin Zhou

Biotechnology Co., Ltd., Shanghai) containing 10% FBS, 1% P/S

and 0.05 mM b-mercaptoethanol, and the cells were subcultured

before reaching the density of 1�106 cells/ml. For inducing the

differentiation of THP-1 cells into macrophages, 75 ng/ml phorbol
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12-myristate 13-acetate (PMA, Sigma, USA) was added to the me-

dium to culture THP-1 cells for 72 h. After that, the obtained macro-

phages were washed three times with Dulbecco’s Phosphate-

Buffered Saline (DPBS, Gibco) prior to be used. All cells were main-

tained at 37�C in a humidified 5% CO2 incubator.

Effects of CS ionic products on the immunomodulation

function of HBMSCs
To investigate the effects of CS ionic products on the immunomodu-

lation function of HBMSCs, HBMSCs were first seeded at the den-

sity of 5�105 cells per well in six-well plates and cultured with

HBMSCs control medium (MSCM þ 10% FBS þ 1% P/Sþ1%

MSCGS). Meanwhile, the as prepared CS ion extracts were diluted

with the HBMSCs control medium at the ratio of 1/64 and 1/128,

which were named as MSCM CS 1/64 and MSCM CS 1/128, respec-

tively. CS ion extracts diluted with the above ratios have been

proved to be biocompatible and bioactive to various kinds of cells in

our previous studies with proper Si ion concentrations [12, 14, 39].

After HBMSCs were cultured with the control medium for 24 h, cul-

ture media of some cells was changed into MSCM CS 1/64 and

MSCM CS 1/128 and other cells were continued to be cultured with

HBMSCs control medium (MSCM CS 0). All cells were continued

to be incubated for 24 h with different media before they were

detected in terms of the expression of immunoregulatory factors

with immunofluorescence staining assay, western blot analysis and

quantitative real-time polymerase chain reaction (Q-RT-PCR), as

described in sections ‘Immunofluorescence staining assay’, ‘Western

blot analysis’ and ‘Quantitative real-time polymerase chain

reaction’.

Synergistical stimulatory effects of CS ionic

products and pro-inflammatory cytokines on the

immunomodulation function of HBMSCs
It is known that high levels of pro-inflammatory cytokines inter-

feron-c (IFN-c) and tumor necrosis factor-a (TNF-a) can stimulate

MSCs to produce immunomodulatory factors. To investigate

whether the CS ionic products and pro-inflammatory cytokines

(IFN-c and TNF-a) have synergistic effects on the gene expression of

immunoregulatory factors in HBMSCs, HBMSCs were stimulated

with CS ionic products, pro-inflammatory cytokines IFN-c and

TNF-a and CS ionic products combined with IFN-c and TNF-a, re-

spectively. Briefly, HBMSC were first seeded at density of 5�105

cells per well in six-well plates and cultured with HBMSCs control

medium for 24 h. Then, the cultured medium of HBMSCs was

replaced with MSCM CS 0, MSCM CS 1/64 and MSCM CS 1/128

with or without 10 ng/ml IFN-c (Peprotech, US) and 10 ng/ml TNF-

a (Peprotech, US) and the cells were cultured for another 24 h. At

the end, the expression of immunoregulatory factors in HBMSCs

cultured with different media was detected with Q-RT-PCR, as de-

scribed in section ‘Quantitative real-time polymerase chain

reaction’.

Mechanism study on the stimulatory effects of CS ionic

products on the immunomodulation function of

HBMSCs
To further investigate whether the enhancement of the gene expres-

sion of immunoregulatory factors in CS-activated HBMSCs is asso-

ciated to the activation of NF-jB, which has been widely reported to

be involved in the production of immunoregulatory factors in re-

sponse to TNF-a and external stimuli [27, 35, 40, 41], effects of CS

ionic products on the gene expression of immunoregulatory factors

in HBMSCs pre-treated with or without NF-jB inhibitor were ex-

amined. Briefly, HBMSC were first seeded at density of 5�105 cells

per well in six-well plates and cultured with HBMSCs control me-

dium for 24 h. Then, the culture media of some cells was changed

into MSCM CS 1/64, and other cells were continued to be cultured

with HBMSCs control medium (MSCM CS 0). For inhibiting NF-jB

pathway in HBMSCs, 1 mM NF-jB inhibitor, pyrrolidinedithiocar-

bamic acid ammonium salt (PDTC, Beyotime, China) was added to

half of the MSCM CS 0 and MSCM CS 1/64 groups while another

half of groups was kept as original. Then, the gene expression of im-

munoregulatory factors in HBMSCs pre-treated with or without

NF-jB inhibitor were examined with Q-RT-PCR, as described in

section ‘Quantitative real-time polymerase chain reaction’.

Direct and indirect effects of CS ionic products on

polarization of macrophages
CS ion extracts were diluted with RPMI-1640 complete medium at

ratios of 1/64 and 1/128, which were named as RPMI CS 1/64 and

RPMI CS 1/128, respectively, while RPMI-1640 complete medium

was referred as RPMI CS 0. Then, the direct and indirect effects of

CS ionic products on polarization of macrophages were investigated

by the protocol illustrated in Fig. 1A. THP-1 cells were firstly

seeded in a six-well plate at the density of 1�106 cells per well and

treated with 500 ng/ml LPS for 1 h to be differentiated into macro-

phages. Then, for investigating the direct effects of CS ionic products

on polarization of macrophages, the macrophages were incubated

with RPMI CS 0, RPMI CS 1/64, RPMI CS 1/128 for 48 h.

Meanwhile, for investigating the indirect effects of CS ionic products

on polarization of macrophages, the macrophages were incubated

with conditioned medium collected from CS-activated HBMSC.

Briefly, HBMSCs were first seeded at the density of 5�105 cells per

well in six-well plates and cultured with HBMSCs control medium

(MSCM þ 10% FBS þ 1% P/Sþ1% MSCGS) for 24 h before the

culture media of some cells was changed into MSCM CS 1/64 and

MSCM CS 1/128 and other cells were continued to be cultured with

HBMSCs control medium (MSCM CS 0). After 24 h, the culture me-

dium was collected from HBMSCs cultured with MSCM CS 0,

MSCM CS 1/64 and MSCM CS 1/128 and referred to HBMSC con-

ditioned medium 0 (HBMSC CM 0), conditioned medium 1/64

(HBMSC CM 1/64) and conditioned medium 1/128 (HBMSC CM

1/128). All conditioned media were filtered with 0.22 lm filter

(Millipore) before they were diluted with RPMI-1640 complete me-

dium at a ratio of 1:1 and the diluted media were used to culture the

pre-treated macrophages for 48 h. The macrophages regulated by

CS ionic products and conditioned medium of CS-activated

HBMSCs were referred as CS-Mu and CS-HBMSCs-Mu (Fig. 1A),

respectively. The polarization of the macrophages was evaluated by

Q-RT-PCR and flow cytometry, as described in section

‘Quantitative real-time polymerase chain reaction’ and as following,

respectively.

For flow cytometry assay, after the THP-1 cells were incubated

with different media, the cells were gently scraped off and washed

three times with DPBS and blocked with 1% bovine serum albumin

(BSA)–DPBS for 30 min at 37�C. Then, the cells were washed and

incubated with CCR7 (1:20, eBioscience, USA) or CD163 (1:20,

eBioscience) at 4�C for 30 min. Finally, the stained cells were resus-

pended in 600 ll DPBS after being washed two times and analyzed

by using a flow cytometer (FACS Aria II, BD).

CS enhances immunosuppressive function of MSCs 3



Effects of modulated macrophages on osteogenic

differentiation of HBMSCs
The effects of the macrophages modulated by CS ionic products (di-

rect-modulated macrophages), or the macrophages modulated by

conditioned medium of HBMSCs activated by CS ionic products (in-

direct-modulated macrophages) on the osteogenic differentiation of

HBMSCs were further evaluated by using an indirect co-culture sys-

tem illustrated in Fig. 1B. Briefly, THP-1 cells were differentiated to

macrophages in a six-well plate at the density of 1�106 cells per

well and treated with 500 ng/ml LPS for 1 h before being incubated

with RPMI CS 0, RPMI CS 1/64, RPMI CS 1/128, HBMSC CM 0,

HBMSC CM 1/64 and HBMSC CM 1/128 for 48 h, respectively.

Then, the conditioned medium of macrophages cultured with differ-

ent RPMI media (RPMI CS 0, RPMI CS 1/64 and RPMI CS 1/128)

and cultured with different HBMSC conditioned media (HBMSC

CM 0, HBMSC CM 1/64, HBMSC CM 1/128) were collected, fil-

tered and referred as CM CS 0, CM CS 1/64, CM CS 1/128 and CM

CM 0, CM CM 1/64, CM CM 1/128, respectively. Meanwhile,

HBMSCs were seeded in a 12-well plate at the density of 2.5�105

per well and cultured with normal medium for 24 h, followed by in-

cubation with osteogenic medium for further 48 h. Afterwards, the

culture medium of HBMSCs were replaced with the collected condi-

tioned media (CM CS 0, CM CS 1/64, CM CS 1/128 and CM CM

0, CM CM 1/64, CM CM 1/128) and the HBMSCs were continued

to be cultured for another 4 days. The HBMSCs stimulated by con-

ditioned medium of macrophages regulated by different CS ionic

products and (RPMI CS 0, RPMI CS 1/64 and RPMI CS 1/128) and

conditioned media of macrophages regulated by different CS-

activated HBMSC conditioned media (HBMSC CM 0, HBMSC CM

1/64, HBMSC CM 1/128) were recorded as CS-Mu-HBMSCs and

CS-HBMSCs-Mu-HBMSCs, respectively (Fig. 1B). The osteogenic

differentiation of CS- Mu-HBMSCs and CS-HBMSCs- Mu-

HBMSCs were then evaluated by Q-RT-PCR and alkaline phospha-

tase (ALP) staining assay, as described in section ‘Quantitative real-

time polymerase chain reaction’ and following, respectively.

For ALP staining assay, after the HBMSCs were cultured with

different conditioned medium for 4 d, the cells were fixed with 4%

PFA for 10 min at room temperature prior to be washed three times

with DPBS. Then, a BCIP/NBT Alkaline Phosphatase Color

Development Kit (Beyotime, China) was used to detect the expres-

sion of ALP in HBMSCs according to the manufacturer’s

instructions.

Immunofluorescence staining assay
Immunofluorescence staining assay was applied to observe the ex-

pression and location of COX-2 in HBMSCs cultured with different

media. Briefly, after HBMSCs were incubated with or without CS

ionic products in confocal dishes for 24 h, the cells were washed two

times with DPBS and fixed by 4% paraformaldehyde for 15 min.

Then, the cells were permeabilized with 20% Triton for 5 min at

room temperature and blocked with DPBS containing 1% BSA

(Sigma) for 1 h at 37�C, followed by being incubated with primary

antibody solution containing rabbit polyclonal anti-COX2 antibody

(1:100, abcam, USA) for 2 h at 37�C and overnight at 4�C. Then,

the cells were washed two times with DPBS and incubated with sec-

ondary antibody solution containing Alexa 488 goat anti-rabbit IgG

antibody (1:1000, abcam) for 1 h at 37�C. Cell nuclei were revealed

with 5 lg/ml 4,6-diamidino-2-phenylindole (DAPI) for 10 min at

Figure 1. (A) Schematic diagram of cell culture methods for evaluating the direct effects of CS ionic products on macrophages and indirect effects of CS-activated

HBMSCs on macrophages. The two types of macrophages are referred as CS-Mu and CS-HBMSCs-Mu, respectively. (B) Schematic diagram of cell culture meth-

ods for evaluating the effects of CS-Mu and CS-HBMSCs-Mu on the osteogenic differentiation of HBMSCs. The two types of HBMSCs are referred as CS-Mu-

HBMSCs and CS-HBMSCs-Mu-HBMSCs, respectively
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room temperature. Finally, the cells were observed with a laser con-

focal microscope (Leica SP5, Germany), and images were taken with

a CCD camera (Leica DFC 420C). Three images were taken per

sample, and the mean fluorescence intensity of each image was mea-

sured with ImageJ software.

Western blot analysis
Western blot analysis was applied to determine the expression of

COX-2 in HBMSCs. Briefly, after HBMSCs were incubated with or

without CS ionic products for 24 h, the cells were washed twice with

DPBS and lysed in RIPA lysis buffer containing 1% (v/v) phenylme-

thylsulfonyl fluoride at 4�C for 30 min. Then, the cell lysates were

centrifuged at 10 000 g for 30 min, and the supernatant was col-

lected. Protein concentrations in the supernatant were measured by

using a PierceVR BCA Protein Assay Kit (Thermo, USA) according to

the manufacturer’s instructions. Next, 2� protein-loading buffer

was added to 25 lg proteins, and the mixture was heated at 95�C

for 5 min. Then, the proteins were separated by performing sodium

dodecyl sulfate polyacrylamide gel electrophoresis with 10% gel,

and then transferred to polyvinylidene difluoride membranes. The

membranes were blocked with western blocking buffer (Beyotime,

China) at room temperature for 1.5 h, and incubated with rabbit

anti-COX2 antibody (1:500, abcam) and mouse anti-glyceraldehyde

3-phosphate dehydrogenase (GAPDH) antibody (1:500, abcam)

overnight at 4�C, respectively. Afterwards, the membranes were

washed three times with western washing buffer (Beyotime, China)

and then incubated with horseradish peroxidase-conjugated anti-

rabbit secondary antibody (1:1000, abcam) at room temperature for

2 h. At last, the immunoreactive protein bands were visualized by us-

ing a Tanon-5200 chemiluminescent imaging system (Tanon Science

& Technology Co., Ltd, China) and quantified with ImageJ

software.

Quantitative real-time polymerase chain reaction
Gene expression of TSG 6, COX-2, PTGES2, hepatocyte growth

factor (HGF), bone morphogenetic protein-2 (BMP-2), Collagen I

(COL-1), ALP and Runt-related transcription factor 2 (RUNX2) in

HBMSCs, and interleukin-1b (IL-1b), TNF-a, interleukin-10 (IL-

10), transforming growth factor-b (TGF-b), CC-chemokine receptor

7 (CCR7) and CD163 in macrophages were detected by performing

Q-RT-PCR. Briefly, total RNA of the cells was extracted using an

E.Z.N.A. Total RNA Kit I (OMEGA, Biotek) followed by the manu-

facturer’s instructions. RNA concentration was measured using a

nanodrop 1000 reader (Thermo Scientific), and a ReverTra Ace-a

Kit (ToyoboCo. Ltd, Japan) was used to synthesize cDNA, accord-

ing to the manufacturer’s instructions. Then, 0.1 ll cDNA was di-

luted with 4.1 ll sterilized deionized water, and 4.2 ll diluted cDNA

was mixed with 5 ll SYBR-Green and 0.8 ll primers. The final con-

centration of primers in the mixture was 400 nM, and GAPDH was

used as housekeeping gene. Q-RT-PCR analysis was performed on

the mixture of cDNA and primers loaded in a 384-well plate using a

7900 Real-time PCR system (Applied Biosystems) for 40 cycles

(95�C for 15 s, 60�C for 15 s, 72�C for 45 s) after the initial incuba-

tion step of denaturation at 95�C for 1 min. At last, 2�DDCt method

was used to calculate the relative gene expression. The data were

normalized to GAPDH and compared with the corresponding gene

expression of the control group. All primers used in the study were

purchased from Sangon Biotech Co. Ltd (Shanghai), and the primer

sequences were listed in Table 1.

Statistical analysis
Data were presented as means 6 standard deviation. At least three

samples of each test were taken for statistical analysis. Statistical sig-

nificance between the groups was assessed with Student’s t-test.

Differences were considered significant when P<0.05 (*) or

P<0.01 (**).

Results

Effects of CS ionic products on the expression of

immunosuppressive factors in HBMSCs and the

mechanism
After the HBMSCs were cultured with MSCM CS 0, MSCM CS 1/

64 or MSCM CS 1/128 for 24 h, the gene expression of immunosup-

pressive factors (COX-2, TSG-6, PTGES2 and HGF) in HBMSCs

were detected and the results are shown in Fig. 2A. Obviously, the

addition of CS ionic products in the control medium (MSCM CS 1/

64 or MSCM CS 1/128) significantly up-regulated these gene ex-

pression in HBMSCs when compared with the control medium

(MSCM CS 0). Besides, the elevation of the gene expression of

PTGES2 in HBMSCs cultured with MSCM CS 1/64 were higher

than that in HBMSCs cultured with MSCM CS 1/128, while the ele-

vation of the gene expression of HGF in HBMSCs cultured with

MSCM CS 1/128 were higher than that in HBMSCs cultured with

MSCM CS 1/64. In addition, although the gene expression results

showed that the effects of MSCM CS 1/64 and MSCM CS 1/128 on

the expression of TSG-6 and COX-2 in HBMSCs were similar, it

was observed that the protein level of COX-2 in HBMSCs cultured

with MSCM CS 1/128 was higher than that in HBMSCs cultured

with MSCM CS 1/64 (Fig. 2B and C).

In addition, NF-jB inhibitors obviously reduced the expression

of COX-2, TSG-6, PTGES2 and HGF in HBMSCs. Although

MSCM CS 1/64 could significantly enhance the gene expression of

COX-2, TSG-6, PTGES2 and HGF in HBMSCs, it did not exert

stimulatory effects on the expression of immunosuppressive factors

in the HBMSCs pre-treated with NF-jB inhibitors (Fig. 2D). These

results suggest that the stimulatory effects of CS ionic products on

the immunosuppressive factors in HBMSCs is dependent on the NF-

jB pathway.

Synergistical stimulatory effects of CS ionic

products and pro-inflammatory cytokines on the

immunomodulation function of HBMSCs
Although CS ionic products in the culture medium can stimulate the

gene expression of immunosuppressive factors (COX-2, TSG-6,

PTGES2 and HGF) in HBMSCs, the treatment of pro-inflammatory

factors IFN-c þ TNF-a showed stronger stimulatory effects on the

expression of COX-2 and TSG-6 when compared with CS ionic

products (Fig. 3). Specifically, the expression of TSG6 in HBMSCs

cultured with MSCM CS 1/64 and MSCM CS 1/128 was 2 and 2.5

times higher than that in HBMSCs cultured with MSCM CS 0, re-

spectively. The expression of TSG6 in HBMSCs cultured with IFN-c

þ TNF-a was about five times higher than that in HBMSCs cultured

with MSCM CS 0. Similar phenomena can be observed in the ex-

pression of COX-2. It was noting that, different from the stimula-

tory effects of CS ionic products on the gene expression of PTGES2

and HGF in HBMSCs, IFN-c þ TNF-a had no effects on enhancing

the corresponding gene expression in HBMSCs.

Interestingly, it was found that CS ionic products could synergis-

tically act with IFN-c þ TNF-a on enhancing the gene expression of

CS enhances immunosuppressive function of MSCs 5



COX-2 and TSG-6 in HBMSCs since the HBMSCs cultured with

medium containing CS ionic products and IFN-c þ TNF-a had

much higher gene expression of COX-2 and TSG-6 than those cul-

tured with IFN-c þ TNF-a alone or CS ionic products alone.

Specifically, the TSG-6 in HBMSCs cultured with medium contain-

ing CS ionic products and IFN-c þ TNF-a was about 14 times

higher than that in HBMSCs cultured with MSCM CS 0. Similar

trends can be observed in COX-2 expression in HBMSC cultured

with different medium, and the COX-2 in HBMSCs cultured with

medium containing MSCM CS 1/64 and IFN-c þ TNF-a was about

15 times higher than that in HBMSCs cultured with MSCM CS 0.

However, there was no significant difference in the gene expression

of PTGES2 and HGF between the CS groups and CS þ IFN-c þ
TNF-a groups, indicating no effects of IFN-c þ TNF-a on enhancing

the corresponding gene expression in HBMSCs.

Direct and indirect effects of CS ionic products on

polarization of macrophages
To evaluate the direct and indirect effects of CS ionic products on

polarization of macrophages, the effects of RPMI CS 0, RPMI CS 1/

64 and RPMI CS 1/128 and conditioned medium from CS-activated

HBMSCs (HBMSC CM 0, HBMSC CM 1/64, HBMSC CM 1/128)

on the polarization of macrophages, which referred as CS-Mu and

CS-HBMSCs-Mu, were investigated. It can be seen from Fig. 4 that

the CS ionic products induced the polarization of macrophages to-

ward M2 phenotype in some degree as the RPMI CS 1/64, and

RPMI CS 1/128 down-regulated the gene expression of pro-

inflammatory factors IL-1b, TNF-a and M1 marker CCR7 but up-

regulated the gene expression of anti-inflammatory factor IL-10 and

M2 marker CD163. More importantly, conditioned media from CS-

activated HBMSCs showed stronger stimulatory effects on M2 po-

larization of macrophages than the CS ionic products. Specifically,

gene expression of pro-inflammatory factors IL-1b, TNF-a and M1

marker CCR7 were significantly down-regulated while the gene ex-

pression of anti-inflammatory factor IL-10 and M2 marker CD163

were significantly up-regulated in macrophages cultured with condi-

tioned medium from CS-activated HBMSCs (HBMSC CM 0,

HBMSC CM 1/64, HBMSC CM 1/128) when compared with those

in macrophages cultured with corresponding RPMI-1640 medium

containing different concentrations of CS ionic products (RPMI CS

0, RPMI CS 1/64, and RPMI CS 1/128). In addition, when macro-

phages were cultured with conditioned medium of CS-activated

Table 1. Primer sequences used in this study

Gene Forward primer (50–30) Reverse primer (50–30)

GAPDH GTATCGTGGAAGGACTCATGAC ACCACCTTCTTGATGTCATCAT

IL-1b GCCAGTGAAATGATGGCTTATT AGGAGCACTTCATCTGTTTAGG

TNF-a AGTCTGGGCAGGTCTACTTT CGTTTGGGAAGGTTGGATGT

IL-10 CCAAGAGAAAGGCATCTACA GGGGGTTGAGGTATCAGAG

TGF-b ACAGCAACAATTCCTGGCGATACC CTCAACCACTGCCGCACAACTC

CCR7 TGAGGTCACGGACGATTACAT GTAGGCCCACGAAACAAATGAT

CD163 ATCAACCCTGCATCTTTAGACA CTTGTTGTCACATGTGATCCAG

ALP AGCCCTTCACTGCCATCCTGT ATTCTCTCGTTCACCGCCCAC

RUNX2 CCAACCCACGAATGCACTATC TAGTGAGTGGTGGCGGACATAC

BMP-2 AACACTGTGCGCAGCTTCC CTCCGGGTTGTTTTCCCAC

COL-I GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC

Figure 2. Effects of CS ionic products on the expression of immunosuppressive factors in HBMSCs. (A) Gene expression of COX-2, TSG-6, PTGES2 and HGF in

HBMSCs cultured with CS ionic products (MSCM CS 1/64 and MSCM CS 1/128) or without CS ionic products (MSCM CS0). (B, C) Immunofluorescence staining

and western blot analysis results of COX-2 in HBMSCs cultured with (MSCM CS 1/64 and MSCM CS 1/128) or without CS ionic products (MSCM CS0). (D) Effects

of CS ionic products on the gene expression of immunosuppressive factors in HBMSCs pre-treated with or without NF-jB inhibitor. *P< 0.05 and **P<0.01
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HBMSCs, HBMSC CM 1/64 and HBMSC CM 1/128 showed stron-

ger down-regulation effects on IL-1b, TNF-a and CCR7 genes and

up-regulation effects on IL-10 when compared with HBMSC CM 0.

Meanwhile, only HBMSC CM 1/64 but not HBMSC CM 1/128

showed stronger up-regulation effects on CD163 when compared

with HBMSC CM 0. Moreover, significant down-regulation of

fibrosis-enhancing factor TGF-b gene was also observed in macro-

phages cultured with HBMSC CM 1/64 or HBMSC CM 1/128 com-

pared with that in macrophages cultured with HBMSC CM 0.

Taken together, these results indicate that the immunosuppressive

function of HBMSCs could be directly enhanced by CS ionic prod-

ucts (CS-Mu), and the indirect effects of CS ionic products (CM of

HBMSCs activated by CS ionic products) on regulating the polariza-

tion of macrophages from M1 to M2 were stronger than the direct

effects.

The polarization of macrophages was further evaluated by evalu-

ating the expression of M1 marker CCR7 and M2 marker CD163 in

the cells using flow cytometry and the results are shown in Fig. 5. It

can be seen that the conditioned media from CS-activated HBMSCs

showed stronger stimulatory effects on M2 polarization of macro-

phages than the CS ionic products as the proportion of macrophages

expressing M2 marker CD163 in macrophages cultured with condi-

tioned medium from CS-activated HBMSCs (HBMSC CM 0,

HBMSC CM 1/64, HBMSC CM 1/128) was significantly higher

when compared with those in macrophages cultured with corre-

sponding RPMI-1640 medium containing different CS ionic prod-

ucts (RPMI CS 0, RPMI CS 1/64 and RPMI CS 1/128). Meanwhile,

the proportion of macrophages expressing M1 marker CCR7 cul-

tured with the conditioned media from CS-activated HBMSCs

(HBMSC CM 0, HBMSC CM 1/64, HBMSC CM 1/128) was signif-

icantly lower than those cultured with corresponding RPMI-1640

medium containing different CS ionic products (RPMI CS 0, RPMI

CS 1/64 and RPMI CS 1/128), while the proportion of macrophages

expressing M2 marker CD163 cultured with the conditioned media

from CS-activated HBMSCs (HBMSC CM 0, HBMSC CM 1/64 and

HBMSC CM 1/128) was significantly higher than those cultured

Figure 3. Effects of CS ionic products on the gene expression of immunosuppressive factors in HBMSCs treated with or without inflammatory factors. *P<0.05

and **P<0.01
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with corresponding RPMI-1640 medium containing same CS ionic

products (RPMI CS 0, RPMI CS 1/64 and RPMI CS 1/128). In addi-

tion, when the macrophages were cultured with conditioned media

from CS-activated HBMSCs, only HBMSC CM 1/64 but not

HBMSC CM 1/128 showed stronger regulatory effects on polariza-

tion of macrophages when compared with the HBMSC CM 0 group.

In addition, both HBMSC CM 1/64 and HBMSC CM 1/128 had no

effects on increasing the proportion of macrophages expressing M2

marker CD163.

Effects of modulated macrophages on osteogenic

differentiation of HBMSCs
The effects of macrophages activated by CS ionic products (CS-Mu)

and conditioned medium from CS-activated HBMSCs (CS-

HBMSCs-Mu) on in vitro osteogenic differentiation of HBMSCs

were investigated and the results are shown in Fig. 6. Figure 6A

and B shows that the conditioned medium collected from macro-

phages regulated by CS ionic products (CM CS 1/64 and CM CS 1/

128) enhanced the gene expression of early osteogenic

Figure 4. Gene expression of inflammation related factors (IL-1b, TNF-a, IL-10, TGF-b), M1 marker (CCR7) and M2 marker (CD163) of macrophages cultured with

different medium. *P< 0.05 and **P<0.01

Figure 5. Flow cytometry results of macrophages cultured with different medium. *P<0.05 and **P<0.01 when compared with the data of RPMI CS 0. ##P<0.01

when compared with the data of HBMSC CM 0. &&P<0.01 when compared with the data of RPMI CS 1/64. $$P<0.01 when compared with the data of RPMI CS 1/128
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differentiation markers of ALP and RUNX2 in HBMSCs when com-

pared with the conditioned medium derived from macrophages cul-

tured with RPMI-1640 (CM CS 0). However, there were no

significant difference between the CM CS 1/64 and CM CS 1/128

groups. Similarly, the conditioned medium collected from macro-

phages stimulated by conditioned medium of CS-activated HBMSCs

(CM CM 1/64 and CM CM 1/128) enhanced the gene expression of

early osteogenic differentiation markers of ALP and RUNX2 in

HBMSCs when compared with the conditioned medium collected

from macrophages stimulated with conditioned medium of HBMSC

cultured with control medium cultured (CM CM 0). In addition, the

CM CS 1/128 medium showed stronger stimulatory effects on ALP

and RUNX 2 gene expression than the CM CS 1/64. Interestingly,

all conditioned media collected from macrophages stimulated by

CS-activated HBMSCs showed much stronger stimulatory effects on

the RUNX2 expression in HBMSCs when compared with all condi-

tioned media collected from macrophages regulated by CS ionic

products, which indicated that the conditioned medium collected

from macrophages stimulated by CS-activated HBMSCs might have

stronger stimulatory effects than the conditioned medium collected

from macrophages regulated by CS ionic products. The expression

of ALP was further confirmed by ALP staining assay, and the results

were in accordance with the gene expression results (Fig. 6C).

Discussion

In recent years, more and more evidence has shown that the coordi-

nated interaction of macrophages and MSCs plays a critical role in

the process of successful bone regeneration. As the importance of in-

flammatory responses in the process of bone regeneration has been

widely valued, many studies in recent years have confirmed that

BSCs can modulate the inflammation microenvironment by affecting

the macrophage behaviors to promote the osteogenic differentiation

of MSCs [17, 18, 20, 42]. However, whether the BSCs can influence

the immunomodulatory function of MSCs and subsequently indi-

rectly affect the macrophage behaviors to regulate the inflammation

microenvironment for promoting osteogenic differentiation of

MSCs are rarely studied. In this study, we proved that the CS ionic

products could significantly enhance the immunoregulatory function

of HBMSCs via NF-jB pathway. Furthermore, these CS-activated

HBMSCs could stimulate the macrophages to polarize toward M2

phenotype, which created a favorable immune microenvironment to

enhance the osteogenic differentiation of HBMSCs.

There are several studies showing that BSCs have the abilities of

reducing the expression of inflammatory factors and promoting the

polarization of macrophages to the M2 phenotype [17, 18, 20, 42],

and the same results were obtained in the current study, indicating

that the regulation effects of BSCs on the phenotypic polarization of

macrophages may be one of the key reasons for the material to regu-

late the inflammatory response. More and more studies have dem-

onstrated that successful bone healing is based on carefully

coordinated crosstalk between inflammatory and bone forming cells

[16, 17, 22, 23, 43, 44]. During this process, M2 macrophages play

key roles in the recruitment and regulation of the differentiation of

MSCs during bone regeneration and animal studies have compre-

hensively demonstrated that bone fractures do not heal without the

direct involvement of macrophages [16, 17, 23, 45]. In these studies,

MSCs have been recognized as stem cells that have osteogenic differ-

entiation ability to participate the bone forming, i.e. MSCs have

been allocated as bone forming cells.

When the BSCs are applied for bone regeneration, many studies

have confirmed that BSCs participate the crosstalk between immune

cells and bone forming cells by modulating the behaviors of macro-

phages as well as the inflammation microenvironment of bone de-

fect, which subsequently enhance the bone healing and regeneration

[16]. Most of the interactions between material, macrophage and

MSCs reported in these literatures focused on the BSC modulation

of macrophages to create a regulated inflammation microenviron-

ment to act on MSCs. However, emerging evidence has shown that

Figure 6. (A) ALP Expression in HBMSCs cultured with different medium. (B) RUNX2 expression in HBMSCs cultured with different media. (C) ALP staining analy-

sis of HBMSCs cultured with different medium. *P< 0.05 and **P<0.01
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MSCs not only have the osteogenic differentiation ability but also

have the immunomodulation ability [29, 46]. MSCs are known to

deploy an anti-inflammatory effect and polarize M1 macrophages

into M2 macrophages, thus modulating inflammation and launching

bone repair [47]. In this study, the immunomodulatory ability of

BSC on MSCs was considered, endowing the MSCs with two roles,

i.e. immune cells and stem cells. We firstly reported that the immu-

nosuppressive function of MSCs was enhanced by CS ionic products

and the CS-activated HBMSCs had even a stronger promotion effect

on M2 polarization of macrophages than CS ionic products. Studies

have reported that M2 macrophages with anti-inflammatory ability

have significantly more potential to strengthen bone regeneration

compared with naive (M0) and classically activated macrophages

(M1) [48–50]. Thus, the indirect immune regulation of CS may con-

tribute more on bone regeneration than the direct regulation. Taken

together, BSCs can not only directly regulate the polarization of

macrophages by their ionic products but also indirectly modulate

the polarization of macrophages through affecting the immunosup-

pressive abilities of MSCs. More importantly, the immunomodula-

tory efficiency of BSC activated-MSCs is higher than the BSC ionic

products.

It is well known that the four immunosuppressive factors (TSG-

6, COX-2, PTGES2 and HGF) of MSCs play important roles in

modulating inflammation responses [27, 28, 51, 52]. For example,

TSG-6 and PGE2 are two key molecules for MSCs to regulate the

polarization of macrophages to the M2 phenotype. It has been

reported that TSG-6 can down-regulate the activity of the NF-jB

signaling pathway in macrophages and inhibit the expression of

TNF-a and other pro-inflammatory factors, thereby weakening the

pro-inflammatory cascade mediated by macrophages [27] while

PEG2 can bind to the EP2 and EP4 receptors on the surface of mac-

rophages to promote the conversion of macrophages from M1 phe-

notype to M2 phenotype, and then produce a large amount of anti-

inflammatory factor IL-10 to inhibit inflammation [28]. It has well

known that MSCs can exert their immunomodulatory properties by

directly contacting with immune cells or/and by secreting regulatory

molecules [47]. In this study, the expression of the four immunosup-

pressive factors of HBMSCs was significantly enhanced by CS ionic

products, which might contribute to the strong stimulatory effects of

conditioned media of CS-activated HBMSCs on M2 polarization of

macrophages. In addition, these up-regulated immunosuppressive

factors may have higher working efficiency than CS ionic products

since they can directly interact with macrophages. CS ionic products

mainly contain calcium ions and silicate ions. The important role of

silicate ions in the effects of BSCs on behaviors of different types of

cells have been widely reported in our previous studies [12, 13]. In

these previous studies, we found that, when the CS ionic products

were diluted with cell culture medium at ratios of 1/64 and 1/128,

the final ion concentration of calcium ions in the diluted media was

usually similar to that in the original cell culture medium due to the

existence of large amount of calcium ions in the original cell culture

medium. However, the final ion concentration of silicate ions in the

diluted media was significantly higher as there were almost no sili-

cate ions in the original cell culture medium. Thus, it is mainly the

silicate ions in the CS ionic products that contribute to the regula-

tory effects of CS ionic products on cell behaviors. In this study, the

CS ionic products containing the silicate ions at effective concentra-

tions (1.8 mg/ml for 1/64 and 1.25mg/ml for 1/128 dilution) reported

in our previous study were chosen to directly treat HBMSCs and the

results confirmed that the CS ionic products were effective for regu-

lating the immunomodulatory function of HBMSCs. The silicate

ions at these two concentrations have also been reported to be able

to simulate the osteogenic differentiation of MSCs and vasculariza-

tion of endothelial cells, which are important for the proliferation

stage of bone regeneration. These results further indicate that a BSC

or a composite material containing BSC that can release the silicate

ions at these effective concentrations may be able to regulate the

whole bone regeneration process, including the inflammation, pro-

liferation and tissue remodeling stages.

The proposed mechanism of which CS ionic products stimulating

osteogenic differentiation is shown in Fig. 7, which indicates that

CS ionic products can promote in vitro osteogenic differentiation of

HBMSCs through directly modulating the macrophages (blue line,

Steps a–c) or indirectly stimulating the macrophages (red line, Steps

1–9) to polarize into M2 phenotype by enhancing immunosuppres-

sive function of HBMSCs. This illustration shows that the crosstalk

Figure 7. The proposed mechanism of CS ionic products promoting in vitro osteogenic differentiation of HBMSCs through directly modulating the behaviors of

macrophages or indirectly modulating the behaviors via regulating the immunosuppressive function of HBMSCs
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between immune cells and bone forming cells advances from a

straight line (BSC–macrophage–MSCs) into a loop (BSC–MSCs–

macrophage–MSCs) after the immunomodulation ability of MSCs

are considered in this study. Since the current study can mimic the

real microenvironment of the bone defects where MSCs participate

to the inflammation regulation, the mechanism of BSC enhancing

bone regeneration has been further elucidated through this study.

More importantly, the current study suggests that the effects of bio-

materials on immunomodulatory function of tissue forming cells in-

volved in wound healing are also critical and should be considered

in future studies on the immunomodulatory function of

biomaterials.

Conclusion

In this study, for the first time, we found that the CS ionic products

could significantly enhance the immunosuppressive function of

HBMSCs via NF-jB pathway. In addition, these CS-activated

HBMSCs showed stronger stimulatory effects on M2 phenotype po-

larization of macrophages than CS ionic products, which indicates

that the CS ions, especially the silicate ions, released from CS can

regulate the inflammation microenvironment by indirectly modulat-

ing the polarization of macrophages via regulating the immunomod-

ulatory function of MSCs. Furthermore, the inflammation

microenvironment created by the macrophages regulated by CS-

activated HBMSCs showed higher stimulatory effects on osteogenic

differentiation of HBMSCs than the one created by macrophages

modulated by CS ionic products. Thus, the regulatory effects of CS

ionic products, especially the silicate ions, on the immunomodula-

tory function of MSCs are also critical for creating a favorable in-

flammation microenvironment for bone regeneration. These results

provide further understanding on the interactions between BSCs,

MSCs and macrophages by considering the immunomodulation

ability of MSCs, which further contribute to the studies on the

mechanism by which CS stimulates osteogenic differentiation and

enhances bone regeneration. In addition, these results suggest that it

is more important to consider the effects of biomaterials on the im-

munomodulatory function of the tissue forming cells involved in tis-

sue regeneration process than to investigate the effects of

biomaterials on immune cells when the immunomodulatory func-

tion of biomaterials is investigated.

Funding

This work was supported by the National Natural Science Foundation of

China (Grant Nos. 31771024 and 31971274).

Conflict of interest statement. None declared.

References

1. Hench LL, Splinter RJ, Allen WC et al. Bonding mechanisms at the inter-

face of ceramic prosthetic materials. J Biomed Mater Res 1971;5:117–41.

2. Hench LL. Bioceramics: from concept to clinic. J Am Ceram Soc 1991;74:

1487–510.

3. de Aza PN, Guitian F, de Aza S. Bioactivity of wollastonite ceramics:

in vitro evaluation. Scr Metall Mater 1994;31:1001–5.

4. Wu C, Chang J. Degradation, bioactivity, and cytocompatibility of diop-

side, akermanite, and bredigite ceramics. J Biomed Mater Res B Appl

Biomater 2007;83:153–60.

5. Ramaswamy Y, Wu C, Van Hummel A et al. The responses of osteoblasts,

osteoclasts and endothelial cells to zirconium modified calcium-silicate-

based ceramic. Biomaterials 2008;29:4392–402.

6. Jell G, Notingher I, Tsigkou O et al. Bioactive glass-induced osteoblast dif-

ferentiation: a noninvasive spectroscopic study. J Biomed Mater Res A

2008;86:31–40.

7. Lu H, Kawazoe N, Tateishi T et al. In vitro proliferation and osteogenic

differentiation of human bone marrow-derived mesenchymal stem cells

cultured with hardystonite (Ca2ZnSi2O7) and beta-TCP ceramics. J

Biomater Appl 2010;25:39–56.

8. Gu H, Guo F, Zhou X et al. The stimulation of osteogenic differentiation

of human adipose-derived stem cells by ionic products from akermanite

dissolution via activation of the ERK pathway. Biomaterials 2011;32:

7023–33.

9. Han P, Wu C, Xiao Y. The effect of silicate ions on proliferation, osteo-

genic differentiation and cell signalling pathways (WNT and SHH) of

bone marrow stromal cells. Biomater Sci 2013;1:379–92.

10. Leu A, Leach JK. Proangiogenic potential of a collagen/bioactive glass

substrate. Pharm Res 2008;25:1222–9.

11. Zhai W, Lu H, Chen L et al. Silicate bioceramics induce angiogenesis dur-

ing bone regeneration. Acta Biomater 2012;8:341–9.

12. Li H, Chang J. Stimulation of proangiogenesis by calcium silicate bioac-

tive ceramic. Acta Biomater 2013;9:5379–89.

13. Li H, Chang J. Bioactive silicate materials stimulate angiogenesis in fibro-

blast and endothelial cell co-culture system through paracrine effect. Acta

Biomater 2013;9:6981–91.

14. Li H, Xue K, Kong N et al. Silicate bioceramics enhanced vascularization

and osteogenesis through stimulating interactions between endothelia

cells and bone marrow stromal cells. Biomaterials 2014;35:3803–18.

15. Xu Y, Peng J, Dong X et al. Combined chemical and structural signals of

biomaterials synergistically activate cell-cell communications for improv-

ing tissue regeneration. Acta Biomater 2017;55:249–61.

16. Chen Z, Klein T, Murray RZ et al. Osteoimmunomodulation for the de-

velopment of advanced bone biomaterials. Mater Today 2016;19:304–21.

17. Chen Z, Yi D, Zheng X et al. Nutrient element-based bioceramic coatings

on titanium alloy stimulating osteogenesis by inducing beneficial

osteoimmmunomodulation. J Mater Chem B 2014;2:6030–43.

18. Wu C, Chen Z, Wu Q et al. Clinoenstatite coatings have high bonding

strength, bioactive ion release, and osteoimmunomodulatory effects that

enhance in vivo osseointegration. Biomaterials 2015;71:35–47.

19. Zhang W, Zhao F, Huang D et al. Strontium-substituted submicrometer

bioactive glasses modulate macrophage responses for improved bone re-

generation. ACS Appl Mater Interfaces 2016;8:30747–58.

20. Huang Y, Wu C, Zhang X et al. Regulation of immune response by bioac-

tive ions released from silicate bioceramics for bone regeneration. Acta

Biomater 2018;66:81–92.

21. Marsell R, Einhorn TA. The biology of fracture healing. Injury 2011;42:

551–5.

22. Claes L, Recknagel S, Ignatius A. Fracture healing under healthy and in-

flammatory conditions. Nat Rev Rheumatol 2012;8:133–43.

23. Pajarinen J, Lin T, Gibon E et al. Mesenchymal stem cell-macrophage

crosstalk and bone healing. Biomaterials 2019;196:80–9.

24. Shi Y, Wang Y, Li Q et al. Immunoregulatory mechanisms of mesenchy-

mal stem and stromal cells in inflammatory diseases. Nat Rev Nephrol

2018;14:493–507.

25. Ti D, Hao H, Tong C et al. LPS-preconditioned mesenchymal stromal cells

modify macrophage polarization for resolution of chronic inflammation

via exosome-shuttled let-7b. J Transl Med 2015;13:1–14.

26. Le Blanc K, Mougiakakos D. Multipotent mesenchymal stromal cells and

the innate immune system. Nat Rev Immunol 2012;12:383–96.

27. Choi H, Lee RH, Bazhanov N et al. Anti-inflammatory protein TSG-6 se-

creted by activated MSCs attenuates zymosan-induced mouse peritonitis

by decreasing TLR2/NF-kappa B signaling in resident macrophages.

Blood 2011;118:330–8.

28. Nemeth K, Leelahavanichkul A, Yuen PST et al. Bone marrow stromal

cells attenuate sepsis via prostaglandin E-2-dependent reprogramming of

CS enhances immunosuppressive function of MSCs 11



host macrophages to increase their interleukin-10 production. Nat Med

2009;15:42–9.

29. Ren G, Zhang L, Zhao X et al. Mesenchymal stem cell-mediated immuno-

suppression occurs via concerted action of chemokines and nitric oxide.

Cell Stem Cell 2008;2:141–50.

30. Wang Y, Chen XD, Cao W et al. Plasticity of mesenchymal stem cells in

immunomodulation: pathological and therapeutic implications. Nat

Immunol 2014;15:1009–16.
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