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ARTICLE INFO ABSTRACT

Keywords: Calcium phosphate (CaP) bioceramics are important for tissue regeneration and immune response, yet how CaP
. ' phosp! p g ponse, y

Calcium phosphate ceramics bioceramics influence these biological processes remains unclear. Recently, the role of immune cells in
Macrophage biomaterial-mediated regeneration, especially macrophages, has been well concerned. CD301b™ macrophages
Angiogenesis . . . . . .

CD301b were a new subset of macrophages we have discovered, which were required for bioceramics-mediated bone
Calcineurin regeneration. Nevertheless, the impact of CD301b" macrophages on angiogenesis, which is a vital prerequisite to

bone formation is yet indistinct. Herein, we found that CD301b" macrophages were closely correlated to
angiogenesis of CaP bioceramics. Additionally, depletion of CD301b™" macrophages led to the failure of angio-
genesis. We showed that store-operated Ca" entry and calcineurin signals regulated the VEGF expression of
CD301b" macrophages via the NFATc1/VEGF axis. Inhibition of calcineurin effectively impaired angiogenesis
via decreasing the infiltration of CD301b"* macrophages. These findings provided a potential immunomodulatory

strategy to optimize the integration of angiogenesis and bone tissue engineering scaffold materials.

1. Introduction

Biomaterials are vital components during tissue regeneration [1-4].
Previous studies have mainly focused on the effects of biomaterials on
mesenchymal stem cells (MSCs), which are known for their significant
functions in mediating of tissue regeneration. In recent years, biological
functions of other stromal cells such as immune cells and endothelial
cells, and their interactions, have become an emerging research hotspot
[5-7]. Among them, immune cells can quickly respond to external
stimuli, and then shape up a suitable immune niche for various stromal
cells.

As innate immune cells, macrophages are the main initiators for the
biomaterial-induced immune response [8]. Thus, their roles on tissue
regeneration have been widely concerned [9]. Macrophages are exten-
sively functional in the innate defense, recognition of foreign bodies,
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phagocytosis, regulation of inflammation, and tissue repair or fibrosis
[10-13]. Actually, M1/M2 nomenclature is used to define the interferon
y (IFNy)-activated macrophage (M1) versus the “alternative IL-4 acti-
vated” macrophage (M2) [14,15]. They are archetypal in vitro pheno-
types, and defined according to their certain stimuli like IL-4. Besides,
the considerable heterogeneity and remarkable plasticity made the
various polarized phenotypes of macrophages insufficient to evaluate
their regenerative effects [10,16]. To date, macrophage phenotypes
with regenerative regulation, rather than inflammation modulation are
still scant. Interestingly, our previous study found the regenerative
regulation capacity of CD301b" macrophages during bone formation
[171, which may be promising in the regeneration field. It is reported
that CD301b" macrophages are widely infiltrated around the osteoin-
ductive biomaterials [17]. They can promote osteogenic differentiation
of MSCs via the IGF1R/Akt/mTOR pathway. Moreover, a few CD301b™
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macrophages can greatly enhance the osteoinduction of biphasic cal-
cium phosphate (BCP) bioceramics after transplantation in vivo [17]. On
the contrary, the loss of CD301b™ macrophages causes the failure of
osteoinduction and thus new bone formation [17]. Hence, CD301b can
be considered a potential marker for regeneration. Recently, CD301b™
macrophages have been validated for their regulation capacity during
skin repair and regeneration by mediating the proliferation of adipocyte
precusor cells [18,19]. Transplantation with CD301b"CD206™ macro-
phages, rather than CD301b CD206" significantly facilitated skin
regeneration [19]. Moreover, CD301b™ and CD301b~ macrophages are
specific to the regenerative and fibrotic environments, respectively [20].
In particular, CD301b~CD9" macrophages are highly correlated with
the T helper type 17 immune response and fibrosis [20]. Therefore, we
believe that CD301b" macrophages are conductive to tissue regenera-
tion. However, many complicated and delicate biological processes are
involved in bone regeneration that ultimately influence the regeneration
outcome in tissue engineering. Accordingly, it is of importance but
challenge to elucidate their roles in these biological responses.

Recently, the correlation between angiogenesis and osteogenesis has
been well concerned as an integral and coupling processes during bone
regeneration [21-25], and angiogenesis needs to be induced prior to
osteogenesis [24,26,27]. Previous evidences have shown that inhibition
of vascular endothelial growth factor (VEGF), an indispensable
pro-angiogenic factor, would dramatically impair angiogenesis and the
following bone repair and regeneration [21,22]. In addition to the
well-known transportation function of circulating cells, oxygen, nutri-
ents, and waste products, blood vessels are also supportive in bone
maturation and regeneration, especially their lined endothelial cells [23,
24,28,29]. It is indicated that angiogenesis of biomaterials at the early
stage is beneficial to the success of bone regeneration. Therefore, it is
significant and urgent to elucidate how CD301b" macrophages attribute
to angiogenesis during bone regeneration.

Based on the important role of CD301b" macrophages in osteoin-
duction and regulation of angiogenesis, the underlying mechanism
needs to be clearly elucidated. Here, BCP bioceramics were used as a
standard bone substitute for their superior osteoinductivity. We
confirmed CD301b" macrophages were involved in angiogenesis
mediated by BCP bioceramics, and angiogenesis was mostly dependent
on the expression of calcineurin (CaN). Notably, it activated the
NFATc1/VEGF pathway of CD301b" macrophages, thereby promoting
angiogenesis. CD301b" macrophages depletion or CaN inhibition would
impair angiogenesis. Moreover, we validated the store-operated Ca2*
entry (SOCE) activated the CaN/NFATc1/VEGF pathway of CD301b"
macrophages. This study was to clarify the mechanism of CD301b™
macrophages in regulating angiogenesis, a coupling process of
osteogenesis.

2. Materials and methods
2.1. Preparation and characterization of BCP bioceramics

The BCP bioceramics with a hydroxyapatite/p-tricalcium phosphate
ratio of 60/40 were synthesized as previous protocols [17,30]. In brief,
the BCP precursor was made by a chemical precipitation method. Then
the porous BCP bioceramics were fabricated using the hydrogen
peroxide foaming method, and sintered at 1100 °C for 3 h. By the way,
the non-degradable CaP bioceramics were fabricated with a constant
Ca/P ratio of 1.67 in the same way according to the previous protocols
[17,30]. Next, grind and sieve them into a uniform size approximately
0.6 mm for further use. Scanning electron microscopy (SEM, Hitachi,
Japan) were used to confirm the morphologies. The results showed that
BCP bioceramics had abundant macropores (50-300 pm) and micro-
pores (0.1-2 pm), and these pores were highly interconnected (Sup-
plementary Fig. 1A, B).

To explore the release properties of BCP bioceramics, we immersed
them into Tris-HCl solution (0.1 mol/L, pH 7.4) with a solid/liquid ratio
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of 0.2 g/mL at 37 °C. After 0.5, 1, 3, 7 and 14 days of immersion, 0.5 mL
of immersion solution was harvested and replaced with 0.5 mL fresh
Tris-HCl solution. Then, calcium ion concentration was measured by an
inductively coupled plasma mass optical emission spectrometer (ICP-
OES). Before quantification, the harvested solutions were diluted 10-
fold.

2.2. Ethical approval and mice model

The animal experiments were conducted in accordance with the
policy of Ethics Committee for Animal Research, School & Hospital of
Stomatology, Wuhan University, China. The Ethics Committee for Ani-
mal Use approved it under protocol number A31/2020. The female
C57BL/6 mice in around 20 g weight were maintained in specific
pathogen-free condition. After 2-week adaptation to the environment,
mice were utilized in the following experiments. The C57BL/6 back-
ground Mgl2-DTR mice (obtained from the Jackson Laboratory) were
used to deplete CD301b™ macrophages by diphtheria toxin (DT, Sigma,
USA) administration every two days.

To establish BCP implantation model, surgery was conducted as
previously described [17]. Briefly, after 150 pL intraperitoneal injection
of 1% sodium pentobarbital, a deep incision about 10 mm in length was
made along with the gastrocnemius muscle. Then, 2.5 mg BCP bio-
ceramics were implanted into the incision. In addition, BCP bioceramics
were also implanted into MgI2-DTR mice to investigate the role of
CD301b™ macrophages. To uncover the underlying mechanism in
angiogenesis induced by BCP bioceramics, inhibitor of CaN tacrolimus
(FK506, Absin Bioscience, China) or SOCE blocker BTP2 (Absin Biosci-
ence, China) were injected topically in vivo every two days. At sample
harvesting time, mice were euthanized by CO; treatment. Then
BCP-surrounding gastrocnemius muscles were acquired for further use
such as histological staining and flow cytometry.

2.3. Histological staining

Fixed with 4% formaldehyde for 24 h, harvest samples were then
decalcified in 10% EDTA decalcifying solution for 4 weeks and solution
was refreshed each two days. Then, dehydration, embedding, and sec-
tion into paraffin slices were conducted. Hematoxylin and eosin staining
(H&E, Google biotechnology, China), immunohistochemistry staining
(IHC, MXB biotechnologies, China) and immunofluorescence staining
(IF) were carried out according to the manufacturer’s protocols. For IHC
and IF staining, the primary antibodies were against CD301b (eBio-
science, USA), o-SMA (CST, USA), VEGF (ABclonal, China), CaN
(ABclonal, China), and STIM1 (ABclonal, China). For IF staining, the
anti-mouse and rabbit secondary antibodies were 594 nm red and 488
nm green fluorescent markers (Abbkine, USA). The DAPI dye (Zhong-
shan Biotechnology, China) was used to stain the nucleus of cells in
tissue and cells. All stained sections were captured with an Olympus
DP72 microscope (Olympus, Japan), and each sample was captured for 3
images of BCP bioceramics surroundings.

2.4. Extracts preparation

The extracts of BCP bioceramics were prepared according to the
International Organization for Standardization (ISO 10993-5: 2009)
protocol. Briefly, under a solid/liquid ratio of 0.2 g/mL, BCP bio-
ceramics were immersed in Dulbecco’s modified eagle medium (DMEM,
Gibco, Thermo Fisher Scientific, USA) and incubated at 37 °C for 24 h.
After centrifugation at 2500 rpm/min for 5 min and filtration through a
0.22 um filter, the supernatants were collected carefully. Subsequently,
the supernatants were supplemented with 10% fetal bovine serum (FBS,
Gibco, Thermo Fisher Scientific, U.S.A). The extracts were stored at 4 °C.
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2.5. Cell culture

To investigate the role of macrophages on angiogenesis induced by
BCP bioceramics, bone marrow derived macrophages (BMDMs) were
isolated in vivo according to the previous study [17]. Isolated BMDMs
were cultured in DMEM containing 10% FBS and 20 ng/mL monocyte
colony stimulating factor (MCSF, Peprotech, U.S.A) and culture media
were refreshed every two days. Until day 7, the mature BMDMs were
eligible for later experiments. Subsequently, BCP extracts were used to
replace the original culture media to incubate BMDMs in the presence or
absence of 1 mM FK506 (Absin Bioscience, China) or 500 nM BTP2
(Absin Bioscience, China). Next, BMDMs were collected for future RNA
and protein extraction, and the supernatants were centrifuged at 2500
rpm/min for 5 min and frozen at —80 °C used as conditioned media for
further culture of human umbilical vein endothelial cells (HUVECs,
Mixed donors, Lonza). To carry out vessel tube formation in vitro,
HUEVCs were maintained and expanded in DMEM containing 10% FBS
at 37 °C and 5% CO2 humid atmosphere.

2.6. Flow cytometry

Samples were dissected and digested with RPMI-1640 containing
collagenase II (2 pg/mL, Sigma-Aldrich, USA) for 1 h at 37 °C. The
remaining tissues were filtered through 70-pm cell strainers, washed
with PBS for 3 times, and then centrifuged at 2500 rpm, 5 min. After
discarding the supernatant, enriched single-cell suspension was incu-
bated with an antibody panel for 30 min, 4 °C. The antibodies used were
as follows, CD45-phycoerythrin (PE, 1:400, Biolegend, U.S.A), CD11b-
Blue (Biolegend, 1:200, U.S.A), F4/80-PE-cyanine7 (Cy7, 1:400, Bio-
legend, U.S.A), CD301b-PerCP (Biolegend, 1:400, U.S.A), CD9-
allophycocyanin (APC, 1:400, Biolegend, U.S.A), NFATc1-PE (1:200,
Biolegend, U.S.A). Cells were examined by a BD Biosciences LSR For-
tessa flow cytometer (BD Biosciences, USA), and data was analyzed by
FlowJo software (Treestar, U.S.A).

2.7. Protein extraction and Western blotting

About 100 pL RIPA buffer containing protease inhibitor and 1%
phosphatase inhibitors was used to lyse the cells and collected into the
pre-cooled tube, followed by ultrasonic treatment on ice. Each sample
was quantified and normalized by BCA kit (Thermo Fisher Scientific,
USA). After mixed with 5X loading buffer, the protein mixture was
heated for 10 min at 95 °C. Then, successive steps of separation by SDS-
PAGE gelatin, transfer to nitrocellulose, soaking into 5% fat-free milk
and incubation with primary and secondary antibodies (BioSharp,
China) were carried out. The primary antibodies were against STIM1
(ABclonal, China), CaN (ABclonal, China), VEGF (ABclonal, China),
NFATcl (ABclonal, China) and GAPDH (ABclonal, China). At last, the
results were visualized by WesternBright ECL HRP Substrate Kit
(Advansta, U.S.A).

2.8. RNA extraction, RNA-seq and RT-qPCR

For RNA-seq analysis, tissues around BCP biocramics were har-
vested, rinsed by PBS for three times and frozen quickly under liquid
nitrogen atmosphere. Then, the total RNA was extracted with TRIzol
(TAKARA, Japan) and followed by sequencing with Illumina Platform.
For realtime-quantitative polymerase chain reaction (RT-qPCR) anal-
ysis, cell samples were collected and treated with TRIzol reagent to
extract their total RNA in accordance with the manufacturer’s protocol.
After cDNA synthesis, RT-qPCR analysis was conducted with Prime-
Script RT-PCR Kit (TAKARA, Japan). The forward and reversed primer
sequences of the target genes were listed in Supplementary Table 1.
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2.9. Tube formation in vitro

To evaluate the angiogenic ability of HUEVCs after stimulation with
the conditioned media in vitro, a tube formation assay was conducted.
Briefly, growth factor reduced basement membrane matrix (Corning, U.
S.A) was used to coat 96-well plate (50 pL/well, Nest, USA) and incu-
bated at 37 °C and 5% CO; for 30 min. When growth factor reduced
basement membrane matrix was solidified, HUVECs were then seeded in
96-well plate at 25,000 cells/well in either DMEM medium (positive
control) or harvested conditioned media. Then HUVECs were incubated
in a humid atmosphere of 5% CO5 at 37 °C. After 4 h, photos were
captured with a light microscope (Nikon, Japan) under a bright field to
record cells and developed tubules. Angiogenesis-related parameters
including meshes, master junctions and branches were examined by
ImageJ software using the Angiogenesis Analyzer plugin (NIH,
Bethesda, MD, USA).

2.10. Measurement of intracellular calcium ion concentration

The intracellular calcium ions of BMDMs were evaluated after
stimulation with BCP bioceramics for 12 h. BMDMs were incubated with
5 pM calcein-AM (Dojindo, Kumamoto Prefecture, Japan) according to
the manufacturer’s guidelines. The visualization of the intracellular
Ca?* was captured with a laser scanning confocal microscope (InSIGHT
Plus-1IQ, Meridian, USA) at an excitation wavelength of 488 nm. Also,
the cells were loaded with 4 pM fluo-3 (Beyotime Institute of Biotech-
nology, China), which was dissolved in dimethyl sulphoxide (1:1000) in
Dulbecco’s Phosphate Buffered Saline (DPBS) for 30 min in the dark at
37 °C. Then, the fluorescence intensity was measured by a BD Bio-
sciences LSR Fortessa flow cytometer (BD Biosciences, USA), and data
was analyzed by FlowJo software (Treestar, U.S.A).

2.11. Statistical analysis

Statistical analyses were conducted by the GraphPad Prism software
(v6.0, GraphPad, USA). The differences among each group were evalu-
ated through two-way ANOVA or students’ t-test. Significant statistical
differences were considered when P < 0.05, P < 0.01, P < 0.001.

3. Results

3.1. CD301b" macrophages are required for angiogenesis during
osteoinduction

We first implanted BCP bioceramics into the gastrocnemius muscle in
vivo. Four weeks later, the histological staining results showed the for-
mation of new bone around BCP bioceramics, suggesting the excellent
osteoinductive ability BCP bioceramics (Suppl. Fig. 2). We detected
multiple time points after implantation to confirm angiogenesis. H&E
staining showed that new blood vessels were formed in the BCP-
implanted sites (Suppl. Fig. 3). To evaluate the infiltration of
CD301b* macrophages, samples at 7 and 14 days were examined by IHC
staining and flow cytometry. On day 7 after implantation, CD301b™
macrophages around BCP bioceramcis ranked about 50%, which
remarkably increased and reached 70.6% on day 14 (Fig. 1A and B).
Additionally, a-SMA, a crucial marker of angiogenesis, was strongly
expressed around BCP bioceramics, which was more pronounced on day
14 (Fig. 1C). Interestingly, the increase positive expression of a-SMA was
temporally corresponded with infiltration of CD301b" macrophages
(Fig. 1C). To further examine the correlation between CD301b™ mac-
rophages and angiogenesis in vivo, macrophage galactose-type C-type
lectin 2 (Mgl2, encoding the CD301b protein) -DTR mice (Mgl2-DTR)
were used, in which CD301b™" macrophages were depleted [17-19]. Loss
of CD301b" macrophages in Mgl2-DTR mice was confirmed by IF
staining (Suppl. Fig. 4). After DT treatment every two days following
BCP bioceramics implantation, o-SMA expression was significantly
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Fig. 1. (A) Flow cytometry analysis of CD301b" macrophages in the tissues surrounding BCP bioceramics at 14 days after implantation. (B) Semiquantification of

gating strategy cells in (A).

***P < 0.001. (C) IHC staining of regenerative macrophages subsets CD301b and a-SMA after BCP bioceramics implantation at 7 and 14

days (the red arrow showed the positive cells; M, material). Scale bar = 200 pm. (D) IHC staining of a-SMA in BCP implant areas after CD301b" macrophages
depletion at 14 days (the red arrow showed the positive cells; M, material). Scale bar = 100 pm. (E) Semiquantification of positively stained cells in (D). **P < 0.01.
(F) IF staining of VEGF (red), CD301b (green) and nuclei (blue) at 14 days after BCP bioceramics implantation in vivo. (Scale bar = 100 pm). (G) IHC staining of VEGF
in BCP implant areas after CD301b™ macrophages depletion at 14 days (the red arrow showed the positive cells; M, material). Scale bar = 100 pm. (H) Semi-
quantification of positively stained cells in (G). **P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

downregulated in MgI2-DTR mice than that of control mice on day 14,
suggesting the angiogenesis impairment (Fig. 1D and E). In addition, IF
staining showed that CD301b was barely co-localized with a-SMA
(Suppl. Fig. 5). It is suggested that DT treatment would not directly
downregulate o-SMA.

VEGF is not only essential for angiogenesis, but also for a tight
coupling between angiogenesis and osteogenesis during bone repair and
regeneration [5,31]. Thus, we detected the expression of VEGF by IF
staining. Distribution and colocalization of VEGF and CD301b around
BCP bioceramics on day 14 were observed (Fig. 1F). Besides, a continual
loss of CD301b™ macrophages resulted in VEGF deficiency around BCP
bioceramics (Fig. 1G and H). These data suggested that CD301b" mac-
rophages essentially upregulated VEGF, which were required for
angiogenesis during osteoinduction.

3.2. BCP bioceramics activates pathways related to calmodulin-binding
protein CaN and SOCE

To figure out the molecular mechanism underlying angiogenesis,
RNA-seq analysis after BCP and non-degradable CaP bioceramics im-
plantation in vivo was performed. A total of 142 differentially expressed
genes (DEG) were detected between BCP and non-degradable CaP bio-
ceramics, involving 111 genes upregulated genes and 31 downregulated
ones (Suppl. Fig. 6). After the enrichment analysis of RNA-seq results,
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DEG were found to be enriched into gene sets related to the calmodulin-
binding pathway (Fig. 2A). It is indicated that BCP bioceramics created
an environment with high levels of calmodulin-binding proteins.
Furthermore, expression levels of several common and critical
calmodulin-binding proteins in macrophages like CaMKII, CaMKK2,
CaN after stimulation with BCP bioceramics were detected by RT-qPCR.
Only CaN and ORAI1 were significantly upregulated (Fig. 2B). Addi-
tionally, VEGF was upregulated after BCP stimulation (Suppl. Fig. 8).
BCP bioceramics were found to continually release Ca2* ions (Suppl.
Fig. 5), and chelation of Ca?* ions by EDTA prevented upregulation of
CaN and VEGF induced by BCP bioceramics (Suppl. Fig. 9). Based on the
core function of ORAI1 in SOCE, we further determined expression
levels of key proteins in the SOCE pathway signaling, including ORAI2,
STIM1, STIM2, PLC-y, NFATc1, and NFATc2. Most of them were upre-
gulated by BCP bioceramics (Fig. 2C). These data showed that BCP
bioceramics activated pathways related to calmodulin-binding protein
CaN and SOCE.

3.3. The CaN signaling pathway and SOCE control the pro-angiogenesis
potential of CD301b" macrophages

The regulatory role of SOCE in key proteins involved in the Ca®*-
dependent signaling molecules, including CaN, and CaN activated the
nuclear factor of activated T cells (NFAT) has been validated [32]
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(Fig. 3A). Activated NFAT contributes to promote angiogenesis by
inducing the positive expression of VEGF [33] (Fig. 3A). To determine
the involvement of the CaN signaling pathway and SOCE in the
pro-angiogenesis potential of CD301b" macrophages, expression levels
of CaN and STIM1 were detected by IF staining. Both CaN and STIM1
were co-expressed with CD301b surrounding BCP bioceramics (Fig. 3B
and C). Interestingly, an in vitro tube formation assay of HUEVCs showed
that number of master junctions and meshes were going at about three
times in the group of macrophages-conditioned media pretreated with
BCP extracts. This group also showed more branches in the organized
networks (Fig. 3D, E, F, G). By contrast, application of tacrolimus
(FK506), an inhibitor targeted CaN reversed it, indicating that CaN was
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responsible for angiogenesis (Fig. 3D, E, F, G). Furthermore, protein
levels of NFATc1 and VEGF were unregulated after BCP stimulation,
which were reversed by inhibiting CaN (Fig. 3H). These data were
consistent with the tube formation findings. Notably, the median fluo-
rescence intensity of NFATc] in macrophages around BCP bioceramics
were higher than that in macrophages around non-degradable CaP
bioceramics. VEGF in macrophages showed the similar trend. These data
demonstrated that BCP bioceramics upregulated NFATcl and VEGF
expressions of the surrounding macrophages (Suppl. Fig. 10).

After treatment with the SOCE inhibitor BTP2, the protein level of
CaN was downregulated (Fig. 4A). Similar results were obtained in
protein levels of NFATc1 and VEGF as well, suggesting that CaN was
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Confocal microscopy images of intracellular Ca®* concentration after treatment with BCP and BTP2. Scale bar = 10 pm. (G) Quantification of intracellular Ca®*

concentration detected by flow cytometry.

responsible for the biological function of SOCE (Fig. 4A). Besides, the
SOCE inhibitor BTP2 prevented BCP bioceramics from playing a positive
role in tube formation in vitro. The levels of master junctions, branches
and nodes dropped to the levels in the unstimulated HUEVCs group
(Fig. 4B, C, D, E). An in vivo study confirmed that SOCE was required for
the positive expression of VEGF around BCP bioceramics (Suppl.
Fig. 11). Additionally, the concentration of free cytosolic Ca®" signifi-
cantly increased after stimulation with BCP bioceramics, while the
application of BTP2 blocked the entry of free Ca?" into macrophages as
verified by fluorescence staining and flow cytometry (Fig. 4F and G).
Since CaN activity was regulated by free cytosolic Ca?*, defective Ga®*
influx induced by the SOCE inhibitor BTP2 was responsible for the
impaired angiogenesis potential.

3.4. CaN signaling pathway is necessary for angiogenesis

To confirm the contribution of CaN signaling to angiogenesis, CaN
inhibitor FK506 was administrated every two days after implantation.
Importantly, a substantial decrease in the expression of VEGF around
BCP bioceramics was observed (Fig. 5A and B), and a-SMA was barely
expressed around the BCP bioceramics (Fig. 5C and D). Taken together,
these data implicated the necessity of the CaN signaling pathway for
angiogenesis.
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3.5. CaN signaling pathway regulates the infiltration of CD301b™
macrophages around BCP bioceramics

We next determined the role of the CaN signaling pathway in pro-
moting angiogenesis via regulating macrophages. However, IHC stain-
ing and flow cytometry did not obtain a significant change in the
number of the infiltrated macrophages around BCP bioceramics
(Fig. 6A, B, C). Due to the great heterogeneity of macrophages, we hy-
pothesized that the subset CD301b* macrophages were affected by the
CaN signaling pathway. Interestingly, the infiltration of CD301b™"
macrophages reduced from 84.8% to 58.8% after CaN inhibition on day
14 (Fig. 6D, E, F). These data indicated that CaN signaling pathway
regulated the infiltration of CD301b" macrophages during osteoinduc-
tion induced by BCP bioceramics.

4. Discussion

Immune cells are critical for bone regeneration induced by osteoin-
ductive biomaterials, especially macrophages. It is reported that loss of
macrophages impairs tissue regeneration [34]. Macrophages were
highly heterogeneous and plastic, which are responsive to diverse cues
and environments. M1/M2 polarization has attracted extensive atten-
tion because of their inflammatory regulation capacity. Osteoinductive
bioceramics have been found to regulate macrophage polarization [30,
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Fig. 5. (A) IHC staining of VEGF in BCP implant
areas after treatment with FK506 at day 14 (the red
arrow showed the positive cells; M, material). Scale
bar = 100 pm. (B) Semiquantification of positively

50 = stained cells in (A). **P < 0.01. (C) IHC staining of
» a-SMA in BCP implant areas after treatment with
E 40 = FK506 (the red arrow showed the positive cells; M,
+ material). Scale bar = 100 pm. (B) Semiquantification
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Fig. 6. (A) Flow cytometry analysis of total macrophages in the tissues surrounding BCP bioceramics at 14 days after implantation. (B) Semiquantification of gating
strategy cells in (A), ns means no significance. (C) IHC staining of macrophages (F4/80) around BCP bioceramics at day 14 (the red arrow showed the positive cells;
M, material). Scale bar = 100 pm. (D) Flow cytometry analysis of CD301b" macrophages in the tissues surrounding BCP bioceramics at 14 days after implantation.
(E) Semiquantification of gating strategy cells in (D). **P < 0.01. (F) IHC staining of regenerative macrophages subsets (CD301b) around BCP bioceramics at day 14
(the red arrow showed the positive cells; M, material). Scale bar = 100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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35-37]. However, whether M1 or M2 is beneficial to angiogenesis re-
mains controversial [38]. Some studies have demonstrated that M1
induce endothelial cells to germinate and M2 promote vascular anas-
tomosis during the angiogenesis process [39]. Actually, M1/M2 mac-
rophages are in vitro phenotypes, which defined according to certain
bioactive factors [14,15]. However, implantation of bare biomaterials
without any bioactive factors is supposed to affect macrophages phe-
notypes in vivo as well. M1/M2 phenotypes rarely overlap with those
found in physiological conditions, as indicated by recent single-cell RNA
sequencing and mass cytometry [20,40,41]. Therefore, M1 and M2
macrophages have not been clearly analyzed for their potential appli-
cation in bone regeneration. Unlike polarization, CD301b" macro-
phages are the subsets closely correlated with tissue regeneration.
Previous in vivo studies have demonstrated that CD301b" macrophages
activate the proliferation of adipocyte precursors through insulin-like
growth factor 1 and platelet-derived growth factor C, thus contrib-
uting to skin repair and formation [18]. Sommerfeld et al. demonstrated
that CD301b™ macrophages held some M1 macrophage subset and parts
of M2 macrophage subset [20]. CD301b* macrophages expressed high
levels of multiple cytokines like IL1 and Argl, considering as typical M1
and M2 cytokines, respectively. Canonical polarization markers are
distributed across CD301b™ and CD301b~ macrophages clusters. CD86
and CD206 did not discriminate between phenotypically distinct sub-
sets, while CD301b marker separates macrophages specific to the
regenerative microenvironment [20]. Previous studies have well eluci-
dated the close correlation between CD301b" macrophages and bone
regeneration induced by BCP bioceramics [17]. In this study, we further
confirmed that CD301b" macrophages were required for angiogenesis,
and refined the understanding of the regulatory role of regenerative
macrophages on angiogenesis.

As a crucial process for bone formation, angiogenesis is essential for
bone repair and regeneration [23,24,42]. CaP bioceramics used to be
analyzed for its potential on osteogenesis-related processes, yet how it
affects angiogenesis is rarely concerned [23]. Bone healing is a complex
process consisting of several overlapping stages, in which many cellular
and molecular processes are involved in. Complications like delayed
healings and non-union are common due to failure of vascular recon-
struction rather than lack of osteogenic potential [23,43]. In practice,
the bone substitute at the implantation site is more demand for vascu-
larization than that of the normal bone defect healing [23]. Without the
prerequisite blood supply, osteogenesis is difficult to proceed [23].
Notably, the coupling link between angiogenic and osteogenic cells and
signals emphasizes the importance of these interactions [23,24,27].
Bone tissue engineering usually focused on osteoconduction, osteoin-
duction, and osteogenesis. In contrast, the diamond concept with more
clinically relevant has highlighted the vascular environment [44].
Therefore, to elucidate the role and mechanism of CaP bioceramics in
angiogenesis is meaningful for developing bone substitutes. a-SMA is
widely expressed in the capillary pericytes, which can be regarded as a
marker of newly-formed capillaries [45,46]. Here we found that a-SMA
expressed in the CaP-implanted sites. Loss of CD301b™ macrophages
resulted in the non-detectable a-SMA around CaP bioceramics. Previous
studies have suggested that CaP bioceramics can promote blood vessel
formation [47-49], which is consistent with our findings.

In this study, we found that CD301b" macrophage served as the
responder immediately to bioceramics implantation, which was of
importance in promoting angiogenesis induced by CaP bioceramics. It
upregulated VEGF, a factor essential for angiogenesis to foster angio-
genesis. In fact, angiogenesis existed around BCP at the late stage even
without the involvement of CD301b* macrophages (data not shown),
which was not the focus of this article. The inflammatory response
immediately occurred following the implantation of bioceramics [50].
More importantly, loss of CD301b™ macrophages inhibited angiogenesis
at the early stage around BCP bioceramics. Moreover, bioceramics
enhanced the secretion of angiogenesis-related factors by osteoblasts
[51]. These cues suggest that the role of CD301b* macrophages was
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mainly manifested in the early stage, and other cells like osteoblasts
were functional in the late stage. Numerous studies have explored the
way to improve angiogenic responses by various strategies, including
delivering of VEGF, doping with strontium ions, and prevascularization
[50,52,53]. These efforts underscored the importance of early vascu-
larization. Therefore, the effect of CD301b" macrophages on early
vascularization is a meaningful topic to be addressed.

Many studies have demonstrated that Ca%* ions released from CaP
bioceramics contribute to modulate the biological behavior of macro-
phages [54-56]. Continuous release of Ca?" ions from CaP bioceramics
activates the Wnt/p-catenin pathway in macrophages through the
calcium-sensitive receptor CaSR, thus promoting the M2 macrophages
[56]. Another study also shows that Ca>" ions are involved in the reg-
ulatory effect of CaP bioceraics on macrophage polarization via upre-
gulating IxkBa [37]. Ca?" ion concentration varies in CaP bioceramics,
leading to distinct macrophage phenotypes [37,56]. Actually, our study
focused on the similar topic with previous findings, but a new
perspective was proposed. In addition, it is recognized that Ca®* jons
drove angiogenesis by recruiting multiple Ca®* ions-sensitive decorders
in response to pro-angiogenic cues [57]. Consistently, we found that BCP
bioceramics significantly upregulated the Ca?* ion-dependent signaling.
They activated the SOCE and CaN, which promoted angiogenesis via
mediating the infiltration of CD301b" macrophages and expression level
of VEGF. Compared with those around non-degradable CaP bioceramics,
both NFATcl and VEGF in macrophages around BCP bioceramics
showed more robust expressions. It verified the role of Ca®' ions
released from BCP bioceramics. In fact, both calcium cations and
phosphate anions were released from CaP bioceramics once degraded
[23]. However, less was known about the role phosphate ions in phys-
iological functions than that of Ca" ions [53]. It is reported that
phosphate ions regulate the differentiation and growth of skeleton cells
via the IGF1 and ERK1/2 pathways [58]. Besides, they inhibit osteoclast
differentiation and bone resorption via RANK-ligand and its receptor
signaling [54,59]. The relationship between phosphate ions and angio-
genesis needs to be elucidated in the future [23].

Local administration of CaN inhibitor mainly inhibited CaN of
CD301b™" macrophages for the fact that CD301b and CaN were widely
expressed and highly overlapped around CaP bioceramics, although we
did not specifically interfere with CaN of macrophages. Recently, CaN
has been found to participate in many biological behaviors through the
Ca?"-dependent signal transduction pathways [60]. In lung endothelial
cells, CaN/NFATcl signal axis is able to promote lung repair by regu-
lating the expression of thromboplastin-1 [61]. It controls myelin
clearance in Schwann cells by regulating autophagy, which is very
important for axon regeneration and remyelination after peripheral
nerve injury [62]. CaN is also essential to promote skeletal muscle
regeneration through regulating expression levels of muscle synthesis
genes MyoD, Myf5, and Myogenin [63,64]. CaN is also involved in
controlling T cell proliferation and subsequent adaptive immune
response by upregulating glycolysis and oxidative phosphorylation [32].
These findings underscored the vital role of CaN in a variety of different
regenerative environments. Our study elucidated the molecular mech-
anisms of CaN in promoting angiogenesis induced by the osteoinductive
CaP bioceramics. It may provide a potential target for regulating
angiogenesis and ultimately osteogenesis.

5. Conclusion

In our study, we highlighted the important role of CD301b" mac-
rophages in angiogenesis mediated by osteoinductive bioceramics. BCP
bioceramics released Ca2*, and activated CD301b™ macrophages. They
promoted angiogenesis through SOCE and CaN/NFATcl/VEGF
pathway. Furthermore, CaN inhibitor blocked the infiltration of
CD301b" macrophages. Finally, because the full integration of angio-
genesis with tissue engineering strategies would facilitate tissue regen-
eration, our identification of a role of CD301b" macrophages in
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angiogenesis of BCP bioceramics may have broad implications for the
future design of biomaterial-oriented tissue engineering.
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