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Abstract

Bone regeneration

Emerging evidence illustrates that osteoclasts (OCs) play diverse roles beyond bone resorption, contributing signifi-
cantly to bone formation and regeneration. Despite this, OCs remain mysterious cells, with aspects of their lifespan—
from origin, fusion, alterations in cellular characteristics, to functions—remaining incompletely understood. Recent
studies have identified that embryonic osteoclastogenesis is primarily driven by osteoclast precursors (OCPs) derived
from erythromyeloid progenitors (EMPs). These precursor cells subsequently fuse into OCs essential for normal bone
development and repair. Postnatally, hematopoietic stem cells (HSCs) become the primary source of OCs, gradually
replacing EMP-derived OCs and assuming functional roles in adulthood. The absence of OCs during bone develop-
ment results in bone structure malformation, including abnormal bone marrow cavity formation and shorter long
bones. Additionally, OCs are reported to have intimate interactions with blood vessels, influencing bone formation
and repair through angiogenesis regulation. Upon biomaterial implantation, activation of the innate immune system
ensues immediately. OCs, originating from macrophages, closely interact with the immune system. Furthermore, evi-
dence from material-induced bone formation events suggests that OCs are pivotal in these de novo bone formation
processes. Nevertheless, achieving a pure OC culture remains challenging, and interpreting OC functions in vivo faces
difficulties due to the presence of other multinucleated cells around bone-forming biomaterials. We here describe
the fusion characteristics of OCPs and summiarize reliable markers and morphological changes in OCs during their
fusion process, providing guidance for researchers in identifying OCs both in vitro and in vivo. This review focuses

on OC formation, characterization, and the roles of OCs beyond resorption in various bone pathophysiological pro-
cesses. Finally, therapeutic strategies targeting OCs are discussed.
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Background

Osteoclasts (OCs) are multinucleated cells that play a
pivotal role in maintaining bone homeostasis (Hattner
et al. 1965). Traditionally, OCs have been regarded as
monofunctional cells with the mere purpose of bone
resorption. However, an emerging body of evidence has
unveiled additional functionality of OCs, in bone tissue
also contributing toward anabolic physiological pro-
cesses (Faqeer et al. 2023; Hattner et al. 1965; Lotinun
et al. 2013; Oursler 1994; Xian et al. 2012; Xie et al. 2014).
These notable discoveries have attracted interest among
scientists, leading to a paradigm shift in the investigation
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on the role of OCs in bone formation, regeneration and
their potential applications.

During different stages of development, OCs arise from
distinct sources. In the embryonic period, EMP-derived
OCs predominate, but are gradually replaced by HSC-
derived osteoclast precursors (OCPs) through a het-
erogeneous fusion process (Jacome-Galarza et al. 2019;
Yahara et al. 2020). This heterogeneity is widely observed
both in vivo and in vitro (Levaot et al. 2015; Sge et al.
2015). Additionally, the complexity of OCs makes them
challenging to identify during osteoclastogenesis, as OCs
are not the only multinucleated cells and lack specific
markers in vivo(Miron et al. 2016), while pure OCs can-
not be reliably obtained under normal in vitro conditions
(Husch et al. 2021).

OCs play a crucial role throughout various stages of the
bone formation process, including cavity development
(Tosun et al. 2022), angiogenesis (Tosun et al. 2022; Xie
et al. 2014), and remodeling (Durdan et al. 2022). The
role of OCs in bone regeneration, such as fracture heal-
ing (Flick et al. 2003; Takeyama et al. 2014) and their
potential in osteoinductive effects (Gamblin et al. 2014;
Guo et al. 2021), has also attracted significant attention
in recent years. Moreover, as one of the most important
bone cell types, OCs play a crucial role in bone diseases.
As such, therapeutic strategies targeting OCs are cur-
rently under intensive investigation.

In the field of bone biology, OCs remain a subject of
ongoing research, with many questions still unanswered.
Understanding the complexities of OC biology is not only
essential for comprehending bone formation and devel-
opment but also has significant implications for bone
regeneration. This comprehensive review will gather
current evidence on the origin of OCs, the OC fusion
process, OC marker identification, and the pivotal roles
OCs play in bone formation and regeneration, providing
insights into their multifaceted contributions to skeletal
tissue dynamics. Finally, therapeutic strategies for utiliz-
ing OCs in bone formation and regeneration in bone dis-
eases are discussed.

The origin of osteoclasts

Origin of embryonic osteoclasts

As early as the 1970s, circulating mononuclear hemat-
opoietic cells were identified as the precursors of OCs
(Feng and Teitelbaum 2013; McDonald et al. 2021b).
Later on, the well-established phenomenon of hemat-
opoietic stem cell (HSC)-derived precursors fusing into
multinucleated OCs, induced by macrophage colony-
stimulating factor (M-CSF) and receptor activator of
NF-«B ligand (RANKL), has further confirmed the ori-
gin of OCs (Husch et al. 2021). However, OCPs from
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HSCs do not form the earliest OCs in embryos. Recent
studies (Jacome-Galarza et al. 2019; Yahara et al. 2020)
broadened the knowledge of the origin and timing of
OC occurrence. These studies indicate that erythromy-
eloid progenitors (EMPs) could also serve as a poten-
tial origin for tartrate-resistant acidic phosphatase
positive (TRAP +) multinucleated OCs. During embry-
onic days 15.5-16.5 (E15.5-16.5), TRAP+ multinu-
cleated OCs were identified in Myb —/— mutant mice
(Jacome-Galarza et al. 2019). The functional Myb gene
is required for murine fetal hematopoiesis (Mucenski
et al. 1991). Therefore, these TRAP + multinucleated
OCs identified in Myb —/—mutant mice are derived
from a source other than hematopoietic stem cells
(HSCs). Primitive yolk-sac macrophages can undergo
direct differentiation from EMPs in a Myb-independent
transcriptional activator manner (Gomez Perdiguero
et al. 2015). This observation implies that the earliest
occurrence of embryonic OCs originates from EMP-
derived precursors as early as E15.5—16.5. Furthermore,
the observation of TRAP + multinucleated OCs at E16.5
in mouse embryos, in which osteoclastic progenitors
derived from HSCs had been successfully eliminated,
further confirms the previous results (Jacome-Galarza
et al. 2019).

The precursor cells for monocytes/macrophages
are predominantly generated through three succes-
sive waves of hematopoiesis. A comprehensive review
of these three waves of hematopoiesis was provided
recently by Yasuhito et al.(Yahara et al. 2022). The early
and late EMPs emerge during the initial two yolk-sac
waves of hematopoietic process (Boisset and Robin
2012). In short, the first wave of hematopoiesis starts
around E7 within the blood island of the yolk sac.
Early EMPs, produced by hemogenic endothelium,
appear approximately between E7-7.5 and subsequently
undergo direct differentiation into colony-stimulating
factor 1 receptor (CSF1R)+ primitive yolk-sac mac-
rophages around E8.5, operating in a Myb-independent
transcriptional activator manner. The late EMPs, Myb-
dependent in their generation, arise from E8.25-E9 in
the yolk sac and migrate to the fetal liver, where they
transform into fetal liver monocytes. The final wave
of hematopoiesis, occurring around E10.5, involves
HSC precursor cells in the aorta-gonad-mesonephros
(AGM) region, rather than arising from EMPs. Subse-
quently, HSCs migrate and colonize to the nascent fetal
liver, mature and expand there, and finally colonize the
bone marrow. These HSC-derived precursors also give
rise to embryonic OCs and actively take part in the for-
mation of bone marrow cavity with EMP-derived OCs
around E17.5 (Jacome-Galarza et al. 2019) (Fig. 1).
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Fig. 1 Schematic representation of the origin of osteoclasts in different pre- and postnatal life periods. Early erythromyeloid progenitors (EMPs)
emerge at E7-7.5, giving rise to CSF1R+yolk sac macrophages. Late EMPs emerge at E8.25-9 and then migrate to the fetal liver and differentiate
into osteoclast precursors (OCPs). These OCPs migrate to primary ossification centers, creating space for the bone marrow cavity. HSCs emerge

at E10 eventually give rise to osteoclasts (OCs), participating in fetal bone marrow cavity formation together with EMP-derived OCs during neonatal
period. During this period, EMP-derived OCs acquire one nucleus at a time from HSC-derived cells, creating mixed-origin OCs. Eventually, OCs

from EMP and mixed origin are replaced by HSC-derived OCs

Origin of postnatal osteoclasts

Postnatally, HSCs gradually replace EMPs and play a
critical role in the hematopoietic system throughout
the rest of life (Jacome-Galarza et al. 2019; Yahara et al.
2020). The precursors of HSCs were observed in the yolk-
sac and intra-embryonic AGM region at E10.5 (Medvin-
sky et al. 1993; Miiller et al. 1994) (Fig. 1). Subsequently,
these multilineage potent HSCs can differentiate into
more lineage restricted progenitors and precursors, and
further give rise to erythroid, myeloid, and lymphoid
lineage mature cells, through a series of differentiational
processes (Seita and Weissman 2010; Sun et al. 2021).

In the classical model of hematopoietic differentia-
tion hierarchy, HSCs initiate the cascade by giving rise
to multipotent progenitors (MPPs), which possess vari-
able differentiation potential but lack self-renewal abil-
ity (Christensen and Weissman 2001). Progressing along
the hierarchy, these MPPs undergo further differentiation

into oligopotent progenitors, including common lym-
phoid progenitors (CLPs) (Serwold et al. 2009) and com-
mon myeloid progenitors (CMPs) (Akashi et al. 2000).
Within the myeloid lineage, CMPs branch into megakar-
yocyte—erythrocyte progenitors (MEPs) (Nakorn et al.
2003) and granulocyte-monocyte progenitors (GMPs)
(Pronk et al. 2007). Notably, GMPs, classified as oligo-
potent progenitors, subsequently undergo differentiation
into mature cell types, such as granulocytes and mono-
cytes (Pronk et al. 2007; Seita and Weissman 2010). These
OCPs will migrate to bone resorption sites via the blood-
stream, and there undergo fusion into OCs upon stimula-
tion with M-CSF and RANKL produced by mesenchymal
cells like osteoblasts (OBs) and osteocytes (Tsukasaki and
Takayanagi 2019).

OC formation in adults can also arise from vari-
ous other sources. Several studies have proposed that
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dendritic cells (DCs) can give rise to OCs in vitro in
the presence of M-CSF and RANKL (Olsson et al.
2006), as well as under pathological conditions (Rivol-
lier et al. 2004; Wakkach et al. 2008). However, there is
no observed reduction in OC formation in the absence
of DCs in mice. This suggests that DCs may not play a
contributory role in the process of OC formation under
normal physiological conditions (Kurotaki et al. 2019,
2014). A recent investigation into the stepwise cell fate
decision-making during osteoclastogenesis, employing
single-cell RNA sequencing (scRNA-seq), revealed the
transient existence of CD11c-positive DC-like cells dif-
ferentiated from the same murine bone marrow cells
as OCs. Moreover, the same researchers used CD11c-
Cre to delete the RANK gene, leading to RANK deple-
tion in DCs and observed a substantial reduction in
OC formation both in vitro and in vivo (Tsukasaki et al.
2020). These results suggest that the monocyte-origin
hypothesis and the DC-origin hypothesis are not mutu-
ally exclusive, as DC-like cells share the same origin
as OCs, and that DC can be a transitional state during
osteoclastogenesis. This also explains why, under nor-
mal physiological conditions, the absence of DCs does
not affect the formation of OCs.

Moreover, under continuous soluble-RANKL stimula-
tion, OCs undergo fission, dividing into motile smaller
daughter cells known as osteomorphs (McDonald et al.
2021a). scRNA-seq analysis revealed that osteomorphs
exhibit a distinct genetic profile compared to OCs and
macrophages. These daughter cells have the capability to
undergo fusion either with multinucleated OCs or among
themselves, thereby recreating new functional OCs. This
suggests that osteomorphs could serve as a source of
OCs.

Furthermore, tissue-specific macrophages (Gomez
Perdiguero et al. 2015) can contribute to OC formation.
Interestingly, these tissue-specific macrophages are ini-
tially derived from yolk sac EMPs, migrate to different
tissues where they differentiate into macrophages during
embryonic development, and are later replaced by HSC-
derived cells (Gomez Perdiguero et al. 2015). It has also
been reported that other cells, such as pro- and pre-B
lymphocytes (Khass et al. 2019; Manabe et al. 2001), and
embryonic stem cells (Nishikawa et al. 2014), can differ-
entiate into OCs. However, these latter cell types are not
considered as a major source for OC generation under
normal physiological or pathological conditions.

Mixed origin osteoclasts

In the neonatal period, OCs nuclei can originate from
both EMPs and HSCs. Following the third wave of
hematopoiesis, HSCs gradually replace EMPs as the pri-
mary source of OCs (Yahara et al. 2022). By generating
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CSf] rcre;Rosa26LSL—YFP and CSfl r,cre;Rosa26LSL—thamato
mice, YFP and tdTomato fluorescence can specifically
label cells expressing CsfIr, including OCPs such as mac-
rophages. Conducting a time-course parabiosis experi-
ment and surgically connecting these mice for 4-8 weeks
of blood sharing (Jacome-Galarza et al. 2019), all the OCs
in both parabionts co-express YFP and tdTomato. This
suggests that EMP-derived OCs can acquire OCPs from
both partners through blood circulation. During this
period, OCPs in circulation originate from HSCs, imply-
ing that OCs in this specific timeframe are derived from
both EMPs and HSCs (Fig. 1).

Cell fusion based on heterogeneity

In the process of OC formation, OCPs form into multi-
nucleated and giant OCs by cell fusion. This intricate
fusion process involves sequential events: (1) cell attrac-
tion/migration, (2) recognition of fusion partners, (3)
cell-cell adhesion, and (4) fusion of plasma membranes
(Fig. 2). The success of OC fusion depends on the heter-
ogeneity of the fusion partners, including differences in
nucleus number, mobility, and the expression of particu-
lar surface proteins.

A small subset of OCPs known as "fusion founders,"
have been identified as capable of fusing with “followers,’
with only 2.4% of OCPs acting as initiators of cell fusion
(Levaot et al. 2015). It was also observed that nearly 70%
of multinucleated OCs fused with mononucleated OCPs
in OC culture, indicating a preference for more mature
OCs to fuse with a less mature pre-OC. Additionally, 62%
of fusion events occurred between mobile and immobile
partners (Soe et al. 2015). Typically, smaller cells exhibit
greater mobility compared to larger multinucleated
cells (Fig. 2A). In neonatal period, OCs also fuse with
the mononucleated OCPs to sustain their maintenance
(Jacome-Galarza et al. 2019). Quiescent OCPs, lacking
proliferation potential, play an essential role in OC pre-
cursors fusion and OC maturation. Studies conducted
both in vivo and in vitro indicate that the presence of qui-
escent OCPs may enhance OC formation (Lee et al. 2015;
Takahashi et al. 2010).

The fusion of OCPs is a complex process that entails
the engagement of various cell surface receptors. Den-
dritic cell-specific transmembrane protein (DC-STAMP)
is a 53 kDa cell surface protein that has 7 transmem-
brane regions (Chiu et al. 2012). Its primary expression
is observed in cells of the monocyte/macrophage line-
age, including myeloid dendritic cells (Hartgers et al.
2000). Recognized as a master regulator in the osteoclas-
togenesis process, DC-STAMP plays a pivotal role in the
fusion of mononucleated OCPs, leading to the forma-
tion of multinucleated OCs (Chiu and Ritchlin 2016).
It was found that fusion partners of OCPs demonstrate
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Fig. 2 Schematic representation of the fusion modes that form OCs. A. Mononucleated cell fuse with multinucleated cells. Cells with fewer nuclei
are less mature and exhibit greater mobility compared to larger multinucleated cells. B. Mononucleated cell fuse with mononucleated cells.
Transmembrane protein CD47 is predominantly expressed by small OCPs or OCs with few nuclei. C. Multinucleated cells fuse with multinucleated
cells. In the later stages of OC differentiation, fusion between multinucleated cells are regulated by transmembrane protein Syncytin-1. D. Fusion
of OCPs demonstrates a heterogeneous profile for DC-STAMP. Fusion occurrs between DC-STAMP' cells and DC-STAMP cells

a heterogeneous profile for DC-STAMP (Mensah et al.
2010). Mononuclear OCPs expressing low levels of
exhibited the “master fusogenic” phenotype, and cell
fusion exclusively occurred between DC-STAMP® cells
and DC-STAMP" cells (Mensah et al. 2010) (Fig. 2D).

Furthermore, CD47, also referred to as integrin-associ-
ated protein, has been identified in association with inte-
grin avp3 (Brown and Frazier 2001). The heterogeneity in
CD47 expression contributes to OC fusion. CD47 is pre-
dominantly expressed by small OCPs or OCs containing
few nuclei (Hobolt-Pedersen et al. 2014; Maile et al. 2011)
(Fig. 2B). As OCs mature and nuclei increase, the expres-
sion of CD47 decreases, suggesting a role for CD47 in
promoting the early cell fusion of mononucleated OCPs
(Mgller et al. 2017).

Another relevant cell-cell fusion protein is syncytin,
which is a captive retroviral envelope protein, possibly
involved in the formation of the placental syncytio-
trophoblast layer generated by trophoblast cell fusion
at the maternal—fetal interface (Gong et al. 2005).
Syncytin-1 and its receptor amino acid transporter 2

(ASCT?2) are expressed by OCs (Soe et al. 2011) and
involved in OCPs fusion (Mgller et al. 2017). Interest-
ingly, CD47 and Syncytin-1 play distinct roles in dif-
ferent stages of OC differentiation. CD47 primarily
influences the fusion of mononucleated cells or cells
with few nuclei during the early stages of OC differenti-
ation. In contrast, Syncytin-1 predominantly affects the
fusion of multinucleated cells (more than 2 nuclei) dur-
ing the later stages of OC differentiation while inhib-
iting the fusion of mononucleated OCP cells (Moller
et al. 2017) (Fig. 2C).

Moreover, the molecular mechanism of OCs fusion
involves interactions among various cellular and
molecular factors. In addition to the factors mentioned
above, OC-STAMP (Khan et al. 2013), ATP6v0d2 (Lee
et al. 2006), protocadherin-7 (Nakamura et al. 2014),
E-cadherin (Fiorino and Harrison 2016), CD9 (Ishii
et al. 2006), and CD109 (Wang et al. 2013) are involved
in OC fusion during OC differentiation. However, the
association between OC fusion and heterogeneity of
these factors remains unclear.
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Cellular characteristics change

during the transition from precursor to osteoclast
The transition from precursor cells to OCs is a dynamic
process characterized by cellular phenotypic/morpho-
logical changes. This section provides an overview of the
cellular characteristics that undergo alterations during
the transition from monocytes/macrophages to OCs in
a chronological sequence, focusing mainly on morphol-
ogy and key markers associated with osteoclastogenesis.
To clarify the concept, only markers expressed within
the macrophage lineage are considered here (Table 1).
However, no specific protein markers are exclusively
expressed on pre-OCs in the monocytes-OC axis. All
markers expressed on pre-OCs are also expressed on
OCs, often with stronger signals. After OC matura-
tion, specific characteristics gradually emerge. It should
be noted that no single marker is capable of identifying
OCs, and there is also not any single marker specifically
expressed by OCs. Consequently, we recommend that
when identifying OCs in vivo, it is necessary to use at
least two OC markers or consider the cell environment
(e.g. bone surface) for accurate determination.

Monocytes/macrophages

CD14

CD14 is primarily expressed and produced by mono-
cytes/macrophages, making it a reliable marker for these
cells (Ziegler-Heitbrock and Ulevitch 1993). However,
CD14 undergoes down-regulation during the differen-
tiation of macrophages into pre-OCs (Takeshita et al.

Table 1 The change of cellular characteristics during the
transition from precursor to OC

Cell Surface Marker Monocytes/ Pre-OCs Mature OCs
Macrophages
Multinuclearity

CcD14 ++

CcD47 ++

CD68 ++

F4/80 ++

CD44 + ++

RANK + ++

OSCAR + ++

TRAP + ++

CTR + ++

CAll + ++

CTSK ++

MMP-9 ++

Integrin 33/CD61 ++
ATPEVOD1 ++

For table purposes, +: expressed in cell-type: + +: highly expressed in cell-type
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2000). Consequently, CD14 is widely used in the field of
depicting the conversion process from monocytes/mac-
rophages to OCs (Husch et al. 2021).

CD47

CD47, a transmembrane protein, plays a pivotal role in
regulating diverse cellular functions such as apoptosis,
proliferation, adhesion, and migration (Cham et al. 2020;
Hayat et al. 2020; Sick et al. 2012; Soto-Pantoja et al.
2015). It is reported that CD47 primarily express in small
OCs and mononucleated pre-OCs, and decreased in the
process of fusion (Hobolt-Pedersen et al. 2014; Mgller
et al. 2017), and play an important role in promoting
OC formation both in vivo and in vitro (Lundberg et al.
2007; Moller et al. 2017). It is worth noting that CD47 is
expressed on the pre-OCs situated on collagen, rather
than on mineral surfaces (Soe et al. 2019).

F4/80

F4/80 is a well-established marker for macrophages in
murine tissue (Dos Anjos Cassado, 2017). Upon differen-
tiation of myeloid-lineage cells into macrophages, F4/80
is synchronously expressed (Deng et al. 2022). However,
it is worth noting that F4/80 is rapidly down-regulated in
the early stages of osteoclastogenesis and is not typically
expressed as a marker for OCs (Lean et al. 2000).

Pre-OCs

CD44

CD44 serves as a cell surface receptor expressed on
numerous cells, playing a pivotal role in regulating
cell adhesion and migration (Senbanjo and Chellaiah
2017; Sterling et al. 1998). CD44 is widely reported to
be expressed on the surfaces of OCPs and OCs (Kania
et al. 1997; Samanna et al. 2007). Its expression on OCPs
is upregulated during their transition to OCs (Li et al.
2015). In vitro, utilizing a CD44 antibody on OCPs inhib-
its the formation of OCs in a dose- and time-dependent
manner (Kania et al. 1997). In vivo, deficiency in CD44
results in the impaired function of OCs (Li et al. 2015).
Additionally, there are reports of CD44 expression on
multinucleated giant cells (MNGCs) (Bonnema et al
2003; McFarlane and Revell 2004).

Receptor activator of nuclear factor kappa-B (RANK)

RANK is a transmembrane signaling receptor
expressed on the surface of hematopoietic cells. It
serves as a key regulator in osteoclastogenesis and OC
activities through the RANK/RANKL pathway (Boyle
et al. 2003). Subtypes of CD14 + peripheral blood mon-
onuclear cells (PBMNCs) with high levels of RANK
expression give rise to OCs in roughly double the num-
bers compared to their counterparts with middle or low
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expression levels (Atkins et al. 2006). Even after OC
formation, RANK continues to regulate OC maturation
and activation by inducing actin ring formation, ulti-
mately resulting in increased osteoclastic bone resorp-
tion (Boyce and Xing 2008). However, RANK is not
expressed on MNGCs (McNally and Anderson 2011).
Consequently, RANK could be used to distinguish pre-
OCs and OCs from MNGCs.

Osteoclast-associated receptor (OSCAR)

OSCAR belongs to the family of leukocyte receptor com-
plex proteins, primarily associated with OCs and plays a
significant role in OC differentiation and function (Kim
et al. 2002). It was firstly discovered on the surface of
murine pre-OCs and mature OCs, with no expression
detected on macrophages or dendritic cells (Kim et al.
2002). However, OSCAR is not only expressed on human
OCs, but also in other cell types like monocytes/mac-
rophages and dendritic cells (Merck et al. 2004). There-
fore, OSCAR could be used as a marker to identify and
characterize OCs in specific biological contexts.

Tartrate-resistant acid phosphatase (TRAP)

TRAP is a well-known histochemical marker expressed
by OCs, which is mainly localized within the ruffled bor-
der area and secreted during bone resorption (Ljusberg
et al. 2005). Consequently, TRAP represents an impor-
tant marker for bone-resorbing OCs maturity and func-
tionality. However, some reports indicate that TRAP
expression appears to be largely independent of resorp-
tion (Rucci et al. 2019; Susa et al. 2004). TRAP expression
can also be detected in immature dendritic cells (Hay-
man et al. 2001) and mononuclear pre-OCs (Xie et al.
2014), meaning that TRAP is not exclusively expressed by
mature OCs. Interestingly, MNGCs with the inability of
biomaterial resorption also express TRAP at a low level
(Barbeck et al. 2016). This observation adds a layer of
complexity to the interpretation of TRAP expression by
cells, especially in the context of identifying OCs in vivo.
Other conditions for identifying OCs, such as bone envi-
ronments, need to be integrated. However, TRAP is a
reliable marker for OCs cultured in vitro. The expression
of the TRAP gene is notably strong in mature OCs and
relatively weaker in mononucleated pre-OCs, whereas
bone marrow macrophages do not exhibit expression of
these genes (Takeshita et al. 2000). It is widely acknowl-
edged that TRAP staining tends to be positive primar-
ily after the conversion of monocytes/macrophages into
mononucleated pre-OCs and multinucleated mature
OCs (Boyle et al. 2003; Takeshita et al. 2000; Zhu et al.,
2018).
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Calcitonin receptor (CTR)

CTR, a G-protein-coupled receptor, regulates OC activ-
ity through its binding to calcitonin (Dacquin et al. 2004).
Acting as a specific marker, CTR aids in distinguishing
OCs from the diverse cell populations generated during
osteoclastogenesis. Its exclusive expression on pre-OCs
and OCs makes CTR one of the most reliable markers
for distinguishing OCs from macrophages and their pol-
ykaryons in mammals (Lee et al. 1995; Quinn et al. 1999).
However, CTR is not expressed in avian OCs (Nicholson
et al. 1987). Additionally, CTR may also be expressed on
the other cell in bone environment such as chondrocytes
(Sondergaard et al. 2010) and osteocytes (Gooi et al.
2010).

Carbonic anhydrase Il (CAll)

CAII is an enzyme belonging to the carbonic anhydrase
family, and it plays a crucial role in OC activity by par-
ticipating in the acidification of the resorption lacunae
(David et al. 2001). Immunohistochemical staining has
demonstrated strong CAII expression in OCs, while
foreign body giant cells, peritoneal macrophages, lung
macrophages, and cultured peripheral monocytes have
shown negative staining (Sundquist et al. 1987). Another
study supports this by showing that the CAII gene is
strongly expressed in mature OCs and weakly expressed
in pre-OCs, while it is not expressed in monocytes/mac-
rophages (Takeshita et al. 2000). Specifically, gene expres-
sion of CAII is up-regulated in OCs when they begin to
resorb bone (Asotra et al. 1994), which is consistent with
the observation that CAII is only expressed in OCs and is
involved in their acidification activity (David et al. 2001;
Sundquist et al. 1987). Consequently, CAII can serve as a
reliable OC marker in the process of osteoclastogenesis.

0Cs

Multinuclearity

Multinuclearity emerges as a prominent phenomenon
and can be easily observed during the conversion of
OCPs into OCs (Husch et al. 2021). In vitro induction
of OC formation using osteoclastic formation cytokines,
i.e. M-CSF and RANKIL, can lead to the development of
OCs with dozens of nuclei, possibly influenced by differ-
ences in substrate composition compared to living bone
(Jain and Weinstein 2009). It is noteworthy that multinu-
clearity is not exclusive to OCs; foreign body giant cells
and Langerhans giant cells also exhibit this characteristic
(Ahmadzadeh et al. 2022).

Cathepsin K (CTSK)
CTSK is secreted by OCs to facilitate type I collagen
degradation during the bone resorption process (Wilson
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et al. 2009). It is a highly expressed marker in the late
stages of osteoclastogenesis, corresponding to the forma-
tion and resorption functioning of mature OCs (Drake
et al. 1996). However, it is worth noting that the expres-
sion of CTSK, even in conjunction with TRAP expression
on the same cell, does not always indicate the presence
of OCs. It can also be a expressed in MNGCs (Park et al.
2013) and in osteocytes during lactation (Qing et al
2012). Nevertheless, the presence of CTSK is minimal
within MNGCs (Khan et al. 2014).

Matrix metalloproteinase 9 (MMP-9)

MMP-9, also known as matricin, is a protein secreted by
highly activated OCs that plays a role in the breakdown
of the extracellular matrix (Grassi et al. 2004), as well as
OC migration (Samanna et al. 2007). MMP9 has been
observed to have weak expression on monocytes/mac-
rophages, with its expression increasing as OCPs develop
into mature bone resorbing OCs (Kusano et al. 1998).
However, MMP-9 cannot serve as a specific marker for
OCs, as it is also expressed by numerous other cell types,
including neutrophils, macrophages, fibroblasts, and
breast cancer cells (Yabluchanskiy et al. 2013; Yousef
et al. 2014). Therefore, MMP9 serves more like an indica-
tor for assessing the functionality of OC resorption.

Integrin 33

Integrins are transmembrane proteins that play a cru-
cial role in cell-cell and cell-extracellular matrix (ECM)
adhesion (Hynes 2002). Mature OCs express four differ-
ent integrin dimers: avp3 (Deng et al. 2021), a2p1 (Hel-
frich et al. 1996; Rucci and Teti 2016), avpl (Helfrich
et al. 1996), and a9pf1 (Rao et al. 2006). Upon exposure
of OCPs to RANKL and the initiation of the biological
cascade of osteoclastogenesis, integrins avp5, as well as
avp2 (also known as CD51/18), expressed on bone mar-
row macrophages or their polykaryons, disappear and
are replaced by avp3 (also known as CD51/61), which is
highly expressed on OCs (Deng et al. 2021; McHugh et al.
2000; Zhang et al. 2022). Therefore, integrin 3 could be
considered as a reliable marker for identifying OCs.

ATP6VOD1

Vacuolar ATPase (V-ATPase) is a giant molecule pre-
sent in the plasma membrane of a wide range of cells,
including kidney intercalated cells, OCs, macrophages,
neutrophils, sperm, and certain tumor cells (Izumi et al.
2003). V-ATPase has two main parts: the extracellular V1
domain and the membrane-bound VO domain. Moreo-
ver, Subunit d in the VO domain has two isoforms, D1
and D2 (Qin et al. 2012). ATP6VO0D1, also known as vac-
uolar-type proton pump-3 (Vpp3), can be used as a reli-
able OC marker in vivo within the bone environment and
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is undetectable in circulating cells in the bone marrow
cavity (Romeo et al. 2019).

Osteoclast function in bone formation

The role of osteoclasts in bone marrow cavity formation
Bone formation in embryonic skeletal development
occurs via either intramembranous or endochondral
ossification. Endochondral ossification, characterized by
an intermediate cartilage stage, serves as the predomi-
nant process in embryonic skeletal development (Sal-
hotra et al. 2020). The bone marrow plays a central role
in the processes of hematopoiesis and immune system
regulation (Muguruma et al. 2006). After the invasion of
vessels into the cartilage, OCPs enter the central region
of hypertrophic cartilage through the bloodstream, sub-
sequently fusing into OCs and contributing to the forma-
tion of the bone marrow cavity by removing hypertrophic
chondrocytes and resorbing the calcified cartilage matrix
(Salhotra et al. 2020; Sivaraj and Adams 2016). In Rank-
deficient mice, OCs were shown to be eliminated, while
monocytes/macrophages within the bone marrow cavity
were significantly increased. In Pu.1-deficient mice, both
OCs and monocytes/macrophages were deleted. Both
types of deficient mice exhibited a delayed formation of
bone marrow cavities, accompanied by an extension of
the hypertrophic chondrocyte zone (Tosun et al. 2022).
This suggests that OCs, rather than macrophages, play
a crucial role in cartilage resorption and the creation of
these cavities. Although, the formation of bone marrow
cavities was delayed, they still formed despite the absence
of OCs. This suggests that OCs are not a prerequisite but
play a partial role in the formation of bone marrow cavi-
ties (Tosun et al. 2022). However, The studies conducted
by Jacome-Galarza et al. (Jacome-Galarza et al. 2019)
showed that the OCs seems indispensable in bone mar-
row cavity formation. They generated Tifrsf11a”Csf1r"
/" mice, which lack EMP-derived macrophages while
leaving HSCs and blood cells unaffected. Consequently,
these mice were characterized by a lack of EMP-derived
embryonic OCs, while HSC-derived OCs will emerged
in their later life. They found that these mice exhibited a
severe osteopetrotic phenotype in early stage, including
initially lack of bone marrow formation (Jacome-Galarza
et al. 2019). Nonetheless, OCs are not always the cells for
cartilage resorption. Endothelial cells (ECs) in H-type
vessels have been reported to secret MMP-9, which
resorb growth plate cartilage, leading to directional
bone growth (Romeo et al. 2019). However, the authors
overlooked the differentiation between OCs and chon-
droclasts, but uniformly considered these cells as OCs.
Beyond the substrate disparity, there are few distinc-
tions between OCs and chondroclasts in terms of cellular
structure and behavior, leading many to consider these
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two cell types as essentially the same (Odgren et al. 2016).
However, using comparative transcriptomics analysis,
differential molecular profiles of the two cell types were
established (Khan et al. 2020). Moreover, postnatally,
osteopetrosis manifests with an OC-poor phenotype
that displays reduced marrow cavity formation (Wu et al.
2017). This also suggests a role of OCs in bone marrow
cavity maintenance.

The role of osteoclasts in angiogenesis

From the earliest stages of embryonic bone develop-
ment, the process of osteogenesis remains complicat-
edly coupled with angiogenesis, extending throughout
the entirety of lifelong bone remodeling (Sivaraj and
Adams 2016). Interestingly, emerging evidence has
shown that OCs have an intimate relationship with ECs
and angiogenesis. Results from an in vitro study have
demonstrated that conditioned medium from human OC
cultures stimulates blood vessels formation (Tanaka et al.
2007). However, macrophages are also proven to pos-
sess pro-angiogenic characteristics (White et al. 2004).
The findings of this study remain inconclusive because
the heterogeneous OC culture still contains a significant
number of macrophages. It is reported that using osteo-
protegerin (OPG) to suppress osteoclastogenesis in vivo
results in a dose-dependent inhibition of angiogenesis,
implying that OCs play a role in promoting angiogen-
esis (Cackowski et al. 2010). Conversely, induction of
osteoclastogenesis through RANKL led to an increase
in calvarial vessel density (Cackowski et al. 2010). Sev-
eral studies have indicated that angiogenesis stimulation
during osteogenesis and fracture repair is mainly caused
by OC-secreted matrix MMP-9 (Cackowski et al. 2010;
Colnot et al. 2003; Isowa et al. 2010). Furthermore, OCs
safeguard neighboring ECs from senescence by secreting
angiogenin (ANG), thereby preserving their proliferative
activity (Liu et al. 2021).

The intimate relationship between angiogenesis and
osteogenesis is highlighted by the existence of a spe-
cific vessel type known as H-type vessels, which play a
crucial role in coupling these processes (Kusumbe et al.
2014). Remarkably, H-type vessels are predominantly
located in the rapidly growing bone region, named met-
aphysis, and play a pivotal role in coupling of angiogen-
esis to osteogenesis (Peng et al. 2020; Xie et al. 2014). A
specific OC subsets, called vessel-associated OCs, reside
in the bulge and arch structures of H -type capillar-
ies (Romeo et al. 2019). These OC subsets are reported
playing a role of regulating anastomoses of H-type ves-
sels (Romeo et al. 2019). The ECs on H-type vessels,
instead of OCs, are responsible for secreting MMP-9
and resorbing cartilage to lead directional bone growth.
Importantly, disrupting the orientation of H-type vessels
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by misdirecting them results in contorted bone shape
(Romeo et al. 2019). Moreover, The expression levels of
significant osteoclastogenic factors, such as CSF1, Il-1a,
and TNFRSF11a, were markedly elevated in H-type ves-
sel ECs, and endothelial specific loss of Tnfsfl1la reduced
the OC numbers (Romeo et al. 2019). These suggest that
OCs and H-type vessels are indispensable for each other.
Furthermore, pre-OCs, defined as TRAP + mononuclear
cells, were reported to have the capacity of producing
platelet-derived growth factor-BB (PDGEF-BB) to induce
the formation of H-type vessels (Xie et al. 2014). The
pro-angiogenic factors triggered by OCs, such as vas-
cular endothelial growth factors (VEGFs) released from
the bone matrix by OCs, are recognized for their pivotal
roles in both ECs (Bergers et al. 2000; Olsson et al. 2006)
and OC function (Engsig et al. 2000; Olsson et al. 2006).
The inhibition of VEGF has been observed to impede OC
invasion into hypertrophic cartilage, indicating the sig-
nificance of VEGF in OC invasion activities and normal
bone development (Engsig et al. 2000).

Endochondral angiogenesis is known to start with
blood vessel invasion primarily stimulated by the hyper-
trophic chondrocytes. OCs are conventionally consid-
ered to initiate their essential functions only after their
precursors had migrated to the primary ossification
center through circulation (Salhotra et al. 2020; Sivaraj
and Adams 2016). Notably, observing from the results of
Emcn immunostaining, OC-deficient mice exhibited a
postponed vascular invasion during endochondral ossifi-
cation (Tosun et al. 2022). This suggests a collaborative
effort of hypertrophic chondrocytes and OCs on the ini-
tial blood invasion stage. However, OCs alone lack the
capability to induce angiogenesis in endochondral ossifi-
cation. A Csf-1 mutation in mice causes severe OC-poor
osteopetrosis, showing absence of both tooth eruption
and invading vessels (Dobbins et al. 2002; Jacome-Galarza
et al. 2019). Systemic intraperitoneal injections of CSF-1
from birth in Csf-1 mutation mice restored the functional
OC population, teeth eruption and decreased the bone
density, but failed to restore vessel invasion (lizuka et al.
1992; Marks et al. 1997). It seems likely that OCs can pro-
mote angiogenesis rather than initiate the vascularization
process during embryonic bone development.

The role of osteoclasts in bone remodeling

Bone remodeling is a continuous and dynamic pro-
cess throughout life, which orchestrates OCs to resorb
and OBs to form bone in a spatiotemporal manner to
replace old bone, maintain bone homeostasis, repair
micro-bone damage, and adjust bone strength to physi-
cal requirements (Durdan et al. 2022). Once the balance
between OCs and OBs is broken, either osteoporosis or
osteopetrosis will occur, resulting in low bone quality.
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Interestingly, bone resorption is decreased in OC-rich
osteopetrosis, yet formation is increased (Thudium et al.
2014), while bone resorption and formation activities are
both decreased in OC-poor osteopetrosis. In these cases,
OCs seem to have a pro-osteogenic effect on OBs and
their precursor cells.

Reversal cells (RCs), a population of osteoblast lineage
cells, appear as elongated cells with flattened nuclei on
the bone surface (Abdelgawad et al. 2016). At the early
stages of bone remodeling, these cells surprisingly sup-
port the OC resorption activity by secreting MMP13
(Andersen et al. 2004) (Fig. 3A). Later, this group of cells
switches into a pro-osteogenic phenotype in the reversal
phase, which is the key step to transition bone resorp-
tion to formation in the bone remodeling process (Las-
sen et al. 2017). The initiation of this process is reported
to have a high relevance to the density of RCs. When
at least 75% of the eroded surface is covered by RCs,
sequential osteogenesis will be initiated (Jensen et al.
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2015, 2012). OCs play the key role in driving RC expan-
sion to increase their cell density and switching pro-
resorption RCs to a pro-osteogenic phenotype to initiate
the bone-forming reversal phase (Fig. 3B). One potential
mechanism behind this could be that when OCs resorb
bone, immobilized factors such as transforming growth
factor-p (TGF-P) (Oursler 1994) and insulin-like growth
factor 1 (IGF1) (Xian et al. 2012) are released from the
bone matrix. These factors are proven to induce mesen-
chymal stem cell (MSC) migration and osteogenic dif-
ferentiation (Oursler 1994; Xian et al. 2012). 97% of the
RCs have been shown to be positive for the OB marker
RUNX2 (Andersen et al. 2013). Further study indicated
that these RCs could differentiate into bone-forming OBs
during the reversal phase (Ichida et al. 2011; Nakashima
et al. 2002). Interestingly, several OC-mediated resorp-
tion waves were observed in the bone remodeling process
(Lassen et al. 2017). This suggests that after colonization
of the eroded surface by RCs, OCs reappear and mix with
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Fig. 3 Schematic representation of the bone remodeling process in the basic multicellular unit (BMU). A. OCPs from the bloodstream circulation
come to the bone surface and initiate resorption activity, causing bone marrow envelop cells (BECs) to lift up and form a BMU. B. OCs move forward,
initiating the bone-forming process by passively releasing bone matrix-derived factors and actively releasing soluble factors and/or EVs. Through
these mechanisms, OCs stimulate OB lineage cell migration and induce angiogenesis, finally promoting bone formation. Among these processes,
the most important step is OCs stimulating the expansion of reversal cells (RCs), leading to an increase in the density of RCs. Then, the reversal

cells transition from the pro-resorption phase to the pro-osteogenic phase, initiating osteoblastogenesis. C. Several waves of resorption occur
during bone remodeling, with OCs reappearing on the bone surface, mixing with RCs and OBs, and interacting with them via membrane-binding

proteins. D. Bone remodeling is completed
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RCs, casting their impact on increasing the RC popula-
tion and osteogenic stimulation, and stopping resorption
until reaching the threshold for initiating osteogenesis
process (Lassen et al. 2017).

Most schematic drawings depict bone remodeling as
a series of distinct steps (i.e. resorption, reversal phase,
bone formation Charles and Aliprantis 2014; Durdan
et al. 2022; McDonald et al. 2021b; Sun et al. 2021). In
reality, the steps in the processes of bone resorption and
formation occur likely with no strict start and ending,
but smoothly transitioning into one another. Moreover,
these processes are characterized with several overlap-
ping resorption and formation waves, allowing OCs and
OBs to co-localize (Lassen et al. 2017). As a result, pro-
teins on the membranes of involved cell types can inter-
act, activating various signaling pathways (Fig. 3C). For
instance, Ephrin B2 (EFNB2) on OCs can bind to EFNB4
on OBs. Activating this Ephrin signaling pathway can
either suppress OC differentiation (via reverse signaling)
or promote OB differentiation while preventing its apop-
tosis (via forward signaling) (Tonna et al. 2014). Moreo-
ver, FAS Ligand (FASL)-FAS (Wang et al. 2015) and
Semaphorin 3A (SEMA3A)-NRP1 (Hayashi et al. 2012)
between OCs and OBs are also critical bidirectional com-
munication molecules acting on signaling pathways to
regulate OC and OB activities.

The mostly investigated coupling factors are those
secreted by OCs (Fig. 3B, C), such as, Semaphorin
4D (SEMA4D) (Negishi-Koga et al. 2011), Cardiotro-
phin-1 (CT-1) (Walker et al. 2008), Sphingosine 1 Phos-
phate (S1P) (Lotinun et al. 2013), Collagen Triple Helix
Repeat Containing 1(CTHRC1) (Takeshita et al. 2013),
and Complement Component Ca (C3a) (Matsuoka et al.
2014). Moreover, OCs can secrete extracellular vesicles
(EVs) such as exosomes (Ikebuchi et al. 2018), microvesi-
cles (Sun et al. 2021), and apoptotic bodies (Ma et al.
2021), which contain soluble factors or microRNAs cargo
targeted towards nearby or more distant OBs. These
interactions between OCs and OBs have been extensively
reviewed (Charles and Aliprantis 2014; Durdan et al.
2022; McDonald et al. 2021b; Sun et al. 2021). Recently,
our team revealed that mature OCs secrete EVs as a pro-
tein cargo to promote osteogenic differentiation of MSCs
in vitro and further validated the bone-forming efficacy
of OCs and their secreted EVs in mouse tibial bone
defects. By employing proteomic and functional analysis,
we demonstrated that thrombin-cleaved phosphoprotein
1 (SPP1) in OC-secreted EVs is particularly responsible
for initiating the differentiation of MSCs into OBs by
activating signaling pathways involving TGFB1 and Smad
family member 3 (SMAD3) (Faqeer et al. 2023). All the
evidence mentioned above provides insight into the role
of OCs in promoting bone formation.
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In summary, OCs precede the appearance of OBs in the
bone remodeling process (Fig. 3A, B). Moreover, OCs ini-
tiate the bone remodeling process and play a critical role
in the subsequent bone-forming phase. This OC-medi-
ated bone-forming process explains why bone formation
occurs in a site-specific manner, achieving spatiotempo-
ral coupling of resorption to bone formation. Given the
fact that OCs also precede bone formation in material-
induced bone regeneration (Guo et al. 2021), OCs could
play a similar role as it in bone remodeling process.

Osteoclasts in bone regeneration

The role of osteoclasts in bone fracture repair

Bone fracture healing constitutes a multifaceted process
requiring the orchestrated interplay of diverse cascades,
often marked by the sequential occurrence of four over-
lapping phases: inflammation, revascularization after
destruction of vessels, bone formation and continuous
bone remodeling (Claes et al. 2012). Both increased OB
and OC activities are required in this healing process
as rapid bone formation, as well as bone remodeling
and callus resorption is needed (Zhang et al. 2023a). In
primary bone healing, OCs bridge the two sides of the
fractures by forming tunnels called cutting cones that
facilitate the in-growth of blood vessels. This, in turn,
enables the recruitment of bone-forming precursors to
the fracture sites, where they undergo further differen-
tiation to bone forming OBs (Einhorn 2005). Secondary
bone healing is the most common process of bone heal-
ing that bridges larger defect gaps, characterized by an
intermediate stage of cartilage formation to produce a
soft callus, followed by the development of woven bone
to create a hard callus (Claes et al. 2012). The role of OCs
in soft callus remodeling remains controversial, as some
evidence shows that OCs may be redundant, while other
evidence demonstrates they are not (Flick et al. 2003).
Later, OCs and OBs orchestrate the process of resorption
and bone formation at the hard callus and bone remod-
eling stages (Zhang et al. 2023a).

Genetic or pharmacological depletion of OCs has been
used to investigate their role in bone healing (Table 2).
RANKL KO mice showed a significant decrease in OC
numbers, leading to diminished soft callus and hard cal-
lus resorption, which ultimately resulted in impaired
bone healing (Flick et al. 2003). The authors suggested
that delayed bone healing in these RANK KO mice might
be due to fewer blood vessels. As discussed in the previ-
ous section on the effect of OCs on vascularization, the
lack of OCs could have contributed to the reduced blood
vessel formation. Moreover, treatment with clodronate
liposomes in femur fracture mice to deplete OCPs and
reduce OC numbers and activity led to delayed reso-
lution of callus cartilage (Lin and O’Connor 2017). In



Xiang et al. Cell Regeneration (2024) 13:22

Page 12 of 25

Table 2 Animal models for investigating the role of OCs in bone fracture healing

Species Locus OCnumber Softcallus Hard callus Callus size Bone healing Reference
remodeling remodeling
Genetic mouse model
RANKL KO Mice Tibia { N\ 0 { Flick et al. 2003
CTSKKO Mice Femur 1 1 1 { 0 Gentile et al. 2014
PDK1 KO Mice Tibia 4 { N\ 0 { Xiao et al. 2020
OPG KO Mice Tibia 1 1 N/A N/A 1 Ota et al. 2009
Op/op Mice Tibia ¥ — N/A N/A — Flick et al. 2003
Pharmacological agent
RANK:Fc(high dose)  Mice Tibia { \ 1 — Flick et al. 2003
Zoledronic acid Rats Femur — N/A \ McDonald et al. 2008
Human OPG Rats Tibia N/A N/A N\ Ulrich-Vinther and Andreassen
2005
Odanacatib Rabbits  Ulnar 1 1 N/A 1 Pennypacker et al. 2016
Clodronate liposome  Mice Femur ! N/A N/A ! Lin and O'Connor 2017

Abbreviations: RANKL receptor activator of NF-kB ligand, CTSK Cathepsin K, PDK1 serine/threonine kinase 3-phosphoinositide-dependent protein kinase 1, OPG
osteoprotegerin, op/op colony-stimulating factor1(CSF-1)-less osteopetrotic, KO knock out

contrast, administration of the cathepsin K inhibitor
odanacatib (Pennypacker et al. 2016) or genetical deple-
tion of CTSK (Gentile et al. 2014) in mice fracture model
increased number of cathepsin K positive OCs in the cal-
lus, resulting in enhanced mineralized bony tissue and
significantly reduced residual cartilage. However, The
therapeutic application of RANK signaling inhibitor,
RANK: Fc (high dose), to eliminate OC on day 14 showed
no effect on bone healing (Flick et al. 2003). Similarly, op/
op mice, which lack OCs due to genetic ablation of CSF-1
and exhibit an osteopetrotic (op) phenotype, showed
identical soft callus removal and bone healing compared
to their normal littermates (Flick et al. 2003). Moreover,
in rat treated weekly with zoledronic acid, an antiresorp-
tive medication from the bisphosphonate class, there
was no delay in endochondral fracture repair (McDonald
et al. 2008). The role of OCs in soft callus remodeling is
still ambiguous. Further well-designed research is needed
to thoroughly investigate the role of OCs in this process.
In hard callus, evidence from the medaka fin ray frac-
ture model indicates the presence of two types of OCs
in hard callus during bone healing. In the early stages
of fracture, smaller OCs with low TRAP activity are
found at the edges of the bone fragments. In contrast,
larger OCs with higher TRAP activity appear later on
the inner surface of the callus (Takeyama et al. 2014). In
this model, the smaller OCs facilitate fracture healing by
debriding the broken bone fragments, while the larger
OCs participate in callus remodeling to restore the origi-
nal bone dimensions (Takeyama et al. 2014). Pharmaceu-
tical intervention with zoledronic acid to suppress OC
activity delays hard callus remodeling (McDonald et al.
2008). Similarly, in mice treated with human OPG, which

significantly reduces OC numbers in tibial fractures, hard
callus remodeling was greatly delayed (Table 2). This indi-
cates that the transformation of the sizable woven bone
callus into a compact lamellar structure heavily relies on
OC activity (Ulrich-Vinther and Andreassen 2005).

Further evidence can be gathered from models with
specific gene depletion in OCs (Table 2). Targeting ser-
ine/threonine  kinase  3-phosphoinositide-dependent
protein kinase 1 (PDK1) in OCs resulted in impaired OC
formation and bone resorption. In a tibial fracture mouse
model, the specific deletion of the PDK1 gene in OCs led
to the development of a large soft callus and immature
woven bone, suggesting a defective remodeling process of
both soft and hard callus (Xiao et al. 2020). Conversely,
genetical deletion of OPG (Ota et al. 2009) can lead to
increased OC formation and accelerate cartilage resorp-
tion, which promotes early bone healing.

The precise role of OCs in fracture healing remains
unclear and need more exploring. Nevertheless, based on
the current evidence, OCs are critical cells and exerting
its influence throughout the bone healing process.

Osteoclasts interact with immune response

after implanting biomaterials

When introducing (bio)materials or grafts into the bio-
logical environment for bone regenerative purposes, a
series of immune responses promptly emerges, includ-
ing acute inflammation, chronic inflammation, and for-
eign body reaction (Lee et al. 2019). These reactions
are integral parts of the immune response involving
innate immunity, with potential involvement of adaptive
immune responses as well. In such cases, innate immune
cells (such as macrophages, natural killer cells, etc.) and
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adaptive immune cells (such as T cells and B cells), along
with inflammatory mediators (such as interleukins) and
the complement system, actively participate (Lee et al.
2019).

The precise mechanisms underlying osteoclas-
togenesis and the role that OCs play through immune
responses are complicated, given that OCs share regula-
tory molecules, such as cytokines, transcription factors,
chemokines, receptors, and hormones, with various cell
types (Takayanagi 2007). When implanting osteoinduc-
tive materials (i.e., inducing de novo bone formation)
in mice, the immune response is triggered immediately.
From a more macroscopic perspective, MO macrophages
initially polarize toward a pro-inflammatory M1 pheno-
type, subsequently transition to an anti-inflammatory
M2 state (Guo et al. 2021). Although both M1 (Feng
et al. 2023) and M2 (Dou et al. 2018b) macrophages have
been reported to have the capacity to fuse into OCs.
In the context of implanting osteoinductive materi-
als, OCs emerge primarily from the fusion of M2 (Guo
et al. 2021; Nie et al. 2023). This initiates the process of
‘material remodeling, where they resorb the (bio)materi-
als or grafts and release factors that promote the osteo-
genic differentiation of osteoblastic cell lines. It is worth
noting that the fusion of M2 cells not always results in
multinucleated OCs, they can also become FBGCs. Sin-
gle macrophages are capable of phagocytosing particles
up to 5 um in size (Edwards et al. 1997). However, if the
particle size exceeds this limit, the cells undergo fusion to
form FBGCs. Studies have shown that FBGCs are capa-
ble of resorbing hydroxyapatite (HA) similar to OCs (ten
Harkel et al. 2015). Herein, the attention must be paid to
the interpretation of multinucleated cells on the surface
of the implanted biomaterials.

The potential role of osteoclasts in osteoinductive bone
substitutes

So far, in surgical approaches of bone regeneration and
augmentation autografts still represent the “gold stand-
ard. Other types of bone substitute inferior regarding to
the clinical performance (Schmidt 2021).

Calcium phosphate ceramics (CaPs) with specific sur-
face properties have shown osteoinductive capacity and
can give rise to bone formation in non-osseous locations,
emerging as a promising alternative for autografts (Akiy-
ama et al. 2011; Davison et al. 2014b; Gamblin et al. 2014
Guo et al. 2021; Kondo et al. 2006; Zhang et al. 2014).
Interestingly, the osteoinductive effects triggered by
these CaPs appear to have a noteworthy connection with
OCs (Guo et al. 2021). However, all the evidence pre-
sented here relates to species other than humans. Stim-
ulating osteoclastogenesis on the osteoinductive CaPs
substrate in vitro, a significant population of active OCs
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was generated, in contrast to the non-osteoinductive
CaPs, which yield limited osteoclastogenesis, the fusion
of OCs were attenuated, and the OCs did not possess
resorption ability (Davison et al. 2014b). In later animal
studies, these two types of CaPs ceramics were implanted
subcutaneously into mice and intramuscularly into dogs,
respectively. The osteoinductive CaPs showed a promi-
nent abundance of OCs alongside evident bone forma-
tion, while the control CaPs exhibited a limited number
of OCs around the materials and no ectopic bone for-
mation (Guo et al. 2021; Zhang et al. 2014). Similarly, to
investigate the chronological histology of osteoinduction,
B-tricalcium phosphate (B-TCP) was implanted into the
dorsal muscle pouches of dogs. It was observed that a
substantial population of active OCs, rather than foreign
body giant cells, preceded bone formation in the periph-
eral material zone (Kondo et al. 2006). Subsequent stud-
ies using CaPs materials also supported these findings
(Gamblin et al. 2014; Guo et al. 2021).

It is intriguing to note that in these material-induced
bone formation, the appearance of bone-resorbing OCs
precedes the process of new bone formation. To inves-
tigate the sequence of cellular events in CaP-initiated
osteogenesis process, mice were sacrificed at various
time points to identify the different cell types involved.
It was reported that MO macrophages initially polarize
to the M1 phenotype and subsequently transition to an
M2 state before osteoclastogenesis occurs. OCs appear
earlier than bone formation and are present throughout
the bone formation process (Guo et al. 2021). This phe-
nomenon prompted a deeper exploration into the under-
lying mechanisms connecting OCs and ectopic bone
formation on CaPs. The study employed interventions,
including the use of liposomal clodronate (Davison et al.
2014a; Guo et al. 2021) or monoclonal anti-RANKL anti-
body (Gamblin et al. 2014; Guo et al. 2021), to suppress
osteoclastogenesis following subcutaneous implantation
of CaPs. The authors observed a significant inhibition in
material-induced bone formation, highlighting an indis-
pensable role of OCs in ectopic bone formation.

One of the fascinating aspects of osteoinduction by bio-
materials is its strong dependence on the species of the
animal. In larger animals like dogs, sheep, pigs, and pri-
mates (Le Nihouannen et al. 2005; Ripamonti 1996; Ripa-
monti et al. 1993; Yamasaki and Sakai 1992; Yang et al.
1996), certain biomaterials can induce bone formation
within muscle tissue, even in the absence of osteogenic
factors. However, in smaller animals such as rabbits,
rats, and mice (Yang et al. 1996; Yuan et al. 2006), this
osteoinductive effect is significantly reduced. To find a
reliable mouse model for better understanding the mech-
anism of osteoinduction, researchers screened 11 inbred
mouse strains for their responsiveness to subcutaneous
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implantation of osteoinductive TCP. Bone formation
was observed in only two strains—FVB and 129S2—with
FVB mice showing consistent bone formation in all indi-
viduals tested. The authors suggested that this variation
in ectopic bone formation is likely linked to genetic dif-
ferences among species and strains (Barradas et al. 2012).
Further comparisons with subcutaneous implantation of
osteoinductive CaPs in dogs and rats revealed distinct
outcomes. In dogs, substantial ectopic bone formation
was accompanied by a significant presence of OC-like
cells, while in rats, bone formation was limited, and few
OC-like cells were observed (Akiyama et al. 2011). These
findings imply that the presence of OCs could be a key
factor in material-induced osteoinduction.

Furthermore, the crucial role of OCs is not only
observed based on CaPs, but also on other materi-
als (Chen et al. 2017). In our recent work, subcutane-
ously implanted callus-mimetic constructs, generated
by inducing chondrogenic differentiation of MSCs with
a hypertrophic signature, were successfully remodeled
into bone tissues in rats. Our unpublished data indicates
that OC presence and TRAP signal, observed during the
first two weeks post-implantation, appear to be posi-
tively related to the bone regeneration outcome of the
different types of constructs. Other examples are load-
ing bone morphogenetic protein-2 (BMP-2) on electro-
spun polymeric scaffolds and devitalized bovine bone
granules successfully induced ectopic bone formation,
accompanied by a substantial presence of OCs exhibit-
ing a vigorous TRAP signal surrounding the construct
(Husch et al. 2023). Yin and co-workers also discovered
that the presence of OCs preceded osteogenesis process
on nanoporous anodic alumina. Notably, the nanopore
structure with a size of 200 nm exhibited a significant
inhibitory effect on osteoclastic activity, resulting in the
most unfavorable outcomes of osteogenesis (Chen et al.
2017). Elaborating all this evidence, it seems that the
active bone-resorbing OCs are the prerequisite of mate-
rial-induced bone formation, and the presence of active
bone-resorbing OCs is the key of osteoinductive capacity.

In previous work, we subcutaneously implanted human
macrophage- and OC-based constructs into nude mice.
The results showed that these constructs failed to induce
ectopic bone formation (Husch et al. 2023). The potential
failing reason could be the low number of OCs loaded on
the biomaterials, preventing robust resorption activities
and sufficient anabolic factor release. In parallel, non-
osteoinductive CaPs failed to induce bone formation also
featured in restricted osteoclastogenesis with limited
non-resorbing OCs formed on the surface (Zhang et al.
2014). Both limited OC numbers and resorption inabil-
ity likely co-contributed to the insufficient OC-derived
anabolic signal release, leading to unsuccessful bone
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formation. Whether the abundance of OCs with robust
resorption activity is the key factor in inducing osteoin-
duction in material-induced bone formation, and how
OCs contribute to osteoinductive capacity, requires fur-
ther investigation through well-designed studies.

The role of osteoclasts in clinically significant

and prevalent bone diseases

OCs are central to the pathophysiology of several clini-
cally significant bone diseases, including osteoporo-
sis, osteoarthritis, and cancer-related bone remodeling
(Thudium et al. 2014; Walsh and Gravallese 2004). In
osteoporosis, excessive OC activity results in the loss
of bone mass and structural integrity, increasing the
risk of fractures (Thudium et al. 2014). In osteoarthri-
tis, increased OC resorption activity in the subchondral
bone leads to bone marrow lesions, altered joint mechan-
ics, and cartilage breakdown (Walsh and Gravallese
2004). In cancer, particularly in bone metastases, OCs
are key players in the vicious cycle of bone destruction
(Gu et al. 2024). Tumor cells secrete factors such as para-
thyroid hormone-related peptide (PTHrP) (Guise et al.
1996), TNF-a (Li et al. 2021), IL-1 (Cozzolino et al. 1989),
IL-3 (Lee et al. 2004), and IL-6 (Kawano et al. 1988) that
stimulate OC formation and activation, leading to bone
resorption and paving the way for metastases with osteo-
lytic activity. In turn, OCs directly secrete factors such as
PDGF (Xie et al. 2014) and BMPs (Garimella et al. 2008),
or indirectly release factors from the bone matrix, such
as VEGF (Cackowski et al. 2010), TGF-p (Oursler 1994),
and calcium ions (Gu et al. 2024), which further fuel
tumor growth. In these pathological conditions, OCs, as
the primary bone-resorbing cells, become dysregulated,
and their aggressive resorption activity directly contrib-
utes to the development and progression of these bone
diseases. Therapies targeting OCs, such as systemic treat-
ment with bisphosphonates (Zieliriska et al. 2021), deno-
sumab (Gnant et al. 2019) or RANKL inhibitors (Chen
et al. 2015), are important for reducing bone destruction,
which in turn relieves pain and slows disease progression.

Therapeutic strategies targeting osteoclasts

in bone disease

Therapeutic interventions targeting OCs for bone dis-
eases is an emerging area of research. For decades, OCs
have been the focus of treatments for bone conditions
such as osteopetrosis, osteoporosis, osteoarthritis, and
bone fracture/defect healing. In the context of cancer-
related bone metastasis, OC-targeted therapies have
emerged over the past two decades as valuable additions
to the range of existing cancer treatments. Key strategies
include the use of small molecules, gene-editing tech-
nologies such as CRISPR/Cas9, and strategies based on
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EVs. These emerging technologies represent significant
advancements in the field of OC-targeted therapies.

Small molecules and monoclonal antibodies
Bisphosphonates and anti-RANKL antibody like deno-
sumab are already widely used clinically for bone disease
(Table 3). Bisphosphonates reduce bone resorption by
promoting OC apoptosis. Consequently, bisphospho-
nates are widely used in treating osteoporosis by inhib-
iting bone resorption to achieve net bone mass gain
(Reid and Billington 2022). Further, multiple methods of
loading bisphosphonates onto scaffolds, e.g. via immer-
sion (Faucheux et al. 2009), coating (Gao et al. 2009),
mixing (Shi et al. 2009), and binding (Moon et al. 2011)
have been extensively explored to enhance bone regen-
eration. In addition to their role in bone regeneration,
bisphosphonates have been widely studied for their effi-
cacy and safety in treating bone metastases from breast
cancer. For example, a clinical trial with zoledronic acid,
one of the most potent bisphosphonates, demonstrated a
39% reduction in the skeletal-related events (SREs) com-
pared to placebo. Furthermore, the percentage of patients
experiencing at least one SRE was reduced by 20%, the
time to the first SRE was delayed, and the overall risk of
SREs decreased by 41% (Kohno et al. 2005). Anti-RANKL
antibody denosumab works by inhibiting the activity of
RANKL to block the formation and activity of OCs. It
has similar effects as bisphosphonates in treating osteo-
porosis (Bone et al. 2017) and cancer-related bone dis-
ease (Li et al. 2023).

Several CTSK inhibitors are currently in clinical devel-
opment. The key distinction between CTSK inhibitors
and bisphosphonates or anti-RANKL antibodies lies in
their mechanism of action. CTSK inhibitors specifically
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target the CTSK enzyme to reduce bone resorption,
while preserving the anabolic effects of OCs. In contrast,
bisphosphonates and anti-RANKL antibodies reduce
both the number and activity of OCs, leading to a more
generalized inhibition of bone resorption and anabolic
function from OCs. Odanacatib (ODN), a highly selec-
tive CTSK inhibitor, showed promise in clinical trials for
osteoporosis (Eisman et al. 2011; McClung et al. 2019).
ODN reduced bone resorption by inhibiting CTSK, while
only transient inhibition of bone formation (Eisman et al.
2011). In a clinical trial, ODN significantly reduced the
risk of fractures. However, its development was discon-
tinued due to an increased risk of cardiovascular events
(i.e. stroke) in postmenopausal women with osteoporosis
(McClung et al. 2019). ONO-5334, another CTSK inhibi-
tor, was evaluated for its effects in ovariectomized (OVX)
cynomolgus monkeys, which exhibit an osteoporosis-
like phenotype (Ochi et al. 2014; Yamada et al. 2016). In
an 8-month treatment study, ONO-5334 significantly
increased cortical bone mineral density (BMD) and
improved bone mechanical strength. Notably, at a dose
of 30 mg/kg, ONO-5334 did not suppress periosteal,
osteonal, or endocortical bone formation rates (BFR).
These findings suggest that ONO-5334 holds therapeutic
potential for osteoporosis treatment (Ochi et al. 2014).
In a subsequent 16-month study, ONO-5334 further
increased cortical BMD, cortical area, and cortical thick-
ness compared to control groups. Additionally, unlike
alendronate treatment, ONO-5334 increased OC surface
area and serum TRAP5b activity, underscoring the differ-
ences in the mechanism of action (Yamada et al. 2016).
Src plays a multifaceted role in regulating cell prolifera-
tion, survival, adhesion, migration, invasion, metastasis,
and angiogenesis (Yamada et al. 2016). Mice with Src

Table 3 Small molecules and anti-body targeting OCs for bone-related disease

Small molecule/ antibody Animal Sexual Time Effect on OCs Disease Reference
Bisphosphonates
Zoledronic acid Human N/A 1 year Inhibition breast cancer bone metastases  Kohno et al. 2005
Anti-RANKL antibody
denosumab Human N/A 4 months  Inhibition Solid tumors bone Metastases  Lietal. 2023
denosumab Human Female 10 years Inhibition Postmenopausal osteoporosis ~ Bone et al. 2017
CTSK inhibitors
Odanacatib Human Female 5 years Only inhibit OC resorption Postmenopausal osteoporosis ~ McClung et al. 2019
activity
ONO-5334 Mice N/A 16 months  Only inhibit OC resorption Osteoporosis Yamada et al. 2016
activity
Src inhibitors
Dasatinib Human N/A 6 months  Inhibition Breast cancer bone metastasis ~ Mitri et al. 2016
Saracatinib Mice N/A 4 months  Inhibition Prostate cancer bone Metastasis Yang et al. 2009
Bosutinib Mice Famale 5 weeks Inhibition Breast cancer bone metastasis  Jallal et al. 2007
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deficiency develop severe osteopetrosis due to impaired
OC function (Li et al. 2024). Additionally, when cancer
cells are injected into Src knock-out mice, these animals
are protected from tumor-associated bone destruction,
as Src-deficient OCs are unable to resorb bone (Bakewell
et al. 2003). As a result, Src tyrosine kinase inhibitors
show potential for treating OC-related bone diseases.
However, three Src inhibitors—dasatinib (Mitri et al.
2016), saracatinib (Yang et al. 2009), and bosutinib (Jal-
lal et al. 2007)—have undergone clinical trials in cancer
patients with bone metastases. To date, the clinical out-
comes in solid tumors and bone metastases have been
disappointing.

The development of small molecules and antibod-
ies targeting OCs for bone-related diseases still faces
significant challenges. Several drugs based on different
mechanisms have been developed, including strontium
ranelate (Miranda et al. 2020), teriparatide(Parathyroid
hormone related protein, PTHrP) (Black et al. 2003), and
everolimus(mTOR inhibitors) (Jeong et al. 2021). How-
ever, no ideal drug has yet been identified.

Gene-editing technologies

Gene-editing technologies, particularly CRISPR-Cas9,
have opened new avenues for the treatment of bone
diseases. Traditional treatments like bisphosphonates,
RANKL inhibitors, and cathepsin K inhibitors aim to
reduce OC activity but often come with side effects or
limited efficacy. Gene-editing technologies offer a more
precise approach, leading to more targeted and effective
treatments.

Engulfment And Cell Motility 1 (ELMOI) gene was
identified for promoting enhanced OC activity. Deletion
of ELMOL1 in mice reduces bone loss across four in vivo
models: osteoprotegerin deficiency, ovariectomy, and two
types of inflammatory arthritis. Using CRISPR/Cas9 to
genetically delete the EImol gene in Hoxb8 macrophages
(OCPs) leads to functional defects in OCs. Based on this,
a 3D structure-based ELMOL1 inhibitory peptide was
designed and produced, which reduced bone resorp-
tion in wild-type OCs (Arandjelovic et al. 2021). This
CRISPR/Cas9 gene editing technique provides a power-
ful tool for investigating the roles of specific genes and
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holds potential for developing molecular targets for the
treatment of bone diseases. However, only one study has
reported utilizing the CRISPR technique to target OC
gene for the treatment of bone diseases by manipulat-
ing OC activity. More research and attention should be
directed toward this field.

Interfering with key OC protein expression through
RNA-based approaches holds significant promise. For
example, transfecting pre-OCs with siRNA to silence
DC-STAMP effectively inhibits their fusion and sub-
sequent OC formation. This not only reduces bone
resorption but also promotes vascularization and bone
formation via increased PDGF-BB secretion (Dou et al.
2018a; Zhang et al. 2023b). Similarly, gene-editing strat-
egies using microRNA (miRNA) to suppress critical OC
genes are also being explored. Adeno-associated vec-
tors (AAV), widely used for gene therapy, remain a reli-
able and efficient delivery system for both CRISPR and
miRNA-based interventions (Li and Samulski 2020).
In one study, the recombinant adeno-associated virus
serotype 9 (rAAV9) was employed to deliver an artifi-
cial miRNA designed to silence the expression of a cru-
cial OC regulator, CTSK (rAAV9.amiR-ctsk), aiming to
prevent bone loss in osteoporosis. Additionally, a bone-
targeting peptide motif, either (Asp)14 or (AspSerSer)6,
was grafted onto the virus, ensuring bone-specific tar-
geting. This bone-targeted rAAV9-mediated silencing
of CTSK and effectively inhibited OC-mediated bone
resorption, presenting a promising strategy for the treat-
ment of osteoporosis (Yang et al. 2020). Similarly, AAV-
mediated inhibition of miR-214-3p or overexpression
of miR-34a-5p successfully reversed bone loss in mouse
models of postmenopausal and senile osteoporosis by
increasing OB-mediated bone formation and decreasing
OC-mediated bone resorption (John et al. 2022). Moreo-
ver, miR-124 (Nakamachi et al. 2016) and miR-7b (Dou
et al. 2018a) have also been explored as miRNA inhibi-
tors of osteoclastogenesis for the treatment of osteoporo-
sis (Table 4).

Gene-editing tools offer significant advantages in
treating congenital genetic diseases. Mutations in the T
cell immune regulator 1 (TCIRGI) gene, which impair
OC resorptive activity, are responsible for autosomal

Table 4 MicroRNA targeting OCs for the treatment of the bone disease

MicroRNA  Animal model Time Delivery method Effect on OCs Reference

amiR-ctsk OVX mice 2months  Adeno-associated vectors  Only inhibit OC resorption activity Yang et al. 2020
miR-34a-5p  OVX mice 2months  Adeno-associated vectors  Inhibit OC formation John et al. 2022
miR-3470b  Osteolysis model mice 2 weeks Exosomes Inhibit OC formation Pan etal. 2023
miR-124 OVX mice 18 days Injection Inhibit OC formation Nakamachi et al. 2016
miR-7b OVX mice T month  Graphene-Based complex  Inhibit OC fuse to increase pre-OC number  Dou et al. 2018a
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recessive osteopetrosis. Transfecting induced pluripotent
stem cells (iPSCs) from oc/oc mice, which carry a dele-
tion in the Tcirgl gene and closely mimic the clinical fea-
tures of human osteopetrosis, with a Bacterial Artificial
Chromosome (BAC) containing the full-length Tcirgl
gene. These gene-corrected iPSC-derived myeloid cells
can then differentiate into bone-resorbing OCs, offering
a potential treatment for osteopetrosis. Currently, bone
marrow transplantation is the only available treatment,
but it is limited by the need for matched donors. In con-
trast, gene-editing strategies in this case using iPSCs pro-
vide an unlimited source of autologous cells, representing
a promising alternative (Neri et al. 2015).

Extracellular vesicles

EVs are membrane-derived vesicles capable of trans-
porting cargo to both neighboring and distant tar-
get cells (S et al. 2013). There are three main subtypes:
exosomes, microvesicles, and apoptotic bodies (S et al.
2013). Among these, exosomes hold the greatest promise
for targeted cargo delivery, as they can be engineered to
transport bioactive molecules, such as exogenous genes
(Pan et al. 2023) and proteins (Faqeer et al. 2023).

In our recent study, we collected OC-derived EVs
through differential centrifugation with certain modifica-
tions. SPP1 was identified as the primary osteogenesis-
related cargo in these OC-derived EVs. Using these EVs
for bone defect treatment significantly enhanced bone
regeneration, as indicated by increased bone formation
rate and volume (Faqeer et al. 2023). Another study dem-
onstrated that exosomes derived from TNF-a precondi-
tioned gingival MSCs have enhanced CD73 expression,
inducing anti-inflammatory M2 macrophage polariza-
tion. Local injection of these exosomes significantly
reduced periodontal bone resorption and decreased the
number of TRAP-positive OCs (Nakao et al. 2021).

Moreover, engineered exosomes offer greater poten-
tial for multifunctionality. A recent study demonstrated
that exosomes with low levels of miR-3470b, derived
from macrophages, could induce osteolysis in wear par-
ticle-induced aseptic prosthesis loosening. However,
by employing an engineering strategy to enrich these
exosomes with miR-3470b, inhibition of OC forma-
tion was observed in vitro. Furthermore, administer-
ing the engineered miR-3470b-enriched exosomes to an
osteolysis model reduced bone porosity and increased
bone volume. These findings suggest that engineering
exosomes with enriched miR-3470b could be a promising
strategy for targeting bone resorption-related diseases
(Pan et al. 2023) (Table 4). In another study, modifying
MSC-derived exosomes with a bone-targeting peptide
enabled them to specifically target bone tissue. These
exosomes, loaded with siRNA targeting the Shn3 gene
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via electroporation, silenced the osteoblastic Shn3 gene,
enhancing osteogenic differentiation, reducing autolo-
gous RANKL expression, and inhibiting OC formation.
Additionally, Shn3 gene silencing increased SLIT3 pro-
duction, promoting vascularization, particularly the
formation of type H vessels. As a result, these bone-tar-
geted, siShn3-loaded exosomes simultaneously address
excessive bone resorption, insufficient bone formation,
and inadequate vascularization—three key factors in the
pathogenesis of osteoporosis (Cui et al. 2022).

Another promising aspect is the potential use of OC-
derived EVs in biomarker discovery. These vesicles reflect
the physiological state of the cells from which they are
released, for which they can serve as indicators of OC
activity and bone disease progression. Elevated levels of
miR-21 in exosomes have been proposed as a biomarker
for clinical diagnosis and treatment of breast cancer bone
metastasis (Yuan et al. 2021).

Conclusions and perspectives

The present review gathered the current evidence to
depict the process of OC formation, from origin to for-
mation via fusion, and the role of OCs in bone formation
and regeneration. The time of occurrence and the source
of origin of OCs at different development stage currently
gives different insights, as compared to previous under-
standing (Jacome-Galarza et al. 2019; Yahara et al. 2020).
However, OCs remain enigmatic, as their biology is not
yet fully understood. For instance, achieving pure OC
cultures in vitro under normal conditions has proven
challenging, with a significant number of unfused pre-
cursor cells consistently observed around the multinucle-
ated OCs (Husch et al. 2021). Our team has made efforts
in this area, successfully obtaining a pure OC population
(Husch et al. 2024). This, however, still requires specific
techniques, such as using microgels to microencapsulate
OCPs to facilitate OC formation. Furthermore, 100% OC
formation within hollow microgels has not been realized,
and cell sorting based on specific markers is still neces-
sary to isolate pure OCs (Husch et al. 2024). A compre-
hensive understanding of the process by which OCPs
fuse into OCs is crucial. Current evidence suggests that
OC fusion is largely heterogeneous, with 62% of fusion
events occurring between mobile and immobile partners,
and nearly 70% of multinucleated OCs fusing with mono-
nucleated OCPs (Sge et al. 2015). Only 2.4% of OCPs act
as initiators of the fusion process (Levaot et al. 2015).
Identifying and characterizing these fusion-initiating
OCPs would be invaluable, as it may help pinpoint the
specific OCP population responsible for initiating the
fusion process. If it becomes possible to pre-sort OCP
initiators for pure culturing, significantly higher OC for-
mation rates could be achieved, especially given that OCs



Xiang et al. Cell Regeneration (2024) 13:22

represent only 3.8% + 0.8% of the cell population in con-
ventional 2D cultures (Husch et al. 2024).

Identifying OCs in vivo can be challenging, as OCs are
not the only cells that exhibit a multinucleated struc-
ture (Ahmadzadeh et al. 2022). Therefore, we summa-
rized the most commonly used cellular characteristics of
OCs to provide information for identifying OCs in het-
erogeneous cell populations in both in vivo and in vitro
situations. Due to the non-availability of a single unique
marker displayed in OCs, we recommend combining cel-
lular markers (e.g., TRAP, integrin B3, Vpp3) with cellu-
lar structures (e.g. multinucleation) as the most reliable
identification method of OCs. Additionally, if available,
the substrate of the cells (e.g. bone) should be considered
in order to confirm the identity of OCs.

OCs are primarily known for their bone resorption
ability, but their roles beyond resorption are often over-
looked. In this review, we highlight evidence of OCs’ roles
in bone marrow cavity formation, angiogenesis, and bone
remodeling to shed light on their contribution to physi-
ological bone formation. In Sect. 5.3, we emphasize how
OC:s first appear at resorption sites and later initiate oste-
ogenesis process during bone remodeling. Interestingly,
in osteoinductive material-induced bone formation, OCs
also appear before bone formation begins (Guo et al.
2021), and depletion of these OCs significantly impairs
subsequent bone formation (Guo et al. 2021). Whether
the role of OCs in physiological bone remodeling mirrors
their function in ’'material remodeling’ remains unclear.
Furthermore, it is still uncertain whether OCs contrib-
ute directly to osteoinduction. The rationale behind this
speculation includes: (i) OCs initiate osteogenesis pro-
cess in physiological bone remodeling and may play a
similar role in biomaterial-induced bone formation; (ii)
OCs secrete or release factors such as TGF-p1 and SPP1,
which induce the migration of MSCs or OBs to bone sur-
faces for subsequent bone formation; (iii) OCs promote
bone formation by inducing angiogenesis, a prerequi-
site for bone formation that supports the recruitment of
OBs and the supply of nutrients. Further investigation is
needed to address these questions.

To date, most strategies for stimulating bone formation
in regenerative therapies focus on increasing the num-
bers and activity of OBs and their precursors (Anjum
et al. 2023; Hu et al. 2023; Luo et al. 2023; Mounier et al.
2020). However, no bone substitutes have yet achieved
ideal bone formation or regeneration in terms of both
rate and volume. This raises the question of whether
we are focusing on the wrong cell types in promoting
bone formation. As discussed in this review, OCs pos-
sess anabolic capacity in bone formation. Therefore,
strategies aimed at reducing OCs to enhance bone for-
mation may fall short of realizing the full potential of
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bone regeneration. Shifting focus towards harnessing
OC activity to stimulate bone formation could be more
promising in the future.

The major role of OCs in prevalent bone diseases like
osteoporosis, osteoarthritis, and cancer-related bone
metastasis lies in their bone-resorption ability. Several
therapeutic strategies have been developed to address
this clinical issue (Bone et al. 2017; Kohno et al. 2005).
Small molecules or antibodies are the most extensively
studied drugs, many of which have undergone multiple
clinical trials and are already commercially available and
used in clinical practice. However, none of these treat-
ments have demonstrated ideal effects in terms of mini-
mal side effects or optimal outcomes. As a result, there
has been growing interest in approaching these diseases
from a genetic perspective. Gene-editing tools have the
potential to alter or correct gene expression, thereby
modifying the production of functional proteins to per-
manently treat bone-related diseases, rather than relying
on continuous drug intake. CRISPR/Cas9 has emerged
as a powerful tool in this field, but only one study so
far has specifically targeted the OC gene (Arandjelovic
et al. 2021). On the other hand, various RNA molecules
(siRNA and miRNA) have been widely used in this area.
For delivering these RNA molecules to modify gene
expression, EVs—especially exosomes—show great
promise as they are stable, small, and capable of specific
targeting due to their surface proteins (Nakao et al. 2021;
Pan et al. 2023). Engineered cargos, such as RNA, can be
loaded into exosomes, and these exosomes can also be
modified to target specific locations like bone (Cui et al.
2022), further enhancing their specificity. However, the
safety of using EV-based therapeutic treatments requires
further investigation. Utilizing genetic approaches com-
bined with EVs as delivery vehicles holds significant
potential for treating bone diseases; However, no mature
EV-based therapies for bone-related diseases have been
developed to date. The feasibility of large-scale produc-
tion or economically viable options remains uncertain,
leaving many scientific challenges in this field to be
resolved.

Abbreviations

OCs Osteoclasts

OCPs Osteoclast precursors

OBs Osteoblasts

MSCs Mesenchymal stem cells

EMPs Erythromyeloid progenitors

HSCs Hematopoietic stem cells

M-CSF Macrophage colony-stimulating factor
RANKL Receptor activator of nuclear factor kappa-8 ligand
TRAP Tartrate-resistant acidic phosphatase
CSFIR Colony-stimulating factor 1 receptor
AGM Aorta-gonad-mesonephros

MPPs Multipotent progenitors

CLPs Common lymphoid progenitors

CMPs Common myeloid progenitors
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MEPs Megakaryocyte—erythrocyte progenitors
GMPs Granulocyte-monocyte progenitors
DCs Dendritic cells

DC-STAMP  Dendritic cell-specific transmembrane protein

ASCT2 Amino acid transporter 2

OSCAR Osteoclast-associated receptor

CTR Calcitonin receptor

CAll Carbonic anhydrase Il

CTSK Cathepsin K

MMP Matrix metalloproteinase

V-ATPase Vacuolar ATPase

Vpp3 Vacuolar-type proton pump-3

OPG Osteoprotegerin

ECs Endothelial cells

ANG Angiogenin

PDGF-BB Platelet-derived growth factor-BB

VEGFs Vascular endothelial growth factors

RCs Reversal cells

TGF-B Transforming growth factor-

IGF1 Insulin-like growth factor 1

EFNB2 Ephrin B2

SEMA Semaphorin

CT-1 Cardiotrophin-1

S1P Sphingosine 1 Phosphate

CTHRC1 Collagen Triple Helix Repeat Containing 1

a3 Complement Component C

EVs Extracellular vesicles

SPP1 Secreted phosphoprotein 1

SMAD3 Smad family member 3

PDK1 Serine/threonine kinase 3- phosphoinositide-dependent pro-
tein kinase 1

Op/op Colony-stimulating factor1(CSF-1)-less osteopetrotic

TRPV1 Transient receptor potential vanilloid

IL-6 Interleukin-6

STZ Streptozotocin

KO Knock out

NFATc1 Nuclear factor of activated T-cells cytoplasmic 1

FBGCs Foreign body giant cells

CaPs Calcium phosphate ceramics

B-TCP {3-tricalcium phosphate

BMP Bone morphogenetic protein

Acknowledgements
We are grateful to all authors for helpful comments and corrections on this
manuscript.

Authors’ contributions

Q.X. Conceptualization, Data curation, Writing—original draft, Writing—
review & editing. L.L: Writing—original draft, Writing—review & editing.
W.J.: Writing—review & editing, Supervision. D.G.: Writing—review & editing,
Supervision. XEW.: Writing—review & editing, Supervision. JJJP van den B.
Conceptualization, Writing—review & editing, Supervision.

Funding
This work is funded by China Scholarship Council (File No. 202206270002).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Page 19 of 25

Received: 24 July 2024 Accepted: 1 October 2024
Published online: 11 October 2024

References

Abdelgawad ME, Delaisse JM, Hinge M, Jensen PR, Alnaimi RW, Rolighed L,
et al. Early reversal cells in adult human bone remodeling: osteo-
blastic nature, catabolic functions and interactions with osteoclasts.
Histochem Cell Biol. 2016;145(6):603-15. https://doi.org/10.1007/
500418-016-1414-y.

Ahmadzadeh K, Vanoppen M, Rose CD, Matthys P, Wouters CH. Multinucleated
Giant Cells: Current Insights in Phenotype, Biological Activities, and
Mechanism of Formation. Front Cell Dev Biol. 2022;10: 873226. https://
doi.org/10.3389/fcell.2022.873226.

Akashi K, Traver D, Miyamoto T, Weissman IL. A clonogenic common
myeloid progenitor that gives rise to all myeloid lineages. Nature.
2000;404(6774):193-7. https://doi.org/10.1038/35004599.

Akiyama N, Takemoto M, Fujibayashi S, Neo M, Hirano M, Nakamura T. Dif-
ference between dogs and rats with regard to osteoclast-like cells in
calcium-deficient hydroxyapatite-induced osteoinduction. J Biomed
Mater Res A. 2011,96(2):402-12. https://doi.org/10.1002/jbm.a.32995.

Andersen TL, del Carmen OM, Kirkegaard T, Lenhard T, Foged NT, Delaissé JM.
A scrutiny of matrix metalloproteinases in osteoclasts: evidence for
heterogeneity and for the presence of MMPs synthesized by other cells.
Bone. 2004,35(5):1107-19. https://doi.org/10.1016/j.bone.2004.06.019.

Andersen TL, Abdelgawad ME, Kristensen HB, Hauge EM, Rolighed L, Bollerslev
J, et al. Understanding coupling between bone resorption and forma-
tion: are reversal cells the missing link? Am J Pathol. 2013;183(1):235-46.
https://doi.org/10.1016/j.ajpath.2013.03.006.

Anjum S, Arya DK, Saeed M, Ali D, Athar MS, Yulin W, et al. Multifunctional
electrospun nanofibrous scaffold enriched with alendronate and
hydroxyapatite for balancing osteogenic and osteoclast activity to pro-
mote bone regeneration. Front Bioeng Biotechnol. 2023;11:1302594.
https://doi.org/10.3389/fbioe.2023.1302594.

Arandjelovic S, Perry JSA, Zhou M, Ceroi A, Smirnov |, Walk SF, et al. ELMO1
signaling is a promoter of osteoclast function and bone loss. Nat Com-
mun. 2021;12(1):4974. https://doi.org/10.1038/541467-021-25239-6.

Asotra S, Gupta AK, Sodek J, Aubin JE, Heersche JN. Carbonic anhydrase I
MRNA expression in individual osteoclasts under “resorbing”and “non-
resorbing” conditions. J Bone Miner Res. 1994;9(7):1115-22. https://doi.
0rg/10.1002/jbmr.5650090720.

Atkins GJ, Kostakis P, Vincent C, Farrugia AN, Houchins JP, Findlay DM, et al.
RANK Expression as a cell surface marker of human osteoclast precur-
sors in peripheral blood, bone marrow, and giant cell tumors of bone.

J Bone Miner Res. 2006;21(9):1339-49. https://doi.org/10.1359/jbmr.
060604.

Bakewell SJ, Nestor P, Prasad S, Tomasson MH, Dowland N, Mehrotra M, et al.
Platelet and osteoclast beta3 integrins are critical for bone metastasis.
Proc Natl Acad Sci U S A. 2003;100(24):14205-10. https://doi.org/10.
1073/pnas.2234372100.

Barbeck M, Motta A, Migliaresi C, Sader R, Kirkpatrick CJ, Ghanaati S. Hetero-
geneity of biomaterial-induced multinucleated giant cells: Possible
importance for the regeneration process? J Biomed Mater Res A.
2016;104(2):413-8. https://doi.org/10.1002/jbm.a.35579.

Barradas AM, Yuan H, van der Stok J, Le Quang B, Fernandes H, Chaterjea A,
et al. The influence of genetic factors on the osteoinductive potential of
calcium phosphate ceramics in mice. Biomaterials. 2012;33(23):5696—
705. https://doi.org/10.1016/j.biomaterials.2012.04.021.

Bergers G, Brekken R, McMahon G, Vu TH, Itoh T, Tamaki K, et al. Matrix metallo-
proteinase-9 triggers the angiogenic switch during carcinogenesis. Nat
Cell Biol. 2000,2(10):737-44. https://doi.org/10.1038/35036374.

Black DM, Greenspan SL, Ensrud KE, Palermo L, McGowan JA, Lang TF, et al. The
effects of parathyroid hormone and alendronate alone or in combina-
tion in postmenopausal osteoporosis. N Engl J Med. 2003;349(13):1207-
15. https://doi.org/10.1056/NEJM0a031975.

Boisset JC, Robin C. On the origin of hematopoietic stem cells: progress and
controversy. Stem Cell Res. 2012;8(1):1-13. https://doi.org/10.1016/j.scr.
2011.07.002.

Bone HG, Wagman RB, Brandi ML, Brown JP, Chapurlat R, Cummings SR, et al.
10 years of denosumab treatment in postmenopausal women with


https://doi.org/10.1007/s00418-016-1414-y
https://doi.org/10.1007/s00418-016-1414-y
https://doi.org/10.3389/fcell.2022.873226
https://doi.org/10.3389/fcell.2022.873226
https://doi.org/10.1038/35004599
https://doi.org/10.1002/jbm.a.32995
https://doi.org/10.1016/j.bone.2004.06.019
https://doi.org/10.1016/j.ajpath.2013.03.006
https://doi.org/10.3389/fbioe.2023.1302594
https://doi.org/10.1038/s41467-021-25239-6
https://doi.org/10.1002/jbmr.5650090720
https://doi.org/10.1002/jbmr.5650090720
https://doi.org/10.1359/jbmr.060604
https://doi.org/10.1359/jbmr.060604
https://doi.org/10.1073/pnas.2234372100
https://doi.org/10.1073/pnas.2234372100
https://doi.org/10.1002/jbm.a.35579
https://doi.org/10.1016/j.biomaterials.2012.04.021
https://doi.org/10.1038/35036374
https://doi.org/10.1056/NEJMoa031975
https://doi.org/10.1016/j.scr.2011.07.002
https://doi.org/10.1016/j.scr.2011.07.002

Xiang et al. Cell Regeneration (2024) 13:22

osteoporosis: results from the phase 3 randomised FREEDOM trial and
open-label extension. Lancet Diabetes Endocrinol. 2017;5(7):513-23.
https://doi.org/10.1016/52213-8587(17)30138-9.

Bonnema H, Popa ER, van Timmeren MM, van Wachem PB, de Leij LF, van Luyn
MJ. Distribution patterns of the membrane glycoprotein CD44 during
the foreign-body reaction to a degradable biomaterial in rats and mice.
J Biomed Mater Res A. 2003;64(3):502-8. https://doi.org/10.1002/jbm.a.
10404.

Boyce BF, Xing L. Functions of RANKL/RANK/OPG in bone modeling and
remodeling. Arch Biochem Biophys. 2008;473(2):139-46. https://doi.
0rg/10.1016/}.abb.2008.03.018.

Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and activation.
Nature. 2003;423(6937):337-42. https://doi.org/10.1038/nature01658.

Brown EJ, Frazier WA. Integrin-associated protein (CD47) and its ligands. Trends
Cell Biol. 2001;11(3):130-5. https://doi.org/10.1016/50962-8924(00)
01906-1.

Cackowski FC, Anderson JL, Patrene KD, Choksi RJ, Shapiro SD, Windle
JJ, et al. Osteoclasts are important for bone angiogenesis. Blood.
2010;115(1):140-9. https://doi.org/10.1182/blood-2009-08-237628.

Cham LB, Torrez Dulgeroff LB, Tal MC, Adomati T, Li F, Bhat H, et al. Immuno-
therapeutic Blockade of CD47 Inhibitory Signaling Enhances Innate
and Adaptive Immune Responses to Viral Infection. Cell Rep. 2020;31(2):
107494. https://doi.org/10.1016/j.celrep.2020.03.058.

Charles JF, Aliprantis AO. Osteoclasts: more than “bone eaters! Trends Mol Med.
2014;20(8):449-59. https://doi.org/10.1016/j.molmed.2014.06.001.

ChenY, Di Grappa MA, Molyneux SD, McKee TD, Waterhouse P, Penninger JM,
et al. RANKL blockade prevents and treats aggressive osteosarcomas.
SciTransl Med. 2015;7(317):317ra197. https://doi.org/10.1126/scitr
ansimed.aad0295.

Chen Z,Ni S, Han S, Crawford R, Lu S, Wei F, et al. Nanoporous microstructures
mediate osteogenesis by modulating the osteo-immune response of
macrophages. Nanoscale. 2017;9(2):706-18. https://doi.org/10.1039/
conroe421c.

Chiu YH, Ritchlin CT. DC-STAMP: A Key Regulator in Osteoclast Differentiation. J
Cell Physiol. 2016;231(11):2402-7. https://doi.org/10.1002/jcp.25389.

Chiu YH, Mensah KA, Schwarz EM, Ju Y, Takahata M, Feng C, et al. Regulation of
human osteoclast development by dendritic cell-specific transmem-
brane protein (DC-STAMP). J Bone Miner Res. 2012;27(1):79-92. https://
doi.org/10.1002/jbmr.531.

Christensen JL, Weissman IL. Flk-2 is a marker in hematopoietic stem cell
differentiation: a simple method to isolate long-term stem cells. Proc
Natl Acad Sci U S A. 2001;98(25):14541-6. https://doi.org/10.1073/pnas.
261562798.

Claes L, Recknagel S, Ignatius A. Fracture healing under healthy and inflamma-
tory conditions. Nat Rev Rheumatol. 2012;8(3):133-43. https://doi.org/
10.1038/nrrheum.2012.1.

Colnot C, Thompson Z, Miclau T, Werb Z, Helms JA. Altered fracture repair in
the absence of MMP9. Development. 2003;130(17):4123-33. https://
doi.org/10.1242/dev.00559.

Cozzolino F, Torcia M, Aldinucci D, Rubartelli A, Miliani A, Shaw AR, et al.
Production of interleukin-1 by bone marrow myeloma cells. Blood.
1989;74(1):380-7. https://pubmed.ncbi.nlm.nih.gov/2665838/.

CuiY, GuoY,Kong L, ShiJ, Liu P, Li R, et al. A bone-targeted engineered exo-
some platform delivering siRNA to treat osteoporosis. Bioact Mater.
2022;10:207-21. https://doi.org/10.1016/j.bioactmat.2021.09.015.

Dacquin R, Davey RA, Laplace C, Levasseur R, Morris HA, Goldring SR, et al.
Amylin inhibits bone resorption while the calcitonin receptor controls
bone formation in vivo. J Cell Biol. 2004;164(4):509-14. https://doi.org/
10.1083/jcb.200312135.

David JP, Rincon M, Neff L, Horne WC, Baron R. Carbonic anhydrase Il is an AP-1
target gene in osteoclasts. J Cell Physiol. 2001;188(1):89-97. https://doi.
0rg/10.1002/jcp.1099.

Davison NL, Gamblin AL, Layrolle P, Yuan H, de Bruijn JD, Barrere-de GF.
Liposomal clodronate inhibition of osteoclastogenesis and osteoinduc-
tion by submicrostructured beta-tricalcium phosphate. Biomaterials.
20142;35(19):5088-97. https://doi.org/10.1016/j.biomaterials.2014.03.
013.

Davison NL, ten Harkel B, Schoenmaker T, Luo X, Yuan H, Everts V, et al. Osteo-
clast resorption of beta-tricalcium phosphate controlled by surface
architecture. Biomaterials. 2014b;35(26):7441-51. https://doi.org/10.
1016/j.biomaterials.2014.05.048.

Page 20 of 25

Deng C, Zhang Q, He P, Zhou B, He K, Sun X, et al. Targeted apoptosis of mac-
rophages and osteoclasts in arthritic joints is effective against advanced
inflammatory arthritis. Nat Commun. 2021;12(1):2174. https://doi.org/
10.1038/541467-021-22454-7.

Deng R, Li C, Wang X, Chang L, Ni S, Zhang W, et al. Periosteal CD68(+)
F4/80(+) Macrophages Are Mechanosensitive for Cortical Bone Forma-
tion by Secretion and Activation of TGF-31. Adv Sci (Weinh). 2022;9(3):
€2103343. https://doi.org/10.1002/advs.202103343.

Dobbins DE, Sood R, Hashiramoto A, Hansen CT, Wilder RL, Remmers EF. Muta-
tion of macrophage colony stimulating factor (Csf1) causes osteopet-
rosis in the tl rat. Biochem Biophys Res Commun. 2002;294(5):1114-20.
https://doi.org/10.1016/50006-291x(02)00598-3.

Dos Anjos CA. F4/80 as a Major Macrophage Marker: The Case of the Perito-
neum and Spleen. Results Probl Cell Differ. 2017;62:161-79. https://doi.
0rg/10.1007/978-3-319-54090-0_7.

Dou C, Ding N, Luo F, Hou T, Cao Z, Bai Y, et al. Graphene-Based MicroRNA
Transfection Blocks Preosteoclast Fusion to Increase Bone Formation
and Vascularization. Adv Sci (Weinh). 2018a;5(2):1700578. https://doi.
0rg/10.1002/advs.201700578.

Dou C, Ding N, Zhao C, Hou T, Kang F, Cao Z, et al. Estrogen Deficiency-Medi-
ated M2 Macrophage Osteoclastogenesis Contributes to M1/M2 Ratio
Alteration in Ovariectomized Osteoporotic Mice. J Bone Miner Res.
2018b;33(5):899-908. https://doi.org/10.1002/jbmr.3364.

Drake FH, Dodds RA, James IE, Connor JR, Debouck C, Richardson S, et al.
Cathepsin K, but not cathepsins B, L, or S, is abundantly expressed in
human osteoclasts. J Biol Chem. 1996,271(21):12511-6. https://doi.org/
10.1074/jbc.271.21.12511.

Durdan MM, Azaria RD, Weivoda MM. Novel insights into the coupling of
osteoclasts and resorption to bone formation. Semin Cell Dev Biol.
2022;123:4-13. https://doi.org/10.1016/j.semcdb.2021.10.008.

Edwards DA, Hanes J, Caponetti G, Hrkach J, Ben-Jebria A, Eskew ML,
et al. Large porous particles for pulmonary drug delivery. Science.
1997;276(5320):1868-71. https://doi.org/10.1126/science.276.5320.
1868.

Einhorn TA. The science of fracture healing. J Orthop Trauma. 2005;19(10
Suppl):S4-6. https://doi.org/10.1097/00005131-200511101-00002.

Eisman JA, Bone HG, Hosking DJ, McClung MR, Reid IR, Rizzoli R, et al. Odana-
catib in the treatment of postmenopausal women with low bone
mineral density: three-year continued therapy and resolution of effect.
JBone Miner Res. 2011;26(2):242-51. https://doi.org/10.1002/jomr.212.

Andaloussi SEL, Méger |, Breakefield XO, Wood MJ. Extracellular vesicles: biol-
ogy and emerging therapeutic opportunities. Nat Rev Drug Discov.
2013;12(5):347-57. https://doi.org/10.1038/nrd3978.

Engsig MT, Chen QJ, Vu TH, Pedersen AC, Therkidsen B, Lund LR, et al. Matrix
metalloproteinase 9 and vascular endothelial growth factor are essen-
tial for osteoclast recruitment into developing long bones. J Cell Biol.
2000;151(4):879-89. https://doi.org/10.1083/jcb.151.4.879.

Fageer A, Wang M, Alam G, Padhiar AA, Zheng D, Luo Z, et al. Cleaved SPP1-
rich extracellular vesicles from osteoclasts promote bone regeneration
via TGF31/SMAD3 signaling. Biomaterials. 2023;303: 122367. https://doi.
org/10.1016/j.biomaterials.2023.122367.

Faucheux C, Verron E, Soueidan A, Josse S, Arshad MD, Janvier P, et al.
Controlled release of bisphosphonate from a calcium phosphate
biomaterial inhibits osteoclastic resorption in vitro. J Biomed Mater Res
A.2009;89(1):46-56. https://doi.org/10.1002/jbm.a.31989.

Feng X, Teitelbaum SL. Osteoclasts: New Insights. Bone Res. 2013;1(1):11-26.
https://doi.org/10.4248/br201301003.

Feng X, Zhu S, Qiao J, Ji Z, Zhou B, Xu W. CX3CL1 promotes M1 macrophage
polarization and osteoclast differentiation through NF-kB signaling
pathway in ankylosing spondylitis in vitro. J Transl Med. 2023;21(1):573.
https://doi.org/10.1186/512967-023-04449-0.

Fiorino C, Harrison RE. E-cadherin is important for cell differentiation during
osteoclastogenesis. Bone. 2016;86:106-18. https://doi.org/10.1016/].
bone.2016.03.004.

Flick LM, Weaver JM, Ulrich-Vinther M, Abuzzahab F, Zhang X, Dougall WC,
et al. Effects of receptor activator of NFkappaB (RANK) signaling block-
ade on fracture healing. J Orthop Res. 2003;21(4):676-84. https://doi.
0rg/10.1016/50736-0266(03)00011-1.

Gamblin AL, Brennan MA, Renaud A, Yagita H, Lézot F, Heymann D, et al. Bone
tissue formation with human mesenchymal stem cells and biphasic
calcium phosphate ceramics: the local implication of osteoclasts and


https://doi.org/10.1016/s2213-8587(17)30138-9
https://doi.org/10.1002/jbm.a.10404
https://doi.org/10.1002/jbm.a.10404
https://doi.org/10.1016/j.abb.2008.03.018
https://doi.org/10.1016/j.abb.2008.03.018
https://doi.org/10.1038/nature01658
https://doi.org/10.1016/s0962-8924(00)01906-1
https://doi.org/10.1016/s0962-8924(00)01906-1
https://doi.org/10.1182/blood-2009-08-237628
https://doi.org/10.1016/j.celrep.2020.03.058
https://doi.org/10.1016/j.molmed.2014.06.001
https://doi.org/10.1126/scitranslmed.aad0295
https://doi.org/10.1126/scitranslmed.aad0295
https://doi.org/10.1039/c6nr06421c
https://doi.org/10.1039/c6nr06421c
https://doi.org/10.1002/jcp.25389
https://doi.org/10.1002/jbmr.531
https://doi.org/10.1002/jbmr.531
https://doi.org/10.1073/pnas.261562798
https://doi.org/10.1073/pnas.261562798
https://doi.org/10.1038/nrrheum.2012.1
https://doi.org/10.1038/nrrheum.2012.1
https://doi.org/10.1242/dev.00559
https://doi.org/10.1242/dev.00559
https://pubmed.ncbi.nlm.nih.gov/2665838/
https://doi.org/10.1016/j.bioactmat.2021.09.015
https://doi.org/10.1083/jcb.200312135
https://doi.org/10.1083/jcb.200312135
https://doi.org/10.1002/jcp.1099
https://doi.org/10.1002/jcp.1099
https://doi.org/10.1016/j.biomaterials.2014.03.013
https://doi.org/10.1016/j.biomaterials.2014.03.013
https://doi.org/10.1016/j.biomaterials.2014.05.048
https://doi.org/10.1016/j.biomaterials.2014.05.048
https://doi.org/10.1038/s41467-021-22454-z
https://doi.org/10.1038/s41467-021-22454-z
https://doi.org/10.1002/advs.202103343
https://doi.org/10.1016/s0006-291x(02)00598-3
https://doi.org/10.1007/978-3-319-54090-0_7
https://doi.org/10.1007/978-3-319-54090-0_7
https://doi.org/10.1002/advs.201700578
https://doi.org/10.1002/advs.201700578
https://doi.org/10.1002/jbmr.3364
https://doi.org/10.1074/jbc.271.21.12511
https://doi.org/10.1074/jbc.271.21.12511
https://doi.org/10.1016/j.semcdb.2021.10.008
https://doi.org/10.1126/science.276.5320.1868
https://doi.org/10.1126/science.276.5320.1868
https://doi.org/10.1097/00005131-200511101-00002
https://doi.org/10.1002/jbmr.212
https://doi.org/10.1038/nrd3978
https://doi.org/10.1083/jcb.151.4.879
https://doi.org/10.1016/j.biomaterials.2023.122367
https://doi.org/10.1016/j.biomaterials.2023.122367
https://doi.org/10.1002/jbm.a.31989
https://doi.org/10.4248/br201301003
https://doi.org/10.1186/s12967-023-04449-0
https://doi.org/10.1016/j.bone.2016.03.004
https://doi.org/10.1016/j.bone.2016.03.004
https://doi.org/10.1016/s0736-0266(03)00011-1
https://doi.org/10.1016/s0736-0266(03)00011-1

Xiang et al. Cell Regeneration (2024) 13:22

macrophages. Biomaterials. 2014;35(36):9660-7. https://doi.org/10.
1016/j.biomaterials.2014.08.018.

GaoY, Zou S, Liu X, Bao C, Hu J. The effect of surface immobilized bisphospho-
nates on the fixation of hydroxyapatite-coated titanium implants in

ovariectomized rats. Biomaterials. 2009;30(9):1790-6. https://doi.org/10.

1016/j.biomaterials.2008.12.025.

Garimella R, Tague SE, Zhang J, Belibi F, Nahar N, Sun BH, et al. Expression
and synthesis of bone morphogenetic proteins by osteoclasts: a
possible path to anabolic bone remodeling. J Histochem Cytochem.
2008;56(6):569-77. https://doi.org/10.1369/jhc.2008.950394.

Gentile MA, Soung do Y, Horrell C, Samadfam R, Drissi H, Duong LT. Increased
fracture callus mineralization and strength in cathepsin K knockout
mice. Bone. 2014;66:72-81. https://doi.org/10.1016/jbone.2014.04.032.

Gnant M, Pfeiler G, Steger GG, Egle D, Greil R, Fitzal F, et al. Adjuvant deno-
sumab in postmenopausal patients with hormone receptor-positive
breast cancer (ABCSG-18): disease-free survival results from a ran-
domised, double-blind, placebo-controlled, phase 3 trial. Lancet Oncol.
2019;20(3):339-51. https://doi.org/10.1016/51470-2045(18)30862-3.

Gomez Perdiguero E, Klapproth K, Schulz C, Busch K, Azzoni E, Crozet L, et al.
Tissue-resident macrophages originate from yolk-sac-derived erythro-

myeloid progenitors. Nature. 2015;518(7540):547-51. https://doi.org/10.

1038/nature13989.

Gong R, Peng X, Kang S, Feng H, Huang J, Zhang W, et al. Structural charac-
terization of the fusion core in syncytin, envelope protein of human
endogenous retrovirus family W. Biochem Biophys Res Commun.
2005;331(4):1193-200. https://doi.org/10.1016/j.bbrc.2005.04.032.

Gooi JH, Pompolo S, Karsdal MA, Kulkarni NH, Kalajzic I, McAhren SH, et al.
Calcitonin impairs the anabolic effect of PTH in young rats and stimu-
lates expression of sclerostin by osteocytes. Bone. 2010;46(6):1486-97.
https://doi.org/10.1016/jbone.2010.02.018.

Grassi F, Cristino S, Toneguzzi S, Piacentini A, Facchini A, Lisignoli G. CXCL12
chemokine up-regulates bone resorption and MMP-9 release by
human osteoclasts: CXCL12 levels are increased in synovial and bone
tissue of rheumatoid arthritis patients. J Cell Physiol. 2004;199(2):244—
51. https://doi.org/10.1002/jcp.10445.

Gu C, Chen P, Tian H, Yang Y, Huang Z, Yan H, et al. Targeting initial tumour-
osteoclast spatiotemporal interaction to prevent bone metastasis.
Nat Nanotechnol. 2024;19(7):1044-54. https://doi.org/10.1038/
s41565-024-01613-5.

Guise TA, Yin JJ, Taylor SD, Kumagai Y, Dallas M, Boyce BF, et al. Evidence for
a causal role of parathyroid hormone-related protein in the patho-
genesis of human breast cancer-mediated osteolysis. J Clin Invest.
1996;98(7):1544-9. https://doi.org/10.1172/jci118947.

Guo X, Li M, Qi W, Bai H, Nie Z, Hu Z, et al. Serial cellular events in bone
formation initiated by calcium phosphate ceramics. Acta Biomater.
2021;134:730-43. https://doi.org/10.1016/j.actbio.2021.07.037.

Hartgers FC, Vissers JL, Looman MW, van Zoelen C, Huffine C, Figdor CG, et al.
DC-STAMP, a novel multimembrane-spanning molecule preferentially
expressed by dendritic cells. Eur J Immunol. 2000;30(12):3585-90.
https://doi.org/10.1002/1521-4141(200012)30:12%3c3585::AID-IMMU3
585%3e3.0.CO;2-Y.

Hattner R, Epker BN, Frost HM. Suggested sequential mode of control
of changes in cell behaviour in adult bone remodelling. Nature.
1965;206(983):489-90. https://doi.org/10.1038/206489a0.

Hayashi M, Nakashima T, Taniguchi M, Kodama T, Kumanogoh A, Takayanagi
H. Osteoprotection by semaphorin 3A. Nature. 2012;485(7396):69-74.
https://doi.org/10.1038/nature11000.

Hayat SMG, BianconiV, Pirro M, Jaafari MR, Hatamipour M, Sahebkar A.

CDA47: role in the immune system and application to cancer therapy.
Cell Oncol (Dordr). 2020;43(1):19-30. https://doi.org/10.1007/
$13402-019-00469-5.

Hayman AR, Macary P, Lehner PJ, Cox TM. Tartrate-resistant acid phosphatase
(Acp 5): identification in diverse human tissues and dendritic cells. J
Histochem Cytochem. 2001;49(6):675-84. https://doi.org/10.1177/
002215540104900601.

Helfrich MH, Nesbitt SA, Lakkakorpi PT, Barnes MJ, Bodary SC, Shankar G, et al.
Beta 1 integrins and osteoclast function: involvement in collagen
recognition and bone resorption. Bone. 1996;19(4):317-28. https://doi.
0rg/10.1016/58756-3282(96)00223-2.

Page 21 of 25

Hobolt-Pedersen AS, Delaissé JM, Sge K. Osteoclast fusion is based on hetero-
geneity between fusion partners. Calcif Tissue Int. 2014;95(1):73-82.
https://doi.org/10.1007/500223-014-9864-5.

Hu C, Zhang M, Wu J, Cao X, Chen L, Yan J, et al. Bisphosphonate-Modified
Functional Supramolecular Hydrogel Promotes Periodontal Bone
Regeneration by Osteoclast Inhibition. ACS Appl Mater Interfaces. 2023.
https://doi.org/10.1021/acsami.2c21297.

Husch JFA, Aradjo-Gomes N, Willemen NGA, Cofifio-Fabrés C, van Creij N, Pass-
ier R, et al. Upscaling Osteoclast Generation by Enhancing Macrophage
Aggregation Using Hollow Microgels. Small. 2024:e2403272. https://doi.
0rg/10.1002/sml1.202403272.

Husch JFA, Stessuk T, den Breejen C, van den Boom M, Leeuwenburgh SCG,
van den Beucken J. A Practical Procedure for the In Vitro Generation of
Human Osteoclasts and Their Characterization. Tissue Eng Part C Meth-
ods. 2021,27(7):421-32. https://doi.org/10.1089/ten.TEC.2021.0122.

Husch JFA, Coquelin L, Chevallier N, van Dijk NWM, Leeuwenburgh SCG,
van den Beucken JJJP. Human Macrophage- and Osteoclast-Based
Constructs Do Not Induce Ectopic Bone Formation. Regenerative
Engineering and Translational Medicine. 2023. https://doi.org/10.1007/
540883-023-00315-z.

Hynes RO. Integrins: bidirectional, allosteric signaling machines. Cell.
2002;110(6):673-87. https://doi.org/10.1016/50092-8674(02)00971-6.

Ichida M, Yui Y, Yoshioka K, Tanaka T, Wakamatsu T, Yoshikawa H, et al. Changes
in cell migration of mesenchymal cells during osteogenic differentia-
tion. FEBS Lett. 2011;585(24):4018-24. https://doi.org/10.1016/j febslet.
2011.11.014.

lizuka T, Cielinski M, Aukerman SL, Marks SC Jr. The effects of colony-stimu-
lating factor-1 on tooth eruption in the toothless (osteopetrotic) rat
in relation to the critical periods for bone resorption during tooth
eruption. Arch Oral Biol. 1992,37(8):629-36. https://doi.org/10.1016/
0003-9969(92)90125-r.

Ikebuchi'Y, Aoki S, Honma M, Hayashi M, Sugamori Y, Khan M, et al. Coupling
of bone resorption and formation by RANKL reverse signalling. Nature.
2018;561(7722):195-200. https://doi.org/10.1038/541586-018-0482-7.

Ishii M, Iwai K, Koike M, Ohshima S, Kudo-Tanaka E, Ishii T, et al. RANKL-induced
expression of tetraspanin CD9 in lipid raft membrane microdomain is
essential for cell fusion during osteoclastogenesis. J Bone Miner Res.
2006;21(6):965-76. https://doi.org/10.1359/jbmr.060308.

Isowa S, Shimo T, Ibaragi S, Kurio N, Okui T, Matsubara K, et al. PTHrP regulates
angiogenesis and bone resorption via VEGF expression. Anticancer Res.
2010;30(7):2755-67. https://pubmed.ncbi.nlm.nih.gov/20683010/.

Izumi H, Torigoe T, Ishiguchi H, Uramoto H, Yoshida Y, Tanabe M, et al. Cellular
pH regulators: potentially promising molecular targets for cancer
chemotherapy. Cancer Treat Rev. 2003;29(6):541-9. https://doi.org/10.
1016/50305-7372(03)00106-3.

Jacome-Galarza CE, Percin GI, Muller JT, Mass E, Lazarov T, Eitler J, et al.
Developmental origin, functional maintenance and genetic rescue of
osteoclasts. Nature. 2019,568(7753):541-5. https://doi.org/10.1038/
s41586-019-1105-7.

Jain N, Weinstein RS. Giant osteoclasts after long-term bisphosphonate
therapy: diagnostic challenges. Nat Rev Rheumatol. 2009;5(6):341-6.
https://doi.org/10.1038/nrrheum.2009.87.

Jallal H, Valentino ML, Chen G, Boschelli F, Ali S, Rabbani SA. A Src/Abl kinase
inhibitor, SKI-606, blocks breast cancer invasion, growth, and metastasis
in vitro and in vivo. Cancer Res. 2007;67(4):1580-8. https://doi.org/10.
1158/0008-5472.Can-06-2027.

Jensen PR, Andersen TL, See K, Hauge EM, Bollerslev J, Amling M, et al. Prema-
ture loss of bone remodeling compartment canopies is associated with
deficient bone formation: a study of healthy individuals and patients
with Cushing’s syndrome. J Bone Miner Res. 2012;27(4):770-80. https://
doi.org/10.1002/jbmr.1490.

Jensen PR, Andersen TL, Hauge EM, Bollerslev J, Delaissé JM. A joined role of
canopy and reversal cells in bone remodeling-lessons from glucocor-
ticoid-induced osteoporosis. Bone. 2015;73:16-23. https://doi.org/10.
1016/j.bone.2014.12.004.

Jeong H, Jeong JH, Kim JE, Ahn JH, Jung KH, Koh SJ, et al. Final results of the
randomized phase 2 LEO trial and bone protective effects of everoli-
mus for premenopausal hormone receptor-positive, HER2-negative
metastatic breast cancer. Int J Cancer. 2021. https://doi.org/10.1002/ijc.
33613.


https://doi.org/10.1016/j.biomaterials.2014.08.018
https://doi.org/10.1016/j.biomaterials.2014.08.018
https://doi.org/10.1016/j.biomaterials.2008.12.025
https://doi.org/10.1016/j.biomaterials.2008.12.025
https://doi.org/10.1369/jhc.2008.950394
https://doi.org/10.1016/j.bone.2014.04.032
https://doi.org/10.1016/s1470-2045(18)30862-3
https://doi.org/10.1038/nature13989
https://doi.org/10.1038/nature13989
https://doi.org/10.1016/j.bbrc.2005.04.032
https://doi.org/10.1016/j.bone.2010.02.018
https://doi.org/10.1002/jcp.10445
https://doi.org/10.1038/s41565-024-01613-5
https://doi.org/10.1038/s41565-024-01613-5
https://doi.org/10.1172/jci118947
https://doi.org/10.1016/j.actbio.2021.07.037
https://doi.org/10.1002/1521-4141(200012)30:12%3c3585::AID-IMMU3585%3e3.0.CO;2-Y
https://doi.org/10.1002/1521-4141(200012)30:12%3c3585::AID-IMMU3585%3e3.0.CO;2-Y
https://doi.org/10.1038/206489a0
https://doi.org/10.1038/nature11000
https://doi.org/10.1007/s13402-019-00469-5
https://doi.org/10.1007/s13402-019-00469-5
https://doi.org/10.1177/002215540104900601
https://doi.org/10.1177/002215540104900601
https://doi.org/10.1016/s8756-3282(96)00223-2
https://doi.org/10.1016/s8756-3282(96)00223-2
https://doi.org/10.1007/s00223-014-9864-5
https://doi.org/10.1021/acsami.2c21297
https://doi.org/10.1002/smll.202403272
https://doi.org/10.1002/smll.202403272
https://doi.org/10.1089/ten.TEC.2021.0122
https://doi.org/10.1007/s40883-023-00315-z
https://doi.org/10.1007/s40883-023-00315-z
https://doi.org/10.1016/s0092-8674(02)00971-6
https://doi.org/10.1016/j.febslet.2011.11.014
https://doi.org/10.1016/j.febslet.2011.11.014
https://doi.org/10.1016/0003-9969(92)90125-r
https://doi.org/10.1016/0003-9969(92)90125-r
https://doi.org/10.1038/s41586-018-0482-7
https://doi.org/10.1359/jbmr.060308
https://pubmed.ncbi.nlm.nih.gov/20683010/
https://doi.org/10.1016/s0305-7372(03)00106-3
https://doi.org/10.1016/s0305-7372(03)00106-3
https://doi.org/10.1038/s41586-019-1105-7
https://doi.org/10.1038/s41586-019-1105-7
https://doi.org/10.1038/nrrheum.2009.87
https://doi.org/10.1158/0008-5472.Can-06-2027
https://doi.org/10.1158/0008-5472.Can-06-2027
https://doi.org/10.1002/jbmr.1490
https://doi.org/10.1002/jbmr.1490
https://doi.org/10.1016/j.bone.2014.12.004
https://doi.org/10.1016/j.bone.2014.12.004
https://doi.org/10.1002/ijc.33613
https://doi.org/10.1002/ijc.33613

Xiang et al. Cell Regeneration (2024) 13:22

John AA, Xie J, Yang YS, Kim JM, Lin C, Ma H, et al. AAV-mediated delivery of
osteoblast/osteoclast-regulating miRNAs for osteoporosis therapy. Mol
Ther Nucleic Acids. 2022;29:296-311. https://doi.org/10.1016/j.omtn.
2022.07.008.

Kania JR, Kehat-Stadler T, Kupfer SR. CD44 antibodies inhibit osteoclast forma-
tion. J Bone Miner Res. 1997;12(8):1155-64. https://doi.org/10.1359/
jbmr1997.12.8.1155.

Kawano M, Hirano T, Matsuda T, Taga T, Horii Y, Iwato K, et al. Autocrine genera-
tion and requirement of BSF-2/IL-6 for human multiple myelomas.
Nature. 1988;332(6159):83-5. https://doi.org/10.1038/332083a0.

Khan UA, Hashimi SM, Bakr MM, Forwood MR, Morrison NA. Foreign body
giant cells and osteoclasts are TRAP positive, have podosome-
belts and both require OC-STAMP for cell fusion. J Cell Biochem.
2013;114(8):1772-8. https://doi.org/10.1002/jcb.24518.

Khan UA, Hashimi SM, Khan S, Quan J, Bakr MM, Forwood MR, et al. Differen-
tial expression of chemokines, chemokine receptors and proteinases
by foreign body giant cells (FBGCs) and osteoclasts. J Cell Biochem.
2014;115(7):1290-8. https://doi.org/10.1002/jcb.24781.

Khan NM, Clifton KB, Lorenzo J, Hansen MF, Drissi H. Comparative transcrip-
tomic analysis identifies distinct molecular signatures and regula-
tory networks of chondroclasts and osteoclasts. Arthritis Res Ther.
2020;22(1):168. https://doi.org/10.1186/513075-020-02259-z.

Khass M, Rashid H, Burrows PD, Bridges SL Jr, Javed A, Schroeder HW Jr. Disrup-
tion of the preB Cell Receptor Complex Leads to Decreased Bone Mass.
Front Immunol. 2019;10:2063. https://doi.org/10.3389/fimmu.2019.
02063.

Kim N, Takami M, Rho J, Josien R, Choi Y. A novel member of the leukocyte
receptor complex regulates osteoclast differentiation. J Exp Med.
2002;195(2):201-9. https://doi.org/10.1084/jem.20011681.

Kohno N, Aogi K, Minami H, Nakamura S, Asaga T, lino Y, et al. Zoledronic acid
significantly reduces skeletal complications compared with placebo
in Japanese women with bone metastases from breast cancer: a
randomized, placebo-controlled trial. J Clin Oncol. 2005;23(15):3314-21.
https://doi.org/10.1200/jc0.2005.05.116.

Kondo N, Ogose A, Tokunaga K, Umezu H, Arai K, Kudo N, et al. Osteoinduction
with highly purified beta-tricalcium phosphate in dog dorsal muscles
and the proliferation of osteoclasts before heterotopic bone formation.
Biomaterials. 2006;27(25):4419-27. https://doi.org/10.1016/j.biomateria
15.2006.04.016.

Kurotaki D, Yamamoto M, Nishiyama A, Uno K, Ban T, Ichino M, et al. IRF8 inhib-
its C/EBPa activity to restrain mononuclear phagocyte progenitors from
differentiating into neutrophils. Nat Commun. 2014;5:4978. https://doi.
org/10.1038/ncomms5978.

Kurotaki D, Kawase W, Sasaki H, Nakabayashi J, Nishiyama A, Morse HC 3rd,
et al. Epigenetic control of early dendritic cell lineage specification
by the transcription factor IRF8 in mice. Blood. 2019;133(17):1803-13.
https://doi.org/10.1182/blood-2018-06-857789.

Kusano K, Miyaura C, Inada M, Tamura T, Ito A, Nagase H, et al. Regulation of
matrix metalloproteinases (MMP-2, -3, -9, and -13) by interleukin-1 and
interleukin-6 in mouse calvaria: association of MMP induction with
bone resorption. Endocrinology. 1998;139(3):1338-45. https://doi.org/
10.1210/end0.139.3.5818.

Kusumbe AP, Ramasamy SK, Adams RH. Coupling of angiogenesis
and osteogenesis by a specific vessel subtype in bone. Nature.
2014;507(7492):323-8. https://doi.org/10.1038/nature13145.

Lassen NE, Andersen TL, Plgen GG, Sge K, Hauge EM, Harving S, et al.

Coupling of Bone Resorption and Formation in Real Time: New
Knowledge Gained From Human Haversian BMUs. J Bone Miner Res.
2017;32(7):1395-405. https://doi.org/10.1002/jbmr.3091.

Le Nihouannen D, Daculsi G, Saffarzadeh A, Gauthier O, Delplace S, Pilet P, et al.
Ectopic bone formation by microporous calcium phosphate ceramic
particles in sheep muscles. Bone. 2005;36(6):1086-93. https://doi.org/
10.1016/j.bone.2005.02.017.

Lean JM, Matsuo K, Fox SW, Fuller K, Gibson FM, Draycott G, et al. Osteoclast
lineage commitment of bone marrow precursors through expression of
membrane-bound TRANCE. Bone. 2000;27(1):29-40. https://doi.org/10.
1016/58756-3282(00)00306-9.

Lee SK, Goldring SR, Lorenzo JA. Expression of the calcitonin receptor in
bone marrow cell cultures and in bone: a specific marker of the dif-
ferentiated osteoclast that is regulated by calcitonin. Endocrinology.
1995;136(10):4572-81. https://doi.org/10.1210/endo.136.10.7664679.

Page 22 of 25

Lee JW, Chung HY, Ehrlich LA, Jelinek DF, Callander NS, Roodman GD, et al. IL-3
expression by myeloma cells increases both osteoclast formation and
growth of myeloma cells. Blood. 2004;103(6):2308-15. https://doi.org/
10.1182/blood-2003-06-1992.

Lee SH, Rho J, Jeong D, Sul JY, Kim T, Kim N, et al. v-ATPase VO subunit
d2-deficient mice exhibit impaired osteoclast fusion and increased
bone formation. Nat Med. 2006;12(12):1403-9. https://doi.org/10.1038/
nm1514.

Lee DE, Kim JH, Choi SH, Cha JH, Bak EJ, Yoo YJ. Periodontitis mainly
increases osteoclast formation via enhancing the differentiation of
quiescent osteoclast precursors into osteoclasts. J Periodontal Res.
2015;50(2):256-64. https://doi.org/10.1111/jre.12203.

Lee J, Byun H, Madhurakkat Perikamana SK, Lee S, Shin H. Current Advances in
Immunomodulatory Biomaterials for Bone Regeneration. Adv Healthc
Mater. 2019;8(4): €1801106. https://doi.org/10.1002/adhm.201801106.

Levaot N, Ottolenghi A, Mann M, Guterman-Ram G, Kam Z, Geiger B. Osteo-
clast fusion is initiated by a small subset of RANKL-stimulated monocyte
progenitors, which can fuse to RANKL-unstimulated progenitors. Bone.
2015;79:21-8. https://doi.org/10.1016/j.bone.2015.05.021.

Li C, Samulski RJ. Engineering adeno-associated virus vectors for gene
therapy. Nat Rev Genet. 2020;21(4):255-72. https://doi.org/10.1038/
$41576-019-0205-4.

LiY,Zhong G, Sun W, Zhao C, Zhang P, Song J, et al. CD44 deficiency inhibits
unloading-induced cortical bone loss through downregulation of
osteoclast activity. Sci Rep. 2015;5:16124. https://doi.org/10.1038/srep1
6124.

Li CH, Palanisamy K, Li X, Yu SH, Wang IK, Li CY, et al. Exosomal tumor necrosis
factor-a from hepatocellular cancer cells (Huh-7) promote osteoclast
differentiation. J Cell Biochem. 2021;122(11):1749-60. https://doi.org/
10.1002/jcb.30127.

LiH, Huang, Chen Z, Zeng A, Zhang H, Yu Y, et al. Efficacy and Safety of Deno-
sumab Biosimilar QL1206 Versus Denosumab in Patients with Bone
Metastases from Solid Tumors: A Randomized Phase Il Trial. BioDrugs.
2023;37(2):259-69. https://doi.org/10.1007/540259-023-00579-5.

LiZ Yang X, Fu R,Wu Z,Xu S, Jiao J, et al. Kisspeptin-10 binding to Gpr54 in
osteoclasts prevents bone loss by activating Dusp18-mediated dephos-
phorylation of Src. Nat Commun. 2024;15(1):1300. https://doi.org/10.
1038/541467-024-44852-9.

Lin HN, O'Connor JP. Osteoclast depletion with clodronate liposomes delays
fracture healing in mice. J Orthop Res. 2017;35(8):1699-706. https://doi.
org/10.1002/jor.23440.

Liu X, Chai, Liu G, SuW, Guo Q, Lv X, et al. Osteoclasts protect bone
blood vessels against senescence through the angiogenin/plexin-

B2 axis. Nat Commun. 2021;12(1):1832. https://doi.org/10.1038/
s41467-021-22131-1.

Ljusberg J,Wang Y, Lang P, Norgard M, Dodds R, Hultenby K; et al. Proteolytic
excision of a repressive loop domain in tartrate-resistant acid phos-
phatase by cathepsin Kin osteoclasts. J Biol Chem. 2005;280(31):28370-
81. https://doi.org/10.1074/jbc.M502469200.

Lotinun S, Kiviranta R, Matsubara T, Alzate JA, Neff L, Lith A, et al. Osteoclast-
specific cathepsin K deletion stimulates S1P-dependent bone forma-
tion. J Clin Invest. 2013;123(2):666-81. https://doi.org/10.1172/jci64840.

Lundberg P, Koskinen C, Baldock PA, Léthgren H, Stenberg A, Lerner UH, et al.
Osteoclast formation is strongly reduced both in vivo and in vitro in the
absence of CD47/SIRPa-interaction. Biochem Biophys Res Commun.
2007;352(2):444-8. https://doi.org/10.1016/j.bbrc.2006.11.057.

Luo P, Fang J,Yang D, Yu L, Chen H, Jiang C, et al. OP3-4 peptide sustained-
release hydrogel inhibits osteoclast formation and promotes vasculari-
zation to promote bone regeneration in a rat femoral defect model.
Bioeng Transl Med. 2023;8(2): €10414. https://doi.org/10.1002/btm?2.
10414.

Ma Q, Liang M, Wu Y, Luo F, Ma Z, Dong S, et al. Osteoclast-derived apoptotic
bodies couple bone resorption and formation in bone remodeling.
Bone Res. 2021;9(1):5. https://doi.org/10.1038/541413-020-00121-1.

Maile LA, DeMambro VE, Wai C, Lotinun S, Aday AW, Capps BE, et al. An essen-
tial role for the association of CD47 to SHPS-1 in skeletal remodeling. J
Bone Miner Res. 2011;26(9):2068-81. https://doi.org/10.1002/jbmr441.

Manabe N, Kawaguchi H, Chikuda H, Miyaura C, Inada M, Nagai R, et al.
Connection between B lymphocyte and osteoclast differentiation
pathways. J Immunol. 2001;167(5):2625-31. https://doi.org/10.4049/
jimmunol.167.5.2625.


https://doi.org/10.1016/j.omtn.2022.07.008
https://doi.org/10.1016/j.omtn.2022.07.008
https://doi.org/10.1359/jbmr.1997.12.8.1155
https://doi.org/10.1359/jbmr.1997.12.8.1155
https://doi.org/10.1038/332083a0
https://doi.org/10.1002/jcb.24518
https://doi.org/10.1002/jcb.24781
https://doi.org/10.1186/s13075-020-02259-z
https://doi.org/10.3389/fimmu.2019.02063
https://doi.org/10.3389/fimmu.2019.02063
https://doi.org/10.1084/jem.20011681
https://doi.org/10.1200/jco.2005.05.116
https://doi.org/10.1016/j.biomaterials.2006.04.016
https://doi.org/10.1016/j.biomaterials.2006.04.016
https://doi.org/10.1038/ncomms5978
https://doi.org/10.1038/ncomms5978
https://doi.org/10.1182/blood-2018-06-857789
https://doi.org/10.1210/endo.139.3.5818
https://doi.org/10.1210/endo.139.3.5818
https://doi.org/10.1038/nature13145
https://doi.org/10.1002/jbmr.3091
https://doi.org/10.1016/j.bone.2005.02.017
https://doi.org/10.1016/j.bone.2005.02.017
https://doi.org/10.1016/s8756-3282(00)00306-9
https://doi.org/10.1016/s8756-3282(00)00306-9
https://doi.org/10.1210/endo.136.10.7664679
https://doi.org/10.1182/blood-2003-06-1992
https://doi.org/10.1182/blood-2003-06-1992
https://doi.org/10.1038/nm1514
https://doi.org/10.1038/nm1514
https://doi.org/10.1111/jre.12203
https://doi.org/10.1002/adhm.201801106
https://doi.org/10.1016/j.bone.2015.05.021
https://doi.org/10.1038/s41576-019-0205-4
https://doi.org/10.1038/s41576-019-0205-4
https://doi.org/10.1038/srep16124
https://doi.org/10.1038/srep16124
https://doi.org/10.1002/jcb.30127
https://doi.org/10.1002/jcb.30127
https://doi.org/10.1007/s40259-023-00579-5
https://doi.org/10.1038/s41467-024-44852-9
https://doi.org/10.1038/s41467-024-44852-9
https://doi.org/10.1002/jor.23440
https://doi.org/10.1002/jor.23440
https://doi.org/10.1038/s41467-021-22131-1
https://doi.org/10.1038/s41467-021-22131-1
https://doi.org/10.1074/jbc.M502469200
https://doi.org/10.1172/jci64840
https://doi.org/10.1016/j.bbrc.2006.11.057
https://doi.org/10.1002/btm2.10414
https://doi.org/10.1002/btm2.10414
https://doi.org/10.1038/s41413-020-00121-1
https://doi.org/10.1002/jbmr.441
https://doi.org/10.4049/jimmunol.167.5.2625
https://doi.org/10.4049/jimmunol.167.5.2625

Xiang et al. Cell Regeneration (2024) 13:22

Marks SC Jr, lizuka T, MacKay CA, Mason-Savas A, Cielinski MJ. The effects
of colony-stimulating factor-1 on the number and ultrastructure of
osteoclasts in toothless (tl) rats and osteopetrotic (op) mice. Tissue Cell.
1997;29(5):589-95. https://doi.org/10.1016/50040-8166(97)80059-6.

Matsuoka K, Park KA, Ito M, Ikeda K, Takeshita S. Osteoclast-derived comple-
ment component 3a stimulates osteoblast differentiation. J Bone Miner
Res. 2014,29(7):1522-30. https://doi.org/10.1002/jbmr.2187.

McClung MR, O'Donoghue ML, Papapoulos SE, Bone H, Langdahl B, Saag KG,
et al. Odanacatib for the treatment of postmenopausal osteoporosis:
results of the LOFT multicentre, randomised, double-blind, placebo-
controlled trial and LOFT Extension study. Lancet Diabetes Endocrinol.
2019;7(12):899-911. https://doi.org/10.1016/52213-8587(19)30346-8.

McDonald MM, Dulai S, Godfrey C, Amanat N, Sztynda T, Little DG. Bolus or
weekly zoledronic acid administration does not delay endochondral
fracture repair but weekly dosing enhances delays in hard callus
remodeling. Bone. 2008;43(4):653-62. https://doi.org/10.1016/j.bone.
2008.05.019.

McDonald MM, Khoo WH, Ng PY, Xiao Y, Zamerli J, Thatcher P, et al. Osteoclasts
recycle via osteomorphs during RANKL-stimulated bone resorption.
Cell. 20213;184(7):1940. https://doi.org/10.1016/j.cell.2021.03.010.

McDonald MM, Kim AS, Mulholland BS, Rauner M. New Insights Into Osteo-
clast Biology. JBMR plus. 2021b;5(9): €10539. https://doi.org/10.1002/
jom4.10539.

McFarlane T, Revell PA. The expression of CD44 in archival paraffin embedded
interface tissues of failed orthopaedic implants. J Mater Sci Mater Med.
2004;15(4):315-9. https://doi.org/10.1023/b:;jmsm.000002 1094.50889.
5¢.

McHugh KP, Hodivala-Dilke K, Zheng MH, Namba N, Lam J, Novack D, et al.
Mice lacking beta3 integrins are osteosclerotic because of dysfunc-
tional osteoclasts. J Clin Invest. 2000;105(4):433-40. https://doi.org/10.
1172/)ci8905.

McNally AK, Anderson JM. Foreign body-type multinucleated giant cells
induced by interleukin-4 express select lymphocyte co-stimulatory
molecules and are phenotypically distinct from osteoclasts and den-
dritic cells. Exp Mol Pathol. 2011,91(3):673-81. https://doi.org/10.1016/j.
yexmp.2011.06.012.

Medvinsky AL, Samoylina NL, Muller AM, Dzierzak EA. An early pre-liver
intraembryonic source of CFU-S in the developing mouse. Nature.
1993;364(6432):64-7. https://doi.org/10.1038/364064a0.

Mensah KA, Ritchlin CT, Schwarz EM. RANKL induces heterogeneous DC-
STAMP(lo) and DC-STAMP(hi) osteoclast precursors of which the
DC-STAMP(lo) precursors are the master fusogens. J Cell Physiol.
2010;223(1):76-83. https://doi.org/10.1002/jcp.22012.

Merck E, Gaillard C, Gorman DM, Montero-Julian F, Durand |, Zurawski SM,
et al. OSCAR is an FcRgamma-associated receptor that is expressed by
myeloid cells and is involved in antigen presentation and activation of
human dendritic cells. Blood. 2004;104(5):1386-95. https://doi.org/10.
1182/blood-2004-03-0850.

Miranda TS, Napimoga MH, De Franco L, Marins LM, Malta FS, Pontes LA,
et al. Strontium ranelate improves alveolar bone healing in estrogen-
deficient rats. J Periodontol. 2020;,91(11):1465-74. https://doi.org/10.
1002/jper.19-0561.

Miron RJ, Zohdi H, Fujioka-Kobayashi M, Bosshardt DD. Giant cells around
bone biomaterials: Osteoclasts or multi-nucleated giant cells? Acta
Biomater. 2016;46:15-28. https://doi.org/10.1016/j.actbio.2016.09.029.

Mitri Z, Nanda R, Blackwell K, Costelloe CM, Hood |, Wei C, et al. TBCRC-010:
Phase I/Il Study of Dasatinib in Combination with Zoledronic Acid
for the Treatment of Breast Cancer Bone Metastasis. Clin Cancer Res.
2016;22(23):5706-12. https://doi.org/10.1158/1078-0432.Ccr-15-2845.

Maller AM, Delaissé JM, Sge K. Osteoclast Fusion: Time-Lapse Reveals Involve-
ment of CD47 and Syncytin-1 at Different Stages of Nuclearity. J Cell
Physiol. 2017;232(6):1396-403. https://doi.org/10.1002/jcp.25633.

Moon HJ, Yun YP, Han CW, Kim MS, Kim SE, Bae MS, et al. Effect of heparin and
alendronate coating on titanium surfaces on inhibition of osteoclast
and enhancement of osteoblast function. Biochem Biophys Res Com-
mun. 2011;413(2):194-200. https://doi.org/10.1016/j.bbrc.2011.08.057.

Mounier L, Morel A, Ferrandez Y, Morko J, Vadraniemi J, Gilardone M, et al.
Novel 2,7-Diazaspiro[4,4lnonane Derivatives to Inhibit Mouse and
Human Osteoclast Activities and Prevent Bone Loss in Ovariec-
tomized Mice without Affecting Bone Formation. J Med Chem.
2020;63(22):13680-94. https://doi.org/10.1021/acsjmedchem.0c01201.

Page 23 of 25

Mucenski ML, McLain K, Kier AB, Swerdlow SH, Schreiner CM, Miller TA, et al.

A functional c-myb gene is required for normal murine fetal hepatic
hematopoiesis. Cell. 1991,65(4):677-89. https://doi.org/10.1016/0092-
8674(91)90099-k.

Muguruma'Y, Yahata T, Miyatake H, Sato T, Uno T, Itoh J, et al. Reconstitution
of the functional human hematopoietic microenvironment derived
from human mesenchymal stem cells in the murine bone marrow
compartment. Blood. 2006;107(5):1878-87. https://doi.org/10.1182/
blood-2005-06-2211.

Mdller AM, Medvinsky A, Strouboulis J, Grosveld F, Dzierzak E. Development
of hematopoietic stem cell activity in the mouse embryo. Immunity.
1994;1(4):291-301. https://doi.org/10.1016/1074-7613(94)90081-7.

Nakamachi Y, Ohnuma K, Uto K, Noguchi Y, Saegusa J, Kawano S. Micro-
RNA-124 inhibits the progression of adjuvant-induced arthritis in rats.
Ann Rheum Dis. 2016;75(3):601-8. https://doi.org/10.1136/annrh
eumdis-2014-206417.

Nakamura H, Nakashima T, Hayashi M, Izawa N, Yasui T, Aburatani H, et al.
Global epigenomic analysis indicates protocadherin-7 activates osteo-
clastogenesis by promoting cell-cell fusion. Biochem Biophys Res Com-
mun. 2014;455(3-4):305-11. https://doi.org/10.1016/j.bbrc.2014.11.009.

Nakao 'Y, Fukuda T, Zhang Q, SanuiT, Shinjo T, Kou X, et al. Exosomes from
TNF-a-treated human gingiva-derived MSCs enhance M2 mac-
rophage polarization and inhibit periodontal bone loss. Acta Biomater.
2021;122:306-24. https://doi.org/10.1016/j.actbio.2020.12.046.

Nakashima K, Zhou X, Kunkel G, Zhang Z, Deng JM, Behringer RR, et al. The
novel zinc finger-containing transcription factor osterix is required for
osteoblast differentiation and bone formation. Cell. 2002;108(1):17-29.
https://doi.org/10.1016/50092-8674(01)00622-5.

Nakorn TN, Miyamoto T, Weissman IL. Characterization of mouse clonogenic
megakaryocyte progenitors. Proc Natl Acad Sci U S A. 2003;100(1):205—
10. https://doi.org/10.1073/pnas.262655099.

Negishi-Koga T, Shinohara M, Komatsu N, Bito H, Kodama T, Friedel RH, et al.
Suppression of bone formation by osteoclastic expression of sema-
phorin 4D. Nat Med. 2011;17(11):1473-80. https://doi.org/10.1038/nm.
2489.

Neri T, Muggeo S, Paulis M, Caldana ME, Crisafulli L, Strina D, et al. Targeted
Gene Correction in Osteopetrotic-Induced Pluripotent Stem Cells
for the Generation of Functional Osteoclasts. Stem Cell Reports.
2015;5(4):558-68. https://doi.org/10.1016/j.stemcr.2015.08.005.

Nicholson GC, Moseley JM, Sexton PM, Martin TJ. Chicken osteoclasts do not
possess calcitonin receptors. J Bone Miner Res. 1987,2(1):53-9. https://
doi.org/10.1002/jbmr.5650020109.

Nie Z, Hu Z, Guo X, Xiao Y, Liu X, de Bruijn JD, et al. Genesis of osteoclasts on
calcium phosphate ceramics and their role in material-induced bone
formation. Acta Biomater. 2023;157:625-38. https://doi.org/10.1016/j.
actbio.2022.11.005.

Nishikawa K, lwamoto Y, Ishii M. Development of an in vitro culture method for
stepwise differentiation of mouse embryonic stem cells and induced
pluripotent stem cells into mature osteoclasts. J Bone Miner Metab.
2014;32(3):331-6. https://doi.org/10.1007/500774-013-0547-5.

OchiY, Yamada H, Mori H, Nakanishi Y, Nishikawa S, Kayasuga R, et al. Effects
of eight-month treatment with ONO-5334, a cathepsin K inhibitor,
on bone metabolism, strength and microstructure in ovariectomized
cynomolgus monkeys. Bone. 2014;65:1-8. https://doi.org/10.1016/].
bone.2014.04.023.

Odgren PR, Witwicka H, Reyes-Gutierrez P. The cast of clasts: catabolism
and vascular invasion during bone growth, repair, and disease by
osteoclasts, chondroclasts, and septoclasts. Connect Tissue Res.
2016;57(3):161-74. https://doi.org/10.3109/03008207.2016.1140752.

Olsson AK, Dimberg A, Kreuger J, Claesson-Welsh L. VEGF receptor signalling -
in control of vascular function. Nat Rev Mol Cell Biol. 2006;7(5):359-71.
https://doi.org/10.1038/nrm1911.

Ota N, Takaishi H, Kosaki N, Takito J, Yoda M, TohmondaT, et al. Accelerated
cartilage resorption by chondroclasts during bone fracture healing in
osteoprotegerin-deficient mice. Endocrinology. 2009;150(11):4823-34.
https://doi.org/10.1210/en.2009-0452.

Oursler MJ. Osteoclast synthesis and secretion and activation of latent
transforming growth factor beta. J Bone Miner Res. 1994,9(4):443-52.
https://doi.org/10.1002/jbmr.5650090402.

Pan B, Zhang Z, Wu X, Xian G, Hu X, Gu M, et al. Macrophage-derived
exosomes modulate wear particle-induced osteolysis via miR-3470b


https://doi.org/10.1016/s0040-8166(97)80059-6
https://doi.org/10.1002/jbmr.2187
https://doi.org/10.1016/s2213-8587(19)30346-8
https://doi.org/10.1016/j.bone.2008.05.019
https://doi.org/10.1016/j.bone.2008.05.019
https://doi.org/10.1016/j.cell.2021.03.010
https://doi.org/10.1002/jbm4.10539
https://doi.org/10.1002/jbm4.10539
https://doi.org/10.1023/b:jmsm.0000021094.50889.5c
https://doi.org/10.1023/b:jmsm.0000021094.50889.5c
https://doi.org/10.1172/jci8905
https://doi.org/10.1172/jci8905
https://doi.org/10.1016/j.yexmp.2011.06.012
https://doi.org/10.1016/j.yexmp.2011.06.012
https://doi.org/10.1038/364064a0
https://doi.org/10.1002/jcp.22012
https://doi.org/10.1182/blood-2004-03-0850
https://doi.org/10.1182/blood-2004-03-0850
https://doi.org/10.1002/jper.19-0561
https://doi.org/10.1002/jper.19-0561
https://doi.org/10.1016/j.actbio.2016.09.029
https://doi.org/10.1158/1078-0432.Ccr-15-2845
https://doi.org/10.1002/jcp.25633
https://doi.org/10.1016/j.bbrc.2011.08.057
https://doi.org/10.1021/acs.jmedchem.0c01201
https://doi.org/10.1016/0092-8674(91)90099-k
https://doi.org/10.1016/0092-8674(91)90099-k
https://doi.org/10.1182/blood-2005-06-2211
https://doi.org/10.1182/blood-2005-06-2211
https://doi.org/10.1016/1074-7613(94)90081-7
https://doi.org/10.1136/annrheumdis-2014-206417
https://doi.org/10.1136/annrheumdis-2014-206417
https://doi.org/10.1016/j.bbrc.2014.11.009
https://doi.org/10.1016/j.actbio.2020.12.046
https://doi.org/10.1016/s0092-8674(01)00622-5
https://doi.org/10.1073/pnas.262655099
https://doi.org/10.1038/nm.2489
https://doi.org/10.1038/nm.2489
https://doi.org/10.1016/j.stemcr.2015.08.005
https://doi.org/10.1002/jbmr.5650020109
https://doi.org/10.1002/jbmr.5650020109
https://doi.org/10.1016/j.actbio.2022.11.005
https://doi.org/10.1016/j.actbio.2022.11.005
https://doi.org/10.1007/s00774-013-0547-5
https://doi.org/10.1016/j.bone.2014.04.023
https://doi.org/10.1016/j.bone.2014.04.023
https://doi.org/10.3109/03008207.2016.1140752
https://doi.org/10.1038/nrm1911
https://doi.org/10.1210/en.2009-0452
https://doi.org/10.1002/jbmr.5650090402

Xiang et al. Cell Regeneration (2024) 13:22

targeting TAB3/NF-kB signaling. Bioact Mater. 2023;26:181-93. https://
doi.org/10.1016/j.bioactmat.2023.02.028.

Park JK, Rosen A, Saffitz JE, Asimaki A, Litovsky SH, Mackey-Bojack SM, et al.
Expression of cathepsin K and tartrate-resistant acid phosphatase is not
confined to osteoclasts but is a general feature of multinucleated giant
cells: systematic analysis. Rheumatology (Oxford). 2013;52(8):1529-33.
https://doi.org/10.1093/rheumatology/ket184.

PengY,Wu S, LiY, Crane JL. Type H blood vessels in bone modeling and
remodeling. Theranostics. 2020;10(1):426-36. https://doi.org/10.7150/
thno.34126.

Pennypacker BL, Gilberto D, Gatto NT, Samadfam R, Smith SY, Kimmel DB, et al.
Odanacatib increases mineralized callus during fracture healing in a
rabbit ulnar osteotomy model. J Orthop Res. 2016;34(1):72-80. https://
doi.org/10.1002/jor.22982.

Pronk CJ, Rossi DJ, Mansson R, Attema JL, Norddahl GL, Chan CK, et al. Elucida-
tion of the phenotypic, functional, and molecular topography of a
myeloerythroid progenitor cell hierarchy. Cell Stem Cell. 2007;1(4):428-
42. https://doi.org/10.1016/j.stem.2007.07.005.

Qin A, Cheng TS, Pavlos NJ, Lin Z, Dai KR, Zheng MH. V-ATPases in osteoclasts:
structure, function and potential inhibitors of bone resorption. Int J
Biochem Cell Biol. 2012;44(9):1422-35. https://doi.org/10.1016/j.biocel.
2012.05.014.

Qing H, Ardeshirpour L, Pajevic PD, Dusevich V, Jahn K, Kato S, et al. Dem-
onstration of osteocytic perilacunar/canalicular remodeling in mice
during lactation. J Bone Miner Res. 2012,27(5):1018-29. https://doi.org/
10.1002/jbmr.1567.

Quinn JM, Morfis M, Lam MH, Elliott J, Kartsogiannis V, Williams ED, et al.
Calcitonin receptor antibodies in the identification of osteoclasts. Bone.
1999;25(1):1-8. https://doi.org/10.1016/58756-3282(99)00094-0.

Rao H, Lu G, Kajiya H, Garcia-Palacios V, Kurihara N, Anderson J, et al. Alpha-
9betal: a novel osteoclast integrin that regulates osteoclast formation
and function. J Bone Miner Res. 2006;21(10):1657-65. https://doi.org/
10.1359/jbmr.060718.

Reid IR, Billington EO. Drug therapy for osteoporosis in older adults. Lancet.
2022;399(10329):1080-92. https://doi.org/10.1016/50140-6736(21)
02646-5.

Ripamonti U. Osteoinduction in porous hydroxyapatite implanted in hetero-
topic sites of different animal models. Biomaterials. 1996;17(1):31-5.
https://doi.org/10.1016/0142-9612(96)80752-6.

Ripamonti U, Van den Heever B, Van Wyk J. Expression of the osteogenic phe-
notype in porous hydroxyapatite implanted extraskeletally in baboons.
Matrix. 1993;13(6):491-502. https://doi.org/10.1016/50934-8832(11)
80115-0.

Rivollier A, Mazzorana M, Tebib J, Piperno M, Aitsiselmi T, Rabourdin-Combe
C, et al. Immature dendritic cell transdifferentiation into osteoclasts:

a novel pathway sustained by the rheumatoid arthritis microen-
vironment. Blood. 2004;104(13):4029-37. https://doi.org/10.1182/
blood-2004-01-0041.

Romeo SG, Alawi KM, Rodrigues J, Singh A, Kusumbe AP, Ramasamy SK.
Endothelial proteolytic activity and interaction with non-resorbing
osteoclasts mediate bone elongation. Nat Cell Biol. 2019;21(4):430-41.
https://doi.org/10.1038/541556-019-0304-7.

Rucci N, Teti A. The, “love-hate” relationship between osteoclasts and bone
matrix. Matrix Biol. 2016;52-54:176-90. https://doi.org/10.1016/j.
matbio.2016.02.009.

Rucci N, Zallone A, Teti A. Isolation and Generation of Osteoclasts. Methods
Mol Biol. 2019;1914:3-19. https://doi.org/10.1007/978-1-4939-8997-3_1.

Salhotra A, Shah HN, Levi B, Longaker MT. Mechanisms of bone development
and repair. Nat Rev Mol Cell Biol. 2020;21(11):696-711. https://doi.org/
10.1038/541580-020-00279-w.

SamannaV, Ma T, Mak TW, Rogers M, Chellaiah MA. Actin polymerization
modulates CD44 surface expression, MMP-9 activation, and osteoclast
function. J Cell Physiol. 2007;213(3):710-20. https://doi.org/10.1002/
jcp21137.

Schmidt AH. Autologous bone graft: Is it still the gold standard? Injury.
2021;52(Suppl 2):518-522. https://doi.org/10.1016/jinjury.2021.01.043.

Seita J, Weissman IL. Hematopoietic stem cell: self-renewal versus differentia-
tion. Wiley Interdiscip Rev Syst Biol Med. 2010;2(6):640-53. https://doi.
0rg/10.1002/wsbm.86.

Page 24 of 25

Senbanjo LT, Chellaiah MA. CD44: A Multifunctional Cell Surface Adhesion
Receptor Is a Regulator of Progression and Metastasis of Cancer Cells.
Front Cell Dev Biol. 2017,5:18. https://doi.org/10.3389/fcell.2017.00018.

Serwold T, Ehrlich LI, Weissman IL. Reductive isolation from bone marrow and
blood implicates common lymphoid progenitors as the major source
of thymopoiesis. Blood. 2009;113(4):807-15. https://doi.org/10.1182/
blood-2008-08-173682.

Shi X, Wang Y, Varshney RR, Ren L, Zhang F, Wang DA. In-vitro osteogenesis of
synovium stem cells induced by controlled release of bisphosphate
additives from microspherical mesoporous silica composite. Biomateri-
als. 2009;30(23-24):3996-4005. https://doi.org/10.1016/j.biomaterials.
2009.04.021.

Sick E, Jeanne A, Schneider C, Dedieu S, Takeda K, Martiny L. CD47 update: a
multifaceted actor in the tumour microenvironment of potential thera-
peutic interest. Br J Pharmacol. 2012;167(7):1415-30. https://doi.org/10.
1111/j.1476-5381.2012.02099.x.

Sivaraj KK, Adams RH. Blood vessel formation and function in bone. Develop-
ment. 2016;143(15):2706-15. https://doi.org/10.1242/dev.136861.

Soe K, Andersen TL, Hobolt-Pedersen AS, Bjerregaard B, Larsson LI, Delaisse
JM. Involvement of human endogenous retroviral syncytin-1in human
osteoclast fusion. Bone. 2011;48(4):837-46. https://doi.org/10.1016/j.
bone.2010.11.011.

Soe K, Hobolt-Pedersen AS, Delaisse JM. The elementary fusion modalities of
osteoclasts. Bone. 2015;73:181-9. https://doi.org/10.1016/jbone.2014.
12.010.

See K, Andersen TL, Hinge M, Rolighed L, Marcussen N, Delaisse JM. Coordina-
tion of Fusion and Trafficking of Pre-osteoclasts at the Marrow-Bone
Interface. Calcif Tissue Int. 2019;105(4):430-45. https://doi.org/10.1007/
500223-019-00575-4.

Sondergaard BC, Madsen SH, Segovia-Silvestre T, Paulsen SJ, Christiansen T,
Pedersen C, et al. Investigation of the direct effects of salmon calcitonin
on human osteoarthritic chondrocytes. BMC Musculoskelet Disord.
2010;11:62. https://doi.org/10.1186/1471-2474-11-62.

Soto-Pantoja DR, Kaur S, Roberts DD. CD47 signaling pathways controlling cel-
lular differentiation and responses to stress. Crit Rev Biochem Mol Biol.
2015;50(3):212-30. https://doi.org/10.3109/10409238.2015.1014024.

Sterling H, Saginario C, Vignery A. CD44 occupancy prevents macrophage
multinucleation. J Cell Biol. 1998;143(3):837-47. https://doi.org/10.
1083/jcb.143.3.837.

Sun', Li J, Xie X, Gu F, Sui Z, Zhang K; et al. Recent Advances in Osteoclast
Biological Behavior. Front Cell Dev Biol. 2021;9: 788680. https://doi.org/
10.3389/fcell.2021.788680.

Sundquist KT, Leppilampi M, Jarvelin K, Kumpulainen T, Vdananen HK.
Carbonic anhydrase isoenzymes in isolated rat peripheral monocytes,
tissue macrophages, and osteoclasts. Bone. 1987;8(1):33-8. https://doi.
0rg/10.1016/8756-3282(87)90129-3.

Susa M, Luong-Nguyen NH, Cappellen D, Zamurovic N, Gamse R. Human
primary osteoclasts: in vitro generation and applications as pharmaco-
logical and clinical assay. J TransI Med. 2004;2(1):6. https://doi.org/10.
1186/1479-5876-2-6.

Takahashi N, Muto A, Arai A, Mizoguchi T. Identification of cell cycle-arrested
quiescent osteoclast precursors in vivo. Adv Exp Med Biol. 2010;658:21—
30. https://doi.org/10.1007/978-1-4419-1050-9_3.

Takayanagi H. Osteoimmunology: shared mechanisms and crosstalk between
the immune and bone systems. Nat Rev Immunol. 2007;7(4):292-304.
https://doi.org/10.1038/nri2062.

Takeshita S, Kaji K, Kudo A. Identification and characterization of the new
osteoclast progenitor with macrophage phenotypes being able to dif-
ferentiate into mature osteoclasts. J Bone Miner Res. 2000;15(8):1477-
88. https://doi.org/10.1359/jbmr.2000.15.8.1477.

Takeshita S, Fumoto T, Matsuoka K, Park KA, Aburatani H, Kato S, et al. Osteo-
clast-secreted CTHRC1 in the coupling of bone resorption to formation.
J Clin Invest. 2013;123(9):3914-24. https://doi.org/10.1172/jci69493.

Takeyama K, Chatani M, Takano Y, Kudo A. In-vivo imaging of the fracture healing
in medaka revealed two types of osteoclasts before and after the callus
formation by osteoblasts. Dev Biol. 2014;394(2):292-304. https://doi.org/
10.1016/j.ydbio.2014.08.007.

Tanaka Y, Abe M, Hiasa M, Oda A, Amou H, Nakano A, et al. Myeloma cell-oste-
oclast interaction enhances angiogenesis together with bone resorp-
tion: a role for vascular endothelial cell growth factor and osteopontin.


https://doi.org/10.1016/j.bioactmat.2023.02.028
https://doi.org/10.1016/j.bioactmat.2023.02.028
https://doi.org/10.1093/rheumatology/ket184
https://doi.org/10.7150/thno.34126
https://doi.org/10.7150/thno.34126
https://doi.org/10.1002/jor.22982
https://doi.org/10.1002/jor.22982
https://doi.org/10.1016/j.stem.2007.07.005
https://doi.org/10.1016/j.biocel.2012.05.014
https://doi.org/10.1016/j.biocel.2012.05.014
https://doi.org/10.1002/jbmr.1567
https://doi.org/10.1002/jbmr.1567
https://doi.org/10.1016/s8756-3282(99)00094-0
https://doi.org/10.1359/jbmr.060718
https://doi.org/10.1359/jbmr.060718
https://doi.org/10.1016/s0140-6736(21)02646-5
https://doi.org/10.1016/s0140-6736(21)02646-5
https://doi.org/10.1016/0142-9612(96)80752-6
https://doi.org/10.1016/s0934-8832(11)80115-0
https://doi.org/10.1016/s0934-8832(11)80115-0
https://doi.org/10.1182/blood-2004-01-0041
https://doi.org/10.1182/blood-2004-01-0041
https://doi.org/10.1038/s41556-019-0304-7
https://doi.org/10.1016/j.matbio.2016.02.009
https://doi.org/10.1016/j.matbio.2016.02.009
https://doi.org/10.1007/978-1-4939-8997-3_1
https://doi.org/10.1038/s41580-020-00279-w
https://doi.org/10.1038/s41580-020-00279-w
https://doi.org/10.1002/jcp.21137
https://doi.org/10.1002/jcp.21137
https://doi.org/10.1016/j.injury.2021.01.043
https://doi.org/10.1002/wsbm.86
https://doi.org/10.1002/wsbm.86
https://doi.org/10.3389/fcell.2017.00018
https://doi.org/10.1182/blood-2008-08-173682
https://doi.org/10.1182/blood-2008-08-173682
https://doi.org/10.1016/j.biomaterials.2009.04.021
https://doi.org/10.1016/j.biomaterials.2009.04.021
https://doi.org/10.1111/j.1476-5381.2012.02099.x
https://doi.org/10.1111/j.1476-5381.2012.02099.x
https://doi.org/10.1242/dev.136861
https://doi.org/10.1016/j.bone.2010.11.011
https://doi.org/10.1016/j.bone.2010.11.011
https://doi.org/10.1016/j.bone.2014.12.010
https://doi.org/10.1016/j.bone.2014.12.010
https://doi.org/10.1007/s00223-019-00575-4
https://doi.org/10.1007/s00223-019-00575-4
https://doi.org/10.1186/1471-2474-11-62
https://doi.org/10.3109/10409238.2015.1014024
https://doi.org/10.1083/jcb.143.3.837
https://doi.org/10.1083/jcb.143.3.837
https://doi.org/10.3389/fcell.2021.788680
https://doi.org/10.3389/fcell.2021.788680
https://doi.org/10.1016/8756-3282(87)90129-3
https://doi.org/10.1016/8756-3282(87)90129-3
https://doi.org/10.1186/1479-5876-2-6
https://doi.org/10.1186/1479-5876-2-6
https://doi.org/10.1007/978-1-4419-1050-9_3
https://doi.org/10.1038/nri2062
https://doi.org/10.1359/jbmr.2000.15.8.1477
https://doi.org/10.1172/jci69493
https://doi.org/10.1016/j.ydbio.2014.08.007
https://doi.org/10.1016/j.ydbio.2014.08.007

Xiang et al. Cell Regeneration (2024) 13:22

Clin Cancer Res. 2007;13(3):816-23. https://doi.org/10.1158/1078-0432.
Ccr-06-2258.

ten Harkel B, Schoenmaker T, Picavet DI, Davison NL, de Vries TJ, Everts V. The
Foreign Body Giant Cell Cannot Resorb Bone, But Dissolves Hydroxyapa-
tite Like Osteoclasts. PLoS ONE. 2015;10(10): e0139564. https://doi.org/10.
1371/journal.pone.0139564.

Thudium CS, Moscatelli |, Flores C, Thomsen JS, Briel A, Gudmann NS, et al. A
comparison of osteoclast-rich and osteoclast-poor osteopetrosis in adult
mice sheds light on the role of the osteoclast in coupling bone resorption
and bone formation. Calcif Tissue Int. 2014;95(1):83-93. https://doi.org/10.
1007/500223-014-9865-4.

Tonna S, Takyar FM, Vrahnas C, Crimeen-Irwin B, Ho PW, Poulton 1J, et al. EphrinB2
signaling in osteoblasts promotes bone mineralization by prevent-
ing apoptosis. Faseb j. 2014;28(10):4482-96. https://doi.org/10.1096/f).
14-254300.

Tosun B, Wolff LI, Houben A, Nutt S, Hartmann C. Osteoclasts and Macrophages-
Their Role in Bone Marrow Cavity Formation During Mouse Embryonic
Development. J Bone Miner Res. 2022;37(9):1761-74. https://doi.org/10.
1002/jbmr4629.

Tsukasaki M, Takayanagi H. Osteoimmunology: evolving concepts in bone-
immune interactions in health and disease. Nat Rev Immunol.
2019;19(10):626-42. https://doi.org/10.1038/541577-019-0178-8.

Tsukasaki M, Huynh NC, Okamoto K, Muro R, Terashima A, Kurikawa Y, et al.
Stepwise cell fate decision pathways during osteoclastogenesis at single-
cell resolution. Nat Metab. 2020;2(12):1382-90. https://doi.org/10.1038/
$42255-020-00318-y.

Ulrich-Vinther M, Andreassen TT. Osteoprotegerin treatment impairs remodeling
and apparent material properties of callus tissue without influencing
structural fracture strength. Calcif Tissue Int. 2005;76(4):280-6. https://doi.
0rg/10.1007/500223-004-0126-9.

Wakkach A, Mansour A, Dacquin R, Coste E, Jurdic P, Carle GF, et al. Bone marrow
microenvironment controls the in vivo differentiation of murine dendritic
cells into osteoclasts. Blood. 2008;112(13):5074-83. https://doi.org/10.
1182/blood-2008-01-132787.

Walker EC, McGregor NE, Poulton 1J, Pompolo S, Allan EH, Quinn JM, et al. Cardio-
trophin-1is an osteoclast-derived stimulus of bone formation required for
normal bone remodeling. J Bone Miner Res. 2008;23(12):2025-32. https://
doi.org/10.1359/jbmr.080706.

Walsh NC, Gravallese EM. Bone loss in inflammatory arthritis: mechanisms and
treatment strategies. Curr Opin Rheumatol. 2004;16(4):419-27. https://doi.
0rg/10.1097/01.bor.0000127824.42507.68.

WangY, Inger M, Jiang H, Tenenbaum H, Glogauer M. CD109 plays a role in
osteoclastogenesis. PLoS ONE. 2013;8(4): 61213, https://doi.org/10.1371/
journal.pone.0061213.

Wang L, Liu S, ZhaoY, Liu D, Liu Y, Chen C, et al. Osteoblast-induced osteoclast
apoptosis by fas ligand/FAS pathway is required for maintenance of bone
mass. Cell Death Differ. 2015,22(10):1654-64. https://doi.org/10.1038/cdd.
2015.14.

White JR, Harris RA, Lee SR, Craigon MH, Binley K, Price T, et al. Genetic amplifica-
tion of the transcriptional response to hypoxia as a novel means of
identifying regulators of angiogenesis. Genomics. 2004;83(1):1-8. https://
doi.org/10.1016/50888-7543(03)00215-5.

Wilson SR, Peters C, Saftig P, Bromme D. Cathepsin K activity-dependent regula-
tion of osteoclast actin ring formation and bone resorption. J Biol Chem.
2009;284(4):2584-92. https://doi.org/10.1074/jbc.M805280200.

Wu CC, Econs MJ, DiMeglio LA, Insogna KL, Levine MA, Orchard PJ, et al. Diagnosis
and Management of Osteopetrosis: Consensus Guidelines From the
Osteopetrosis Working Group. J Clin Endocrinol Metab. 2017;102(9):3111-
23. https://doi.org/10.1210/jc.2017-01127.

Xian L, Wu X, Pang L, Lou M, Rosen CJ, QiuT, et al. Matrix IGF-1 maintains bone
mass by activation of mTOR in mesenchymal stem cells. Nat Med.
2012;18(7):1095-101. https://doi.org/10.1038/nm.2793.

Xiao D, Zhou Q, Bai Y, Cao B, Zhang Q, Zeng G, et al. Deficiency of PDK1 in osteo-
clasts delays fracture healing and repair. Mol Med Rep. 2020;22(2):1536—
46. https://doi.org/10.3892/mmr.2020.11209.

Xie H, Cui Z, Wang L, Xia Z, Hu Y, Xian L, et al. PDGF-BB secreted by preosteoclasts
induces angiogenesis during coupling with osteogenesis. Nat Med.
2014;20(11):1270-8. https://doi.org/10.1038/nm.3668.

Yabluchanskiy A, MaY, lyer RP, Hall ME, Lindsey ML. Matrix metalloproteinase-9:
Many shades of function in cardiovascular disease. Physiology (Bethesda).
2013;28(6):391-403. https://doi.org/10.1152/physiol.00029.2013.

Page 25 of 25

Yahara Y, Nguyen T, Ishikawa K, Kamei K, Alman BA. The origins and roles of
osteoclasts in bone development, homeostasis and repair. Development.
2022;149(8):dev199908 https://doi.org/10.1242/dev.199908.

Yahara Y, Barrientos T, Tang YJ, Puviindran V, Nadesan P, Zhang H, et al. Erythromy-
eloid progenitors give rise to a population of osteoclasts that contribute
to bone homeostasis and repair. Nat Cell Biol. 2020;22(1):49-59. https.//
doi.org/10.1038/541556-019-0437-8.

Yamada H, Ochi'Y, Mori H, Nishikawa S, Hashimoto Y, Nakanishi Y, et al. Effects of
16-month treatment with the cathepsin K inhibitor ONO-5334 on bone
markers, mineral density, strength and histomorphometry in ovariecto-
mized cynomolgus monkeys. Bone. 2016;86:43-52. https://doi.org/10.
1016/j.bone.2016.02.014.

Yamasaki H, Sakai H. Osteogenic response to porous hydroxyapatite ceramics
under the skin of dogs. Biomaterials. 1992;13(5):308-12. https://doi.org/10.
1016/0142-9612(92)90054-r.

Yang Z, Yuan H, Tong W, Zou P, Chen W, Zhang X. Osteogenesis in extraskeletally
implanted porous calcium phosphate ceramics: variability among differ-
ent kinds of animals. Biomaterials. 1996;17(22):2131-7. https://doi.org/10.
1016/0142-9612(96)00044-0.

Yang JC, Ok JH, Busby JE, Borowsky AD, Kung HJ, Evans CP. Aberrant activation of
androgen receptor in a new neuropeptide-autocrine model of androgen-
insensitive prostate cancer. Cancer Res. 2009;69(1):151-60. https://doi.org/
10.1158/0008-5472.Can-08-0442.

Yang VS, Xie J, Chaugule S, Wang D, Kim JM, Kim J, et al. Bone-Targeting AAV-
Mediated Gene Silencing in Osteoclasts for Osteoporosis Therapy. Mol
Ther Methods Clin Dev. 2020;17:922-35. https://doi.org/10.1016/j.omtm.
2020.04.010.

Yousef EM, Tahir MR, St-Pierre Y, Gaboury LA. MMP-9 expression varies according
to molecular subtypes of breast cancer. BMC Cancer. 2014;14:609. https.//
doi.org/10.1186/1471-2407-14-609.

Yuan H, van Blitterswijk CA, de Groot K, de Bruijn JD. Cross-species comparison
of ectopic bone formation in biphasic calcium phosphate (BCP) and
hydroxyapatite (HA) scaffolds. Tissue Eng. 2006;12(6):1607-15. https://doi.
0rg/10.1089/ten.2006.12.1607.

Yuan X, Qian N, Ling S, LiY, Sun W, Li J, et al. Breast cancer exosomes contribute to
pre-metastatic niche formation and promote bone metastasis of tumor
cells. Theranostics. 2021;11(3):1429-45. https//doi.org/10.7150/thno.
45351.

Zhang Z,Ding P, Meng Y, Lin T, Zhang Z, Shu H, et al. Rational polyelectrolyte
nanoparticles endow preosteoclast-targeted siRNA transfection for
anabolic therapy of osteoporosis. Sci Adv. 2023b;9(10):eade7379. https://
doi.org/10.1126/sciadv.ade7379.

Zhang J, Luo X, Barbieri D, Barradas AM, de Bruijn JD, van Blitterswijk CA, et al.
The size of surface microstructures as an osteogenic factor in calcium
phosphate ceramics. Acta Biomater. 2014;10(7):3254-63. https://doi.org/
10.1016/j.acthio.2014.03.021.

Zhang Y, Polman M, Mohammad AF, Hermens |, Zhuang Z, Wang H, et al. Species-
independent stimulation of osteogenic differentiation induced by
osteoclasts. Biochem Biophys Res Commun. 2022;606:149-55. https://doi.
0rg/10.1016/j.bbrc.2022.03.115.

Zhang L, YinY, Guo J, Jin L, Hou Z. Chronic intermittent hypobaric hypoxia
ameliorates osteoporosis after spinal cord injury through balancing
osteoblast and osteoclast activities in rats. Front Endocrinol (Lausanne).
2023;14:1035186. https://doi.org/10.3389/fendo.2023.1035186.

Zhu S, Ehnert S, Roull M, Haussling V, Aspera-Werz RH, Chen T, et al. From the
Clinical Problem to the Basic Research-Co-Culture Models of Osteoblasts
and Osteoclasts. Int J Mol Sci. 2018;19(8):2284. https.//doi.org/10.3390/
ijms19082284.

Ziegler-Heitbrock HW, Ulevitch RJ. CD14: cell surface receptor and differentiation
marker. Immunol Today. 1993;14(3):121-5. https://doi.org/10.1016/0167-
5699(93)90212-4.

Zielinska M, Chmielewska E, Buchwald T, Voelkel A, Kafarski P. Determination
of bisphosphonates anti-resorptive properties based on three forms of
ceramic materials: Sorption and release process evaluation. J Pharm Anal.
2021;11(3):364-73. https://doi.org/10.1016/}jpha.2020.07.011.


https://doi.org/10.1158/1078-0432.Ccr-06-2258
https://doi.org/10.1158/1078-0432.Ccr-06-2258
https://doi.org/10.1371/journal.pone.0139564
https://doi.org/10.1371/journal.pone.0139564
https://doi.org/10.1007/s00223-014-9865-4
https://doi.org/10.1007/s00223-014-9865-4
https://doi.org/10.1096/fj.14-254300
https://doi.org/10.1096/fj.14-254300
https://doi.org/10.1002/jbmr.4629
https://doi.org/10.1002/jbmr.4629
https://doi.org/10.1038/s41577-019-0178-8
https://doi.org/10.1038/s42255-020-00318-y
https://doi.org/10.1038/s42255-020-00318-y
https://doi.org/10.1007/s00223-004-0126-9
https://doi.org/10.1007/s00223-004-0126-9
https://doi.org/10.1182/blood-2008-01-132787
https://doi.org/10.1182/blood-2008-01-132787
https://doi.org/10.1359/jbmr.080706
https://doi.org/10.1359/jbmr.080706
https://doi.org/10.1097/01.bor.0000127824.42507.68
https://doi.org/10.1097/01.bor.0000127824.42507.68
https://doi.org/10.1371/journal.pone.0061213
https://doi.org/10.1371/journal.pone.0061213
https://doi.org/10.1038/cdd.2015.14
https://doi.org/10.1038/cdd.2015.14
https://doi.org/10.1016/s0888-7543(03)00215-5
https://doi.org/10.1016/s0888-7543(03)00215-5
https://doi.org/10.1074/jbc.M805280200
https://doi.org/10.1210/jc.2017-01127
https://doi.org/10.1038/nm.2793
https://doi.org/10.3892/mmr.2020.11209
https://doi.org/10.1038/nm.3668
https://doi.org/10.1152/physiol.00029.2013
https://doi.org/10.1242/dev.199908
https://doi.org/10.1038/s41556-019-0437-8
https://doi.org/10.1038/s41556-019-0437-8
https://doi.org/10.1016/j.bone.2016.02.014
https://doi.org/10.1016/j.bone.2016.02.014
https://doi.org/10.1016/0142-9612(92)90054-r
https://doi.org/10.1016/0142-9612(92)90054-r
https://doi.org/10.1016/0142-9612(96)00044-0
https://doi.org/10.1016/0142-9612(96)00044-0
https://doi.org/10.1158/0008-5472.Can-08-0442
https://doi.org/10.1158/0008-5472.Can-08-0442
https://doi.org/10.1016/j.omtm.2020.04.010
https://doi.org/10.1016/j.omtm.2020.04.010
https://doi.org/10.1186/1471-2407-14-609
https://doi.org/10.1186/1471-2407-14-609
https://doi.org/10.1089/ten.2006.12.1607
https://doi.org/10.1089/ten.2006.12.1607
https://doi.org/10.7150/thno.45351
https://doi.org/10.7150/thno.45351
https://doi.org/10.1126/sciadv.ade7379
https://doi.org/10.1126/sciadv.ade7379
https://doi.org/10.1016/j.actbio.2014.03.021
https://doi.org/10.1016/j.actbio.2014.03.021
https://doi.org/10.1016/j.bbrc.2022.03.115
https://doi.org/10.1016/j.bbrc.2022.03.115
https://doi.org/10.3389/fendo.2023.1035186
https://doi.org/10.3390/ijms19082284
https://doi.org/10.3390/ijms19082284
https://doi.org/10.1016/0167-5699(93)90212-4
https://doi.org/10.1016/0167-5699(93)90212-4
https://doi.org/10.1016/j.jpha.2020.07.011

	Beyond resorption: osteoclasts as drivers of bone formation
	Abstract 
	Background
	The origin of osteoclasts
	Origin of embryonic osteoclasts
	Origin of postnatal osteoclasts
	Mixed origin osteoclasts
	Cell fusion based on heterogeneity

	Cellular characteristics change during the transition from precursor to osteoclast
	Monocytesmacrophages
	CD14
	CD47
	F480

	Pre-OCs
	CD44
	Receptor activator of nuclear factor kappa-B (RANK)
	Osteoclast-associated receptor (OSCAR)
	Tartrate-resistant acid phosphatase (TRAP)
	Calcitonin receptor (CTR)
	Carbonic anhydrase II (CAII)

	OCs
	Multinuclearity
	Cathepsin K (CTSK)
	Matrix metalloproteinase 9 (MMP-9)
	Integrin β3
	ATP6V0D1


	Osteoclast function in bone formation
	The role of osteoclasts in bone marrow cavity formation
	The role of osteoclasts in angiogenesis
	The role of osteoclasts in bone remodeling

	Osteoclasts in bone regeneration
	The role of osteoclasts in bone fracture repair
	Osteoclasts interact with immune response after implanting biomaterials
	The potential role of osteoclasts in osteoinductive bone substitutes

	The role of osteoclasts in clinically significant and prevalent bone diseases
	Therapeutic strategies targeting osteoclasts in bone disease
	Small molecules and monoclonal antibodies
	Gene-editing technologies
	Extracellular vesicles

	Conclusions and perspectives
	Acknowledgements
	References


