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ARTICLE INFO ABSTRACT

Keywords: Bone morphogenetic protein (BMP-2) has been approved by the FDA to promote bone regeneration, but un-
BMP-2 certain osteogenic effect and dose-dependent side effects may occur. Osteoimmunomodulation plays an impor-
Osteogenesis tant role in growth factor-based osteogenesis. Here, we explored how proinflammatory signals affect the dose-
iilﬁla dependent osteogenic potential of BMP-2. We observed that the expression level of local IL-1p did not in-

crease with the dose of BMP-2 in the mouse osteogenesis model. A low dose of BMP-2 could not promote new
bone formation, but trigger the release of IL-1f from M1 macrophages. As the dose of BMP-2 increased, the IL-1p
expression and M1 infiltration in local microenvironment were inhibited by IL-1Ra from MSCs under osteogenic
differentiation induced by BMP-2, and new bone tissues formed, even excessively. Anti-inflammatory drugs
(Dexamethasone, Dex) promoted osteogenesis via inhibiting M1 polarization and enhancing BMP-2-induced MSC
osteo-differentiation. Thus, we suggest that the osteogenic effect of BMP-2 involves macrophage-MSC interaction
that is dependent on BMP-2 dose and based on IL-1R1 ligands, including IL-1p and IL-1Ra. The dose of BMP-2
could be reduced by introducing immunoregulatory strategies.

Macrophage-MSC interaction

1. Introduction inflammatory complications [11], osteolysis [12], bone cyst formation

[13]. Thus, it is critical to clarify the mechanisms underlying

Bone morphogenetic protein-2 (BMP-2) was first approved by Food
and Drug Administration (FDA) in United States in 2002 for clinical
application with the dosage of 1.5mg/ml [1-3]. The FDA-approved
BMP-2 dosage, determined through nonhuman primate experiments
[4], has shown to effectively promote fracture healing [5,6]. However,
independent assessments of the original industry-sponsored publications
and independent assessment of original FDA data revealed that BMP-2-
associated complications were not nominal and infrequent [4]. Some
studies report that this dose even cannot achieve satisfactory osteogenic
effects in repairing bone defects [7,8], and may bring with many adverse
events, such as excessive osteogenesis [9], ectopic bone formation [10],
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BMP-2-induced osteogenesis and side effects.

BMP-2 induces osteogenesis relying on the activation of local bone-
forming cells [14,15], especially osteoblasts and MSCs that have been
intensely investigated [16,17]. In addition, their abilities in promoting
osteogenesis are sensitive to BMP-2 dose, whereas 50 ng/ml or 100
ng/ml BMP-2 just induces MSCs proliferation and osteoblastic differ-
entiation in vitro [18,19]. Why does the FDA use “mg/ml” to standardize
the dose of commercial BMP-2 products, which may be high enough to
easily cause side effects, including excessive osteogenesis? We speculate
that the osteogenic potential of BMP-2 in vivo may be discounted by
other antagonistic factors. Thus, the dose of BMP-2 must be set at a high
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level. In fact, the connective tissues protect against a broad range of
pathogens (including exogenous growth factors) via orchestrating both
innate and adaptive immune responses [20].

When exogenous pathogens invade the host, the innate immune
system props up the first defense [21,22], meanwhile releasing
inflammation-related factors that may interfere with the function of
bone-forming cells [23,24]. As a consequence, osteogenesis is inhibited.
However, exogenous BMP-2 can activate macrophages in the
bone-repairing microenvironment [25]. Macrophages are classified into
M1 and M2 subtypes, according to their functional properties, surface
markers, and inducers [26]. M1 macrophages secrete an array of
pro-inflammatory cytokines, such as TNF-a, IL-6 and IL-1p [27,28].
Interleukin-1 (IL-1f) and IL-1R1 are leading mediators between innate
immunity and inflammation in all cells and organs [29,30]. Julier Z et al.
have found that BMP-2 can stimulate M1 macrophages to release IL-1p
that bind to the IL-1R1 on the surface of bone-forming cells (MSCs and
osteoblasts), thereby inhibiting osteogenic differentiation and subse-
quent bone regeneration [31]. In contrast, another study has reported
that BMP-2 scaffolds can induce M2 macrophages to promote bone
regeneration [32]. Wei F et al. reported the immunoregulatory role of
BMP-2 on macrophages and the subsequent effects on osteogenesis
seemed to be complex. They found gelatin sponge incorporated with 20
pg/mL BMP-2 rendered significantly enhanced M1 infiltration, but the
supplementation of BMP-2 dramatically diminished the expression of
M1 markers, including IL-1f, IL-6, and iNOS [33]. Therefore, we hy-
pothesized that BMP-2 exerts dose-dependent effects on osteogenesis
and side effects through regulating macrophage-MSC interaction in the
local microenvironment.

In this study, we profiled macrophage-MSC interaction at different
BMP-2 doses to elucidate the mechanism of BMP-2-induced osteo-
genesis. Our findings may provide theoretical evidence for repairing
bones with a lower BMP-2 dose in clinical practice.

2. Materials and methods
2.1. Study design

All in vitro experiments were replicated for at least three times
independently. Appropriate statistical methods were used to analyze the
data of experiments. For in vivo studies, mice were randomized into
experiment groups. All surgical procedures and sample analyses adhered
to the principles of blindness and uniformity. The n value of each
experiment is shown in the figure legends. Statistical methods are
described in the “Statistical analysis” section.

2.2. Mice

Wild-type C57BL/6 mice were provided by the Animal Laboratory
Center of Shanghai Ninth People’s Hospital Affiliated with Shanghai
Jiao Tong University. C57BL/6-IL-1pem{Luc-eGFPISmoc ive were pur-
chased from Shanghai Model Organisms Center, Inc. The experimental
protocols were approved by the Animal Experimental Ethical Committee
of Shanghai Ninth People’s Hospital Affiliated with Shanghai Jiao Tong
University.

2.3. Bio-materials preparation

The CPC (calcium phosphate cement) particles and Escherichia coli-
derived rhBMP-2 (recombinant human BMP-2, carrier-free, >95% pu-
rity) were purchased from REBONE Biomaterials Company (Shanghai,
China). The size of the CPC particles was set at 5 mm in diameter and 5
mm in height. Silk sponges used in this work were the same as those used
in previously reported studies [34] and prepared into a 5-6% (w/V) silk
solution. Porous structures of silk sponges were prepared by lyophili-
zation and then autoclaved at 121 °C for 20 min. The silk sponges were
finally trimmed to 5 mm in diameter and about 3 mm in height. The CPC

308

Bioactive Materials 25 (2023) 307-318

particles and silk sponges were fumigated by ethylene oxide vapor in
advance. The BMP-2 was dissolved in sterile PBS, with adequate mixing
ensured. The BMP-2 solution (0.05 mg/ml, 0.30 mg/ml and 1.50 mg/ml
[w/v]) was distributed on two kinds of scaffolds in sterile conditions, till
being completely absorbed by the scaffolds.

2.4. Invitro release of BMP-2 from CPC particles and silk sponges

To measure the release of BMP-2 from CPC particles and silk sponges
in vitro, the BMP-2/CPC particles and BMP-2/silk sponges were respec-
tively put into the vials containing 1 ml PBS solution. The vials were
incubated at 37 °C for 7 d. At each time point, the release medium was
collected and replaced with an equal amount of fresh PBS. The amount
of released BMP-2 was measured using a BMP-2 ELISA kit (BGK8C060,
PeproTech, USA). The release profile was defined as the cumulative
percentage of released BMP-2 (%, w/w) during the period of incubation.
The results were shown in Supplementary Fig. 5.

2.5. Animal experiments

The 8-week-old mice (the weight of mice was about 20 g) were
selected for our study according to published references on bone
regeneration [35-37]. They were anesthetized with isoflurane for op-
erations of femoral defect model and dorsal subcutaneous trans-
plantation. To create a model of femoral defect, the limb to be operated
was shaved and a lateral approach to the femur was performed without
damaging the muscle. The periosteum was lifted and the bone defect was
made in the mouse femur using a 1 mm bone drill. To prepared for dorsal
subcutaneous transplantation, a longitudinal incision was performed on
the mice prepared dorsal parts to separate the subcutaneous tissue.
BMP-2/CPC particles or BMP-2 sponges were implanted subcutaneously
through the incision, which was then sutured. The mice were euthanized
at the scheduled time point after surgery, and the subcutaneous samples
were subjected to histological analysis, flow cytometry and micro-
—computed tomography (micro-CT). In 0.05 mg/ml + Dex group, 200 pl
Dex solution (5 pg/ml) was injected around the 0.05 mg/ml BMP-2/CPC
particles at 2 h after transplantation. The Dex injection was performed
once a day during the first 3 days for 0.05 mg/ml + Dex group. The IL-1$
neutralizing antibody was injected around 0.05 mg/ml CPC particles
after transplantation. The neutralizing antibody against IL-1f 300 ug per
mouse (I-437, Leinco Technologies; USA) were injected intraperitone-
ally on the day before subcutaneous transplantation. The Armenian
hamster IgG isotype (I-140, Leinco Technologies; USA) were used as
control. There were six mice in each experimental group.

2.6. Micro-CT scanning of BMP-2/CPC samples

Samples were fixed by 10% formalin and scanned with a micro-CT 50
(Scanco Medical AG) in a holder (diameter 34 mm and height 110 mm)
at 70 kV peak (kVp), 200 pA, 14 W. A voxel size of 20 pm and an inte-
gration time of 300 ms were adopted. Scans were reconstructed with a
nominal isotropic resolution of 35 pm. After scanning, all images were
submitted to three-dimensional (3D) reconstruction. Bone and CPC
particles were marked by yellow and red, respectively. Their intensity
values were calculated using the scanner software (IPL, Scanco Medical
AG) to show the osteogenic effects. The threshold of bone intensity was
between 180 and 300, while that of CPC particles was 570-800.

2.7. Histological analysis of 14-d BMP-2/CPC samples

After micro-CT scanning, the subcutaneous samples in the 14-
d group were embedded in polymethylmethacrylate (PMMA) and cut
into sections 150 pm thick using a microtome (Leica, Germany). These
sections were gradually ground and polished to 40 pm in thickness for
observation of osteogenesis around BMP-2/CPC particles.
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2.8. Local IL-1p promoter activity after subcutaneous transplantation of
BMP-2/CPC particles

The 8-week-old C57BL/6 mice (about 20 g weight) carrying IL-13, a
promoter-driven firefly luciferase reporter gene, were used. There were
six replicates of C57BL/6-IL-1pem1Ruc-eGFPISmoc njee in each group. Four
different BMP-2/CPC particles (0 mg/ml, 0.05 mg/ml, 0.30 mg/ml,
1.50 mg/ml) were transplanted into the dorsal parts of the transgenic
mice. D-Luciferin potassium salt (0.1 mM, Wako Pure Chemical In-
dustries, Japan) was dissolved in distilled water. The solution was kept
at room temperature. At 1, 3, 7 and 14 d after transplantation, the D-
luciferin solution was injected intraperitoneally into the transgenic mice
anesthetized through isoflurane inhalation. The peak of D-luciferin
bioluminescence signal lasted around 15 min. D-Luciferin was detected
using a fluorescence detector (excitation A = 330 nm, emission A = 530
nm) as previously reported [38,39]. The images of D-luciferin biolu-
minescence signal are shown in Fig. 1J.

2.9. Macrophage-MSC interaction in 3-d subcutaneous BMP-2/CPC
samples

Based on the results of subcutaneous IL-1f promoter activity, we
investigated the IL-1p expression, M1 macrophage infiltration and Osx-
positive osteoblast distribution in 3-d samples. The samples of subcu-
taneous BMP-2/CPC particles in the 3-d group were fixed by 10%
formalin, decalcified, embedded in paraffin and sectioned (4 mm
thickness). Immunohistochemistry was used to detect the expression of
IL-1B, iNOS and Osx in the sections. The sections were deparaffinized by

K
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Fig. 1. Local osteogenesis and IL-1f activity
induced by different BMP-2 doses. [A] Schematic
diagram of the femoral defects in mice repaired by
BMP-2/collagen sponges. [B] Fourteen days after
operation, bone regeneration was detected by micro-
CT. The defects were marked by yellow squares and
new bone by red dotted lines. Scale bar: 1 mm [C]
The new bone volume was measured and analyzed by
one-way ANOVA. [D] Schematic diagram of CPC
particles subcutaneously implanted in mice. [E]
Fourteen days after operation, bone regeneration was
measured by micro-CT and [F] PMMA-embedded
sections. New bone (marked as yellow) formed in
and around porous scaffolds (marked as red or black).
Scale bar: 1 mm [G] Total percentage of new bone
area in the BMP-2/CPC sections. [H] The percentage
of new bone area in the CPC particles to total new
bone area. [I] Schematic diagram of BMP-2/CPC
particles transplanted in C57BL/6-IL-1pe™m1(kuc-eGFP)
Smoc mice. [J] Representative fluorescence images of
C57BL/6-IL-1pemLuc-eGFPISmoc mice at 0, 1, 3, 7,14
d after transplanting different doses of BMP-2/CPC
particles. [K] Fluorescence intensity was quantified
by statistical analysis at 0, 1, 3, 7,14 d after
transplantation.
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xylene, hydrated with gradient ethanol, and subjected to heat-mediated
antigen retrieval in citrate buffer at pH 6.0. The samples were then
blocked by 5% sheep serum for 30 min and incubated separately with
primary antibodies overnight at 4 °C. Thereafter, the samples were
washed 3 times with PBS for 5 min per time and HRP-conjugated with
secondary antibodies (MXB Biotechnologies, China) at room tempera-
ture for 20 min. Finally, the samples were washed 3 times with PBS, 5
min per time, developed by DAB, microscopically observed, and pho-
tographed. The primary antibodies for IL-1p (1:200, ab9722), Osx
(1:1000, ab 22,552) and iNOS (1:100 ab49999) were purchased from
Abcam (UK). The immunofluorescent staining sections for IL-1p and
iNOS were blocked with 5% donkey serum for 30 min at room tem-
perature, and then incubated with primary antibodies overnight at 4 °C.
Alexa Fluor® 488-conjugated Donkey anti-rabbit IgG (1:200) and Alexa
Fluor® 594-conjugated Donkey anti-mouse IgG (1:200) from Invitrogen
(USA) were used as secondary antibodies. The cell nuclei were stained
by DAPI (Sigma, USA) for 5 min at room temperature. The iNOS- and IL-
1p-positive cells were investigated by a fluorescent microscope
(Olympus Corporation, Japan) and analyzed with ImageJ software
(National Institutes of Health, USA). The primary antibodies for IL-1p
(1:200, ab9722) and iNOS (1:100 ab49999) were purchased from
Abcam (UK).

2.10. Isolation and culture of bone marrow-derived MSCs

C57BL/6 mice were euthanized and soaked in 75% alcohol, and then
dissected to obtain the long bones of their limbs. All muscles and
cartilage tissues around the long bones were collected and washed in
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Fig. 2. IL-1p inhibited osteogenesis. [A] Schematic
diagram of animal experiment. [B] In histological
sections, expressions of IL-1f, iNOS (Marker of M1
phenotype macrophage), Osx (Osteogenic marker)
were detected by immunohistochemistry in different
doses of BMP-2 groups, Scale bar: 400 pm (HE
staining) and 100 pm (immunofluorescent staining).
[C] Co-localization of IL-1f and iNOS proteins in M1
macrophage were presented by immunofluorescence,
Scale bar: 200 pm [D] IL-1p concentration in the tis-
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PBS. The epiphysis of each bone was cut off, and the bone marrow was 2.11. Macrophage cell line culture
flushed using a 27-gauge needle attached to a 10-ml syringe filled with

PBS, to extract bone-marrow-derived MSCs. The MSCs from one mouse The macrophage cell line (RAW264.7) was purchased from Cobioer
were collected by centrifugation, resuspended in a-MEM medium, and (Shanghai, China). The MO macrophages were cultured in 1640 medium
cultured for in vitro experiments. The MSCs were incubated at 37 °C, 5% with 5% FBS at 37 °C, 5% COj. The MO cells were induced into in-
COs3. The medium was changed every 3 d. flammatory M1 or anti-inflammatory and pro-regenerative M2 cells,

according to previous protocols [26].
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2.12. ALP activity analysis for IL-1p inhibited osteogenic differentiation
in MSCs

MSCs (passage 3) were seeded in 24-well plates (25,000 cells per
well) with 1 ml of a-MEM medium. When they adhered to the Transwell
upper chambers (0.4-um pore size) containing different doses of BMP-2/
CPC particles, the MSCs and BMP-2/CPC particles were co-cultured with
a-MEM medium or a-MEM medium containing murine IL-1f (1 ng/ml;
PeproTech, USA). After 3 d, the medium and Transwell upper chambers
were removed, and the lower chambers washed with PBS. The cells in
the lower chambers were fixed with 4% polyformaldehyde at room
temperature for 15 min, washed with water for 3 times, and stained with
Alkaline Phosphatase Assay Kit (Beyotime, China) at 37 °C for 30 min.
The staining was stopped by washing twice with running water. The
stained cells were photographed.

2.13. Macrophage polarization induced by BMP-2/CPC particles

In the first day after operation, the MO macrophages were seeded in
24-well plates (25,000 cells per well). After overnight culture, the four
doses of BMP-2/CPC particles were placed in upper chamber of Trans-
well system, and co-cultured for 3 d with MO macrophages from the
second day. Then, the macrophages in the lower chambers were fixed
with 4% polyformaldehyde at room temperature for 15 min, and washed
with PBS for following immunofluorescent staining. The prepared
samples were blocked with 5% donkey serum for 30 min at room tem-
perature, and then incubated with primary antibodies overnight at 4 °C.
Alexa Fluor® 488-conjugated Donkey anti-rabbit IgG (1:200) for iNOS,
Donkey anti-goat IgG (1:200) for MMR and Alexa Fluor® 594-
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BMP-2/CPC
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Fig. 4. BMP-2 induced MSC osteo-differentiation,
migration and IL-1Ra expression. [A] With the in-
crease of BMP-2 dose, IL-1Ra expression in ALP-
positive cells was detected in the samples, Scale bar:
400 pm (HE staining) and 100 pm (immunofluores-
cent staining). [B] IL-1Ra concentrations in different
groups of tissue lysates were examined by ELISA. [C]
Co-localization of IL-1Ra and ALP proteins in osteo-
blasts were presented by immunofluorescence. [D]
Schematic diagram of the “MSC-BMP-2/CPC” co-
culture system for observing MSC osteo-
differentiation induced by BMP-2. MSCs was co-
cultured with 0, 0.05, 0.3, 1.5 mg/ml BMP-2/CPC
particles. [E] IL-1Ra and ALP expression in BMP-2
treated MSCs were measured by immunofluorescent
staining (Scale bar: 25 pm). [F] The IL-1Ra expression
in BMP-2 treated MSCs was investigated by Western-
Blot. [G] The relative IL-1Ra expression levels were
analyzed by calculating the gray values. [H] The
expression of IL-1R in MSCs and osteoblasts (Scale
bar: 25 pm). [I] Schematic diagram of the “MSC-BMP-
2/CPC” co-culture system for observing MSC migra-
tion induced by BMP-2. [J] At 24 h and 72 h, the
images of migrated MSCs induced by BMP-2 were
shown (Scale bar: 50 pm). [K] The migrated MSCs at
24 h were quantified and analyzed. [L] The migrated
MSCs at 72 h were quantified and analyzed.
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conjugated Donkey anti-mouse IgG (1:200) for CD68 were purchased
from Invitrogen (USA). The cell nuclei were stained by DAPI (Sigma,
USA) for 5 min at room temperature. The iNOS- and MMR-positive cells
were investigated by a fluorescent microscope (Olympus Corporation,
Japan) and analyzed with ImageJ software (National Institutes of
Health, USA). The primary antibodies for CD68 (1:100, ab955), iNOS
(1:100 ab15323) were purchased from Abcam (UK). The primary anti-
bodies for MMR (1:100, AF2535) was purchased from R&D system
(USA).

2.14. IL-1p and IL-1R1 expression in different macrophage subtypes

The MO macrophages were polarized into M1 macrophages and M2
macrophages following previous reports [40]. The culture continued for
3 d. Then, the macrophages were fixed with 4% polyformaldehyde at
room temperature for 15 min, and washed with PBS for following
immunofluorescent staining. The prepared samples were blocked with
5% donkey serum for 30 min at room temperature, and then incubated
with primary antibodies overnight at 4 °C. Alexa Fluor® 488-conjugated
Donkey anti-rabbit IgG (1:200) for IL-1p or IL-1Ra. The primary anti-
bodies for IL-1p (1:100, ab9722) and IL-1R1 (1:200, ab106278) were
purchased from Abcam (UK).

2.15. Migration assay

For investigating BMP-2 recruitment effects on macrophages and
MSCs, macrophages (RAW264.7) or MSCs (25,000 cells/chamber) were
seeded in the Transwell upper chambers one night before migration
assay, and cultured overnight. Next day, the BMP-2/CPC particles were
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crushed and placed into Transwell bottom chambers. The Transwell
upper chambers containing the cells were added onto the bottom
chambers, and the culture medium was replaced with low-serum me-
dium. The cells having migrated through the membrane was counted in
three random fields.

For investigating the macrophage migration in co-culture system,
MSCs (passage 3) were seeded in the bottom chambers containing BMP-
2/CPC particles and cultured overnight. Macrophages (RAW264.7) were
seeded in the Transwell upper chambers and also cultured overnight.
Next day, the Transwell upper chambers were added onto the bottom
chambers. The medium in the upper chambers was 1640 medium and
the medium in the bottom chambers was a-MEM. The cells having
migrated through the membrane were counted in three random fields.

2.16. M2 macrophage polarization induced by MSCs-released IL-1Ra

MO macrophages were seeded in 24-well plates (25,000 cells/well) at
the first day. At the same time, the MSCs (25,000 cells/chamber) were
seeded in the upper Transwell chambers. The MO macrophage and the
MSCs were cultured separately overnight. Next day, 0.05 mg/ml and
1.50 mg/ml BMP-2/CPC particles were crushed and placed in upper
Transwell chambers. The MO macrophages, the MSCs and two doses of
BMP-2/CPC particles were co-cultured for the following 3 d. Then, the
macrophages in the lower chambers were fixed with 4% poly-
formaldehyde at room temperature for 15 min, and washed with PBS for
following immunofluorescent staining. The prepared samples were
blocked with 5% donkey serum for 30 min at room temperature, and
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Fig. 5. Interaction between macrophages and

D MSCs. [A] Schematic diagram of the “macrophage-
e H e MSC-BMP-2/CPC” co-culture system for observin
3 Y 8
00 ae B e o macrophage migration. [B] At 24 h and 72 h, the
! ;= 3 a0 images of migrated macrophages were shown (Scale
E g ;:g g bar: 50 pm). [C] The migrated macrophages at 24 h
St zf o é“;é*\&@é‘é were quantified and analyzed. [D] The migrated
D O macrophages at 72 h were quantified and analyzed.

[E] Schematic diagram of the “macrophage-MSC-
BMP-2/CPC” co-culture system for observing macro-
phage polarization. [F] Macrophage subtype markers
of M1 (iNOS) and M2 (MMR) macrophages were
characterized after co-culturing for 3 d (Scale bar: 50
pm). [G] Schematic diagram of observing macro-
phage polarization induced by IL-1Ra. [H] Immuno-
fluorescent staining was used to detect macrophage
subtype markers of M1 (iNOS) and M2 (MMR) mac-
rophages after IL-1Ra induction for 3 d (Scale bar: 25
pm). [I] The iNOS mRNA expression in M1 macro-
phages was detected by qPCR after IL-1Ra induction
for 3 d. [J] The iNOS mRNA expression in M1 mac-
rophages was detected by qPCR after IL-1Ra inducing
for 3 d. [K] The proportions of macrophage subtypes
in 0.05 mg/ml group and 0.05 mg/ml + IL-1Ra group
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then incubated with primary antibodies overnight at 4 °C. Alexa Fluor®
488-conjugated Donkey anti-rabbit IgG (1:200) for iNOS and Donkey
anti-goat IgG (1:200) for MMR from Invitrogen (USA) were used as
secondary antibodies. The cell nuclei were stained by DAPI (Sigma,
USA) for 5 min at room temperature. The primary antibodies for iNOS
(1:100 ab15323) were purchased from Abcam (UK). The primary anti-
bodies for MMR (1:100, AF2535) were purchased from R&D system
(USA).

2.17. Release of IL-1p and IL-1Ra in tissues around BMP-2/CPC particles

BMP-2/CPC particles at different doses were subcutaneously trans-
planted to C57BL/6 mice. Three days afterward, the particles and the
surrounding tissues were collected. The 0 mg/ml BMP-2/CPC group
served as a control. The tissue samples were incubated in 1 ml of tissue
protein extraction reagent (Sigma-Aldrich, USA) containing protease
inhibitors (1 tablet of protease inhibitor cocktail [Roche] for 10 ml) and
homogenized with a tissue homogenizer. Tissue lysates were incubated
for 1 h at 4 °C and centrifuged at 5000 g for 5 min. Cytokines were
detected by ELISA (Mouse IL-1f and Mouse IL-1Ra, R&D Systems, USA)
[31].

2.18. Flow cytometry for macrophage subtypes in BMP-2/CPC samples

2.18.1. For in vitro samples test
BMP-2/CPC particles at different doses were crushed and placed in
upper Transwell chambers. The MO macrophages were seeded in bottom
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Fig. 6. Mechanisms of BMP-2-induced osteo-
genesis in a dose-dependent manner. At a low
dose, BMP-2 recruited macrophages and polarized
them into M1 subtype to release a large amount of IL-
1p, which inhibits osteoblast differentiation and then
limits bone regeneration. At a high dose, BMP-2 could
also recruit macrophages, but more MSCs migrated
and were induced into osteoblasts, which secrete
mineralized matrix and release more IL-1Ra to pro-
mote M2-directing polarization, and then promote
bone formation.
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chamber and co-cultured with the BMP-2/CPC particles for the
following 3 d. And then the upper chambers were discarded and fix the
macrophages in bottom chamber with 4% polyformaldehyde at room
temperature for 15 min, and washed with PBS for following incubating
with mixture of antibodies (anti-CD86 APC and anti-CD206 PE, Bio-
Legend, USA) for 30 min. The samples were tested on BD FACS Calibur
(BD, USA). The data were analyzed with FlowJo software (TreeStar Inc.,
USA).

2.18.2. For in vivo samples test

BMP-2/CPC particles at different doses were subcutaneously trans-
planted to C57BL/6 mice. Three days afterward, the particles and sur-
rounding tissues were collected. The 0 mg/ml BMP-2/CPC group served
as a control. The harvested samples were mechanically broken down
into smaller pieces and digested in Macrophage Isolation kit (Miltenyi
Biotec, Germany); then, the digested samples were passed through 70-
pm cell strainers and centrifuged. Cells were washed in PBS and labeled
with LIVE/DEAD Zombie Aqua (1:500 dilution; BioLegend, USA) in PBS.
Then, the cells were washed once with PBS, and incubated with the
following antibodies from BioLegend (USA): anti-CD45 APC, anti-F4/80
PE, anti-CD11b FITC, anti-11c BV421, and anti-CD206 PE-Cy7. The
samples were tested on BD FACS Calibur (BD, USA). The data were
analyzed with FlowJo software (TreeStar Inc., USA).

2.19. Real-time polymerase chain reaction (qPCR)

RNA was extracted from the cells by using TRIzol reagent (Sigma,
USA), and then transcribed into cDNA by the PrimeScript RT master mix
(Takara, Japan). The genes of macrophage-markers and osteogenesis
markers, including iNOS, MMR, IL-1p, IL-1R1, IL-1Ra, ALP and Osx,
were assayed using a qPCR system (LightCycler® 480I; Roche,
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Switzerland). The relative gene expression levels were determined by
the 2724C method. The p-Actin was selected to normalize the expression
levels of target genes. The results were presented as the fold change
relative to that of the control group. All assays were carried out in
triplicate.

Gene Sequences of the primers
iNOS F: TCACGCTTGGGTCTTGTTCA
R: GGGGAGCCATTTTGGTGACT
MMR F: CGCTCTAAGTGCCATCTCAGTTCA
R: GACCTTCCATCTGCTCCACAATCC
IL-1p F: ATGATGGCTTATTACAGTGGCAA
R: GTCGGAGATTCGTAGCTGGA
IL-1R1 F: CCTGTGATTATGAGCCCACG
R: CGTGTGCAGTCTCCAGAATATG
IL-1Ra F: CGTGTGCAGTCTCCAGAATATG
R: AAGAACACATTCCGAAAGTCAATAGG
ALP F: ACCGCAGGATGTGAACTACT
R: GAAGCTGTGGGTTCACTGGT
Osx F: CGTCCTCTCTGCTTGAGGAA
R: TTTCCCAGGGCTGTTGAGTC
B-Actin F: GGCTGTATTCCCCTCCATCG

R: CCAGTTGGTAACAATGCCATGT

2.20. Western-blot

The MSCs treated by different doses of BMP-2 were harvested,
washed twice with cold PBS and lysed in RIPA lysis buffer (Beyotime,
China) containing 1 mM phenylmethylsulphonyl fluoride (PMSF;
Beyotime, China). The protein concentration was measured by Bradford
protein assay. Protein (20 pg per lane) was loaded onto a 10% SDS-PAGE
gel for electrophoresis, and then electroblotted (Bio-Rad, Hercules, CA,
USA) onto 0.22 pm polyvinylidene fluoride (PVDF) membrane
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(Millipore, USA) at 300 mA for 1 h. PVDF membranes were blocked with
blocking solution (5% skimmed milk) at room temperature for 1 h, and
subsequently incubated with IL-1Ra (1:1000, ab124962) and p-Actin
(1:1000, Bioworlde, Minneapolis, MN, USA) primary antibodies over-
night at 4 °C. Finally, the membranes were washed with PBST (0.1%
Tween-20 in 0.01 M PBS) incubated with secondary antibodies (1:2000,
Boster, China) for 1 h at 37 °C, and then visualized with ImageQuant
LAS4000 system (GE Healthcare, USA). p-Actin served as the control.
The results were quantified with ImageJ software (National Institutes of
Health, USA). The experiment was repeated for three times.

3. Results
3.1. Local osteogenesis and IL-1§ activity at different doses of BMP-2

Previous clinical studies have found that 1.5 mg/ml BMP-2, an FDA-
approved dose, can cause inflammatory side effects and excessive
osteogenesis [4]. We evaluated the effect of this dose on tibial nonunion
in mice. A model was constructed using mice with a femoral defect of 2
mm critical size [41]. Collagen sponges with different BMP-2 doses were
applied to repair the femoral defects. Another bone formation model
was established using mice subcutaneously implanted with BMP-2/CPC
particles. As shown in Fig. 1B, micro-CT revealed that excessive bone
tissues expanded beyond the femoral defect in 1.5 mg/ml group. The
new bone volume of the four groups was significantly different by
analyzing the data from micro-CT reconstruction (Fig. 1C). The similar
excessive osteogenesis was observed around CPC particles in 1.5 mg/ml
group (Fig. 1E and F). The significant differences were shown by
analyzing the new bone distribution in the CPC particles (Fig. 1G and H).
Fig. 1G illustrated the difference of total new bone area in the 0.30
mg/ml group and 1.5 mg/ml group, while Fig. 1H illustrated the dif-
ference of the new bone embedded in the scaffolds. New bone tissues
also expanded in both 0.30 mg/ml groups of BMP-2/collagen sponges
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Fig. 7. Dex enhanced the osteogenic effect of
0.05 mg/ml BMP-2 in vitro. [A] Schematic diagram
of the “macrophage-MSC-BMP-2/CPC” co-culture
system for observing macrophage migration inhibi-
ted by Dex. [B] At 24 h and 72 h, the images of
migrated macrophages were shown in the co-culture

o

72h

1000
750

The Number of Migrated Cells
(10X Field)

250 T system with 5 pg/ml Dex (Scale bar: 50 pm). [C]
> The migrated macrophages at 24 h were quantified
“g,é‘ié«*‘ and analyzed. [D] The migrated macrophages at 72 h
& were quantified and analyzed. [E] Immunofluores-

cent staining was used to detect macrophage subtype
markers of M1 (iNOS) and M2 (MMR) macrophages
after co-culturing for 3 d with 5 pg/ml Dex (Scale bar:
25 pm). [F] Immunofluorescent staining was used to
detect ALP expression and IL-1Ra expression in MSCs
after co-culturing for 3 d with 5 pg/ml Dex (Scale bar:
25 pm). [G, H] iNOS and MMR mRNA expression
levels in treated macrophages were measured by
qPCR. [I, J] IL-1Ra and ALP mRNA expression levels
in treated MSCs were measured by qPCR.
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and BMP-2/CPC particles, but to an extent lower than that in 1.5 mg/ml
groups. No osteogenesis was observed until the dose dropped to 0.05
mg/ml, one-thirtieth of FDA-approved BMP-2 dose. Other representa-
tive images within 14 d after treatment are shown in Supplementary
Fig. 2. The similar osteogenic phenotypes were observed in the tissues
around subcutaneously implanted silk sponges loaded with BMP-2 for 7
d in vivo (Supplementary Fig. 6A). According to a previous study [31],
the osteogenic effect of BMP-2 was associated with IL-1f/IL-1R1
signaling. Thus, we further observed local IL-1f promoter activity after
transplantation of BMP-2/CPC particles in C57BL/6-IL-1pe™1(Luc-eGFP)
Smoc mice. Unexpectedly, the fluorescence intensity did not increase
with the dose of BMP-2. The data showed that the local IL-1p promoter
activity in 0.05 mg/ml group exceeded those in the other three groups
(Fig. 1J and K).

3.2. IL-1p inhibited osteogenesis

According to the results of IL-1p promoter activity in C57BL/6-IL-
1pemituceGFPSmoe njce we conducted ELISA and immunohistological
staining to detect IL-1f expression around different BMP-2/CPC parti-
cles in the 3-d samples. The results showed a higher level of IL-1p in the
0.05 mg/ml group than in the other groups, with a local concentration of
about 1 ng/ml. The immune cells expressing IL-1p were iNOS-positive
M1 macrophages (Fig. 2B and C). In contrast, high levels of Osx-
expressing osteoblasts were found in the 0.30 mg/ml group and 1.50
mg/ml group. In vitro, BMP-2/CPC particles induced MSCs to differen-
tiate into osteoblasts. Osteogenic differentiation markers (Osx and ALP)
of MSCs were up-regulated, with expression levels increasing with BMP-
2 dose, but were inhibited by IL-1p (Fig. 2E-G). In 7-d in vivo samples of
BMP-2/silk sponges, the expression trends of ALP and IL-1p were also
obviously opposite (Supplementary Fig. 7A).

314



F. Jiang et al.

BMP-2/CPC
Subcutaneous
Transplantation

Dexamethasone
Local Injection
(1 pglsite q.d. for 3 d)

Histological Characteristics of
BMP-2/CPC Tissue

=
sue Sikde

(1) 0 mg/mi
(2) 0.05 mg/ml
(3) 0.05 mg/ml+Dex
(4) 0.30 mg/ml

Bioactive Materials 25 (2023) 307-318

Fig. 8. Dex enhanced the osteogenic effect of
0.05 mg/ml BMP-2 in vivo. [A] Schematic diagram
of Dex improved osteogenic effect of the 0.05 mg/ml
group in vivo. Dex was injected once a day for 3
d from 6 h after operation. The partial samples were
harvested at 3 d and 7 d to investigate the phenotypes
of osteogenesis and macrophage infiltration in the
tissue around transplanted BMP-2/CPC particles. The
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3.3. BMP-2 induced M1 polarization, migration and IL-1f secretion

Considering that IL-1f is mainly secreted by M1 macrophages, we
investigated whether BMP-2 dose affects macrophage polarization.
Without exception, different doses of BMP-2/CPC particles induced MO
into M1 macrophages and recruited the macrophages (Fig. 3B, C, D and
K). We also detected the expression levels of IL-1p and IL-1R1 (key
markers of IL-1/IL-1R1 signaling) in MO, M1 and M2 macrophages in
order to analyze and illustrate how macrophages participated in the
cross-talk with MSCs in following experiments. We also verified the
expression levels of IL-1p and IL-1R1 in the macrophages induced from
BMP-2 directly (Supplementary Fig. 4). Compared with MO and M2, M1
expressed more IL-1p and IL-1R1 (Fig. 3G-I), suggesting that the
osteogenesis in different BMP-2/CPC particles was not just related to the
BMP-2 dose on macrophages (Fig. 3). Different osteogenic phenotypes

should result from the interaction between macrophages and other
factors in a bone-forming microenvironment.

3.4. BMP-2 induced MSC osteo-differentiation, migration and IL-1Ra
expression

Given that all doses of BMP-2 could induce M1 polarization and
enhance IL-1p release, we further investigated why only 0.05 mg/ml
group exhibited M1 infiltration, IL-1p overexpression and low-scale new
bone formation. In the other two groups treated with relatively high
BMP-2 doses, some cells might promote osteogenesis under BMP-2 and
release some cytokines to inhibit M1 infiltration. Thus, we suggested
that MSCs might be significantly osteogenic at a certain dose of BMP-2,
because they not only differentiate into osteoblasts, but also secrete IL-
1Ra (a natural inhibitor of IL-1p). In the 3-d samples, IL-1Ra and ALP
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were up-regulated by increasing BMP-2 dose in vivo, and ELISA results
also showed that local IL-1Ra concentration increased with BMP-2 dose
(Fig. 4A and B). In vitro, immunofluorescence staining and Western
blotting determined that ALP positive cells could express IL-1Ra
(Fig. 4D-F). Nevertheless, the number of migrated MSC increased
significantly with BMP-2 dose (Fig. 41-K). We confirmed that both MSCs
and osteoblasts harbored IL-1R1 (Fig. 4H). As BMP-2/CPC particles did,
different doses of BMP-2 silk sponges resulted in different profiles of
osteogenesis and macrophage infiltration in vivo (Supplementary
Fig. 7A).

3.5. Interaction between macrophages and MSCs

The above results confirmed that M1 macrophages, MSCs and oste-
oblasts expressed IL-1R1, while M1 macrophages expressed IL-1f and
osteoblasts expressed IL-1Ra. We further skipped to whether the mac-
rophages and MSCs interact under BMP-2 stimulation via secreting IL-1
and IL-1Ra. The number of migrated macrophages increased after add-
ing MSCs to the co-culture system in 0.30 mg/ml and 1.50 mg/ml BMP-
2/CPC groups (Fig. 5). Furthermore, MO polarized towards M1 in 0.05
mg/ml group, but towards M2 in 1.50 mg/ml group (Fig. 5F). After the
3-d co-culture, the macrophages were further co-cultured for 5 d and
fused into osteoclast precursors in 0.05 mg/ml group. The phenotypes
were displayed by tartrate resistant acid phosphatase (TRAP) staining
(Supplementary Fig. 8B). Whether is this difference related to the
secretion of IL-1Ra? We polarized MO towards M1 and added two doses
of IL-1Ra simultaneously. Immunofluorescence staining and qPCR
confirmed that IL-1Ra could promote MO polarization towards M2,
rather than M1 macrophages, even the MO macrophages were cultured
in the Ml-inducing medium (Fig. 5G-J). When 1000 ng/ml IL-1Ra
added to co-culture system of 0.05 mg/ml BMP-2 and MO macro-
phages, the flow cytometry data showed MO polarized towards M2
rather than M1 (Fig. 5K-M). The effect of IL-1Ra on other co-culture
system of BMP-2/CPC and MO macrophages was shown in Supplemen-
tary Fig. 9B flow cytometry data. We summarized how BMP-2 induced
osteogenesis in a dose-dependent manner (Fig. 6).

3.6. Dexamethasone (Dex) enhanced the osteogenic effect of 0.05 mg/ml
BMP-2 in vitro

We investigated whether we the osteogenic effect of 0.05 mg/ml
BMP-2 can be enhanced by drugs that inhibit the M1 infiltration. Dex is
an anti-inflammatory drug commonly used to suppress post-surgery
inflammatory responses and tissue swelling [42,43]. In the present
study, Dex (5 pg/ml) retarded the M1 polarization caused by BMP-2,
while enhanced osteo-differentiation of MSCs (Fig. 7). Surprisingly,
the expression of IL-1Ra in MSCs was significantly up-regulated by Dex
in the medium (Fig. 7F). The migration of macrophages was also
inhibited after Dex was added to the co-culture system composed of
0.05 mg/ml BMP-2/CPC particles, MSCs and macrophages.

3.7. Dex enhanced the osteogenic effect of 0.05 mg/ml BMP-2 in vivo

We then verified the therapeutic effects of Dex in vivo. We used 0 mg/
ml BMP-2/CPC as negative control and 0.30 mg/ml BMP-2/CPC as
positive control. BMP-2/CPC particles at different doses were subcuta-
neously transplanted into mice again, and Dex was injected locally once
a day for first three days after operation. At 3 d, the samples of the four
groups were collected and detected by flow cytometry. We found the
M1/M2 ratios were opposite in 0.05 mg/ml group and 0.05 mg/ml +
Dex group. The M1 infiltration and IL-1p expression in 0.05 mg/ml
group (Fig. 8F) were as same as that in 0.05 mg/ml group (Fig. 2). When
IL-1p neutralizing antibody was applied in 0.05 mg/ml group, we found
obvious bone formation in this low dose group (as shown in Supple-
mentary Fig. 11). However, the phenotypes were changed significantly
by Dex. There was no obvious infiltrating M1 but Osx-positive cells in
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0.05 mg/ml + Dex group (Fig. 8F). In the 7-d samples, the flow
cytometry and immunohistological staining showed new bone tissues
having developed in 0.05 mg/ml + Dex group (Fig. 8K). High levels of
ALP and IL-1Ra positive cells and M2 macrophages (MMR positive
macrophages) were observed in 0.05 mg/ml + Dex group (Fig. 8K). In 7-
d BMP-2/silk sponges, Dex promoted osteogenesis in 0.05 mg/ml + Dex
group (Supplementary Figs. 6B and 6B). At 14 d after transplantation,
the samples were scanned with micro-CT and the images were recon-
structed. No osteogenesis was observed in 0.05 mg/ml group, and new
bone tissues were found in 0.30 mg/ml group. Compared with the
excessive osteogenesis observed in 0.30 mg/ml group, the new bone
tissues not only covered the surface of CPC particles but also filled some
internal pores of CPC particles in 0.05 mg/ml + Dex group (Fig. 8L). Six
micro-CT images of four groups are shown in Supplementary Fig. 10.

4. Discussion

In this study, we analyzed the relationships among inflammation,
osteogenesis and BMP-2 dose. BMP-2 has been proven as a powerful
growth factor in repairing bone defects [44]. Numerous studies focused
on its effective doses [45,46], delivery routes [47,48] and functional
fragment synthesis [49]. It remains unclear how BMP-2 induces immune
responses which result in a series of complications such as fever, seroma,
and local swelling in a fraction of patients [4]. Inflammatory infiltration
in the fracture sites, if uncontrolled, may fail the healing and even lead
to nonunion [50]. Our findings in this study may help design a thera-
peutic strategy that can overcome the limitations and enhance the
osteogenic effects of BMP-2.

We verified the osteogenic effect of 1.5 mg/ml BMP-2 (an FDA-
approved dosage) in two in vivo models. This dose induced osteo-
genesis around or even beyond the scaffolds. On the other hand, the
osteogenesis was not observed in 0.05 mg/ml group. Interestingly, the
immune response varied significantly across groups with different pro-
files of osteogenesis in C57BL/6-IL-1pemibuc-eCFPISmoe mice 1116 is a
critical proinflammatory cytokine. Previous studies have reported IL-1§
can inhibit MSC proliferation and osteoblastic differentiation in vitro and
interrupt bone healing in vivo [31]. Here we found that the high dose of
BMP-2 repressed IL-1p expression via inhibiting M1 polarization and
infiltration, while the low dose of BMP-2 enhanced IL-1f expression with
increasing M1 macrophage infiltration.

However, our in vitro results confused us. We found all three doses of
BMP-2/CPC particles induced M1 polarization and recruited macro-
phages, without significant differences (Fig. 3). Therefore, we hypoth-
esized that two higher doses of BMP-2 might stimulate IL-1f expression
and also activate other antagonistic factors to counteract the inflam-
matory effect of IL-1p in bone regeneration sites. After transplantation
with BMP-2/CPC particles, multiple factors interact in various manners,
thus leading to different local IL-1p expression levels. In tissues, the
activity of cells is affected by exogenous factors, as well as endogenous
factors via mechanism such as ligand-receptor binding [51,52]. We
detected the expression of IL-1p and IL-1R1 in MO, M1 and M2 macro-
phage subtypes. IL-1R1 exists on the surface of almost all nucleated cells,
and the expression of IL-1R1 differs with cell type [53]. Our results
confirmed that MO, M1 and M2 macrophages expressed IL-1R1, but the
IL-1R1 expression level in M1 macrophages was higher than those in the
other two subtypes. The IL-1p, is mainly secreted by M1 macrophages,
could act on themselves to further aggravate the inflammatory response.

We found that IL-1 expressions in both 0.30 mg/ml and 1.50 mg/ml
groups were lower than that in 0.05 mg/ml group. One explanation may
that a higher dose of BMP-2 can induce other cells in the bone-repairing
microenvironment to release some cytokines capable of suppressing IL-
1P or regulating macrophage polarization. One of these cytokines is IL-
1Ra, a natural antagonist of IL-1f [54]. During MSCs
osteo-differentiation, the released IL-1Ra can compete with IL-1p to bind
to their shared receptor IL-1R1 [55]. IL-1Ra can not only restore the
osteogenic ability of osteoblasts impaired by IL-1f [56], but also inhibit
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macrophage M1 polarization [55]. Accordingly, we speculate that
IL-1Ra plays a key role in promoting osteogenesis in 0.30 mg/ml and
1.50 mg/ml groups, as indicated by its higher in vivo expression in 0.30
mg/ml and 1.50 mg/ml groups than in control and 0.05 mg/ml groups.
Co-cultured with 0.30 mg/ml and 1.50 mg/ml BMP-2/CPC particles, the
MSCs-derived osteoblasts expressed ALP and IL-1Ra in vitro. The
migration of macrophages was inhibited in 0.30 mg/ml group and 1.50
mg/ml group co-cultured with MSCs. However, the M1 polarization
caused by BMP-2 was not achieved when MSCs were introduced to 1.50
mg/ml group. After two reported concentrations of IL-1Ra were added
to M1-polarization-induction medium, the MO macrophages that should
be polarized towards M1 showed positive M2 markers (MMR) (Fig. 5).
These in vitro results prove that upon higher dose of BMP-2, IL-1Ra
secreted by osteoblasts could promote polarization towards M2.

We further clarified that BMP-2 regulates local macrophage-MSC
interaction to promote osteogenesis. Dex, a common anti-
inflammatory drug [57], has been used in osteogenic induction me-
dium [58]. In the present study, we noticed that Dex could competitively
inhibit M1 infiltration caused by 0.05 mg/ml BMP-2/CPC particles, and
cooperate with BMP-2 products to induce osteogenic differentiation of
MSCs and secretion of IL-1Ra. At a concentration previously reported
[59,60], Dex changed M1/M2 ratio, IL-1p expression, percentage of ALP
positive cells and IL-1Ra expression in the local sites. The therapeutic
mechanism of this drug exactly matched the mechanism shown in Fig. 6
to optimize the osteogenic effect of BMP-2. It is worth noting that the
application of Dex to optimize osteogenic effect of low-dose BMP-2 in
this work was just an example. The effective dose of BMP-2 for clinical
practice could be reduced by using some therapeutic strategies to
regulate local macrophage function. We confirmed that other thera-
peutic strategies based on this mechanism could also achieve good
osteogenic effects.

Subcutaneous implantation is a common and practical strategy in
bone tissue engineering with a unique biologic entity that distinct from
other areas of skeletal biology [61,62]. This strategy often was applied
rodent models and have unique advantages over orthotopic (bone) en-
vironments, including a relative lack of bone cytokine stimulation and
cell-to-cell interaction with endogenous (host) bone-forming cells [61].
This allows for relatively controlled in vivo experimental bone forma-
tion. We therefore selected the ectopic osteogenesis model to eliminate
some complicated interfering factors. Most of our data were based on
this relatively simple in vivo model. Further preclinical studies would be
still needed to apply bone defect models to validate the effectiveness of
our strategy on optimizing BMP-2 induced osteogenesis via regulating
macrophage-MSC interaction.

5. Conclusion

In conclusion, the osteogenesis induced by BMP-2 was associated
with interaction between macrophages and MSCs. BMP-2 at certain
doses could induce MSCs differentiate into osteoblasts, and secrete IL-
1Ra to inhibit M1 polarization and IL-1p release. The current FDA-
approved BMP-2 dose could be optimized to improve osteogenesis
from multiple perspectives, including bioactive materials, delivery
mode, introduction of other anti-inflammatory drugs.

6. Statistical analysis

The data were expressed as means + standard deviation (SD) and
analyzed using one-way ANOVA and multiple t tests. *: p < 0.05, **: p <
0.01. The two-way ANOVA statistical analysis and multiple comparisons
were performed to analyze the relative qPCR data of osteogenic markers
in Fig. 2.
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