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Sequential activation of heterogeneous macrophage phenotypes is essential 
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A B S T R A C T   

Macrophage has been gradually recognized as a central regulator in tissue regeneration, and the study of how 
macrophage mediates biomaterials-induced bone regeneration through immunomodulatory pathway becomes 
popular. However, the current understanding on the roles of different macrophage phenotypes in regulating bone 
tissue regeneration remains controversial. In this study, we demonstrate that sequential infiltration of hetero
geneous phenotypes of macrophages triggered by bio-metal ions effectively facilitates bone healing in bone 
defect. Indeed, M1 macrophages promote the recruitment and early commitment of osteogenic and angiogenic 
progenitors, while M2 macrophages and osteoclasts support the deposition and mineralization of the bone 
matrix, as well as the maturation of blood vessels. Moreover, we have identified a group of bone biomaterial- 
related multinucleated cells that behave similarly to M2 macrophages with wound-healing features rather 
than participate in the bone resorption cascade similarly to osteoclasts. Our study shows how sequential acti
vation of macrophage-osteoclast lineage contribute to a highly orchestrated immune response in the bone tissue 
microenvironment around biomaterials to regulate the complex biological process of bone healing. Therefore, we 
believe that the temporal activation pattern of heterogeneous macrophage phenotypes should be considered 
when the next generation of biomaterials for bone regeneration is engineered.   

1. Introduction 

The skeletal system has been known for its potential to restore 
damaged tissue to its pre-injury cellular composition, structure, and 
biomechanical function. However, the involved biological processes are 
complicated and long-lasting [1]. Over the decades, a number of oste
ogenic factors have been introduced to bone biomaterials to accelerate 
bone tissue repair; however, it remains quite challenging to sustain the 
quantity and quality of peak bone mass after the completion of bone 

repair [2]. Thus, there is an urgent need for novel bone biomaterials that 
could actively interact with the different effector cells involved in the 
biological events during bone regeneration to better take advantage of 
the natural bone-healing process. In recent years, with the rapid 
advancement in osteoimmunology, there has been a paradigm shift from 
the conventional biomaterials with osteopromotive potential to the 
biomaterials with immunomodulatory effects [3]. This concept em
phasizes the central roles of the immune response in coordinating bio
materials’ interaction with the bone tissue microenvironment that 
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subsequently regulates the cellular functions of osteogenic and angio
genic progenitors during the regeneration course [3]. 

Owing to the central role of macrophages in the immune reaction to 
bone biomaterials, as well as their heterogeneity and plasticity, mac
rophages have been recognized as the major target cells for immuno
modulation in the biomaterial field [4]. It is now generally believed that 
the macrophages involved in healing bone injury are primarily derived 
from the resident population of macrophages in bone tissue, namely 
OsteoMacs [2]. This subset of the CD68+ cell type constitutes approxi
mately one-sixth of all cells residing in the bone marrow and extensively 
covers the bone surface with a stellate morphology [5]. Moreover, they 
are demonstrated to be closely associated with in situ bone modeling by 
forming a distinctive canopy structure covering more than 75% of os
teoblasts throughout their life span [5]. In addition to their well-known 
ability to detect bone damage and recruit other cells to initiate the 
bone-remodeling process [6], it is becoming evident that besides the 
early acute immune response, macrophages are actively engaged in 
almost every phase of the bone-healing process [2,5]. These findings 
imply that macrophages serve as an integral component of bone tissue to 
survey the alteration in the bone microenvironment, as well as mediate 
bone homeostasis upon injury. 

Macrophages exist on a spectrum of phenotypes, ranging from the 
“classically activated” M1 macrophages, which are known for their 
production of pro-inflammatory cytokines, to the “alternatively acti
vated” M2 macrophages, which secrete anti-inflammatory factors [7]. 
While M1 macrophages are indispensable for the initiation of the 
regeneration process, M2 macrophages are reported to be more preva
lent in the late bone-modeling/remodeling stage [8]. Therefore, the 
heterogeneous population of macrophages appears to be accurately 
positioned and transcriptionally programmed to play different but 
complementary roles through the whole cascade of bone healing. 
However, the current understanding on how these two phenotypes of 
macrophages coordinate their cellular functions in bone tissue regen
eration upon the stimulation of implanted biomaterials has yet to be 
clarified. Based on the observation that the prolonged pro-inflammatory 
phase might delay the bone-healing process [9], many researchers have 
developed their bone biomaterials that solely promote M2 macrophages 
but inhibit M1 macrophages [3]. However, we believe that a properly 
balanced population of M1 and M2 throughout the bone-healing process 
is essential for achieving effective and efficient bone tissue regeneration. 

Macrophages appear to process a particularly pronounced potential 
to fuse among themselves, under both physiological and pathological 
conditions [10]. An intriguing cell type originating from macrophages, 
namely multinucleated giant cells (MNGCs), is commonly observed 
during bone regeneration, especially when osteogenic biomaterials are 
implanted [4]. These MNGCs were suggested to primarily facilitate the 
uptake of large particles, since interleukin (IL)-4-induced MNGCs were 
reported to phagocytose large and complement-opsonized materials 
more effectively than their unfused precursors [11]. However, other 
long-term studies reported that the MNGCs were barely capable of 
degrading biomaterials, i.e., calcium phosphate-based bone substitutes, 
even after implanted for 14–80 months [12,13]. Despite the under
standing on the cellular behaviors and functions of MNGCs in response 
to pathogens [14] and soft tissue biomaterials [15], the knowledge 
gained seems inapplicable to the MNGCs observed around biomaterials 
during bone regeneration. Compared with the MNGCs, the osteoclast is 
another kind of more well-defined macrophage-derived multinucleated 
cells frequently observed around bone biomaterials. While the mono
nuclear osteoclast progenitor can be found on or near the bone surface, 
the fusion of mature osteoclasts primarily occurs on the bone surface 
[16]. Apart from their primary bone resorptive function, osteoclasts 
have been known to participate in bone formation through the inter
twined coupling with osteoblasts during the bone-modeling and 
remodeling process [17]. Over the past few years, increasing evidence 
has indicated that the presence of tartrate-resistant acid phosphatase 
(TRAP) positive cells at the early stage of bone healing would favor new 

bone formation by modulating the osteoblast and angiogenic activities 
[18–21]. Therefore, we believe that the significance of osteoclasts 
around bone biomaterials for new bone formation has long been 
underestimated. 

Therefore, our study aims at unveiling the central role of the mac
rophage–osteoclast lineage in regulating bone regeneration based on our 
established works using bio-metal ions to induce osteogenesis [22–28]. 
We systematically characterized the sequential activation pattern of 
heterogeneous macrophage phenotypes during the bone-healing process 
and tested our hypothesis using Mg2+-releasing alginate hydrogel in a 
rat femoral defect model. Moreover, we provided a side-by-side com
parison in vitro to address the immunomodulatory effects of several 
identical macrophage phenotypes on osteogenesis and angiogenesis 
with a carefully designed coculture system using primary bone 
marrow-derived macrophages (BMMs), mesenchymal stem cells (MSCs), 
and endothelial cells (ECs). Our findings demonstrate how a highly 
orchestrated immune response mediated by the mono
cyte–macrophage–osteoclast lineage contributes to the recruitment and 
commitment of osteogenic and vascular progenitor cells in the bone 
tissue regenerative process in the interplay with osteogenic 
biomaterials. 

2. Materials and methods 

2.1. Animal studies 

2.1.1. Animal surgery 
All the animal procedures were performed in accordance with a 

protocol approved by the Committee on the Use of Live Animals in 
Teaching and Research (CULATR, the University of Hong Kong). In brief, 
twenty 6–8-week-old female Sprague Dawley (SD) rats, weighing 
200–250 g, were purchased from Charles River Laboratories (USA) and 
maintained in a specific pathogen-free facility (Centre for Comparative 
Medicine Research, CCMR, HKU). Before the operation, each rat was 
anesthetized via intraperitoneal injections of ketamine hydrochloride 
(67 mg/kg; Alfamine, Alfasan International B.V., Holland) and xylazine 
hydrochloride (6 mg/kg; Alfazyne, Alfasan International B.V., Holland). 
A 2-mm-diameter tunnel defect was prepared at the lateral epicondyle of 
the left femur using a hand driller. After a thorough irrigation using 
saline, - Mg2+-releasing alginate was injected into the defect. In the 
control group, pure alginate was injected. After the surgical wound was 
closed with suture, the rats immediately received subcutaneous in
jections of terramycin (1 mg/kg) and ketoprofen (0.5 mg/kg). For the 
depletion of phagocytic macrophage, liposomal clodronate (0.5 mg/kg) 
was administered weekly via intraperitoneal injection, starting 1 week 
prior to the bone injury. 

2.1.2. Histological analysis 
After being sacrificed at the designated time points (i.e, day 3, 7, 14, 

56) by overdose intraperitoneal injection of pentobarbital, the femora 
were dislocated and fixed in 4% paraformaldehyde solution for 24 h. 
The samples were then decalcified with 12.5% ethylenediaminetetra
acetic acid (EDTA, Sigma-Aldrich, USA) for 6 weeks, being dehydrated 
through a series of graded ethanol and embedded in paraffin. The 
specimens were cut into 5-μm-thick sections using a rotary microtome 
(RM215, Leica Microsystems, Germany). Masson’s trichrome (Solarbio, 
China) staining, hematoxylin and eosin (H&E, Sigma-Aldrich, USA) 
staining, and TRAP (Sigma-Aldrich, USA) staining were performed on 
selected sections from each sample, following the manufacturer’s in
structions. Histological images were captured using the Vectra Polaris 
Imaging System (Akoya Biosciences, USA). 

2.1.3. Micro-CT (μCT) analysis 
To monitor the healing process and examine the new bone formation 

in the defect, the femoral defect was scanned by a live animal μCT 
scanning device (SkyScan 1076, Kontich, Belgium) at serial time points 
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after the operation (i.e., 0, 3, 7, 14, 28, and 56 days). The scanning 
procedure used an 88-kV voltage with a 100-μA current. The resolution 
was set at 17.3 μm/pixel. Two calibration phantom rods with standard 
densities of 0.25 and 0.75 g/cm3 were scanned with each rat. The μCT 
data were reconstructed using the NRecon software (Skyscan Company), 
the bone mineral density (BMD) heat mapping was reconstructed using 
the CTvox software (Skyscan Company), and the image processing and 
analysis were performed using the CTAn software (Skyscan Company). 

2.1.4. Immunohistochemistry (IHC) analysis 
The dewaxed slides were treated with Proteinase K (Sigma-Aldrich, 

USA) for proteolytic digestion and with 3% H2O2 for the elimination of 
endogenous peroxidase activity. After a 1-h blocking with normal goat 
serum, the slides were incubated with specific primary antibodies 
overnight at 4 ◦C. The primary antibodies used in this study included 
mouse anti-CD68 (Abcam, USA), rabbit anti-CD206 (Abcam, USA), and 
rabbit anti-iNOS (Abcam, USA). The slides were then incubated with 
Alexa-Fluor 488 conjugated anti-rabbit IgG or Alexa-Fluor 647 conju
gated anti-mouse IgG secondary antibodies (ThermoFisher, USA) and 
Hoechst 33324 (ThermoFisher, USA). Immunofluorescent images were 
captured using an LSM 780 confocal microscopy (Zeiss, Germany). 

2.1.5. Multiplex IHC analysis 
Antigen retrieval and blocking were performed on the dewaxed 

slides using the Antigen retrieval reagent (pH 6.0) and Blocking/anti
body diluent provided in the Opal Polaris Multicolor Manual IHC 
Detection Kit (Akoya Biosciences, USA), following the manufacturer’s 
instructions. In brief, the incubation of each primary antibody was done 
overnight at 4 ◦C. The primary antibodies used in this study included 
rabbit anti-CD68 (Abcam, USA), mouse anti-TRAP (Abcam), rabbit anti- 
CD206 (Abcam, USA), rabbit anti-iNOS (Abcam, USA), and rabbit anti- 
Osterix (Abcam, USA). Between each incubation of the primary anti
body, tyramide signal amplification (TSA) visualization was performed 
using the Opal Polymer Horseradish peroxidase (HRP) secondary anti
body and fluorophores: Opal 520, Opal 570, Opal 620, Opal 690, and 
DAPI (Akoya Biosciences, USA). The stained slides were imaged using 
the Vectra Polaris Imaging System (Akoya Biosciences, USA). 

2.2. Cell culture studies 

2.2.1. Cell isolation and treatment 
For the isolation of endothelial cells (ECs), mesenchymal stem cells 

(MSCs), and bone marrow macrophages (BMMs), 8-week-old C57L6/J 
mice were euthanized with a dosage of intraperitoneal injection of 
Pentobarbital. The ECs were isolated from the mouse aorta, as previ
ously described elsewhere [29]. In brief, after the exposure of abdomen, 
1 mL 1000 U/mL of heparin was directly injected into the left ventricle 
to prevent blood coagulation, while the abdominal aorta was cut to 
release the blood. The aorta was dissected and immersed in ice-cold 1x 
phosphate-buffered saline (PBS). The aorta segment was then cut into 
1-mm pieces and flattened to be attached to the 0.1% gelatin-coated 
plates with the lumen side facing down. After 3–5 days, when ECs 
would sprout out of the tissue, the tissue could be removed. The isolated 
ECs were cultured in 0.1% gelatin (Sigma-Aldrich, USA)-coated flasks in 
a Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 
(DMEM/F12) medium (Gibco, USA), supplemented with 10% fetal 
bovine serum (FBS, Gibco, USA) and 1% Penicillin-Streptomycin (Gibco, 
USA). The culture medium was refreshed every 2 days, and only pas
sages 3–5 were used for the experiments. MSCs and BMMs were isolated 
from the femora and the tibiae. Briefly, the soft tissues attached to the 
dislocated femora and tibiae were carefully removed using forceps and 
gauze; the long bones were cut into pieces before vigorous resuspension 
of whole bone marrow cells in a serum-free DMEM medium (Gibco, 
USA) using a vortex mixer. The bone chips and debridement were 
removed by passing the mixture through a cell strainer. After centrifu
gation, the cell pellet was resuspended in a DMEM medium, 

supplemented with 10% FBS and 1% Penicillin-Streptomycin (complete 
DMEM medium), and cultured in culture flasks. After a 6-h incubation in 
a humidified incubator with 5% CO2 at 37 ◦C, the unattached cells were 
gently removed for the induction of BMMs. Meanwhile, the attached 
bone marrow cells were gently washed in PBS and further cultured as 
MSCs in a complete DMEM medium until they reached 80% confluence. 
The culture medium was refreshed every 2 days, and only passages 3–5 
were used for the experiments. To verify the purity of MSCs, we used a 
mouse mesenchymal stem cell multi-color flow kit (R&D, USA) to 
quantify the percentage of CD29+, Sca-1+, and CD45− cells using a flow 
cytometer (NovoCyte Quanteon, ACEA Biosciences, USA) according to 
the manufacturer’s instruction. 

After the 6-day macrophage induction using a complete DMEM 
medium supplemented with 20 ng/ml of macrophage colony- 
stimulating factor (M-CSF), the BMMs became adherent, and the cul
ture medium was replaced by a different polarization medium. For M1- 
like macrophage differentiation, the complete DMEM was supplemented 
with 10 ng/ml of interferon-gamma (IFN-γ, R&D System, USA) and 10 
ng/ml of lipopolysaccharide (LPS, R&D System, USA). For M2-like 
macrophage differentiation, the complete DMEM was supplemented 
with 10 ng/ml of IL-4 (R&D System, USA) and 10 ng/ml of IL-13 (R&D 
System, USA). For the preosteoclast (pOC) differentiation, the complete 
DMEM was supplemented with 50 ng/ml of receptor activator of nuclear 
factor kappa-В ligand (RANKL, R&D System, USA) and 20 ng/ml of M- 
CSF (R&D System, USA). The BMMs cultured in a complete DMEM 
medium served as a control (M0-like). After the 6-day polarization, the 
induction medium was replaced by a fresh complete DMEM medium for 
another 24-h incubation. The supernatant was then collected, centri
fuged, and filtered with 0.22-μm filters (Millipore, USA) before storage 
at − 80 ◦C. The conditioned medium for the indirect coculture of MSCs 
and ECs (Fig. 4a) was prepared by mixing the supernatant from the 
polarized BMMs with a fresh complete DMEM medium at a ratio of 1:1 
(v/v). 

2.2.2. Real-time quantitative polymerase chain reaction (RT-qPCR) assay 
The total RNA of the cells (i.e., BMMs, MSCs, and ECs) was extracted 

and purified using an RNeasy Plus kit (Qiagen, USA), following the 
manufacturer’s instructions. For the reverse transcript, complementary 
DNA was synthesized using a Takara RT Master Mix (Takara, Japan), 
following the manufacturer’s instructions. The primers used in the RT- 
qPCR assay were synthesized using Integrated DNA Technologies (IDT, 
Singapore), based on sequences retrieved from the Primer Bank 
(http://pga.mgh.harvard.edu/primerbank/, Table S1). The SYBR Green 
Premix Ex Taq (Takara, Japan) was used for the amplification and 
detection of cDNA targets on the LightCycler480 Real-time PCR system 
(Roche, USA). The mean cycle threshold (Ct) value of each target gene 
was normalized to the housekeeping gene GAPDH. The results were 
shown in a fold change using the ΔΔCt method. 

2.2.3. Western blotting 
After the treatment, the BMMs were rinsed with ice-cold PBS and 

lysed with the RIPA Lysis and Extraction Buffer (ThermoFisher, USA) 
containing 1% Phosphatase Inhibitor Cocktail (ThermoFisher, USA). 
After centrifugation at 15,000×g for 10 min at 4 ◦C, the supernatants 
were collected to measure the protein concentration using the BCA 
Protein Assay Kit (ThermoFisher, USA). A total of 25 μg of protein from 
each sample was subjected to sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to the polyvinylidene 
difluoride (PVDF) membrane (Merck Millipore, USA). Then, the mem
brane was blocked in 5% w/v bovine serum albumin (BSA, Sigma- 
Aldrich, USA) and incubated with blocking buffer-diluted primary an
tibodies overnight at 4 ◦C. The primary antibodies used included mouse 
anti-NFATc1 (Santa Cruz, USA), rabbit anti-Integrin β1 (CST, USA), 
rabbit anti-Phospho-FAK (CST, USA), rabbit anti-FAK (CST, USA), rabbit 
anti-GAPDH (CST, USA). The protein bands were visualized by using 
HRP conjugated secondary antibodies and an enhanced 
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chemiluminescence (ECL) substrate (Advansta, USA) and exposed under 
the Typhoon5 Biomolecular Imager 680 (GE Amersham, USA). 

2.2.4. Immunocytochemistry analysis 
Following the polarization in the induction medium, the cultured 

BMMs were washed with 1x PBS three times, fixed with 4% para
formaldehyde after permeabilization with 0.2% Triton X-100 for 10 min. 
The primary antibodies used included anti-NF-κB p65 (CST, USA), 
mouse anti-NFATc1 (Santa Cruz, USA), rabbit anti-CD68 (Abcam, USA), 
and rabbit anti-CD206 (Abcam, USA). The secondary antibodies used 
included Alexa-Fluor 488 conjugated anti-rabbit IgG (ThermoFisher, 
USA) and Alexa-Fluor 647 conjugated anti-mouse IgG (ThermoFisher, 
USA). Rhodamine Phalloidin (Sigma-Aldrich, USA) and Hoechst 33342 
(ThermoFisher, USA) were used for counterstaining. The fluorescent 
images were captured using an LSM 980 confocal microscope (Carl 
Zeiss, Germany). The expression of NFATc1 or CD206 was quantified by 
the fluorescent intensity in either 647 nm channel or 488 nm channel 
using ImageJ software (NIH, USA). The results were presented as fold 
change in the fluorescent intensity by comparing the tested group to the 
control group. 

2.2.5. Cytokine array 
The cytokines and chemokines produced by BMMs after the polari

zation in different induction mediums were tested using a Proteome 
Profiler antibody array (R&D System, USA), following the manufac
turer’s instructions. The supernatants from the BMMs were incubated 
with the nitrocellulose membranes overnight after the addition of the 
mouse cytokine array detection antibody cocktail. Next, the membranes 
were thoroughly washed in a 1x wash buffer in a rocking platform 
shaker and incubated with Streptavidin-HRP for 30 min. The signals 
were visualized by using a Chemi Reagent Mix under a Typhoon5 Bio
molecular Imager 680 (GE Amersham, USA). 

2.2.6. Cell proliferation assay 
The proliferation of the MSCs and ECs cultured in a conditioned 

medium was assessed by measuring the cell viability using a cell 
counting kit-8 (CCK-8, Dojindo, Japan). The MSCs and ECs were seeded 
in 96-well plates at a density of 1 × 104/cm2 and treated with a BMM- 
derived conditioned medium. On Day 3 and Day 7 after the stimula
tion, the culture medium was replaced with 100 μl of fresh serum-free 
DMEM, supplemented with 10 μl of CCK-8 reagent. After a 2-h incuba
tion, the absorbance at 450 nm was detected by a Multiskan GO 
microplate reader (ThermoFisher, USA). The cell viability was presented 
as a percentage by comparing the optical density (OD) value of the 
tested group with that of the control group (M0 conditioned medium 
treated group). 

2.2.7. Wound-healing assay 
The migration of the MSCs and ECs cultured in a conditioned me

dium was assessed by a wound-healing assay. The MSCs and ECs were 
seeded in 24-well plates at a density of 5 × 104/cm2 and cultured 
overnight for attachment. A scratch was created in each well using a 
200-μl tip. The cells were washed with PBS to remove the cell debris and 
then treated using different BMM-derived conditioned mediums. For 
wound healing of ECs, the microscopic images of the same view were 
taken at 0h, 6 h, 12 h, and 24 h, while for MSCs, the microscopic images 
of the same view were taken at 0h,24 h, 48 h, and 72 h. The wound area 
was measured by the ImageJ software (NIH, USA), and the wound 
closure rate was calculated by dividing the reduction in the wound area 
at a designated time point by the wound area at the initial time point. 

2.2.8. Transwell migration assay 
The migration of the MSCs stimulated by the conditioned medium 

was assessed by a transwell migration assay. After overnight starving in 
serum-free culture medium, the MSCs were seeded in the 96-well 
transwell inserts at a density of 3.6 × 104/cm2. Meanwhile, the 

conditioned medium harvested from various phenotypes of BMMS was 
supplemented with fresh DMEM containing 30% FBS and added into the 
lower chambers. After 24 h incubation to allow the migration of MSCs to 
the lower side of the membrane, the inserts were removed from the plate 
and fixed using 4% PFA. The non-migrated cells in the inserts were 
removed by cotton swab, whereas the migrated cells were stained with 
0.5% crystal violet (Sigma-Aldrich, USA). The images of the migrated 
MSCs were captured using a Leica DM IL LED microscope (Carl Zeiss, 
Germany) and the number of migrated cells was quantified manually 
using the ImageJ software (NIH, USA). 

2.2.9. Alkaline phosphatase (ALP) staining 
The osteogenic activity of the MSCs cultured in a conditioned me

dium was assessed by ALP staining. The MSCs were seeded in 96-well 
plates at a density of 1 × 104/cm2 and treated with BMM-derived 
conditioned medium. On Day 3 and Day 7 after the stimulation, the 
cells were fixed with 4% paraformaldehyde for 10 min. After the cells 
were thoroughly washed with PBS, they were incubated with the 1-Step 
NBT/BCIP substrate solution (ThermoFisher, USA) for 15 min in the 
dark. The images were captured under a Leica DM IL LED microscope 
(Carl Zeiss, Germany), and the number of ALP positive cells was quan
tified manually using the ImageJ software (NIH, USA). 

2.2.10. Tube formation assay 
The angiogenic activity of the ECs cultured in a conditioned medium 

was assessed by tube formation assay. The 96-well plates were coated 
with the Matrigel Growth Factor Reduced (GFR) (GFR) Matrix (Corning, 
USA) according to the manufacturer’s instructions before cell seeding. 
The ECs were resuspended in the BMM-derived conditioned medium 
and seeded in the pre-coated well. Two hours later, the tube formation 
was observed and photographed using a Leica DM IL LED microscope 
(Carl Zeiss, Germany). The numbers of junctions, segments, and 
branches, as well as the total length and branch length, were quantified 
using the ImageJ software (NIH, USA). 

2.2.11. ALP and TRAP co-staining assay 
The effects of the BMM-derived conditioned medium on regulating 

the balance between the osteogenesis and the osteoclastogenesis were 
evaluated by ALP and TRAP co-staining assay. The whole bone marrow 
cells isolated from long bones of mice (including both BMMs and MSCs) 
were seeded in 24-well plates at a density of 5 × 104/cm2 and kept 
overnight for attachment. The cells were then treated with different 
BMM-derived conditioned mediums for 3 days. After the stimulation, 
the cells were fixed with 4% paraformaldehyde for 10 min and washed 
thoroughly with PBS. The cells were first incubated with the 1-Step 
NBT/BCIP substrate solution (ThermoFisher, USA) for 15 min in the 
dark and then incubated with the TRAP staining solution for 15 min at 
60 ◦C. The nuclei of the cells were countered stained by methyl green 
(Sigma-Aldrich, USA). The microscopic images were captured under a 
Color Imaging Microscope (Carl Zeiss, Germany). The ALP positive area 
or the TRAP positive area was quantified using the ImageJ software 
(NIH, USA). 

2.3. Statistical analysis 

All data analyses were performed and illustrated using the Prism 
software (version 7, GraphPad, USA). The results were expressed as 
means ± standard error of the mean (SEM). The exact sample size (n) for 
each experimental group was clearly shown as dot plots in the figures 
and indicated in the legends. For comparisons among multiple groups, a 
one-way or a two-way analysis of variance (ANOVA) was used, followed 
by Tukey’s multiple-comparison post hoc test. The levels of significant 
difference among the groups were defined and noted as *P < 0.05 and 
**P < 0.01. The sample size was decided based on preliminary data, as 
well as on observed effect sizes. 
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3. Results 

3.1. Presence of TRAP + MNGCs at the early stage of new bone formation 

To confirm the involvement of heterogeneous macrophage pheno
types, particularly the presence of MNGCs at the early stage of 
biomaterial-induced bone regeneration, we first analyzed the early tis
sue response when various metal ion-releasing bone biomaterials 
including magnesium implant, 3D-printed magnesium-containing 
polymer scaffold, porcine bone-derived biological apatite, zinc 
implant, and copper-bearing stainless steel, were implanted in rats.. 
Here, we observed a group of TRAP+ cells, either mononuclear or 
multinuclear, adjacent to the biomaterials implanted in the bone tissue 
on Day 7 (Fig. S1). Interestingly, unlike the classical TRAPhigh multi
nucleated osteoclast that commonly resides on the mineralized bone 
surface (magenta arrowhead, Figs. S1a–e), most of the TRAPlow/- 

multinucleated cells (blue arrowhead, Figs. S1a–e) observed on Day 7 
post-operation were not associated with matured bone. After confirming 
the presence of these multinucleated TRAP+ cells in our metal ion- 
releasing biomaterials, we concentrated on testing our hypothesis by 
using our well-established osteogenic biomaterials, namely Mg2+- 
releasing alginate, in the rat model with the bone defect in the distal 
femoral region (Fig. S2). To further identify the presence of different 
phenotypes of macrophages, especially the biomaterial-related MNGCs, 
during the bone-healing course, we examined the sections over a series 
of time points after the injection of Mg2+-releasing alginate. On Day 3 
after the operation, the defect was primarily filled with hematoma, 

consisting mainly of erythrocytes trapped in a fibrinous network. The 
recruitment of immune cells and regenerative stem cells was only 
observed at the edge of the defect on Day 3, but their infiltration into the 
injured site became evident on Day 7 after the operation (Fig. 1a). 
Meanwhile, the hematoma observed in earlier periods had been 
replaced by a well-organized granulation tissue, rich in spindle-shaped 
cells. The corresponding TRAP staining images revealed that a group 
of TRAP+ cells, mostly mononuclear, located at the edge of the defect on 
Day 3, migrated to the periphery of the defect and became multinuclear 
on Day 7. On Day 14, the defect was occupied by newly formed bone; 
however, the bone structure in the defect remained primarily immature. 
Moreover, with the increase in the number of TRAP+ multinucleated 
cells on Day 14, more TRAP+ cells were found attached to either the 
bone surface or the blood vessels. 

3.2. Characterization of functional phenotypes of macrophages during 
bone regeneration 

Since we have identified Day 7 as the key time point for the infil
tration of inflammatory macrophages into the defect, we particularly 
focus on the characterization of macrophage phenotypes at this stage. 
First, we used CD68 as the pan marker for resident macrophages 
(Fig. 1b) because the majority of inflammatory macrophages, MNGCs, 
and osteoclasts are generally derived from these common macrophage 
progenitors [30]. Next, we used another osteoclast marker, TRAP, to 
differentiate between MNGCs and osteoclasts. It was then interesting to 
find that there remained a considerable number of MNGCs with low or 

Fig. 1. Activation of TRAP+ macrophages during bone-healing process. (a) Representative Masson’s trichrome staining (upper panel, scale bars = 200 μm) images 
and TRAP staining (lower panel, scale bars = 200 μm) showing the new bone formation and the presence of TRAP+ cells on Days 3, 7, and 14 after the delivery of 
Mg2+-releasing alginate in the femoral defect (n = 3). High-magnification of the boxed regions (scale bars = 40 μm) are shown. (b) Representative multicolor IHC 
image for CD68, TRAP, CD206, and iNOS showing the phenotypes of macrophages located at the periphery of the femoral defect on Day 7 (n = 3). Tile scans (scale 
bars = 400 μm) and high magnification of the boxed regions (scale bars = 100 μm) are shown. (c, d) Representative immunofluorescent images showing the presence 
of iNOS+ mononuclear macrophages (c) and CD206+ multinuclear macrophages (d) on Day 7 of bone healing (n = 4). Tile scans (scale bars = 200 μm) and high 
magnification of the boxed regions (scale bars = 50 μm) are shown. (OB: old bone; D: defect; NB: new bone; BM: bone marrow; pink arrowhead: TRAP+ MNGC; blue 
arrowhead: CD206+ MNGC). (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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even no TRAP expression. Instead, they were identified as positive in 
CD206. Besides, the majority of CD68+iNOS+ macrophages were found 
to be mononucleated. With respect to the localization of different phe
notypes of macrophages, most of the CD68+ macrophages observed in 
the defect area were mononuclear and positive in iNOS (Fig. 1c). In 
contrast, CD206+ macrophages, either mononucleated or multinucle
ated, appeared to be primarily located at the boundary of the defect, 
close to but not necessarily attached to the bone surface (Fig. 1d). 

We then adopted a multiplex IHC assay to visualize the migration of 
macrophages and the shift in their functional phenotypes in correlation 
with the osteogenic activity. On Day 3 after the injury, inflammatory 
macrophages were primarily found near the bone trabecula around the 
defect (Fig. 2a). More interestingly, these macrophages, especially the 
dominant iNOS+ ones, were in close contact with the Osterix+ bone- 
forming cells by forming a canopy-like structure over these cells or by 
being directly intercalated among these active osteoblasts. 

By Day 7 after the surgery, the infiltration of numerous inflammatory 
macrophages, including both iNOS+ M1 macrophages and CD206+ M2 
macrophages, was evident at the periphery of the defect (Fig. 2b). These 
macrophages were present throughout the newly formed woven bones 
around the border of the defect. The majority of these iNOS+ or CD206+

macrophages were observed as interlaced with the matrix-osteoid 
deposited on the bone trabecula. Compared with the earlier time point, 
there were considerably more TRAP+ multinucleated cells at the pe
riphery of the defect on Day 7. However, unlike the iNOS+ or CD206+

macrophages that were both shown to be intimately associated with 
active osteoblasts, TRAP+ multinucleated cells were rarely observed 
adjacent to Osterix+ bone-forming cells. While TRAP+ CD206- osteo
clasts were restricted to the surface of active bone-remodeling sites, 
characterized by resorption lacunae in the bone underneath these cells, 
TRAPlow CD206+ multinucleated cells were more frequently observed 
on the matrix-osteoid-bone surface of the newly formed bone. 

By Day 14 after the surgery, with the prominent new bone formation 
in the defect, the inflammatory macrophages were found to be inter
laced throughout the newly formed bone trabecula within the defect 
area (Fig. 2c). Moreover, with the gradual increase in the number of 
CD206+ M2 macrophages and the marked decrease in the number of 
iNOS+ M1 macrophages, the dominant macrophage phenotype in the 
bone tissue microenvironment had been greatly altered. Moreover, the 
formation of woven bone trabecula and large blood vessels in the defect 
was accompanied by the presence of a considerable number of TRAP+

multinucleated cells, including both large TRAP+ CD206- osteoclasts 
and TRAPlow CD206+ MNGCs. 

On Day 56 after the operation, the defect had been filled with 
mineralized bone, and normal bone marrow tissue had also invaded the 
channel within the bone trabecula (Fig. 2d). It is interesting to find that 
at this late stage of bone healing, there remained a large number of 
TRAPlow CD206+ or TRAP− CD206+ macrophages throughout the defect 
area. 

Fig. 2. Shifting of macrophage phenotypes during bone-healing process. (a–d) Representative multicolor IHC image for Osterix, TRAP, CD206, and iNOS 
showing the phenotypes of macrophages on Day 3 (a), Day 7 (b), Day 14 (c), and Day 56 (d) after the injection of alginate in the femoral defect (n = 3). Tile scans 
(scale bars = 400 μm) and high magnification of the boxed regions (scale bars = 80 μm) are shown. Corresponding H&E staining images (scale bars = 200 μm) and 
high magnification of the boxed regions (scale bars = 40 μm) are shown for better visualization of bone morphology in the grafted area. The representative 
macrophage phenotypes at each stage were indicated by white arrowhead. 
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3.3. The depletion of phagocytic macrophages impaired bone maturation 

To support our findings that different macrophage phenotypes 
sequentially contributed to the whole course of bone healing, we 
analyzed the bone regeneration outcome in the liposomal clodronate- 
treated rats compared with the control group (Fig. 3a). The depletion 
of phagocytic macrophages at the early stage of the bone-healing process 
abolished the effect of Mg2+-releasing alginate on inducing new bone 
formation in the injured area (Fig. 3b and c). Serial μCT scan from Day 3 
to Day 56 after the surgery indicated that despite the notable increase in 
the BMD of the femoral defect in the liposomal clodronate-treated rats 
from Day 14 to Day 21, the loss of phagocytic macrophages led to the 
failure in the maintenance of newly formed bone structure at the bone- 
remodeling stage. In turn, this resulted in significantly lower bone vol
ume and density on Day 56 after the surgery compared with the control 
group. We then sought to confirm this finding by using histology data. As 
expected, after the injection of liposomal clodronate, either the TRAP+

multinucleated cells or the CD68+ multinucleated cells were completely 
depleted on Day 7 after the surgery (Fig. 3d). However, it was note
worthy that a small number of TRAP+ mononuclear cells and CD68+

mononuclear cells were still scattered throughout the newly formed 
woven bone in the defect. It was even more interesting to find that 
though the defect had been filled with immature woven bone, most of 
the bone trabecula disappeared after the bone-remodeling stage, leaving 
very few mineralized bones within the defect area by Day 56 after the 
surgery (Fig. 3e). 

3.4. Fusion and multinucleation of macrophages 

To gain a better understanding of the cellular functions of different 
phenotypes of multinucleated macrophages observed in vivo, we isolated 
primary BMMs from the long bones of mice and polarized them in vitro 
(Fig. 4a). We showed that both the classical M2 macrophage induction 

medium (i.e., IL-4 + IL-13) and the osteoclast differentiation medium (i. 
e., M-CSF + RANKL) contributed to the fusion of BMMs and the upre
gulation of TRAP activity after the 6-day treatment. However, the 
classical M1 macrophage induction medium (i.e., LPS + IFN-γ) failed to 
induce more multinucleated or TRAP+ cells than in the control group, 
where no differentiation supplement was added (Fig. 4b and c). More
over, the fusion rate and the number of multinucleated cells in BMMs 
treated with the osteoclast induction medium were twice than of BMMs 
treated with the M2 macrophage induction medium. Nevertheless, there 
was no significant difference between the two treatments in terms of the 
TRAP+ cells’ rate. Furthermore, even if extending the induction time 
using M-CSF and RANKL could lead to MNGCs with more nuclei 
(Fig. S3), the number of nuclei in multinucleated cells (defined as cells 
with more than three nuclei) remained similar on Day 6 after treatment. 

We then verified the functional phenotypes of the multinucleated 
cells by RT-qPCR (Fig. 5a). Compared with the control group, the M1 
induction medium only contributed to a slight upregulation (~two-fold) 
in the calcitonin receptor gene (CALCR) but rarely altered the expression 
of the cathepsin K gene (CTSK), the tartrate-resistant acid phosphatase 
gene (TRAP), and the receptor activator of nuclear factor κB gene 
(RANK). Meanwhile, the M2 induction medium led to a four-fold in
crease in the CTSK expression and more than a 12-fold increase in the 
TRAP expression. However, the M1 and the M2 groups had no signifi
cant difference in the expression of CALCR or RANK. The addition of 
osteoclast induction medium greatly upregulated all osteoclastogenesis- 
related gene markers, including an approximately 50-fold increase in 
CTSK, an approximately 400-fold increase in TRAP, an approximately 
15-fold increase in CALCR, and more than a two-fold increase in RANK. 
Instead of activating osteoclastogenesis-related genes leading to cell 
fusion, we showed that the M2 induction medium contributed to a sig
nificant upregulation in the signal regulatory protein alpha gene (SIRPα) 
and the programmed death-ligand 1 gene (PD-L1), which have both been 
shown to play important roles in cell recognition and membrane fusion 

Fig. 3. Depletion of phagocytic macrophage impairs new bone formation. (a) Liposomal clodronate was administrated via intraperitoneal injection at the early 
stage of the bone-healing process for selective depletion of phagocytic macrophages. (b) Local bone mineral density heat mapping reconstruction using μCT data 
showing the new bone formation in the femoral defect from Day 3 to Day 56 after the operation. (c) Corresponding quantification of trabecular bone fraction (BV/ 
TV) and bone mineral density (BMD of TV) in the femoral defect. Data are presented as mean ± standard error of the mean (SEM). **P < 0.01 by one-way ANOVA 
with Tukey’s post hoc test. (d) Representative TRAP staining images (left scale bars = 200 μm) and corresponding immunofluorescent images (right scale bars = 200 
μm) showing the depletion of TRAP+ cells or CD68+ cells in the femoral defect on Day 7 after the operation. High magnification of the boxed regions (scale bars = 40 
μm) is shown. (e) Representative H&E staining images (scale bars = 200 μm) showing the formation of new bone in the femoral defect in phagocytic macrophage- 
depleted rat on Day 7 and Day 56 after the operation (n = 3). Lower images (scale bars = 40 μm) show high magnification of the boxed regions. 
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[31]. However, these genes were not altered by M1 or osteoclast in
duction (Fig. 5b). We also verified the differentiation of M1 and M2 
macrophages by their respective marker genes, nitric oxide synthase 2 
(Nos2) and insulin-like growth factor 1 (IGF1). While the M1 induction 
medium led to an almost 200-fold increase in the expression of Nos2, the 

addition of the M2 induction supplement resulted in an approximately 
four-fold upregulation in the IGF1 expression (Fig. 5c). 

Using immunocytochemistry, we showed that after the 6-day oste
oclast induction, most of the fused cells were round in shape and had a 
diameter of approximately 50–100 μm (Fig. 5d). Meanwhile, there was a 

Fig. 4. TRAP activity and the fusion of macrophages using different induction strategies. (a) Schematic diagram showing the design of in vitro experiment. (b) 
Representative TRAP staining images (scale bars = 200 μm) showing the formation of TRAP+ multinuclear macrophages after 6-day culture of mouse bone marrow- 
derived macrophages (BMMs) using M1 macrophage induction medium (LPS + IFN-γ), M2 macrophage induction medium (IL-4 + IL-13), and osteoclast induction 
medium (M-CSF + RANKL). High magnification of the boxed regions (scale bars = 20 μm) is shown on the lower panel. (c) Corresponding quantification for cell 
density, number of multinuclear cells, TRAP+ cell rate, cell fusion rate, and the number of nuclei per multinuclear cell. Data are presented as mean ± standard error 
of the mean (SEM). n.s. P > 0.05, **P < 0.01 by one-way ANOVA with Tukey’s post hoc test. 

Fig. 5. Characterization of macrophage phenotype induced with different protocols. (a–c) The relative expression of osteoclastogenesis-related genes (a), cell 
fusion-related genes (b), and macrophage polarization marker genes (c) in BMMs after 6-day culture using different induction protocols. (d) Representative 
immunofluorescent images (scale bars = 50 μm) showing the cytoskeleton, as well as the expression of NF-κB, NFATc1, CD68, and CD206 in BMMs after 6-day 
culture using different induction protocols. (e) Corresponding quantification for relative fluorescent intensity of NFATc1 and CD206 in BMM. (f, g) Representa
tive western blots (f) and corresponding quantification (g) showing the expression of NFATc1 and Integrin β1, as well as the phosphorylation of FAK in BMMs after 6- 
day culture using different induction protocols. 
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significant increase in the expression of nuclear factor-kappa B (NF-κB) 
and nuclear factor of activated T cells c1 (NFATc1), especially in the 
fused multinucleated cells (Fig. 5d and e). The shapes of the M2 in
duction medium-induced MNGCs showed a larger variety, ranging from 
round to polygon. Moreover, the expression of CD206 was significantly 
upregulated after the M2 induction (Fig. 5d and e). To confirm the 
distinct signaling mechanisms that osteoclasts and MNGCs adopted for 
cell fusion, we evaluated the key molecules involved in the cell fusion 
program using western blot assays. Our data demonstrated that only the 
osteoclast induction medium contributed to the increased expression of 
NFATc1 (Fig. 5f and g). In contrast, after the stimulation of IL-4 and IL- 
13, the upregulation in the expression of integrin β1 and the phos
phorylation of focal adhesion kinase (FAK) indicated that the formation 
of M2-like MNGCs might be mediated by signaling pathways distinct 
from osteoclasts. 

3.5. Heterogeneous macrophage phenotypes led to a distinct immune 
microenvironment 

As our data demonstrated the M2-like MNGC as a phenotype distinct 
from the classical activated M1-like macrophage or the pOC, we then 
compared the immunomodulatory functions of these macrophage phe
notypes by studying the supernatant using the cytokine array and 
analyzing the gene expression using the RT-qPCR assay. Among the 111 
tested cytokines and chemokines, we identified five factors (i.e., coag
ulation factor III, CCL2, IFN-γ, IL-23, and Chemerin) significantly 
upregulated by M-CSF and RANKL but less altered by M2-like MNGCs 
(Fig. 6a). The cytokines/chemokines that were significantly upregulated 
in the secretome of M2-like MNGCs included CD160, complement 
component C5, chemokine (C-X3-C motif) ligand 1 (CX3CL1), Resistin, 
Periostin, E-selectin/CD62E, and RBP4. Although both pOC and M2-like 
MNGCs contributed to an approximately 1.5–2-fold increase in IL-22, 
there remained no significant difference between the two groups. 
Meanwhile, the M1 induction medium only led to an increased che
mokine (C–C motif) ligand (CCL2) at a level comparable to that of the 
pOC group, as well as an increased complement component C5 and 
CX3CL1 equivalent to that of the M2 group. 

To assess the immunomodulatory effects of the four phenotypes of 
macrophages, we further compared their expression patterns of in
flammatory genes after the 6-day culture in the induction medium. In 
M2-like MNGCs, a series of inflammatory-related genes was upregulated 

(Fig. 6b), including an approximately three-fold increase in CCL17 and 
interleukin-1 receptor antagonist (IL-1RA), as well as an approximately 
1.5–2-fold increase in IL-10, transforming growth factor-beta 1 (TGFβ1), 
tumor necrosis factor-alpha (TNF-α), CX3CL1, and retinoic acid receptor 
responder protein 2 (RARRES2). The inflammatory-related genes that 
were most significantly upregulated by the M1 induction medium were 
CCL5, IL-6, vascular endothelial growth factor A (VEGFA), IL-1β, 
oncostatin M (OSM), CCL2, C-X-C motif chemokine ligand 10 (CXCL10), 
IL-23, IL-22, CXCL1, CXCL2, and CD160 (Fig. 6c). It was noteworthy that 
the M2 induction medium also contributed to a nearly 30-fold increase 
in the expression of CCL5 and a two-fold increase in the expression of 
OSM compared with the control group (M0 macrophages); however, it 
was only at half of the level compared with the M1 group. Interestingly, 
regardless of the higher level of CCL2 in the secretome, the expression of 
the CCL2 gene was found to be significantly downregulated by the 
osteoclast induction medium. The M-CSF and the RANKL treatment also 
led to a 50% decline in the expression of IL-10 and TNF-α. Periostin 
(POSTN) remained to be the only tested gene that was significantly 
upregulated in the pOC group. 

3.6. Effects of different phenotypes of macrophages on osteogenesis 

Since our multiplex IHC data demonstrated that there remained 
some spatial relation between the macrophage lineage and the bone- 
forming cells, we then investigated whether these macrophage pheno
types observed during the bone-healing processes contributed to oste
ogenic activities differently. Using confocal microscopy, we first showed 
that the migration of OCN+ osteoblasts to the injured site had been 
accompanied by the infiltration of CD68+ macrophages at the early 
stage (i.e., Day 7) of bone healing (Fig. 7a). This implied that the 
dominant phenotype of macrophage at this stage, which had been pre
viously demonstrated to be M1 (Fig. 2b), could be closely associated 
with the recruitment of bone-forming cells. This hypothesis was verified 
by the cell proliferation assay (Fig. 7b) using primary CD29+, Sca-1+, 
and CD45− MSCs isolated from mouse long bones (Fig. S4). Our data 
demonstrated that the cell viability of MSCs cultured using the super
natant from M1 macrophages, M2-like MNGCs, and pOC was signifi
cantly higher than that of those treated with the supernatant from M0 
macrophages (Fig. 7b). After the 7-day stimulation using the condi
tioned medium, the M1 macrophage led to a 30% increase in the cell 
viability of MSCs compared with the M0-CM group, while M2-CM or 

Fig. 6. The different polarization protocols for macrophages contribute to distinct inflammatory microenvironment. (a) Heat map of major inflammatory 
cytokines secreted from BMMs polarized using different induction strategies for 6 days. (b, c) The relative expression of inflammatory-related genes in BMMs after 6- 
day culture using different induction protocols. Data are presented as mean ± standard error of the mean (SEM). *P < 0.05, **P < 0.01 by one-way ANOVA with 
Tukey’s post hoc test. 
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pOC-CM barely contributed to the proliferation of MSCs at this time 
point (Fig. 7b). Although our data using wound-healing assay suggested 
the secretome from various macrophage phenotypes has similar effect 
on the migration of MSCs (Fig. 7c, S5), further studies using transwell 
assay showed M1-CM was the strongest chemo-attractant among the 
four tested conditioned medium to induce the migration of MSCs 
(Fig. 7d and e). 

Moreover, it was intriguing to find that only the conditioned medium 
from the M1 macrophage promoted the ALP activity of MSCs (Fig. 7f and 
g). Indeed, on Day 7 after the stimulation, M1-CM contributed to a 50% 
increase in the number of ALP+ MSCs compared with any other group. 
To confirm the effects of different macrophage phenotypes on osteo
genic differentiation of MSCs, we further analyzed the expression of the 
osteogenic marker gene of MSCs after they were cultured in a macro
phage conditioned medium (Fig. 7h). The conditioned medium from 
M2-MNGCs significantly promoted the genes related to the deposition 
and mineralization of the matrix, such as collagen type I alpha 1 
(COL1A1), bone gamma-carboxyglutamate protein (BGLAP), and 
integrin binding sialoprotein (IBSP). In contrast, the M1 macrophage 
tended to suppress the three above-mentioned genes. The four groups 
had no significant difference in the expression of secreted phosphopro
tein 1 (SPP1), which is also known to be involved in the mineralization 
of the extracellular matrix. Interestingly, the gene expression of ALP was 
shown to be slightly downregulated by M1-CM, in which the ALP ac
tivity of MSCs increased. Moreover, compared with the M1 macrophage, 
M2-MNGCs also contributed to the significantly increased expression of 
Sp7 transcription factor (SP7) and runt-related transcription factor 2 

(RUNX2), which are both known to be vital for osteogenic differentia
tion of MSCs. In addition to the osteogenesis-related genes, M2-CM also 
led to a significantly higher level of osteoprotegerin (OPG) than M1-CM, 
while the difference in the expression of receptor activator of nuclear 
factor kappa-В ligand (RANKL) between the M1-CM and the M2-CM 
groups remained statistically insignificant. None of the tested genes 
was significantly altered by the conditioned medium from pOC when 
compared with the M0-CM group. 

3.7. Effects of different phenotypes of macrophages on angiogenesis 

In addition to the deposition of the bone matrix by the osteoblast 
lineage, angiogenesis also plays an important role in bone regeneration. 
We demonstrated that as the initial step of angiogenesis, the recruitment 
of CD31+ ECs occurred following the infiltration of CD68+ macrophages 
at an early stage (i.e., Day 7) of bone healing (Fig. 8a). Moreover, there 
seemed to be some spatial relation between the macrophages and the 
ECs, similar to what we previously observed between macrophages and 
the osteoblast lineage. We then compared the effects of the conditioned 
medium from different macrophage phenotypes on the proliferation and 
migration of primary ECs isolated from mouse aorta. On Day 3 after the 
stimulation, only M1-CM and pOC-CM led to a 10% increase in the cell 
viability of ECs compared with M0-CM (Fig. 8b). However, on Day 7, the 
conditioned medium from all of the three macrophage phenotypes (M1 
macrophage, M2-MNGCs, and pOC) was able to contribute to a 25–50% 
increase in the cell viability of ECs compared with the control group. 
Despite the effect on the proliferation, we found that M2-CM actually 

Fig. 7. The effects of different phenotypes of macrophages on osteogenesis. (a) Representative immunofluorescent images showing the colocalization of CD68+

macrophages and OCN+ osteoblasts in the femoral defect on Day 7 after the operation. Tile scans (scale bars = 200 μm) and high magnification of the boxed regions 
(scale bars = 50 μm) are shown. (b) Relative comparison of viable mesenchymal stem cell (MSC) cultured in conditioned medium from BMMs polarized using 
different induction protocols. (c) Wound closure rate of MSCs cultured in conditioned medium from BMMs polarized using different induction protocols. (d, e) 
Representative images (d, scale bars = 250 μm) and corresponding for quantification for the number of migrated MSCs in response to the stimulation of different 
BMM-derived conditioned medium. (f, g) Representative ALP staining images (f, scale bars = 500 μm) and corresponding quantification (g) for the number of ALP+

cells after 7-day culture in conditioned medium from BMMs polarized using different induction protocols. (h) The relative expression of osteogenesis-related and 
osteoclastogenesis-related genes in MSCs after 3-day culture in conditioned medium from BMMs polarized using different induction protocols. n.s. P > 0.05, *P <
0.05, **P < 0.01 by one-way ANOVA (e, h) or two-way ANOVA (b, c, g) with Tukey’s post hoc test. 
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suppressed the migration of ECs in the wound-healing assay because the 
wound-healing rate in the M2-CM group had been lower than the other 
group throughout the assay (Fig. 8c, S6). 

Next, we used tube formation assay, the most widely used in vitro 
assays to assess the differentiation of ECs into capillaries, in order to 
study the angiogenic potential of the conditioned medium from different 
macrophage phenotypes. M1-CM remained as the strongest stimulation 
for tube formation, as it contributed to the significantly increased total 
tube length and the number of junctions (Fig. 8d and e). Meanwhile, M2- 
CM was also more effective than M0-CM, but to a lesser extent than M1- 
CM, in inducing in vitro tube formation. Nevertheless, the conditioned 
medium from pOC failed to promote the tube formation further than 
M0-CM did. To further elucidate the effects of different immune mi
croenvironments on the angiogenic differentiation of ECs, we analyzed a 
series of angiogenesis-related genes using RT-qPCR (Fig. 8f). Compared 
with the conditioned medium from the M0 macrophage, the M2-MNGC- 
derived conditioned medium dramatically suppressed the expression of 
kinase insert domain receptor (KDR), which encodes the principal VEGF 
receptor, namely VEGFR2. The M2-CM also significantly downregulated 
the downstream of VEGF signaling, including intercellular adhesion 
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1). 
In contrast, the conditioned medium from the M1 macrophage led to a 
1.5-fold increase in the expression of VCAM-1 compared with the M0- 
CM group and an almost two-fold increase in the expression of VEGFA 
compared with either M2-MNGCs or pOC. More importantly, while the 
expression of KDR, ICAM-1, VCAM-1, and endomucin (EMCN) was 
significantly higher in M1-CM than in M2-CM, the expression of fms- 
related tyrosine kinase 1 (FLT1), which encodes VEGFR-1 that pre
vents the binding between VEGFA and VEGFR-2, was upregulated by 
more than 100% in the M2-CM group compared with that in the M1-CM 
group (Fig. 8f). Although pOC-CM decreased 50% of ICAM-1 expression 
as compared with that of M0-CM, the angiogenic marker genes, 
including platelet endothelial cell adhesion molecule (PECAM-1) and 
EMCN were found effectively upregulated. Moreover, pOC-CM was the 
only inflammatory stimuli to upregulate cadherin 5 (CDH5) and platelet 
derived growth factor subunit B (PDGFB). 

3.8. Effects of different phenotypes of macrophages on osteoclastogenesis 

Osteoclasts have been known to play an indispensable role in bone 
regeneration, especially at the remodeling stage. Besides the effects on 
osteogenesis and angiogenesis, we also evaluated the osteoclastogenic 
activity of BMMs varied by the different immune microenvironments 
induced by various macrophage phenotypes. We showed that in addi
tion to the strong effect on upregulating the ALP activity of MSCs, M1- 
CM was also very effective in inducing osteoclast formation (Fig. 9a, 
b, 9c). Indeed, the M1 macrophage-derived conditioned medium after 3- 
day stimulation resulted in the highest number of ALP+ osteoblasts 
among the four tested groups and significantly more TRAP+ multinu
cleated osteoclasts than in the M2-CM group. Using the RT-qPCR assay, 
we found that the expression of colony stimulating factor 1 (CSF1) was 
significantly downregulated by M1-CM but upregulated by M2-CM 
(Fig. 9d). Moreover, M1-CM led to around 1.5-fold increase in the 
expression of CALCR and CTSK, as well as a two-fold increase in the 
expression of TRAP compared with the other groups. Last but not least, 
the expression of RANK in the M2-CM group was only half of that in the 
M1-CM group. 

4. Discussion 

Over the years, the immune cells have been recognized to play vast 
and substantial roles in bone biology [32,33]. Given the high plasticity 
of the macrophage lineage in response to environmental cues and their 
fundamental role in regulating bone homeostasis, the macrophage 
dominant innate immune response is found to be the most critical factor 
determining the clinical outcome of bone regeneration [34,35]. In this 
study, we have shown that in an optimal bone-healing course, the 
desired biomaterial should be able to sequentially activate a series of 
macrophage phenotypes, from the initial pro-inflammatory M1 macro
phage to the subsequent mononucleated and multinucleated pro-healing 
M2 macrophage, as well as the reparative osteoclasts (Fig. 9e). In 
particular, we have shown that there is no generally “good” or “bad” 
macrophage during bone healing. Instead, the shift in the dominant 

Fig. 8. The effects of different phenotypes of macrophages on angiogenesis. (a) Representative immunofluorescent images showing the colocalization of CD68+

macrophages and CD31+ endothelial cells in the femoral defect on Day 7 after the operation. Tile scans (scale bars = 200 μm) and high magnification of the boxed 
regions (scale bars = 50 μm) are shown. (b) Relative comparison of viable endothelial cells (ECs) cultured in conditioned medium from BMMs polarized using 
different induction protocols. (c) Wound closure rate of ECs cultured in conditioned medium from BMMs polarized using different induction protocols. (d, e) 
Representative images (d, scale bars = 500 μm) and corresponding quantification (e) for tube formation of ECs on Matrigel after 2-h culture in conditioned medium 
from BMMs polarized using different induction protocols. (f) The relative expression of angiogenesis-related genes in ECs after 3-day culture in conditioned medium 
from BMMs polarized using different induction protocols. n.s. P > 0.05, *P < 0.05, **P < 0.01 by one-way ANOVA (e, f) or two-way ANOVA (b, c, g) with Tukey’s 
post hoc test. 

W. Qiao et al.                                                                                                                                                                                                                                   



Biomaterials 276 (2021) 121038

12

macrophage phenotype in the injured site serves as a mechanism 
through which the immune system communicates with the skeletal 
system. Consequently, the recruitment, proliferation, differentiation, 
and cellular functions of multiple regenerative progenitor cells are 
tightly controlled by several waves of cytokines/chemokines stormed 
throughout the bone-healing course. 

4.1. Indispensable role of M1 macrophages in initiating bone regeneration 

The traditional notion of M1 macrophages was formed based on their 
role in the production of effector molecules (reactive oxygen species and 
nitric oxide) and inflammatory cytokines (IL-1β, TNF-α, and IL-6) to 
combat bacterial and viral infections, as macrophages have been known 
to be the immune sentinels on the frontline of immune defense [36]. 
However, this notion of M1 macrophages might be misleading, espe
cially in the field of tissue regeneration. In addition to their classical role 
in the elimination of pathogens, the critical roles of these 
pro-inflammatory macrophages in osteogenesis [37,38] and angiogen
esis [39,40] at the early stage of bone regeneration have been gradually 
appreciated in recent years. Indeed, the depletion of macrophages at the 
early stage of fracture, which are primarily M1 macrophages rather than 
the other macrophage phenotypes, has been suggested as causing a more 
detrimental influence on new bone formation [41,42]. In our study, we 
confirmed the iNOS+ M1 macrophages to be the first wave of macro
phages present in the femoral defect. We further demonstrated that M1 
macrophages gave rise to the recruitment of osteoblasts to the injured 
site and were intimately associated with them on the surface of newly 
formed bone (Fig. 2a). 

Meanwhile, our in vitro data showed that M1 macrophages induced 
by LPS and IFN-γ turned out to be the macrophage phenotype contrib
uting to the proliferation of MSCs and ECs. Moreover, the conditioned 
medium from M1 macrophages was the most effective in promoting the 
ALP activity of MSCs while inducing the EC-derived capillary structure. 

This is not surprising, given that M1 macrophages are the most efficient 
producers of inflammatory cytokines/chemokines, many of which have 
been demonstrated to contribute to the accumulation and differentiation 
of regenerative progenitor cells. For example, CCL2 and CCL5, two well- 
known chemokines responsible for the recruitment of immune cells at 
the inflammatory stage, have been shown to play key roles in bone 
healing by serving as chemoattractants for MSCs [43,44]. Additionally, 
several traditionally recognized pro-inflammatory cytokines that are 
primarily detected at the early stage of bone injury, including IL-6 [45], 
IL-1β [46], and OSM [37,47], have been suggested as essential for bone 
healing. Last but not least, we found that M1 macrophages significantly 
enhanced the production of multiple inflammatory cytokines favoring 
angiogenesis, such as VEGFA [48], IL-22 [49], and IL-23 [50]. There
fore, adequate activation of M1 macrophages in response to bone bio
materials is necessary for initiating the bone-healing process. 

However, it is worth noting that the regulatory effects for the ma
jority of M1 macrophage-derived inflammatory chemokines/cytokines 
are time-dependent, as prolonged exposure to these pro-inflammatory 
factors, such as IL-1β and IL-6, leads to enhanced osteoclastogenesis 
[9]. We demonstrated that M1-CM strongly induced the formation of 
osteoclasts and significantly upregulated the expression of 
osteoclastogenesis-related genes, such as CALCR, CTSK, and TRAP 
(Fig. 9a and d). Moreover, compared with M1-CM, M2-CM not only 
promoted the expression of SP7 and RUNX2, leading to the osteogenic 
lineage commitment of stem cells [51], but also upregulated the 
expression of COL1A1, BGLAP, and IBSP, which are involved in the 
deposition and mineralization of the extracellular matrix [52]. There
fore, the switch from the initial pro-inflammatory M1 macrophage to the 
anti-inflammatory M2 phenotype is an important milestone in the 
bone-healing process [9]. Nevertheless, it is unlikely that these macro
phage phenotypes are independent from each other and function sepa
rately. Instead, we have noticed that iNOS+ and CD206+ macrophages 
are closely associated with each other at the early stage of bone healing. 

Fig. 9. The effects of different phenotypes of macrophages on osteoclastogenesis. (a, b) Representative TRAP and ALP co-staining images (a, scale bars = 200 
μm) and corresponding quantification (b) for the number of ALP+ cells and the number of TRAP+ cells after 3-day coculture of BMMs and MSCs using conditioned 
medium from BMMs polarized using different induction protocols. (c) Representative immunofluorescent images (scale bars = 100 μm) showing the presence of actin 
rings in osteoclasts induced with conditioned medium from different phenotypes of macrophages. (d) The relative expression of osteoclastogenesis-related genes after 
3-day coculture of BMMs and MSCs in conditioned medium from BMMs polarized using different induction protocols. Data are presented as mean ± standard error of 
the mean (SEM). *P < 0.05 and **P < 0.01 by one-way ANOVA with Tukey’s post hoc test. (e) The schematic diagram showing the shifting of macrophage phe
notypes and their biological function during the bone-healing process. 
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It was demonstrated that fully polarized M1 and M2 macrophages may 
reverse their polarization within 3 days [53]. Thus, there might exist a 
harmonic balance between M1 and M2 polarization and kinetics in their 
transition over time, according to the interaction between the host tissue 
and the local microenvironment near the biomaterial. In this context, 
the modulation of macrophage polarization could be a promising way to 
program the bone-healing process. 

4.2. TRAP + MNGCs can be M2 macrophages that contribute to bone 
regeneration 

The fusion and multinucleation of macrophages can be classified into 
several morphological subtypes, depending on the arrangement and 
composition of their organelles, as well as their functional characteris
tics [54]. In skeletal tissues, the fusion of the monocyte–macrophage 
lineage is traditionally believed to lead to the formation of osteoclasts, 
which are characterized by their ability to resorb and replace bone grafts 
[16]. However, this point of view has been challenged by the identifi
cation of a group of MNGCs formed in response to the implantation of 
biomaterials. Despite a core fusion program existing in MNGCs and os
teoclasts, the downstream pathways to induce fusion competency in 
these two multinucleated cells are distinct from each other [55]. In our 
study, we have demonstrated that in osteoclasts, RANKL signaling in
duces the expression of NFATc1, the master transcription factor for 
osteoclastogenesis [56]. In MNGCs, IL-4 and IL-13 contribute to the 
upregulation of integrin β1 and integrin-mediated rearrangement of the 
cytoskeleton involving the phosphorylation of FAK [57]. As a result, the 
fusion-competent state is alternatively achieved by the activation of 
signal transducer and activator of transcription 6 (STAT6) [58,59]. 

Although there is no reliable marker to distinguish bone biomaterial- 
related MNGCs from osteoclasts or other MNGCs in soft tissue in order to 
mediate pathogen clearance or chronic inflammation [10,55], the 
unique feature of M2-like MNGCs can be manifested by their different 
patterns of gene expression. First, only the stimulation of IL-4 and IL-13 
leads to the upregulation of SIRPα and PD-L1, which are both critical in 
IL-4-induced macrophage fusion [60,61]. In contrast, the dramatically 
increased levels of CTSK, TRAP, and CALCR in osteoclasts compared 
with other macrophage phenotypes indicate that they are terminally 
differentiated cells for specialized cellular functions. Second, the MNGCs 
observed in the femoral defect in vivo and induced in vitro are clearly 
shown to uniquely express CD206, a widely used marker for M2 
macrophage [4]. It is then not surprising to find that a variety of marker 
genes for M2 macrophages, including IGF1, IL-1RA, CCL17, TGFβ1, and 
IL-10 [62,63], are upregulated in MNGCs. This is consistent with the 
observation elsewhere that biomaterial-related MNGCs do not resorb 
bone but express M2 macrophage-like wound healing and 
inflammation-terminating molecules, such as Ym1, Arg1, and Alox15 
[64]. Third, we have verified the biological functions of MNGC-derived 
secretome by indirect coculture. The conditioned medium from M2 
MNGCs benefits the deposition and mineralization of the extracellular 
matrix by upregulating the expression of osteogenesis-related genes, in 
particular, COL1A1, BGLAP, and IBSP. This is similar to the finding on 
atherosclerosis progression, showing that a transient shift of M1 mac
rophages toward M2 MNGCs subsequently causes ectopic bone forma
tion and calcification of arteries [65]. Therefore, it can be concluded 
that the accumulation of M2 MNGCs, which is considered pathological 
and potentially life-threatening elsewhere, can have significant thera
peutic potential for bone regeneration in the microenvironment around 
the bone biomaterials. 

Given the characteristics of M2 macrophages, some major differ
ences exist between M2 MNGCs and mononuclear M2 macrophages. For 
instance, though more highly expressed in osteoclasts, some osteoclast 
marker genes (i.e., TRAP, MMP9, and CTSK) are found to be expressed in 
M2 MNGCs, as reported elsewhere [66,67]. Thus, these M2 MNGCs are 
found to be positive in TRAP staining, which has been extensively used 
for the identification of osteoclasts for decades [68]. In recent years, 

increasing evidence shows that TRAP is not only expressed in osteoclasts 
and its progenitors but also activated in certain macrophages and den
dritic cells [69]. Although previously, it has been debated whether there 
exists a special group of TRAP+ MNGCs in bone tissues other than os
teoclasts [46,70], for the first time, we provide compelling evidence for 
the presence of TRAP+ M2 MNGCs during bone healing. More impor
tantly, our data, combined with the results of various experiments over 
the past two decades [10], have clarified that MNGCs around orthopedic 
biomaterials differ from osteoclasts in terms of morphology, function, 
and behavior. The next interesting question would be whether the 
expression of osteoclast markers in MNGCs would indicate their tissue 
degradative properties or any unknown intracellular metabolic activity. 

4.3. The participation of osteoclasts is essential for bone maturation 

With the identification of new modes of cell–cell communication 
between osteoclasts and osteoblasts over the years, the central role of 
osteoclasts in bone homeostasis has been increasingly appreciated [17]. 
Compared with the inflammatory M1 and M2 macrophages, we have 
shown that osteoclasts participate in the bone-healing process at a later 
stage on Day 7 by residing on the newly formed woven bone. It is sug
gested that the provisional woven bone matrix, mainly deposited during 
the early stage of bone healing, should be subsequently resorbed by 
osteoclasts and replaced with lamellar bone at the bone-modeling and 
remodeling stage [20]. An elevation in the number of osteoclasts at the 
later stage of bone healing by the administration of M-CSF contributes to 
an increased area of mineralized callus [71]. In contrast, the inhibition 
of the osteoclast function via OPG [72], Denosumab [73], and Zoledr
onate [74] treatment results in compromised bone healing because 
osteoclast deficiency leads to a disorganized matrix and a reduced 
mineralization of bone structure [20]. In this study, we have shown that 
the depletion of the phagocytic macrophage lineage using liposomal 
clodronate (primarily targeting osteoclasts) contributes to abundant 
woven bone at the early stage of bone healing, resulting in higher BMD 
than the control group. However, this immature or primitive bone ma
trix can be quickly degraded at the remodeling stage by being unable to 
be properly mineralized, as it consists of interwoven coarse collagen 
fibers appearing as irregular bundles without preferential orientation 
[20]. Therefore, our results indicate that osteoclasts are not required for 
woven bone formation but are important during remodeling and 
consolidation of newly formed bone. 

In addition to the regulation of bone remodeling, another funda
mental role of osteoclasts during bone healing is the induction of 
angiogenesis. Suppression of osteoclast formation with OPG inhibits 
angiogenesis, while the administration of RANKL increases blood vessel 
density [75]. In our study, we have shown that unlike M1 macrophages 
that primarily contribute to the recruitment and angiogenic commit
ment of endothelial progenitor cells, the osteoclast lineage targets the 
functional maturation of the vascular structure, manifested by the 
upregulation of PECAM-1, CDH5, and EMCN genes [76]. Moreover, the 
osteoclast lineage is demonstrated to be the major source of PDGFB, 
which acts in a sequential fashion with VEGFA from M1 macrophages to 
stimulate and stabilize blood vessel growth [76,77]. Similar to osteo
clasts, MNGCs have been extensively shown to be positively correlated 
with the vascularization of bone tissue [78,79]. Although the condi
tioned medium from M2 MNGCs induce a series of pro-angiogenesis 
cytokines, the M2-CM downregulates VEGFR-2 (the major receptor for 
VEGF signalling). In contrast, the M2-CM upregulates the VEGFR-1, 
which functions as an endothelial cell-intrinsic decoy receptor or 
ligand sink to negatively modulate VEGF signaling [80]. The contro
versy can be explained by a recent study using 3D tissue-engineered 
human blood vessel networks. Indeed, macrophages of distinct pheno
types differentially affect ECs behaviors. Although M1 macrophages 
initially enhance angiogenesis in vitro to a greater extent than the other 
macrophage phenotypes, M2 macrophages instead promote pericyte 
differentiation to support vessel stabilization and maturation [81]. 
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Taken together, we have shown that the optimal angiogenesis process 
should include early stimulation from M1 macrophages and late support 
from M2 macrophages and osteoclasts. 

5. Conclusion 

In summary, our study demonstrates that the sequential activation of 
heterogeneous macrophage phenotypes is essential to achieve rapid 
bone healing without compromising peak bone density. The macro
phage–osteoclast lineage, including M1 macrophages that dominate the 
acute inflammation stage and M2 macrophages that are present within 
the defect throughout the whole bone-healing course, as well as osteo
clasts that join at the later remodeling stage, contribute to a highly 
orchestrated immune response in the microenvironment around the 
orthopedic biomaterials to control bone regeneration. Moreover, we 
have identified a group of TRAP+ MNGCs, frequently observed around 
bone biomaterials, as bearing the characteristics of M2 macrophages. 
Instead of mediating chronic inflammation or immune rejection, these 
M2 MNGCs turn out to be anti-inflammatory and favor tissue regener
ation. The shift in macrophage phenotypes with interdispensable 
cellular functions during the bone-healing process suggests that the 
macrophage lineage can potentially serve as the mediator between the 
biomaterials and the bone tissue in order to facilitate accurate pro
gramming of the complex bone-healing process. 
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