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Abstract: Accumulating evidence indicates that the interaction between immune and

skeletal systems is vital in bone homeostasis. However, the detailed mechanisms
between macrophage polarization and osteogenic differentiation of mesenchymal
stromal cells (BMSCs) remain largely unknown. We observed enhanced macrophage
infiltration along with bone formation in vivo, which showed a transition from early stage
M1 phenotype to later stage M2 phenotype, cells at the transitional stage expressed both
M1 and M2 markers actively participated in osteogenesis, which was mimicked by
stimulating macrophages with lower inflammatory stimulus (as compared with typical
M1). Using conditioned medium (CM) from MO, typical M1, low-inflammatory M1
(M1%¢™), and M2 macrophages, it was found that BMSCs treated with M1%™ CM showed
significantly induced migration, osteogenic differentiation, and mineralization, compared
to others. Along with the induced osteogenesis, the autophagy level was the highest in
M1%™ CM treated BMSCs, which was responsible for BMSC migration and osteogenic
differentiation, as autophagy-interruption significantly abolished this effect. This study
indicated that low-inflammatory macrophage could activate autophagy in BMSCs to

improve osteogenesis.

Keywords: Osteoimmunology, Macrophage, Autophagy, Osteogenesis, Bone,

Regeneration

Impact Statement: The interaction between macrophage polarization and osteogenic
differentiation of mesenchymal stromal cells (BMSCs) plays a decisive role in bone
homeostasis, whereas the detailed mechanisms remain largely unknown. In this study, we
found macrophage at low-inflammatory status (M1semi), which expressed both M1 and
M2 markers was actively involved in osteogenesis, which induced the migration,
osteogenic differentiation and mineralization of BMSCs, as compared with M0, M1 and M2
macrophages, which was partially achieved by activating autophagy in BMSCs. This study
identified low-inflammatory macrophage, as the transitional macrophage during M1-to-

M2 switch in bone formation, could activate autophagy in BMSCs to improve osteogenesis.
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1. Introduction

Treatment of large bone defects due to trauma, cancer, infectious bone loss and
developmental congenital disorders remains a very difficult and challenged clinical
problem, especially for the healing of bone non-union, which affects patients’ health and
well-being and thereby causing severe social and financial problems. Bone is a dynamic
tissue with life-long remodeling, a process consists of bone resorption and formation,*
suggesting bone is a self-healable tissue at suitable circumstances. Thereby, to achieve
functional regeneration in large bone defects, the ultimate solution is to understand the

mechanisms governing bone formation.

Bone formation is a process initiated by bone marrow derived stromal cells (BMSCs)
differentiating into osteoblasts.> 3 Recent studies have found that the interactions
between immune and skeleton systems, termed as “osteoimmunology”,* act as decisive
regulators for bone remodeling regulation.>’ Macrophages have been identified as key
modulators in bone forming process via interaction with BMSCs.2 As one of the major cells
types in the innate immune system, macrophages are a group of plastic cells with multiple
phenotypes. The non-activated MO macrophages polarize towards a spectrum of
phenotypes under different stimuli, and the two ends of this spectrum are termed as pro-
inflammatory M1 (classically activated by lipopolysaccharide (LPS) and interferon y (IFNy))
and tissue-regenerative M2 (alternatively activated by interleukin 4 (IL-4) and 1L-13).>%7
Macrophage polarization plays crucial regulatory roles in bone regeneration, that M1
macrophages take dominance at the early stage of bone healing, while as the healing
process goes on, the M1 macrophages are gradually converted into M2 macrophages.'8-20
Biomaterials inducing the M1 to M2 conversion have been demonstrated to promote bone
regeneration, suggesting M2 macrophages would benefit osteogenesis, as M2-derived
factors such as bone morphogenetic protein-2 (BMP-2) and TGF-B promote osteogenic
differentiation and mineralization.?*2> However, it is also widely recognized that the early
stage inflammatory macrophage infiltration is indispensable in bone fracture healing.?* %
Recent findings demonstrated that in comparison with M2 macrophages, M1

(inflammatory) macrophages also showed osteo-inductive effects, which secreted pro-

inflammatory cytokine IL-6 to induce osteogenesis via the oncostatin M (OSM)-STAT3
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signaling pathway.'® 26 Interestingly, bone morphogenetic protein 2 (BMP-2), a clinical
used cytokine for bone repair has been found to induce an inflammatory-like phenotype in
macrophages.?’ Thereby, the detailed roles of macrophage polarization spectrum on bone

regeneration are still not fully understood.

The interaction between macrophages and BMSCs is achieved through cytokines,
receptors and signaling pathways.® Among these, autophagy plays elementary roles in
both immune?® and skeletal®® systems. Autophagy is a highly conserved “self-eating”
lysosomal degradation process in eukaryotic cells, which facilitates intracellular waste
clearance and maintains cell homeostasis.3% 3! Previous studies have shown that
autophagy is induced during osteogenic differentiation, and autophagosome functions as
cargoes to transport the intracellular mineral crystals to extracellular matrix (ECM), an
indispensable part in bio-mineralization and bone regeneration.?? Autophagy gene
deletion in vivo resulted in decreased bone formation while induced production of
receptor activator of nuclear factor kappa B ligand (RANKL)3? to facilitate the
differentiation of bone resorbing osteoclasts.3? 3% As macrophage-BMSC interaction is
indispensable in bone regeneration, it is therefore speculated whether macrophage
regulates the autophagy level during osteogenesis. Hence, the present study aimed to
investigate the effects of macrophage phenotype spectrum on osteogenic differentiation,
and to detect whether autophagy was involved in the macrophage-BMSC interaction in

bone formation.
2. Materials and Methods
Animal study

All experimental procedures conformed to the Guiding Principles of the Ethics Committee
of Queensland University of Technology, Australia (ethics approval number: 1300000144),
and Stomatology Hospital of Guangzhou Medical University, China (ethics approval
number: 20190325001). Fifteen 6 week-old male Wistar rats were used for subcutaneous
osteogenesis model induction following the published protocol.?” Briefly, after shaving and
disinfecting the dorsal skin, two incisions sized at 4-5 mm were created along the central

dorsal surface of rat under anesthesia. 50 mg collagen was gently mixed with 100 pL saline
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and 16 pL recombinant human BMP-2 (rhBMP-2, 500 pug/mL, Shanghai Rebone
Biomaterials Co.). Collagen (at the same amount) mixed with 116 uL saline served as the
control. Each rat received subcutaneous implantation of collagen (control group) on the
left-hand side, and collagen with BMP-2 (BMP-2 group) on the right-hand side. Five rats
were sacrificed at 1, 4, 7 days after surgery, to harvest the subcutaneous tissues around
implants. These samples were fixed with 4% paraformaldehyde (PFA) for 24 h at room
temperature, and then demineralized in 10 % EDTA solution for 4 weeks. After

dehydration, these samples were embedded in paraffin, and then cut into 5-um sections.
H&E staining

To investigate general morphology, the sections were stained with haematoxylin and eosin
following the previous publication.3® One in every four sections was collected and analyzed
by using a Leica slide scanner (Leica Microsystems, Wetzlar, Germany) and analyzed with
Image J software to count the total cell number of the image, which was performed in a
double-blind manner. For each sample, five randomly chosen sections were used to

calculate the average cell counting number.
Immunohistochemistry

Immunohistochemical (IHC) staining was performed as previously described®® to detect the
expression of CD68, iNOS, arginase and beclin 1 in the subcutaneous samples at different
time points. Rabbit polyclonal antibodies against CD68 (1:300), iNOS (1:100), arginase
(1:200) and beclin 1 (1:200) (Abcam, Cambridge, UK) were used (were diluted in PBS
containing 0.1% BSA) as primary antibodies. After three-times washing with PBS, sections
were incubated with EnVision™+ Dual Link System-HRP for 30 min (secondary antibodies).
Images were captured using a Leica slide scanner, and analyzed by Image J software to
measure the positive-stained cells in a double-blind manner. Five sections from each

sample were analyzed for cell measurements.
Double immunofluorescence labelling

IF (IHC) staining was performed as previously described?® to detect the macrophage

transition (CD86*CD206" cells) in the subcutaneous samples (4 d). Rabbit polyclonal
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antibodies against CD206 (1:200) and CD86 (1:100) (Abcam, Cambridge, UK) were used
simultaneously (diluted in PBS containing 0.1% BSA) as primary antibodies. Goat anti-
rabbit Alexa Fluor® 488 and goat anti-mouse Alexa Fluor® 568 (1:500, Cell Signaling
Technology) secondary antibody were used. All antibodies were diluted in 0.1% bovine
serum albumin (BSA). Results were analyzed with Nikon A1R Confocal Microscope (Nikon,

Minato, Tokyo, Japan). All experiments were replicated for three times.
Cell culture

BMSCs were obtained from 8-10-week-old Wistar male rats (rBMSCs) as described
previously.3” Cells within 5 passages were used for experiments. For in vitro osteogenic
differentiation, cells were treated with osteogenic medium (10 mM B-glycerophosphate,
50 uM ascorbic acid and 100 nM dexamethasone in DMEM with 10 % fetal bovine serum
(FBS) and 1% penicillin/streptomycin (P/S)). Spautin-1 (5 or 10 ng/ml, Sigma-Aldrich Pty
Ltd) or rapamycin (0.05 or 0.1 ng/ml, Sigma-Aldrich Pty Ltd) was added into osteogenic
medium to interrupt3 or promote3® autophagy in rBMSCs during osteogenesis,
respectively. The cells with DMSO or equal volume of PBS served as controls. Cells were

harvested on 7/14days of differentiation for subsequent experiments.

To study the macrophage-BMSC interaction, RAW 264.7 (RAW) cells was used, which were
cultured in DMEM with 5 % FBS (heat-inactivated at 60 °C for over 30 min) and 1% P/S

(culture medium was changed every 2 days).
In vitro rBMSC and RAW cell interaction model

For macrophage polarization stimulation, RAW cells were treated with PBS (MO), IFN-y
(100 ng/ml) and LPS (10 ng/ml for M1%¢™, or 100 ng/ml for typical M1) or IL-4 (100ng/m|,
M2) for 12 h, washed twice with phosphate-buffered saline (PBS), then starved with
serum-free DMEM for another 12 h to harvest the conditioned medium (CM).2% 40 RAW
cells were harvested. The CM was subjected to centrifugation (1000xg, 10 min, 4 °C) then
filtered with a 0.45-um filter (Millipore Corporation, Billerica, MA, USA), and stored at -80

°C for further experiments.
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To investigate the effects of MO/M1%™/M1/M2 macrophages on osteogenesis, the CM
was mixed (1:1) with two-times osteogenic medium (DMEM, 20 % FBS, 2 % P/S, 20 mM -
glycerophosphate, 100 uM ascorbic acid and 200 nM dexamethasone), and the mixture
was used to treat rBMSCs.2® Spautin-1 (10 ng/ml) or rapamycin (0.05 ng/ml) was added
into M1%™ CM to interrupt autophagy in rBMSCs. After differentiation for 3/7/14 days,

rBMSCs were harvested accordingly for subsequent experiments.
MTT assay

The MTT assay was used to evaluate the effects of CM, spautin-1 and rapamycin on the
proliferation of rBMSCs as previously described.*! Briefly, rBMSCs were seeded into 96-
well plates (2,000 cells/well, three wells/group) and treated with CM, spautin-1 (0, 2, 4, 8
or 10 ng/ml) or rapamycin (0, 0.02, 0.04, 0.08, 0.1 ng/ml) in DMEM supplemented with
10% FBS and 1% P/S. After 1, 2, 3, 4, 5 or 7 days, the culture medium was removed, 100 pl
fresh culture medium (DMEM with 10% FBS) containing MTT solution (0.5 mg/mL, Sigma-
Aldrich Pty Ltd) was added to each well and incubated at 37°C for 4 h. After medium
removal, 100 pl dimethyl sulfoxide (DMSQO) was added into each well to solubilize the
formazan product. The absorbance was read at 490 nm by a plate reader (Molecular

Devices, LLC, San Jose, CA). All experiments were repeated for three times.
Transwell assay

To detect the effect of macrophage CM on migration of rBMSCs, transwell assay was
performed. Briefly, rBMSCs (20,000 cells/insert, 3 inserts/group) were seeded onto 8.0
um-transwell inserts (BectonDickinson Labware, Franklin Lakes, NJ, USA). CM was
deposited in the lower chambers with DMEM as control. Spautin-1 (10 ng/ml) or
rapamycin (0.05 ng/ml) was added into M1%™ CM to interrupt or improve autophagy in
rBMSCs, respectively. After 8 h, cells in the upper chamber were removed, and cells
migrated to the other side of the membrane were fixed with 4% PFA and stained with 1%
crystal violet solution. Images were taken with light microscope (Eclipse TS100, Nikon
Australia Pty Ltd.) and analysed by Image J software. For migration quantification, cell
numbers of 5 randomly selected fields/sample were measured, and three separated assays

were performed).
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RNA extraction, cDNA synthesis, and real time quantitative-PCR (qPCR)

Total RNA was extracted from RAW cells or rBMSCs (3/7 days of differentiation) using the
TRIzol Reagent (Ambion®, Thermo Fisher Scientific, Waltham, MA, USA). 1 ug total RNA
was used to synthesize cDNA by using the SensiFAST™ cDNA Synthesis Kit (Bioline
Reagents, Meridian Bioscience Inc., Cincinnati, OH, USA). QPCR was performed to analyse
the mRNA levels of the following genes: iNOS, CD86, CCR7, OSM, CD11c, IL-1a, IL-1b, IL-6,
TNF, Arg-1, CD206, CD163, BMP2, TGF-8, Wnt5a, and Wnt10b (RAW cells); Runx2, OCN,
OPN, ALP, Smad1, Smad4, Smad5, BMPR2, VEGF, VEGFR, ATG5, ATG7 and Beclin 1
(rBMSCs). The house-keeping genes Gapdh and Actb were used as controls. Primer
sequences were listed in Table 1 and Table 2 in Supplemental material. Relative gene
expression was normalized against Gapdh or Actb and calculated as previously described.*?

All experiments were following the MIQE guidelines*® and replicated for three times.
Protein extraction and western blotting

Total protein was extracted from rBMSCs (7 days of differentiation) using lysis buffer (20
mM HEPES (pH 7.4), 10% glycerol, 1% Triton X-100, and 2 mM EDTA) containing
cOmplete™ protease inhibitor cocktail (Roche, Dee Why, NSW, Australia). Protein
concentration of the extracts was measured by using the BCA Protein Assay Kit (Thermo
Fisher Scientific) following the manufacturer’s protocol. Western blotting was performed
as previously described.*® Primary antibodies (rabbit-originated) against ALP (1:1000,
Abcam, Cambridge, UK), Col-1 (1:500, Abcam) and LC3 A/B (1:1000, Cell Signaling
Technology, Danvers, MA) were used (antibody against a-Tubulin (1:2000, Abcam) was
used as loading control). The anti-rabbit IgG IRDye 800 conjugated secondary antibody
(1:20000, Rockland, Gilbertsville) was used as secondary antibody. The membranes were
then scanned and analysed using an Odyssey® Infrared Imaging System and Image Studio
software (LI-COR Biosciences) according to the manufacturer’s instructions. All antibodies

were diluted in Odyssey Blocking Buffer. All procedures were replicated for three times.
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Alizarin Red S staining

After 14 days of osteogenic differentiation, rBMSCs were fixed with 4 % PFA. The cells
were washed with ultra-pure water, and then stained with 1% Alizarin Red S solution (pH:
4.1-4.3, Sigma-Aldrich Pty Ltd) for 20 min at room temperature. After washing with ultra-
pure water, the samples were imaged with a stereoscopic microscope. Three separated

assays were performed.

Scanning electron microscopy

After 14 days of osteogenic differentiation, rBMSCs were fixed with 3% glutaraldehyde
overnight, then rinsed three times with 0.1M cacodylate. After post-fixed with 4% osmium
for 1 h, the samples were sequentially dehydrated with graded (50%, 70%, 90%, 90%,
100% and 100%, 10-15 min/each). After coated with platinum-palladium sputtering, the

samples were then examined under Zeiss Scanning electron microscopy (SEM) (FEI, USA).

Statistical analysis

Student's t-tests were performed for comparison between two groups. Comparison
between multiple groups were performed with statistical analysis using one-way ANOVA
followed by the Student-Newman-Keul test at a = 0.05 using Prism 7.0 (Graphpad

software, California, USA). p < 0.05 was considered as significantly different.

3. Results

Induced macrophage infiltration and polarization in subcutaneous osteogenic model

As shown in Figure 1, BMP-2 group showed obvious bone-like tissues in 7 days after
implantation (as indicated by arrows), whereas in the control group only fibrous tissues
could be found. There were more cells condensed in the implantation site in BMP-2 group,
as further confirmed by cell counting (Figure 1B). The cell types generally consisted of

fibroblast-like cells and infiltrating immune cells (Figure 1A).

To detect macrophage infiltration, immunohistochemistry (IHC) staining against CD68 was

performed. The percentage of CD68-positive cells kept increasing from day 4 to day 7 in
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BMP-2 group (Figure 2A), whereas, for the control group, CD68-positve cells could merely

be observed with a significantly lower population (Figure 2B). To determine the
polarization of these macrophages, iNOS-positive cells (M1-like) and arginase-positive
(M2-like) cells were detected in BMP-2 group, and the percentages of these cells were
significantly higher than those in the control group at each time point (Figure 2B). It was
also noted that the percentage of iNOS-positive cells peaked on day 4 and decreased
thereafter, whereas the percentage of arginase-positive cells increased from day 4 to day

7.

M1 to M2 transition during bone formation in vivo

Double-immunofluorescent (IF) staining was performed to label cells expressing both M1
(CD86) and M2 (CD206) markers.** Figure 3 showed the CD86" cells (red) and CD206" cells
(green) cells in day 4 samples. CD86 and CD206 double-positive cells could be observed
clearly in BMP-2 group, indicating the M1 to M2 transition during bone formation in vivo.
This phenomenon was scarcely observed in later stage (day 7) at BMP-2 group, as well as
in both day 4 and day 7 samples from the control group (Figure 3) . These results

evidenced the transition phase of M1 to M2 in the early osteogenesis.
Macrophages with low-level of inflammatory stimulation improved osteogenesis

In vitro experiments were performed to investigate the interaction of macrophage
polarization spectrum with BMSCs during osteogenesis. As macrophages gradually loss the
M1 phenotype during M1 to M2 transition, in this study, macrophages semi-stimulated
with much lower doses of inflammatory stimulus than the typical M1 were used to
compare the effects of transitional M1 and typical M1 on osteogenesis. As shown in Figure
4A, the typical (M1 group) and lower-inflammatory M1 (M1%™ group) phenotypes were
characterized, which all showed induced inflammatory markers (CCR7, CD86, iNOS, IL-
1a/B) as compared with MO. Compared with the typical M1, M1%™ showed reduced
inflammatory markers (iNOS and IL-1B) while induced tissue-regenerative/osteogenic
factors OSM, BMP2 and Wnt10b (Figure 4A).% 274> Furthermore, M1%¢™ CM was found to

induce rBMSC mineralization, as compared with the CM from typical M1 (Figure 4B),
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11
suggesting low-inflammatory macrophage would be more beneficial for osteogenesis.

Thereby, the M1%¢™ CM was used in the following studies.

The characteristics of MO, M1%*™ and M2 were then compared. As shown in Figure 4C, the
MRNA levels of inflammatory markers (CCR7, CD11C, CD86, iNOS, IL-1B, IL-6 and TNF) and
osteo-inductive marker OSM were found to be significantly enhanced in cells from the
M1se™ group, as compared with MO and M2 groups. On the other hand, the mRNA levels
of M2 anti-inflammatory markers (Arg-1, CD163, CD206) were significantly induced in M2
group (Figure 4C).

Low-inflammatory macrophages promoted migration, metabolism, and osteogenic

differentiation of rBMSCs

The effects of M0, M1%™ and M2 CM on rBMSCs were then compared. From the transwell
assay results (Figure 5A&B), it could be observed that M1%™ CM induced rBMSC
migration, as compared with the blank control. Especially, compared with MO and M2 CM,
there were more cells attracted by M1%¢™ CM, as shown in the images (Figure 5A) and the
quantification (Figure 5B). MTT assay was performed to investigate the effect of CM on
rBMSC metabolism, and the result showed that M1%™ CM significantly enhanced the
metabolism levels in rBMSCs from day 2 to day 5 (Figure 5C), as compared with the blank
control group. No significant differences were found among the control, MO CM and M2

CM groups.

To find out the effects of macrophages on osteogenesis, M0, M1%¢™ and M2 CM was used
to stimulate rBMSCs during osteogenic differentiation. Cells treated by M1%™ CM showed
significantly elevated mRNA levels of osteogenic markers (ALP, Runx2, OCN, Figure 5D).
Smad1/4/5, BMPR2, VEGF and VEGFR were also up-regulated in M1%™ CM-treated cells
(Figure 5D). Accordingly, the protein levels of ALP and Col-I increased in M1%™ CM-treated
cells (Figure 5E). On 14 days of osteogenic differentiation, enhanced mineralization*® could
be observed in the M1%™ CM group (Figure S1A). The MO and M2 CM-treated groups also
showed stronger stain than the control group (Figure S1A). SEM was performed to observe

the structure of mineralization, which showed that unlike the other three groups with
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12
mineralized “dots” with cells, the mineralization of M1%*™ CM-treated group appeared as

large aggregated minerals (Figure S1B).

Autophagy was induced during bone formation in vivo, as well as in rBMSCs treated by

CM from low-inflammatory macrophages

To detect autophagy, IHC staining was performed to label beclin 1-positive cells, which
showed that beclin 1 was significantly induced in BMP-2 group as compared with the
control (Figure 6A). Similar to iNOS (Figure 2B), beclin 1 expression reached the peak on

day 4, and then decreased on day 7 in BMP-2 group. (Figure 5A).

To find out whether autophagy was involved in M1%*™ CM-directed osteo-inductivity,
autophagy level was examined in osteogenic differentiation cells. As shown in Figure 6B,
M1%em CM treated cells showed significantly induced ATG5 and ATG7 at 3 and 7 days of
differentiation, as compared with the control group. Although beclin 1 expression in M1%e™
CM was lower on day 3, it was significantly much higher than the control group on day 7
(Figure 6B). No increase of these autophagy-related genes could be found in MO CM group
when compared with the control. In M2 CM group, induced ATG5 and beclin 1 were also
found as compared with the control group (Figure 6B). Moreover, the WB result showed
that in M1%™ CM group, the LC3-Il protein level was significantly higher than the other
three groups, accordingly, the LC3-Il to LC3-I ratio was also the highest in M1%¢™ CM group
(Figure 6C).

Low-inflammatory macrophages promoted migration and osteogenesis in an autophagy-

dependent manner

To verify whether autophagy was related with M1%™ CM-directed osteogenesis,
autophagy level was modulated in rBMSCs. Autophagy-inhibitor (spautin-1) and activator
(rapamycin) were used, and the effects were tested in rBMSCs during osteogenic
differentiation. MTT result (Figure 6D) showed that both spautin-1 and rapamycin down-
regulated cell metabolism. The WB result showed that rapamycin induced LC3-Il level and
spautin-1 reduced LC3-II level dose-dependently, respectively (Figure 6E). Along with LC3-Il
change, ALP was induced or reduced (Figure 6E), respectively. Rapamycin (0.05 ng/ml)

enhanced matrix mineralization?® and spautin-1 (10 ng/ml) inhibite mineralization®® (Figure
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6F). Thereby, spautin-1 at 10 ng/ml was chosen to interrupt autophagy in M15¢™ CM-

directed cells. As shown in Figure 7A, with spautin-1, the cell migration was significantly
reduced in comparison with M1%™ CM group.Meanwhile, osteogenic gene markers (OCN,
OPN and Runx2) were down-regulated on both day 3 and day 7 in spautin-1 treated cells
(Figure 7B). The protein levels of LC3-Il and ALP were also down-regulated in M1%¢™ CM-
treated cells with spautin-1 treatment (Figure 7C). The mineralization was reduced

accordingly (Figure 7D).
4. Discussion

In the present study, a subcutaneous osteogenic model by BMP-2 implantation was
established to investigate the macrophage-BMSC interaction. BMP-2, a clinical used
cytokine with demonstrated bone regenerative effect,?’ successfully formed subcutaneous
bone-like structures at 7 days after implantation. Along with osteogenesis was the induced
cell aggregation. Especially, the positive correlation between macrophage infiltration and
bone formation suggests the crucial role of macrophage in bone formation. There was a
trend of transition from M1-like to M2-like macrophages in the osteogenic environment.
This timely transition was in accordance with the previous findings that M1 to M2 switch is
considered as a key part in bone regeneration.*®2% Especially, the identification of cells
with both M1 (CD86) and M2 (CD206) markers was confirmed in the early osteogenic
environment induced by BMP-2, which further supporting the M1 to M2 transition in bone
formation. It is worth noting that the osteogenesis model used in the current study is an
ectopic model, although it has been accepted as a model for studying bone formation,*’->°
it differs from orthotopic bone regeneration on aspects such as comparably lower cytokine
stimulation, mechanical force stimulation and cellular interaction with endogenous
osteogenic cells from host bone.*’” Further investigation will be conducted to detect the
phenomenon of M1-to-M2 transition in an orthotopic bone formation model in the future

study.

Further studies were performed to detect the role of this transition in bone formation. Our
previous study has found that a unique macrophage phenotype stimulated by RANKL, with

expression of low-inflammatory markers, has higher osteo-inductivity, as compared with
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typical M1.26 This suggested the low-inflammatory macrophages (which appeared during

M1 to M2 transition) might be more beneficial for osteogenesis. Thereby, macrophages
were induced with high- (typical M1) and low-inflammatory (M1%¢™) stimulation, and a co-
culture model using macrophage CM?® was applied, to compare their effects on
osteogenesis. M1%*™ macrophage showed lower expression of /L-18, a factor with
demonstrated negative effects on osteogenesis at high concentration,>* while the
expression of osteogenic factors—OSM, BMP-2 and Wnt 10b*® 27 4>—were induced in M1%™
macrophage. Accordingly, M1%™ CM induced mineralization as compared with typical M1.

Thereby, the lower inflammatory macrophage enhanced osteo-inductivity than typical M1.

The osteo-inductive effects of low-inflammatory macrophage were further compared with
MO and M2 by using the similar CM-based co-culture model. RBMSCs treated with CM
from low-inflammatory macrophage showed the highest osteogenesis, evidenced by the
elevated BMPR2, VEGF and VEGFR. VEGF is an angiogenesis marker which directs neo-
vascular formation by activating its receptor VEGFR,>? an indispensable part in bone
repairing process,3 which directly improved bone regeneration in vivo.>* Hence, in
comparison with M0 and M2, the low-inflammatory macrophage should be more

beneficial for osteogenesis.

Our data also indicated elevated autophagy level in early stage of bone formation in vivo.
To investigate whether autophagy was involved in macrophage-BMSC interaction, three
autophagy-related genes were examined in rBMSCs, and the results indicated that a
significant increase on autophagy in low-inflammatory macrophage CM treated rBMSCs,
which was further confirmed the induced conversion of protein LC3-I to LC3-ll-a
autophagy hallmark.> These results suggested that treatment with low-inflammatory M1
CM not only induced osteogenesis, but also upregulated autophagy in rBMSCs. Especially,
when interrupting autophagy level in cells treated with M1%¢™ CM (with spautin-1, as
confirmed in reduced LC3-I to LC3-1l conversion), the migration and osteogenic
differentiation of BMSCs were reduced. Thereby, our findings indicated that low-
inflammatory M1 macrophage-directed osteogenesis induction was achieved, at least

partially, through autophagy activation on BMSCs.
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The phenomenon of M1 to M2 transition has long been observed during bone

regeneration, that the dominant M1 gradually loss the inflammatory phenotype along with
BMSCs’ osteogenic differentiation and eventually transfer into M2 with new bone
formation. A recent study suggested that M1 macrophage promoted mineralization of
mesenchymal stem cells via the COX-2-Prostaglandin E2 pathway,? whereas other studies
found that the conversion from M1 to M2 macrophages facilitated osteogenesis in vitro.?
Especially, soluble factors from M2 macrophages but not from MO or M1 macrophages
were found to promote mineralization of mesenchymal stem cells in vitro; furthermore,
MO and M1 macrophages only promoted early and middle stages of osteogenesis.?3
However, the detailed relationship between this transition and bone regeneration
(especially in vivo) is not clear yet, especially . In the current study, we observed
transitional macrophage-like cells in the midterm of bone formation, which expressed both
M1 and M2 markers. Furthermore, we found lower-inflammatory macrophage showed the
best osteo-inductivity, as compared with M0, M1 and M2 phenotypes, an effect partially
achieved by activating autophagy level in BMSCs. This suggests that macrophages at
transitional phase (with lower inflammatory markers and higher osteogenic markers)
might play a more important role to facilitate BMSC osteogenic differentiation, as
compared with the M1 and M2 phenotypes which are at the two ends of macrophage
spectrum. Thereby, the current study potentially unveils the mechanisms underlying the

role of M1-M2 transition in bone regeneration.
5. Conclusions

Taken together, our findings demonstrate that in comparison with M0, M1 and M2
phenotypes, macrophages with lower-inflammatory stimulation show better osteogenesis,
which activate autophagy in BMSCs to facilitate their migration into the regenerating site,

differentiation to osteogenic lineage and bone formation.

Supplementary Material: Supplementary figures and Table 1&2 can be found in

Supplementary material.
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Table 1. Primer sequences for the genes investigated in this study (mouse)

Gene

23

CCR7

Full name

Forward sequences

Reverse sequences

CD11C

CD86

TNF

iNOS

IL-6

IL-1a

IL-1B

C-c motif chemokine receptor 7

Integrin Subunit Alpha X
CD86 antigen
Tumor necrosis factor

Nitric oxide synthase 2,

inducible

Interleukin 6

Interleukin 1 alpha

Interleukin 1 beta

5’ACTGCCTTCACTCTGCATTTG3’

5’ACTTCACGGCCTCTCTTCC3
5’CTGCTCATCATTGTATGTCAC3’
5’CTGAACTTCGGGGTGATCGG3’

5’ TGGTGAAGGGACTGAGCTGT3’

5’GTCTTCTGGAGTACCATAGCTACCTG3’

5" CTCCAGCTGGAGGAAGTTAAC 3’

5 TGG AGA GTG TGG ATC CCA AG3’

5'CGTGGTATTCTCGCCGATGT3’

5’CACCAGGGTCTTCAAGTCTG3’
5’ACTGCCTTCACTCTGCATTTG3’
5’GGCTTGTCACTCGAATTTTGAGA3’

5'CTGAGAACAGCACAAGGGGT3’

5’CCTTCTGTGACTCCAGCTTATCTG3’

5'CTGACTCAAAGCTGGTGGTG3’

5'GGT GCT GAT GTA CCA GTT GG3’




OSM

Arg-1

BMP2

TGF-B

Wnt5a

Wnt10b

Gapdh

Actb

Oncostatin M

Arginase, liver

Bone morphogenetic protein 2

Transforming growth factor

beta 1

Wnt family member 5a

Wnt Family Member 10b

Glyceraldehyde-3-phosphate

dehydrogenase

Actin, beta

5’ACGGTCCACTACAACACCAG?3

5’CAGTACAGCAAGGTCCTTGC3'

5'GACACAGTTCCCTACAGGGAG 3’

5’CAGTACAGCAAGGTCCTTGC3'

5" CAACTGGCAGGACTTTCTCAA 3’

5’CCAGGTGGTAACGGAAAACCY

5'TCAGCAATGCCTCCTGCACY

5’ACTGAGCGTGGCTATTCCTTCG3

5’CCATCGTCCCATTCCCTGAAG 3’

5’AGGGTCTACGTCTCGCAAGCCA3’

5’ATGGTCGACCTTTAGGAGAC3’

5’ACGTAGTAGACGATGGGCAG3’

5’CCTGATACAAGTGGCAGAGTTT3’

5’'TGCCCTCCAACAGGTCTTG3

5’ TCTGGGTGGCAGTGATGGC3’

5’CTAGGGCCGTGATCTCCTTCTG3’
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Table 2. Primer sequences for the genes investigated in this study (rat)

Gene

Full name

Forward sequences

Reverse sequences

Runx2

OCN

OPN

ALP

Smad1l

Smad4

Smad5

Runx family transcription factor

2

Bone gamma-

carboxyglutamate protein

Secreted phosphoprotein 1

Alkaline phosphatase,

biomineralization associated

Smad family member 1

Smad family member 4

Smad family member 5

5’AAATGCCTCCGCTGTTATGAA3

5'CCGGGAGCAGTGTGAGCTTAY

5’CGCTCGTGTTTCTGGACATCT3

5'’AGGGTGGGTAGTCATTTGCATAG3’

5’GTATGAGCTTTGTGAAGGGC3’

5'CTCCAGCTATCAGTCTGTCAG3’

5'TCATCATGGCTTTCATCCCACC3’

5’GCTCCGGCCCACAAATCT3’

5’AGGCGGTCTTCAAGCCATACT3’

5’CACACGGTCTTCCACTTTGC3’

5’GAGGCATACGCCATCACATG3’

5'TAAGAACTTTATCCAGCCACTGG3’

5'CCCGGTGTAAGTGAATTTCAAT3’

5’GCTCCCCAACCCTTGACAAA3’




BMPR2

VEGFA

VEGFR

ATG5

ATG7

Beclin 1

Actb

Bone morphogenetic protein 5’GCTCCACAAACGAGAAAAGC3’

receptor type 2

Vascular endothelial growth 5’GTCCCATGAAGTGATCAAGTTC3’

factor A

Vascular endothelial growth 5’GAGAACACCAGAGTATGCCACACCT3’

factor receptor

Autophagy related 5 5’GCTCTGCCTTGGAACATCAC?’
Autophagy related 7 5’GTCAGCCAATGAGATCTGGG3’
Beclin 1 5" TGGACCGAGTGACCA TTCAG3
Actin, beta 5’ATGCAGCCTGAAGAGGACTG3’

26
5’ AGCAAGGGGAAAAGGACACT3’

5’TCTGCATGGTGATGTTGCTCTCTG3’

5'TCAAAACAGCGACAACAAACAAAACE’

5'GAGTTTCCGGTTGATGGTCC3’

5'TCATCGTAGGCATGCTCCAG3’

5’GGGTGATCCACATCTGTCTG3’

5’GGCTATGAAATCCAGGGCCT3’
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Figure legends
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Figure 1. Histology observation of subcutaneous osteogenic (BMP-2 application) model.

(A) Representative images of histologic (original magnification, 100x, 200x) observations of
subcutaneous tissues from the control and BMP-2 groups. At 7 days after implantation,
bone-like structures could only be observed in BMP-2 group (as indicated by arrows).
Compared with the control group, more cells infiltrated into the subcutaneous tissues of
BMP-2 group, the morphology of which suggested that they generally consisted of

fibroblast-like cells and infiltrating immune cells. (B) Measurements of total cell numbers
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in tissues from control and BMP-2 groups. Significant differences were observed (***P <

0.001). C = control group, BMP-2 = BMP-2 group, 1/4/7 D: 1/4/7 days after implantation.
For cell-counting, we measured the number of cells from each image generated from
tissue sections (5 areas were randomly chosen). The average number of the 5
measurements from each section was calculated as the mean value. Three sections were
used from each animal sample. For statistical analysis, therefore, there were 9 data

collected from each group (3 slices * 3 animals).
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Figure 2. Macrophage infiltration/polarization in the subcutaneous osteogenic model. (A)

Representative images of IHC (original magnification, 400x) observations of subcutaneous

tissues from the control and BMP-2 groups. Compared with the control group, CD68 and

iNOS expression was enhanced in BMP-2 group at 4 and 7 days after implantation.

Arginase expression was also induced in BMP-2 group at day 7. In BMP-2 group, CD68 and

arginase expression kept increasing from day 4 to day 7, while iNOS expression peaked at

day 4 then decreased thereafter. (B) Measurements of CD68*, iNOS* and arginase* cells in

subcutaneous from the two groups. Significant differences were observed (***P < 0.001).

C = control group, BMP-2 = BMP-2 group, 4/7 D: 4/7 days after implantation.
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CD86 DAPI CD206 DAPI Merge

4D Control 7D BMP-2 4D BMP-2
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Figure 3. Double-immunofluorescent (IF) staining to identify cells expressing both M1
(CD86) and M2 (CD206) markers. CD86* cells (red) and CD206* cells (green) cells in day
4/day7 samples from control and BMP-2 groups were detected. Arrows point to the cells
expressing both CD86 and CD 206 (brown color in the merged image). Blue color: DAPI
staining for nuclei. Control = control group, BMP-2 = BMP-2 group, 4/7D: 4/7 days after

implantation.
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Figure 4. Comparison of semi-activated macrophage (M1%™) and typical MO/M1/M2

macrophage phenotypes. (A) The mRNA levels (original data were normalized against MO
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group and appeared as fold changes) of inflammatory genes (CCR7, CD86, iNOS, IL-1a/8)

were significantly induced in both M1%¢™ and M1 macrophages, however, M1%™ group)
showed reduced expression of inflammatory markers (iNOS and /L-18) while induced anti-
inflammatory/osteogenic markers (OSM, BMP2, CD206, CD163, TGF-8, Wnt5a and
Wnt10b. Significant differences were observed (*P < 0.05, ** P < 0.01, ***P < 0.001).
MO/M1%emi/M1 = MO/M1%™ /M1 macrophages. (B) Alizarin Red staining result of rBMSCs
applied with CM from M0, M1%™ and M1 macrophages during osteogenic differentiation
for 14 days. M1%¢™ CM treated cells showed induced positive stain. MO/M1%™ /M1 =
rBMSCs treated with CM from MO0/M1%™ /M1 macrophages. (C) Represented mRNA levels
of M1-like inflammatory (CCR7, CD11C, CD86, iNOS, IL-18, IL-6 and TNF), osteoinductiove
(OSM) and anti-inflammatory markers (Arg-1, CD163, CD206) in MO, M1semi and M2
macrophages. Data from each group were normalized to the MO group and appeared as
fold changes. Data are presented as the mean £ SD (n = 3). *P < 0.05, **P < 0.01, ***P <

0.001). MO/M1semi/M2 = MO/M1semi/M2 macrophages.
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Figure 5. M1%™ CM induced migration, proliferation, and osteogenic differentiation in

rBMSCs. (A) Transwell assay result showed that there more cells attracted by M1%¢™ CM

(original magnification, 200x), as compared with the control group and the M0 and M2 CM

treated cells. (B) Cell migration quantification of the control, MO, M1%™ and M2 groups.

Data were normalized against the control group (100 %). Significant differences were
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observed (** P<0.01, ***P < 0.001). (C) The effects of MO, M1%*™ and M2 CM on cell

metabolism were examined by MTT assay. M1%¢™ CM treated cells showed enhanced
metabolism level, suggesting cell proliferation should be improved in M1%*™ group. (D) The
mMRNA levels (original data were normalized against the control group and appeared as
fold changes) of osteogenesis-related factors (ALP, Runx2, OCN, Smad 1/4/5, BMPR2, VEGF
and VEGFR) were examined. M1%™ CM treated cells showed the highest levels of these
markers (*P < 0.05, ** P<0.01, ***P < 0.001). (E) Protein levels of osteogenic markers
(ALP and COL-1) were significantly induced in M1%¢™ CM treated cells (*P < 0.05, ** P <
0.01, ***P < 0.001). MO/M1%¢™M /M2 = rBMSCs treated with CM from MO/M1%™ /M2
macrophages, C = control group, 3 D = 3 days of differentiation, 7 D = 7 days of

differentiation.
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Figure 6. Involvement of autophagy in macrophage-BMSC interaction during osteogenesis.

(A) Representative images of IHC (original magnification, 400x) observations of beclin 1 in

subcutaneous tissues from the control and BMP-2 groups. Compared with the control
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group, the expression of beclin 1 was significantly induced, which peaked at 4 days after

implantation, as indicated by the measurement data. C = control group, BMP-2 = BMP-2
group, 4/7 D: 4/7 days after implantation. (B) The mRNA levels (original data were
normalized against the control group and appeared as fold changes) of autophagy-related
genes (ATG5, ATG7, beclin 1) were examined in rBMSCs during osteogenesis, and the
M1sem CM treated cells showed the highest levels of these markers. MO/M1%¢™ /M2 =
rBMSCs treated with CM from M0/M1%¢™ /M2 macrophages. C = control group. (C) Protein
levels suggested that LC3-I to LC3-Il turnover was significantly induced in M 1™ CM
treated cells. MO/M1%™ /M2 = rBMSCs treated with CM from M0/M1%¢™ /M2
macrophages. C = control group. (D) MTT assay results of rBMSCs treated with spautin-1
and rapamycin at graded doses (original data were normalized against the control group
on day 1). (E) Protein levels suggested that spautin-1/rapamycin decreased/increased LC3-I
to LC3-Il turnover in a dose-dependent manner in rBMSCs with osteogenic differentiation,
respectively, which was inconsistence with ALP expression change. C = control group, R=
rBMSCs treated with rapamycin, S = rBMSCs treated with spautin-1. (F) Alizarin Red
staining result suggested that cell mineralization was induced/reduced following
rapamycin/spautin-1 treatments, respectively (cells treated with DMSO served as the
vehicle control). C = control group, DMSO = vehicle control, R= rBMSCs treated with
rapamycin, S = rBMSCs treated with spautin-1, 3 D = 3 days of differentiation, 7 D = 7 days
of differentiation. *P < 0.05, ** P<0.01, ***P < 0.001.
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Figure 7. M1%™ macrophage promoted migration and osteogenesis in an autophagy-
dependent manner. (A) Transwell assay result showed that the induced cell migration
(original magnification, 200x) diminished when applied with autophagy inhibitor spautin-1,
as indicated by the quantitative data. (B) The increased mRNA levels (original data were
normalized against the control group and appeared as fold changes) of osteogenic markers
(OCN, OPN and Runx2) by M1%¢™ CM were reduced in rBMSCs with autophagy inhibitor
spautin-1. (C) ALP protein level and LC3-I to LC3-II turnover were reduced in M1%™ CM
treated cells following autophagy inhibition. (D) Alizarin red staining suggested that
mineralization of rBMSCs was downregulated in M1%¢™ CM treated cells following
autophagy inhibition. *P < 0.05, ** P < 0.01, ***P < 0.001. C = control group, M1%™ =
rBMSCs treated with CM from M1semi macrophages, M1%™ + S = rBMSCs treated with
M1semi CM and spautin-1, 3 D = 3 days of differentiation, 7 D = 7 days of differentiation.



