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Osteoimmunity is involved in regulating the balance of bone remodeling and resorption, and is essential for maintaining normal bone morphology. The interaction between immune cells and osteoclasts in the bone marrow or joint cavity is the basis of osteoimmunity, in which the macrophage-osteoclast axis plays a vital role. Monocytes or tissue-specific macrophages (macrophages resident in tissues) are an important origin of osteoclasts in inflammatory and immune environment. Although there are many reports on macrophages and osteoclasts, there is still a lack of systematic reviews on the macrophage-osteoclast axis in osteoimmunity. Elucidating the role of the macrophage-osteoclast axis in osteoimmunity is of great significance for the research or treatment of bone damage caused by inflammation and immune diseases. In this article, we introduced in detail the concept of osteoimmunity and the mechanism and regulators of the differentiation of macrophages into osteoclasts. Furthermore, we described the role of the macrophage-osteoclast axis in typical bone damage caused by inflammation and immune diseases. These provide a clear knowledge framework for studying macrophages and osteoclasts in inflammatory and immune environments. And targeting the macrophage-osteoclast axis may be an effective strategy to treat bone damage caused by inflammation and immune diseases.
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Highlights

	Osteoimmunity is an interdisciplinary concept that refers to the interaction between the skeletal system and the immune system. Specifically, it is the interaction between immune cells and bone cells, among which the macrophage-osteoclast axis plays a fundamental role.

	In the inflammatory environment, circulating monocytes/macrophages and tissue-specific macrophages are the main sources of osteoclasts. There are three types of monocytes in the human peripheral blood: the classical (CD14++CD16-), the intermediate (CD14++CD16+), and the nonclassical (CD14+CD16++). These three phenotypes have different triggering conditions for osteoclasts differentiation.

	The fusion and multinucleation of macrophages are essential for the formation of osteoclasts to control bone mass. And the process mainly includes membrane fusion and reprogramming.

	RANKL and M-CSF are the determinants of the differentiation of macrophages into osteoclasts. PPARγ, ERRα, PGC-1β, NDUFS4, and maternal VLDLR are the regulators of the differentiation of macrophages into osteoclasts.

	In osteoporosis and other bone loss inflammatory conditions, the macrophage-osteoclast axis plays a vital role.

	The macrophage-osteoclast axis plays a crucial role in bone damage caused by inflammatory and immune diseases. And targeting the macrophage-osteoclast axis is of great significance for the treatment of bone damage.





Introduction

The skeletal system and the immune system share multiple molecules, including cytokines, transcription factors, chemokines, receptors, and hormones. Under normal physiological conditions, the interaction between bone cells (such as osteoclasts and osteoblasts) and immune cells maintain the bone balance. Osteoimmunity is an interdisciplinary field, which is of great significance for the study of osteo-damage related diseases. Receptor activator of nuclear factor-κB (RANK), receptor activator of nuclear factor-κB ligand (RANKL), and osteoprotegerin (OPG) are the three core molecules in osteoimmunity. The ratio of RANKL to OPG determines the balance of bone resorption and bone remodeling. There are already many reviews on RANK, RANKL, and OPG, so we do not intend to introduce these three molecules here. Macrophages and osteoclasts are the focus of this article.

Macrophages are distributed in tissues throughout the body and contribute to both homeostasis and disease (1). Recently, it has become evident that some adult tissue macrophages originate during embryonic development and not from circulating monocytes (1). However, the current academic circles have different opinions on the origin of resident macrophages in tissues. For example, in RA, it is believed that the resident macrophages residing in the synovium come from monocytes in the embryo and peripheral blood. In the bone marrow, the tissue-resident macrophages are called “osteal macrophages”, which is believed to be mainly derived from mononuclear cells in peripheral blood. Osteal macrophages and osteoclasts are the results of competitive differentiation of myeloid progenitor. Under the sole stimulation of macrophages colony stimulating factor (M-CSF), myeloid progenitor differentiates into osteal macrophages. And under the dual stimulation of M-CSF and RANKL, myeloid progenitor differentiates into osteoclasts. Osteal macrophages has the potential to differentiate into osteoclasts, which is regulated by many factors.



Osteoimmunity

Osteoimmunity is an interdisciplinary discipline designed to elucidate the interaction between skeletal and the immune system, especially intercellular or intracellular regulation of molecular signaling in inflammatory environments such as rheumatoid joints, osteoporosis, cancer, and periodontal disease. In 2000, Aaron and Choi first proposed the concept of osteoimmunity based on the role of RANK and RANKL in inflammatory bone disease (2). The maintenance of normal bone morphology is the result of the dynamic balance of bone remodeling and bone resorption, which involves a variety of immune cells and bone cells (3). Immune cells and bone cells have a shared microenvironment and molecules, and the two cooperate to perform the function of “osteoimmunity”. The clarification of the RANKL and OPG signaling pathway has laid a solid foundation for the development of osteoimmunity, which represents that the skeletal system and the immune system are involved in both pathological and physiological conditions (2, 4, 5). Osteoimmunity is the interaction between osteoclasts or osteoblasts and various immune cells to maintain the balance of bone resorption and bone remodeling (Figure 1). The detection of activated T lymphocytes to express RANKL is the most direct evidence of the interaction between the skeletal system and the immune system (6, 7). Besides, overexpression of RANKL in T lymphocytes of RANKL-deficient mice can restore osteoclasts formation in the mice (8). These studies revealed that the immune system influences bone resorption by osteoclasts. Additionally, there were studies indicating that osteoclasts share regulatory molecules (including cytokines, transcription factors, chemokines, receptors, and hormones) with a variety of cells in the bone marrow (such as natural killer cell, osteal macrophages, T lymphocytes, B lymphocytes, and dendritic cells) (9–11). For example, pro-inflammatory cytokines IL-6, TNF-α, IL-1β, and IL-11 released by activated immune cells (like T lymphocytes) induce osteoclasts formation to promote bone resorption by regulating the ratio of RANKL to OPG, which is common in osteo-inflammatory diseases such as RA (12, 13). Consistent with this, the anti-inflammatory cytokines secreted by activated immune cells such as IL-4, IL-10, and interferon β (IFNβ) have the opposite effect (13, 14). The interaction between the immune system and the skeletal system is extremely complex. In general, the osteoclasts-T-lymphocytes-bone destruction pathway was once the central topic of bone immunology and has been extensively explained (9, 15). Besides, there is increasing evidence that the concept of osteoimmunity extends to osteoblasts, but it has not been well elucidated in comparison with osteoclasts (16, 17). Therefore, we do not discuss the above two branches of osteoimmunity here. In this article, we focus on the macrophage-osteoclast axis in osteoimmunity.




Figure 1 | Schematic diagram of osteoimmunity. DLL4, delta-like protein 4; CAR, CXC chemokine ligand (CXCL) 12-abundant reticular; SCF, stem cell factor; HSC, hematopoietic stem cell; LepR, leptin receptor-expressing. Bone marrow mainly contains osteocytes, osteoblasts, osteoclasts, OsteoMacs and macrophages. OsteoMacs refers to the macrophages residing in the bone marrow, accounting for 15% to 20% of the total bone marrow cells. And they are mainly located near osteoblasts and support the generation of osteoblasts and bone formation. Macrophages are differentiated from monocytes derived from peripheral blood and further form osteoclasts. Bone is the cradle of immune cells, osteoclasts and osteoblasts are involved in regulating the immune response of a variety of immune cells. And they can also regulate the function of hematopoietic stem cells.





The Macrophage-Osteoclast Axis


The Macrophages Are One of the Origins of Osteoclasts

Osteoclasts are well-defined and distinctive in bone marrow, which originate from myeloid progenitor or osteal macrophages and is responsible for bone resorption (18, 19). An overview of the differentiation of myeloid progenitor into osteoclasts is shown in Figure 2. The monocytes in the peripheral blood migrate to a specific location in the bones and then fuses with each other to become mature multinucleated osteoclasts under specific stimulation (20, 21). Myeloid progenitor competitively differentiates into osteoclasts and osteal macrophages under different stimuli. Osteal macrophages can further differentiate into osteoclasts. Generally, macrophages refer to mononuclear myeloid immune cells present in most tissues, which is involved in eliminating pathogen invasion or infection, coordinating the inflammatory response, and engulfing dead cells and debris (22, 23). Typically, osteal macrophages account for about 15%~20% of the total bone marrow cells in murine (24, 25).




Figure 2 | Schematic diagram of the differentiation of macrophages and osteoclasts in mice. TRAP, tartrate-resistant acid phosphatase; MGC, multinucleated giant cell; M-CSF, macrophages colony-stimulating factor; GM-CSF, granulocyte macrophages colony stimulating factor. The hematopoietic stem cells differentiate into lymphoid/myeloid precursors, and the myeloid precursors further produce dendritic cells/macrophages precursors. Under appropriate stimulation, macrophages precursors will continue to differentiate into specific marked monocytes. Next, under the stimulation of M-CSF, specifically marked monocytes differentiate into tissue-specific macrophages. Tissue-specific macrophages can directly fuse into osteoclasts, or they can fuse into MGC first and then differentiate into osteoclasts.



In 1882, Elie Metchnikoff first defined the concept of macrophages: myeloid monocytes with phagocytic properties (26). Macrophages exist in almost all tissues and is mainly involved in the immune response and inflammatory response of the tissue to maintain homeostasis. Macrophages are a part of the innate immune response and has the potential to fuse with themselves or other cells to form the multinucleated cells. As early as 1868, Langhans reported the process of multinucleation of macrophages in granulomas. Unlike most fused cells, the fusion of macrophages requires specific conditions to trigger such as severe inflammatory bone destruction disease.

Under normal circumstances, monocytes circulate in the peripheral blood, and once they enter into specific tissues, they will differentiate into macrophages. In the immune response, macrophages exhibit powerful regulatory capabilities. In different tissues, macrophages exhibit different functions, which is called the diversity or heterogeneity of macrophages (27, 28). Despite some remaining controversies, the embryonic origin of key tissue-resident macrophages populations is now fully recognized (28, 29). This represents a paradigm shift in the field and also reveals an added level of complexity to the functional heterogeneity of immune cells in the tissues. We now know that multiple populations of macrophage-like cells co-exist: in the steady state, embryonic macrophages, newborn monocyte-derived macrophages, and adult monocyte-derived macrophages function alongside one another, and in inflamed tissues adult monocyte-derived cells with features of macrophages and dendritic cells are added to the already-diverse population (28, 29). Here, we will not give a detailed introduction to the diversity and heterogeneity of macrophages, because the macrophage-osteoclast axis in bone tissue and osteoimmunity is our focus in this article.

Since its original definition in 1873, the origin of osteoclasts has not been clarified. Surprisingly, in the 1970s, Walker pioneered proof that the osteoclasts originate from hematopoietic cells (30, 31). Walker’s research showed that in a mouse model of osteopetrification lacking osteoclasts, transplantation of spleen and bone marrow cells from wild-type mice restored bone resorption in the mice. These indicated that there are progenitor cells that can differentiate into osteoclasts in hematopoietic tissue, which is essential for bone resorption (30, 31). So far, many researchers have tried to identify the precursor population of osteoclasts, but they have all failed. This may be due to the lack of surface markers to distinguish macrophages and macrophages precursors.

With the development of science and technology, in 1990, Udagawa and colleagues confirmed the monocytes/macrophages origin of osteoclasts for the first time (32). Their results showed that under the stimulation of macrophages colony stimulating factor (M-CSF), hematopoietic stem cells in the bone marrow produced monocytes/macrophages lineage (32, 33). Osteoclasts can be formed by the differentiation of immature cells of the monocytes/macrophages lineage, or by the differentiation of mature osteal macrophages (32). After that, CD31 (a glycoprotein expressed on the surface of monocytes, platelet, and neutrophil) and Ly-6C (an antigen differentially expressed on monocytes) were used as markers to separate macrophages and endothelial cells from different bone marrow cell populations (34, 35). In recent years, CD31+Ly-6C+ monocyte has been proven to differentiate into macrophages and dendritic cells (DCs), which is termed myeloid blasts (Figure 2) (36, 37). Besides, immature dendritic cells can differentiate into traditional DC, but they can also form osteoclasts under the stimulation of M-CSF and RANKL (38, 39).

All in all, in human peripheral blood, monocytes are divided into three subgroups according to the expression of CD14 and CD16 (surface molecules): the classical (CD14++CD16-), the intermediate (CD14++CD16+), and the nonclassical (CD14+CD16++) (40, 41). However, in the peripheral blood of mice, they are classified according to the expression of Ly6C and CD43: the classical (Ly6C++CD43+), the intermediate (Ly6C++CD43++), and the nonclassical (Ly6C+CD43++) (40, 42). Based on this theory, it has been proposed that: the classical monocytes are the main origin of osteoclasts (differentiation under normal circumstances); in inflammatory environment, the intermediate monocytes are transformed into osteoclasts with high absorption potential; the non-classical monocyte differentiate into non-resorbable osteoclasts (43–46). These indicate that the monocytes/macrophages subpopulation is the determinant of the formation and function of osteoclasts, which needs further research to clarify.



Mechanisms of the Macrophages Fuse Into Osteoclasts

The fusion and multinucleation of macrophages are essential for the formation of osteoclasts to control bone mass (47). The fusion process includes membrane fusion and reprogramming (Figure 3). Many genes are involved in the process of macrophages membrane fusion, and the confirmed genes directly involved include CD47, CD44, CD81, CD9, dendritic cells stimulatory transmembrane protein (CD-STAMP), etc. (48–50). Studies indicated that DC-STAMP is directly involved in the regulation of intercellular fusion, and it is usually also used as a marker of osteoclasts fusion (48, 51, 52). However, although the role of DC-STAMP in the process of monocytes/macrophages fusion into osteoclasts has been confirmed, its ligand has still not been discovered. Interestingly, OC-STAMP (osteoclasts stimulatory transmembrane protein) mediated cell fusion does not depend on DC-STAMP, which indicates that there are other cell fusion-related proteins (53, 54). CD9 and CD81 belong to the superfamily of membrane proteins and negatively regulate the process of macrophages fusion into osteoclasts (50, 55–57). Another cell surface adhesion molecule, CD44, has been shown to be involved in regulating the adhesion and fusion of macrophages (49, 58, 59). The activity of osteoclasts is significantly inhibited through the NF-κB/NFATc1 signaling pathway after CD44 is knocked out (60). Studies by Chellaiah and Ma showed that the interaction between CD44 and membrane type 1 of matrix metalloproteinase (MT1-MMP) is one of the mechanisms of macrophages fusion (61). Furthermore, the signal transduction of Rac1 also requires the participation of MT1-MMP (62, 63).




Figure 3 | The molecular mechanism of the fusion of monocytes/macrophages into osteoclasts. In the bone marrow, osteoclasts progenitors differentiate into precursor cells after being stimulated by macrophages colony stimulating factor (M-CSF), and then various factors are needed to induce the fusion ability. In the osteoclasts precursor, DNAX activating protein 12 (DAP12) binds to triggering receptor expressed on myeloid cells 2 (TREM-2) to cause a signal via spleen tyrosine kinase (SYK). The purinergic receptor P2X7 (P2X7R) has a regulatory role and acts through the ATP-adenosine axis. Tumor necrosis factor (TNF) binds to the TNF receptor (TNFR) to activate the downstream c-Jun N-terminal kinase (JNK). Besides, the potassium calcium-activated channel subfamily N member 4 (KCNN4) contributes to continuous Ca2+ signaling and downstream activation of protein kinase B (AKT). Then, the chemotaxis of macrophages brings them close to each other, which is mediated by the binding of C-C motif chemokine ligand 2 (CCL2) to its receptor. The adhesion between cells is partially mediated by E-cadherin and integrin, and the subsequent cytoskeletal rearrangement is regulated by RAC1, which is regulated by membrane type 1 matrix metalloproteinase (MT1-MMP). Finally, the dendrocyte expressed seven transmembrane protein (DCSTAMP) mediates membrane fusion, and then forms osteoclasts through cell-cell fusion. Down-regulation of CD9 and CD81 is necessary for membrane fusion. The interaction between transmembrane protein and MT1-MMP has been determined, but further research is needed. In addition, CD44 can also mediate membrane fusion by interacting with MT1-MMP. Osteoclasts produce tartrate-resistant acid phosphatase (TRAP), matrix metallopeptidase 9 (MMP9) and cathepsin K (CTSK).



Cell-cell fusion into multinuclei is a sign of osteoclasts differentiation and the specificity of bone tissue. The fusion of macrophages is diverse, including the fusion of macrophages and macrophages, the fusion of macrophages and monocytes, and the fusion of macrophages and other multinucleated cells (64, 65). In the bone matrix, mononuclear osteoclasts (macrophages)? also exist, but the bone resorption activity of osteoclasts is related to the number of nuclei (66, 67). The fused multinucleated cell needs to be reprogrammed to perform specific functions. The completion of the differentiation of multinucleated osteoclasts is the expression of mature markers, such as cathepsin K (CTSK), MMP9, and tartrate-resistant acid phosphatase (TRAP) (68). CTSK is a protease that can decompose gelatin, elastin, and collagen and it plays a role in decomposing cartilage and bone in bone tissue (69, 70). MMP9 is essential in the remodeling of bone and cartilage, which is necessary for the migration of osteoclasts to target tissues (71, 72). Tartrate-resistant acid phosphatase (TRAP) has now been recognized as a marker for identifying osteoclasts, because the multinucleation of osteoclasts is accompanied by an increase in TRAP staining (73). However, TRAP staining cannot distinguish mononuclear and multinucleated osteoclasts, and some activated dendritic cells or macrophages also express TRAP (74).




Regulators of the Differentiation of Macrophages Into Osteoclasts

Emerging evidence show that the formation of macrophages and osteoclasts is the result of competitive differentiation of myeloid progenitor. In this section, we summarize the latest research progress in the regulators that control the differentiation of macrophages and osteoclasts. These include energy metabolism, peroxisome proliferator-activated receptor γ (PPARγ) and estrogen-related receptor α (ERRα), PPARγ coactivator 1β (PGC-1β), recombinant human histidine NADH dehydrogenase Fe-S protein 4 (NDUFS4), (maternal VLDLR) (Figure 4).




Figure 4 | Molecular determinants of the differentiation of macrophages and osteoclasts. Macrophages and osteoclasts are the result of two competing differentiations of myeloid progenitor. Under the stimulation of M-CSF, myeloid progenitor differentiates into macrophages. Under the dual stimulation of M-CSF and RANKL, myeloid progenitor differentiates into osteoclasts. The differentiation of macrophages into osteoclasts is regulated by multiple factors. PPARγ, ERRα, PGC-1β, Ndusf4 and maternal VLDLR are currently widely recognized. The combination of RANK and its ligand and the combination of M-CSF and c-fms trigger the activation of multiple downstream pathways of osteoclasts precursor to induce osteoclasts differentiation.




PPARγ

PPARγ belongs to the nuclear hormone receptor superfamily and is a ligand-inducible nuclear receptor (75), which is highly expressed in myeloidlineage cells (such as macrophages). The differentiation process of macrophages is accompanied by the expression of PPARγ (76–78), and its expression is obviously up-regulated in activated macrophages (79). However, in the differentiation process of macrophages, the specific role of PPARγ is controversial. Some studies showed that PPARγ is essential for macrophages differentiation (80, 81). However, studies based on embryonic stem cells suggested that PPARγ is not necessary for macrophages differentiation (76, 81). Later studies found that in the fetus, PPARγ only determines monocytes differentiation in the peripheral blood into alveolar macrophages, but does not affect the differentiation of macrophages in other tissues (82). Now, it is generally believed that PPARγ is a negative regulator of pro-inflammatory response and macrophage activation (79, 80). Consistent with this, in monocytes/macrophages, PPARγ agonists inhibit inflammatory signal transduction or the secretion of pro-inflammatory cytokines (such as IL-1β, IL-6, TNF-α) (79, 80, 83, 84). Besides, both animal experiments and cell experiments confirmed that the activation of PPARγ is necessary for the polarization of anti-inflammatory M2 macrophages (85, 86).

Deletion of PPARγ in osteoclasts lineage can disrupt RANK-RANKL signal transduction to inhibit the differentiation of osteoclasts (87, 88). Also, the promotion of osteoclasts differentiation by rosiglitazone depends on the activation of PPARγ (87, 89). The mechanism may be that c-fos (an important transcription factor for osteoclasts formation) is directly regulated by PPARγ (87, 90). These results confirm an important conclusion that activation of PPARγ can promote bone resorption and osteoclasts differentiation (91–93). Interestingly, monocytes chemoattractant protein-1 (MCP-1) and TNFα genes (macrophages maturation-related genes) were up-regulated in mutant osteoclasts whereas inhibited by rosiglitazone in wild-type (87, 94), which is consistent with the anti-inflammatory effect of PPARγ discussed above (79, 83). Furthermore, osteoclasts progenitor coexists with PPARγ in the bone marrow (95). In addition to osteoclasts, PPARγ was also found to inhibit osteoblasts differentiation and bone formation (96–98).

To sum up, PPAR is a critical molecular modulator in macrophages and osteoclasts, specifically promoting osteoclasts differentiation/activation but inhibiting the activation of pro-inflammatory macrophages (M1 macrophages). The abnormal activation of PPARγ is an important factor leading to inflammatory osteo-damage related diseases (such as rheumatoid arthritis and osteoporosis). Therefore, regulating the expression of PPARγ in macrophages/osteoclasts is of great significance for the treatment of osteo-damage related diseases.



ERRα

ERRα belongs to the nuclear receptor superfamily of estrogen-related receptor subtypes. ERRα is related to growth and development and is highly expressed in tissues with high oxidative metabolism (99). In recent years, emerging evidence proves that ERRα can inhibit the differentiation of macrophages and promote the differentiation of osteoclasts (100–106). In vitro studies indicated that the expression of ERRα is significantly increased in macrophages activated by LPS or IFNγ stimulation (103, 107). The macrophages of ERRα deficient mice showed excessive inflammatory response and systemic inflammation after immune challenge (103). In-depth studies demonstrated that ERRα negatively regulates inflammation induced by Toll-like receptors (TLRs) through controlling the metabolic process of macrophages and inducing the transcription of TNFα-induced protein 3 (103, 108). Consistently, another study confirmed that the activation of ERRα inhibits the secretion of pro-inflammatory cytokines by activated macrophages (101). Furthermore, ERRα and its auxiliary activator PGC-1β of macrophages can increase the host’s immune defense (102, 105). In conclusion, these data suggest that ERRα is necessary to maintain the homeostasis-function of macrophages.

The study of Bonnelye E et al. showed that ERRα regulates the transport and adhesion of osteoclasts to participate in bone resorption (109, 110). In recent years, the role of ERRα in osteoclasts has been confirmed in ERRα gene knockout mice or animal experiments (100, 111). Specifically, mice with the ERRα gene defect were observed to have osteoporosis due to osteoclasts dysfunction, suggesting that ERRα is an essential regulator of bone resorption and bone remodeling. Furthermore, in osteoclasts, activation of PPARγ with rosiglitazone increased ERRα expression, while deletion of ERRα affected osteoclasts formation (stimulated by rosiglitazone and RANKL). Interestingly, the ERRα gene knockout completely blocked the rosiglitazone-induced activation of mitochondrial biogenesis-activation in osteoclasts. These evidence reveal that ERRα inhibits the formation of macrophages and promotes the formation of osteoclasts.

In general, ERRα is involved in bone resorption and bone remodeling by regulating the functions of osteoclasts and macrophages. Therefore, moderate expression of ERRα is vital for osteo-immune, specifically, ERRα acts as a regulator of the macrophage-osteoclast axis.



PGC-1β

PGC-1β is widely expressed in tissues such as liver, muscle and brown fat, especially tissues with high oxidizing ability (112, 113). PGC-1β regulates specific tissues by targeting specific transcription factors (such as ERRα and PPARγ). In recent years, emerging evidence demonstrated that PGC-1β has similar effects to PPARγ and ERRα in regulating the functions of macrophages and osteoclasts (114). The activation of M2 macrophages (alternately activated anti-inflammatory macrophages) is accompanied by the induction of oxidative metabolism and the expression of PGC-1β (115, 116). In terms of mechanism, PGC-1β regulates the activation or differentiation of M2 macrophages possibly by promoting the formation of mitochondrial biogenesis and down-regulating the release of pro-inflammatory cytokines (115). Consistent with this, inhibition of mitochondrial oxidative respiration can block the polarization of macrophages to M2 phenotype (117).

In addition to inhibiting the differentiation of pro-inflammatory macrophages, PGC-1β can also induce osteoclasts differentiation. PGC-1β is induced during the process of osteoclasts differentiation caused by cyclic adenosine monophosphate (cAMP) (114, 118). In vitro or in vivo experiments further demonstrated that down-regulation of PGC-1β inhibits mitochondrial biogenesis and osteoclasts differentiation, and osteoclasts function is severely impaired in PGC-1β-deficient mice (114). Furthermore, Wei et al. found that rosiglitazone highly induces PGC-1β in a PPARγ-dependent manner during osteoclasts differentiation (100).

In conclusion, as the co-agonist of ERRα and PPARγ, PGC-1β promotes osteoclasts differentiation and mitochondrial function and inhibits pro-inflammatory response by regulating the activation of M2 macrophages. Therefore, appropriate activation of PGC-1β is important for the polarization or differentiation of macrophages and osteoclasts.



NDUFS4

NDUFS4 is an 18 kDa subunit of mitochondrial complex I (CI) located in the inner membrane of mitochondria (119, 120). In vitro studies showed that knocking out NDUFS4 in macrophages leads to up-regulation of pro-inflammatory genes, which suggests that the activation of macrophages may be one of the causes of systemic inflammation in NDUFS4-deficient mice (121). Further in vivo experiments indicated that NDUFS4 or CI has an autonomous role in regulating the inflammatory response and the activation of M1 (pro-inflammatory macrophages). Interestingly, the expression of pro-inflammatory genes in wild-type macrophages was up-regulated after treatment with rotenone (CI inhibitor). The above data confirm that NDUFS4 or CI inhibits the inflammatory response of macrophages. Contrary to its role in macrophages, the expression of NDUFS4 can promote the formation of osteoclasts. Systemic NDUFS4 knockout or down-regulation of NDUFS4 in hematopoietic cells inhibits the formation of osteoclasts (121). In summary, NDUFS4 inhibits the activation of M1 (pro-inflammatory macrophages) and promotes the differentiation of osteoclasts. Therefore, targeting NDUFS4 to regulate the function of macrophages/osteoclasts may be an effective strategy for the treatment of inflammatory osteo-damage related diseases.



Maternal VLDLR

Very low-density lipoprotein receptor (VLDLR) belongs to the low-density lipoprotein receptor (LDLR) superfamily and is a transmembrane protein similar to LDLR structurally (122). VLDLR is highly expressed in adipose tissue, heart, and skeletal muscle (tissues that utilize fatty acids), but is not expressed in the intestine and liver (123). Studies indicated that the reconstitution of VLDLR expression in macrophages of VLDLR-deficient mice promotes the occurrence and development of atherosclerosis, which may be due to the accumulation of atherosclerotic lipoproteins caused by the knockout of VLDLR (124, 125). The physical state of the mother has a profound impact on the health of the fetus (126, 127). Maternal-fetal interface studies suggest that VLDLR can induce osteoclasts differentiation and inhibit the inflammatory response of macrophages (128–130). The absence of maternal VLDLR causes the synthesis of phospholipase A2 group 7 (PLA2G7) in macrophages to be blocked, which leads to incomplete milk and the reduction of platelet activating factor acetyl hydrolase (PAFAH) synthesis (128). Platelet activating factor (PAF) is highly expressed in newborns, especially those with inflammatory diseases (131, 132). PAFAH in milk can inhibit the inflammatory response of PAF in newborns and exists in the form of secretion (133, 134). The above evidence reveals that the maternal macrophages VLDLR promotes the production of PAFAH in breast milk to inhibit infant inflammatory response. Interestingly, another study showed that the breast milk of the mother with VLDLR deficiency can inhibit bone resorption due to the obstruction of osteoclasts differentiation, leading to osteoporosis in the offspring (129). In terms of mechanism, the inhibition of osteoclasts differentiation by VLDLR may be due to the promotion of RANKL signaling (129). Collectively, these findings indicate that the maternal VLDLR controls the formation of osteoclasts, which may be achieved by affecting the macrophages.



Energy Metabolism

The aforementioned molecules may overlap with energy metabolism in the polarization and/or differentiation of macrophages and osteoclasts. In this section, we focus on the impact of energy metabolism. The role of energy metabolism in osteoclasts is shown in Figure 5. Osteoclasts during differentiation (developmental process) can be regarded as a subgroup of macrophages, and energy metabolism is closely related to the polarization of macrophages (135, 136). Metabolic studies on peritoneal macrophages (RAW264.7) and bone marrow-derived macrophages (BMDM) indicated that lysine promotes the activation of M1 and M2, while tyrosine and phenylalanine have opposite effects (137). Proteomics studies revealed that differentiated osteoclasts are rich in lysine degradation proteins, and the biosynthesis of tyrosine, phenylalanine, and tryptophan is promoted. These result in the inhibition of the polarization of macrophages and the enhancement of osteoclasts differentiation (138). The above evidence not only confirms the close connection between macrophages and osteoclasts, but also shows that osteoclasts are a branch of macrophages family. However, so far, whether M1/M2 macrophages can continue to differentiate into osteoclasts is still unclear, which requires new data to support (139). At present, it is generally believed that M2 is alternately activated anti-inflammatory macrophages, while M1 are pro-inflammatory macrophages. Consistent with this, cytokines secreted by M2 such as IL-10 and IL-4 inhibit the expression of nuclear factor of activated T cells-cytoplasmic 1 (NFATc1), which inhibits the formation of osteoclasts. The above evidence proves that M1 macrophages are dependent on glycolysis but M2 macrophages are not dependent on glycolysis. Therefore, based on the above theory, M1 macrophages are likely to be a candidate for the osteoclasts progenitor. It is worth noting that most of the in vitro cell experimental models are simple, while the polarization of M1/M2 in physiological environment is much more complicated.




Figure 5 | Metabolic determinants of the differentiation osteoclasts. Experiments with primary bone marrow macrophages in Relb or Asxl2-deficient mice show that PGC-1β plays a vital role in the mitochondrial biogenesis of osteoclasts. However, in addition to initiating the expression of osteoclasts genes, c-fos-mediated activation of NFATc1 is also required. These indicate that although mitochondrial biogenesis and osteoclasts differentiation are independent processes, both require the production of functional osteoclasts.



As early as the 1960s, some scholars began to study the role of energy metabolism in osteoclasts formation, but it was only recently that this topic attracted the attention of researchers and was re-discussed. In the process of cell activation and differentiation, the cell will adjust its own energy metabolism according to the actual consumption. The body is a complete concept, and its metabolic disorders affect the function of every cell that makes up the organism (140, 141). Therefore, the damage of bone or cartilage integrity in patients with hyperglycemia can be explained by energy metabolism (142–144). The typical activation of osteoclasts includes several processes: firstly, monocytes/macrophages fuse into multinucleated osteoclasts; then the membrane folds and actin is produced; finally, podosomes acidify cavities and mitochondrial biogenesis increase to allow bone resorption (143). Therefore, the process of converting glucose into adenosine triphosphate (ATP) in mitochondria and the process of glycolysis both play an important role in the differentiation of osteoclasts and bone resorption (143, 145). Furthermore, recent studies suggested that the expression of glucose transporter depends on the level of RANKL, which confirms that osteoclasts differentiation and bone resorption are accompanied by increase in energy metabolism (146–148).




The Role of the Macrophage-Osteoclast Axis in Osteo-Damage Related Diseases

Under normal physiological conditions, human bone and cartilage are in a dynamic balance of resorption and remodeling, which mainly depends on the functions of osteoclasts and osteoblasts. When the physiological environment changes cause the overproduction of osteoclasts, it leads to osteo-damage related diseases. If the patient does not get timely treatment, it will eventually lead to loss of mobility in severe cases.


The Macrophage-Osteoclast Axis in Osteosarcoma

The abnormal activation of macrophages contributes to the development of osteosarcoma. On the one hand, infiltrating M2 macrophages (alternatively activated anti-inflammatory macrophages) were observed in metastatic and primary osteosarcoma tissues. On the other hand, Muramyl Tripeptide Phosphoatidyl Ethanolamine (MTP-PE), an immune adjuvant, has made considerable progress in targeting M1 macrophages (proinflammatory macrophages) for the treatment of osteosarcoma. So far, the diametrically opposite roles of M2 and M1 in inflammation have not been clearly elucidated, which may be explained by the plasticity of non-classical patrolling monocytes or M1 and M2. In this section, we focus on the role of macrophages and osteoclasts in osteosarcoma and the potential of targeting these cells to treat the disease (Figure 6).




Figure 6 | The osteoclasts and macrophages in osteosarcoma. Tumor cells of epithelial origin, such as breast tumor cells, have a tendency to metastasize to bone. Tumor-associated macrophages (TAMs) secrete growth factors and angiogenic factors, and stimulate epithelial tumor cells to secrete proteases and chemokines required for metastasis. Metastatic tumor cells further release cytokines, breaking the balance of osteoclasts and osteoblasts, increasing the activation of osteoclasts and accelerating bone resorption. Furthermore, osteoclasts release cytokines in the bone matrix to further promote the growth of metastatic epithelial tumor cells. The upper left picture shows the cellular and molecular biological effects of local osteosarcoma progression caused by tumor cells and RANKL, which are mediated by osteoblasts and osteoclasts.



Osteosarcoma is one of the common primary malignant tumors with an incidence rate of about three parts per million. The 5-year survival rate of patients with metastatic osteosarcoma is 15% to 30%, while that of localized osteosarcoma is 80% (149, 150). Immune cells involved in the inflammation of osteosarcoma mainly include CD3+T cells, CD14+ TAMs (tumor-associated macrophages), and CD68+ TAMs. When T cells and TAMs infiltration are evident in osteosarcoma, CD11c+ dendritic cells (DC) are also frequently observed. In osteosarcoma, the level of transforming growth factor β (TGF-β) of M2 macrophages affects the survival rate of the patient (151, 152). In vitro experiments showed that human osteosarcoma cells secreting osteoclasts-inducing factors were also observed in the presence of TNF-α converting enzyme messenger RNA. Interestingly, RANKL, which plays a central role in osteoclasts and osteosarcoma, belongs to the tumor necrosis factor family. Further studies indicated that the development of human osteosarcoma is accompanied by the recruitment of M2 tumor-associated macrophages, and the growth of osteosarcoma is inhibited after the experimental elimination of macrophages (153, 154). Consistently, CD163+ M2 tumor-associated macrophages inhibits the infiltration of T lymphocytes in osteosarcoma, causing osteosarcoma cells to escape the killing of the immune system (151, 155). In osteosarcoma, the macrophages develop and activate under the action of protease, vascular endothelial growth factor (VEGF), and Wnt signaling pathways. Besides, the activation of Wnt signaling pathway can inhibit the formation of osteoclasts by reducing the level of RANKL and promote the differentiation of mesenchymal cells into osteoblasts (156, 157). Furthermore, the activation of the classic Wnt/β-catenin signaling pathway in osteoblasts inhibits the formation of osteoclasts (158).

Targeting macrophages to treat osteosarcoma is an interesting topic, which is a potentially effective strategy. At present, MTP-PE has been approved for the chemotherapy of osteosarcoma and has certain advantages, but the mechanism of MTP-PE in M2 macrophages and M1 macrophages needs to be further clarified. The metastatic or primary and xenogeneic immune infiltration of tumor determine the prognosis of immunotherapy for osteosarcoma. The polarization of macrophages is an alternating and repetitive phenomenon, and clear classification (such as anti-inflammatory phenotype and pro-inflammatory phenotype) helps the treatment of osteosarcoma. Regulating tumor-associated macrophages activation can alleviate bone destruction caused by osteoclasts activation or overproduction.



The Macrophage-Osteoclast Axis in Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an inflammatory autoimmune disease with pathological manifestations of joint pannus formation, joint destruction, and synovial inflammation (159, 160). The role of macrophages and osteoclasts in RA is shown in Figure 7. CCR2 and CX3CR1 expressed by circulating monocytes interact with chemokine ligands MCP-1 (CCL2) and Fractalkine (CX3CL1) secreted by fibroblast-like synoviocytes (FLSs) to promote monocytes recruitment to the synovial tissue. In RA, the expression of specific surface antigens of activated monocytes is up-regulated, such as CD16, toll-like receptor (TLR), CD14, adhesion molecule integrin, and HLA-DR. The intermediate monocytes (see section 2.2 for detailed definition) expressing CD14 and CD16 can communicate with other cells and produce pro-inflammatory cytokines (such as IL-1β, IL-6, TNF-α) to promote the occurrence and development of RA. Furthermore, the intermediate monocytes continue to differentiate into M1 macrophages and participates in the promotion of synovial inflammation and joint damage. Emerging evidence suggests that CD14+CD16- monocytes can be further differentiated into osteoclasts that causes joint bone destruction. Besides, IL-6, TNF-α, and IL-1β secreted by macrophages recruited to synovial tissue increase the production of osteoclasts. Therefore, in RA, monocytes and macrophages are the circulating precursor of osteoclasts.




Figure 7 | Osteoimmunity in rheumatoid arthritis. The formation of osteoclasts is the result of a variety of immune cells and cytokines in the rheumatoid arthritis (RA) environment. In the inflammatory environment of RA, fibroblast-like synovial cells (FLSs) produce RANKL and TNF-α, and macrophages can produce pro-inflammatory cytokines (such as IL-1β, TNF-α and IL-6), which promote the differentiation of osteoclasts. B cells and T cells participate in the differentiation and activation of osteoclasts by secreting cytokines. ACPA specific to citrulline vimentin can induce the differentiation of osteoclasts precursors and promote the inflammatory response of RA. IL-8 increases the differentiation of osteoclasts precursors in an autocrine manner, and also participates in the recruitment of neutrophils as a chemokine. The NETs formed by the recruited neutrophils play a role in amplifying the inflammation of the synovial tissue, thereby developing RA. Cytokines such as TNF-α, IL-1β, IL6 and IL8 are produced by anti-citrullinated peptide antibodies (ACPA) or rheumatoid factor (RF) autoantibodies attacking the monocytes lineage. These cytokines can not only directly increase the formation of osteoclasts, but also regulate the secretion of RANKL from stromal cells, thereby inducing osteoclasts differentiation. In addition, ACPA promotes the secretion of IL-8 by osteoclasts by affecting osteoclasts.



Two typical features of RA are joint bone or cartilage damage and synovial inflammation. RA patients with severe clinical symptoms are likely to lose their behavior if they are not treated in time. The normal bone morphology is the result of the dynamic balance between osteoblasts and osteoclasts. To date, osteoclasts are the only primary bone resorptive cell that has been identified, and their abnormal activation or over-formation is responsible for RA. In the joint cavity, synovial macrophages from the circulation can be used as osteoclasts precursors, but there is no evidence that resident synovial macrophages can differentiate into osteoclasts (161). Generally speaking, in the joint inflammation environment of RA, circulating monocytes will continue to transfer to the joint cavity and differentiate into osteoclasts to promote joint inflammation (161, 162). Evidence showed that the monocytes that can differentiate into osteoclasts are CD14 positive but CD16 negative. CD14+CD16- monocytes are also the precursor of circulating osteoclasts, rather than a subset of circulating CD16+ cell (163, 164). Further data indicated that the expression of RANK receptor is increased on the surface of CD14+CD16- monocytes. These results prove that macrophages and osteoclasts are the key factors in the process of RA joint bone or/and cartilage destruction.



The Macrophages and Osteoclasts in Other Osteo-Damage Related Diseases

The macrophage-osteoclast axis is crucial in osteo-damage related diseases. In addition to the aforementioned osteosarcoma and rheumatoid arthritis, its important role in osteoporosis, osteopetrosis, and osteomyelitis has also been reported. In osteoporosis and other bone loss inflammatory conditions, the macrophage-osteoclast axis plays a vital role. The deletion of the C/ebpα gene in monocytes causes osteopetrosis and inhibits bone resorption in ovariectomized mice, which indicates that the C/ebpα gene is involved in regulating the function of osteoclasts (165). The typical features of osteopetrosis are the obstruction of the formation of osteoclasts and functional defects. A study using RANKL-induced osteoclasts-transgenic osteoporosis as a model revealed that a subset of macrophages is recruited into the bone matrix to participate in the development of the disease (47). The fusion and multinucleation of monocytes/macrophages are indispensable process for the production of osteoclasts, and the activation of these cells determines the balance of bone resorption and bone remodeling (47). Besides, in osteomyelitis, the expression of macrophage-related inflammatory proteins CXCL2 (MIP2α) and CCL3 (MIP1α) is related to the inflammation and bone degradation of osteomyelitis (166). The above evidence confirms the important role of the macrophage-osteoclast axis in osteo-damage related diseases.




Outlook

Osteoclasts are the only cell known to have bone resorption capacity, which is formed by the differentiation of macrophages or bone marrow precursor. Osteoimmunity is an interdisciplinary field, which mainly involves immunology and osteo-related knowledge. The immune cells involved are macrophages, T cells, B cells, and dendritic cells, and osteo-related cells include osteoclasts and osteoblasts. The macrophage-osteoclast axis plays an essential role in osteoimmunity, regulating the balance of bone remodeling and bone resorption. In addition to the macrophage-osteoclast axis described in this article in osteosarcoma, RA, and other osteo-damage related diseases, the macrophage-osteoclast axis also mediates tumor bone metastasis (167). However, this paper mainly discusses the macrophage-osteoclast axis and osteoimmunity, so it is not discussed. It is worth noting that the current research on macrophages and osteoclasts is mainly in vitro cell experiments, and there are still few in vivo studies demonstrating that circulation classical monocytes are the osteoclasts precursors in experimental inflammatory arthritis (168). As we all know, the influencing mechanism of macrophages and osteoclasts differentiation or/and activation in vivo is very complicated, so simple in vitro experiments cannot reflect the essence. Therefore, in-depth in vivo studies are necessary to clarify the role of the macrophage-osteoclast axis in osteoimmunity. Under physiological conditions, the determinants of the differentiation of macrophages and osteoclasts are very complex. This article only introduces several molecules that typically affect the differentiation of macrophages and osteoclasts in recent years. So, the molecules that have been discovered but are not typical were not introduced in this article. For example, miR-155 expression precedes and overrides the activation of the osteoclasts transcriptional program, provides the means for coherent macrophages differentiation, even in the presence of osteoclastogenic signals (169). Based on these findings, we propose that miRNA may provide a general mechanism for the unequivocal commitment underlying stem cell differentiation. Furthermore, the process of the differentiation of macrophages subtypes (M1 and M2) into osteoclasts is still unclear. When does M1 differentiate into osteoclasts, and when does M2 differentiate into osteoclasts, in what proportion, and by what factors? These are the urgent problems to be solved when elucidating the role of the macrophage-osteoclast axis in osteoimmunity. In the treatment of osteo-damage related diseases, there is still no therapy for the macrophage-osteoclast axis. Targeting tissue-specific macrophages and inhibiting or promoting differentiation into osteoclasts may be an effective means to regulate bone mass in pathological environments.
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