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Immunology, already a discipline in its own right, has become a major part of many different medical fields. However, its relationship to orthopedics and trauma surgery has unfortunately, and perhaps unjustly, been developing rather slowly. Discoveries in recent years have emphasized the immense breadth of communication and connection between both systems and, importantly, the highly promising therapeutic opportunities. Recent discoveries of factors originally assigned to the immune system have now also been shown to have a significant impact on bone health and disease, which has greatly changed how we approach treatment of bone pathologies. In case of bone fracture, immune cells, especially macrophages, are present throughout the whole healing process, assure defense against pathogens and discharge a complex variety of effectors to regulate bone modeling. In rheumatoid arthritis and osteoporosis, the immune system contributes to the formation of the pathological and chronic conditions. Fascinatingly, prosthesis failure is not at all solely a mechanical problem of improper strain but works in conjunction with an active contribution of the immune system as a reaction to irritant debris from material wear. Unraveling conjoined mechanisms of the immune and osseous systems heralds therapeutic possibilities for ailments of both. Contemplation of the bone as merely an unchanging support pillar is outdated and obsolete. Instead it is mandatory that this highly diverse network be incorporated in our understanding of the immune system and hematopoiesis.
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INTRODUCTION

In 1972, pioneering studies were able to show the close relationship between the immune system and the bone, by identifying osteoclast-activating substances in immune cells (1, 2). Almost 30 years later, Arron and Choi coined the term “osteoimmunology” in a letter to Nature, recapping an article Takayanagi et al. wrote earlier that very year, about the importance of RANKL and IFN-γ secretion of activated T cells (3, 4).

Now, in 2019, the field of osteoimmunology is as important and thriving as ever, allowing for the unparalleled opportunity of understanding processes like arthritis and rheumatic diseases. Its conclusions have made it possible to treat AIDS patients with higher accuracy and improve osteoporotic patients' activities of daily living. To understand osteoimmunology one must identify the lowest common denominator of the immune system and bone, their conjoint heritage in stem cells, and the consequences in their shared signaling pathways. Today it is evident that both systems influence each other greatly and that the impact to human physiology and pathology is extensive.

This article aims to present an overview of the topic, illuminate possibilities of treating patients with certain diseases and pinpoint the fascinating future potential of osteoimmunology.



BONE AND BONE CELLS

Osseous tissue roughly consists of two compartments: compacta and spongiosa. The compacta functions as mostly structural support for bodily stability and movement and as a pool for calcium if needed. It comprises the outermost layer of every bone and itself is composed out of osteons (5). The spongiosa is a trabecular, highly porous network of bone, housing red and white bone marrow, berth of hematopoiesis. It is highly vasculated, albeit not innervated like compacta (5). Both regions of osseous tissue rely on the activity of mainly three types of cells: Osteoclasts (OC), osteoblasts (OB), and osteocytes, with the latter making up about 95% of the total cell population (6).


Osteoblasts

The osteoblast (OB) can be considered the anabolic part of the cell triad. OBs deposit recently synthesized extracellular matrix, called osteoid, consisting mainly of collagen type 1, proteoglycans, and water. Only after the osteoid is mineralized with hydroxyapatite crystals does it obtain the stability needed for normal workload (7). Detailed mechanisms of bone healing and remodeling will be discussed later in conjunction with osteoclast activity.

OBs derive from skeletal stem cells (SSC), a subtype of the mesenchymal stem cell (MSC) line, situated in the bone marrow. SSCs can mature into different types of cells of the skeletal system, namely chondrocytes, adipocytes and OBs (8). To ensure commitment to the correct cell line, OB precursors are exposed to a highly specific cocktail of differentiation factors, partly portrayed in Figure 1 (9–18). The exact composition of factors is yet to be unraveled and understood (8). It is clear, however, that certain cells of the immune system contribute to the differentiation of OBs: It has been shown, that γδ T cells, a not antigen (AG)-specific subgroup of T cells, secrete IL-17A, formerly mainly associated with OC activation, to quicken OB proliferation and differentiation (19). Macrophages have massive influence on OB activity by emitting TNFα, being one of the most potent OB differentiation inhibitors (20). OBs are sensitive to PTH (parathyroid hormone), an anabolic hormone secreted by the parathyroid gland, which stimulates bone formation and triggers OB's secretion of pro-hematopoietic factors like IL-6, IL-6R, and MCP-1 (21).
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FIGURE 1. Selected important players of osteoblast differentiation. Promoting factors (green square) include: BMP: bone morphogenic proteins of the TGF-β superfamily, a large (>20) group of anabolic proteins secreted by different cells to ensure development of bone, cartilage and tendons mainly via the Runx2 axis. TGF-β: transforming growth factor β1−3, contained in bone cartilage tissue in large amounts. Regulates osteoblast differentiation and development similar to BMPs, with additional anti-inflammatory properties. IGF: insulin like growth factor, mainly promotes osteoblast activity, but also has positive effect on differentiation. FGF: fibroblast growth factor, stimulates OB differentiation in a manner similar to BMP signaling (Runx2 pathway). IL-11: is directly induced by mechanical strain in bone and PTH signaling and downregulates effects of Wnt inhibitors like Dkk-1/2. IL-17A: effects depend on targeted cell type. MSC differentiation is supported, but calvarial preosteoblasts receive negative effects. PTH: parathyroid hormone, only stimulates OB differentiation through Runx2 if elevation of PTH is intermittent, continuously elevated levels result in bone resorption. Vitamin D: complexes Runx2 and other cofactors to upregulate osteoblast specific genes. Mechanical stimulation promotes bone growth and OB activity according to Wolff's law: bone structure forms according to applied force. Inhibiting factors (orange square): TNFα: supposedly hampers with differentiation through inhibition of IGF-1, BMP-2/6 and possibly guiding SSCs to lineages other than osteoblasts. Dkk: the Dickkopf ligand family are potent inhibitors of the Wnt pathway, thus inhibiting development. HDCAs: histone deacetylases, prominently HDCA3-7 inhibit Runx2-DNA interaction, interfere in gene translation. CCL-3: also known as macrophage inflammatory protein 1-α (MIP-1-α) promotes inflammation and osteoclast activation. Additionally, it blocks the Runx2 pathway in OBs. Notch: effects of Notch on OBs are not fully clarified, although findings constitute a hampering function by Runx2 inhibition. Immobilization: absence of mechanical strain results in OB inhibition by non-triggering of Wolff's law.


The most important player in the development from SSC to osteoblast is the Wnt Pathway. The term Wnt comprises of a large group of signaling molecules that promote osteoblastogenesis and inhibit adipogenesis. Loss of function mutations within this pathway result in an osteoporotic phenotype, while gain of function mutations support (pathological) high bone mass (22). To support bone formation Wnt molecules activate G-protein coupled receptors (Fzd) and coreceptors of the Lrp family. Activation results in a signaling cascade, typically containing β-catenin, effectively upregulating aerobic glycolysis, β-oxidation and other anabolic mechanisms (23, 24) through activation of the Runx2 gene (25).

Other than Wnt, the BMP pathway (bone morphogenic protein) is able to upregulate OB activity and differentiation by activating Runx2 (25). After binding to the BMP receptor (BMP-R) the molecules cause dimerization of BMP-R and following phosphorylation of Smad proteins (26). After phosphorylation, those molecules then activate Runx2 (25). Despite its name, the BMP molecule family also plays important roles outside bone formation. BMP molecules influence embryogenesis and promote muscle and neuronal growth (27, 28), and are key players in the development and regulation of the immune system. T cell differentiation and activation is dependent on BMP signaling as well as Runx2 regulation (29). In B cells, BMP-6 inhibits lymphopoiesis (30) and general growth (31). In macrophages, too, proliferation is inhibited and pro-inflammatory pathways hampered (32, 33).

Downregulation of the Wnt pathway is controlled by antagonists, e.g., Dickkopf1/2 and Sclerostin, blocking the interaction between Lrp and Fzd (34). Sclerostin is a marker for mature osteocytes, since OBs themselves have not been observed to secrete sclerostin (35, 36), and capacity of production seems to increase with age (37). Sclerostin knockout mice (SOST−/−) show immensely increased osteoblastic activity resulting in smaller bone marrow cavities and subsequently impaired hematopoiesis, especially regarding B cells (38). These findings highlight the importance of regulated bone mass for hematopoiesis and, secondly, indirect influence of an osseous glycoprotein for cells of the lymphatic lineage. While mentioned findings emphasize the importance of conjoined signaling on a molecular level, these statements can be transferred to cell activity.

Studies have promoted relevance of OBs for the hematopoietic system. In 2003, it was pointed out that the OB number strongly associates to the number of hematopoietic stem cells (HSC), and furthermore ablation of OBs directly results in decrease of HSC number (39). OBs and members of the OB cell line secrete factors like N-cadherin, angiopoetin-1, thrombopoietin and osteopontin to regulate the size of the HSC pool and are able to control when HSCs migrate in and out of the bone marrow (40). Osteopontin, a member of the SIBLING glycoprotein group, is of particular interest for modern medicine, because it is overexpressed in patients suffering from certain types of cancer and correlates to metastasis and general aggressiveness (41). Additionally, OBs play an important role in lung adenocarcinomas. These tumors have been shown to have a positive effect on OB growth rate; conversely, OBs endow tumors with specific, SiglecFhigh neutrophils, which promote tumor growth (42). Moreover, it has been shown that defects in hematopoietic niches can contribute to the development of leukemia (43), while activation of osteoblasts increased mouse survival and lowered symptoms of leukemia. Inversely, acute myeloid leukemia diminishes osteoblasts in humans (44).

While these findings present the importance of OB activity on HSC regulation, other studies deemphasize OB contribution. Biglycan-deficient mice show an osteoporotic phenotype and significant reduction in OB numbers, but no differences in hematopoiesis (45). In 2007, Lymperi et al. found that treating OBs with strontium, an anabolic, bone-stimulating factor, resulted in increased OB number and general bone volume, but not in increased HSC count (46). Further investigation on OB's influence on the HSC is obligatory to work out the role of OBs in leukemia and other related illnesses.

Terashima and Takayanagi have recently published a paper discussing the role of OBs in sepsis, i.e., systemic symptoms attributable to infection. While the early stages of sepsis are accompanied by an extreme inflammatory response, later stages are marked by immunosuppression. Both states result in high mortality rates; the latter is beneficiary to secondary- or superinfections. The main factor of immunosuppression is the depression of immune cells, primary B and T cells, and their progenitors for up to 28 days (47–49). The group makes the assumption, that the remarkable duration of immunosuppression stems from OB depletion, hindering HSC tending by OBs. OB depletion is in part caused by a significant increase of inflammatory factors like IL-1β, TNFα, and G-CSF during the inflammatory phase of sepsis (50), making OBs a possible target for sepsis treatment (51).



Osteocytes

Osteocytes are not an independent type of cell line, but rather the last stage in OB development. The transformation begins passively by its “entrapment” in synthesized matrix, situating itself in so-called lacunae (52). The secluded position of the osteocytes makes it hard to signal for other cells and lengthens diffusion distances tremendously, thus dendrites are needed. Information on the transition remains scarce, although major factors have been identified. Aside from mechanical components (pressure, tension, low oxygen stress, matrix mineralization), FGF-2, oncostatin, and retinoic acid contribute to osteocyte differentiation (53).

Preosteocyte cell bodies undergo drastic changes as they develop dendrites to form contact with other osteogenic cells, via gap junctions (52). Although osteocytes have relatively slow metabolism, no ability for mitotic division and are anchored to their surroundings, they have great influence on bone metabolism. Not unlike the nervous system, they form contact points with each other, OBs and OCs, spanning a network over the entire bone. This way osteocytes are able to conduct bone turnover (53). To do so they recognize fluid shear stress, the movement of fluid in the duct system of the bone. Through mechanotransduction, these stimuli are translated into secretion of factors (54). Lack of mechanical strain will result in paracrine secretion of FGF-23, RANKL, and sclerostin. All of the aforementioned are inhibitors of bone growth. FGF-23 inhibits bone mineralization (55). RANKL is the most potent activator of OC differentiation and activation. To stimulate growth and mineralization, recognized mechanical strain will result in osteocytic secretion of OPG, a decoy receptor of RANKL, preventing its interaction with RANK (56).

Microgravity causes an impaired osteocyte network formation in mice, which subsequently reduces lymphocyte number in involved bone marrow, but not systematically. To prove this result was due to osteocyte impairment in microgravity and no other factors, osteocyte ablation (OL) was induced in “osteocyte-less (OL) mice.” Compared to wild type litter mates, OL mice exhibited a reduced osteocyte network and severe B and T cell lymphopenia (57). By depletion of GSα, a crucial osteocyte receptor, Fulzele et al. presented mice with dramatically increased myeloid stem cells in the bone marrow and overall system, indicating the importance of G-CSF secreted by osteocytes (58). Nonetheless, OL mice exhibit no change in myelopoiesis, hinting toward interchangeability of osteocytes regarding G-CSF production.

Impressively, atrophy of lymphatic organs (esp. spleen and thymus) can be observed in OL mice (57), raising the question whether osteocytes are important for the structural integrity of these organs and/or cultivation of relevant effector cells.



Osteoclasts

Osteoclast function is the destruction and clearance of osseous tissue. This is not solely a catabolic task, since recently disintegrated matrix can only then be rebuilt by OBs. The assurance of resilient bone mass is therefore dependent on OBs as well as OCs (6).

OCs are large (50–100 nm), multinucleated cells originating from HSCs rather than mesenchymal stem/stromal cells (MSC) (59), constituting the proximity to macrophages. The lytically active, ruffled border on the bone matrix-facing side is heavily creased to increase the surface area. This membrane contains a high number of H+-ATPases, lowering the pH to around 4.5 to dissolve chemical bonds of calcium in the matrix. Around this active border OCs are affixed to the osseous tissue by integrins, to ensure a tight seal around the area of low pH. To disintegrate proteins, mainly collagen type I, OCs primarily secrete Cathepsin K amongst other Cathepsins and matrix metallopeptidases (60, 61). After lysis of organic and inorganic material OCs assimilate fragments via endocytosis (62).

As mentioned before, OCs underlie strict control by, mainly, osteocytes. Activation is primarily steered by adjusting rates with which OCs develop from precursors (OCP). To do so, osteocytes distribute mesenchymal colony stimulating factor (M-CSF) to MSCs, which causes commitment to the OC cell line thus creating said precursors (59). OC development is pictured in Figure 2. Note that RANK positivity develops in the last stages of OCP development, shortly before multiple OCPs fuse into immature osteoclasts, which mature into full osteoclasts (63, 64). Most important factor for OCP fusion and maturation is Receptor Activator of NF-κB Ligand (RANKL) secreted by osteocytes (65).
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FIGURE 2. Osteoclast development. Simplified presentation of OC development. Other than OBs, OCs develop from hematopoietic stem cells. Stem cells lose self-renewing potential during development. Other blood cells branch off from multipotent progenitor cells. OC progenitor cells iterate to become RANK+, then fuse into OCs with multiple nuclei.


Other than osteocytes, different cells of the mesenchymal cell line have been shown to secrete RANKL and other OC-stimulating factors. Especially synovial fibroblasts produce RANKL when triggered by IL-17, produced by T helper cells, and TNFα, originating from macrophages. B cells of the immune system directly stimulate OC precursors through the production of IgG antibodies and RANKL (40, 66). In patients suffering from rheumatoid arthritis or enthesitis-related arthritis, the synovia and surrounding tissue has been shown to contain a significantly higher amount of RANKL (67) and other pro-inflammatory cytokines (IL-17, IL-23, TNFα) (68). RANKL activates NFATc1 in a TRAF6-dependent pathway, which ultimately promotes OC-specific protein transcription and OC maturation. NFATc1 is a protein first discovered in T cells, subsequently named nuclear factor of activated T cells, cytoplasmatic 1. While NFATc1 gene and protein regulate maturation in OCs, in CD8+ T cells it controls the strength of cytotoxic reaction against targeted cells by IL-2 and IFN-γ (69). The influence of T cells on osteoclastogenesis is summarized in Figure 3 (40, 70). Th17 cells, Th9 cells, NKT cells, and follicular helper T (TFH) cells are promoting the process of osteoclastogenesis and thereby induce bone loss. Contrarily, Th1, Th2, Treg, and CD8+ T cells inhibit the generation of osteoclasts and therefore reduce bone loss (40, 70).
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FIGURE 3. Secreted T cell factors modulating osteoclastogenesis. Naïve T cells undergo differentiation in dependency of exposed factors. A mix of pro-inflammatory and anti-inflammatory conditions leads to the development of differentiated T cell subtypes. These specialized cells then produce a characteristic fingerprint of soluble molecules, which induce or hamper OC development and activity.


Whether RANKL is indispensable for OC development is subject to controversy. Multiple substances have been found to trigger osteoclastogenesis in absence of RANKL, like TNFα (71–73), APRIL (A proliferation-inducing ligand), IGF I+II (74), and TGF-β (75), to name a few. However, methods of OC extraction for most of these studies has been heavily criticized, because of their inability to select OC progenitors exclusively. Extracted cells include MSCs, which themselves are capable of RANKL production (64). New methods of highly specific OC progenitor extraction are needed to definitively prove or disprove RANKL independent osteoclastogenesis.

Similar to OBs, OCs have influence on hematopoiesis. A somewhat average bone density with cavities for hematopoiesis is required for a functioning immune system and regular erythrocyte numbers, proven by the fact that osteopetrosis, due to OC defects, can lead to anemia and infections (76, 77).

Studies found that introducing stress to mice, in form of bleeding or bacterial infection-mimicking lipopolysaccharide (LPS), triggers multiplication of endosteal OCs. Furthermore, OC enzymes like MMP-9 and cathepsin K were present in increased quantities in the endosteal niche, loosening HSC anchorage. This released them into blood vessels (78), thus opposing blood loss and ensuring O2 supply. Contrary to these findings, studies have shown that OC inhibition did not influence HSC mobilization by G-CSF in mice (79), suggesting that OC influence on HSC mobilization is dependent on multiple factors. OCs may instead regulate HSC development indirectly by releasing Ca2+ and cytokines (TGF-β) into HSC cavities while resorbing bone mass (80, 81).

Recent studies from Grüneboom et al. have revealed an abundance of microscopic canals spanning from the bone marrow to the endosteal face of mice femurs, coining them transcortical vessels (TCV). These TCVs, aside from contributing immensely to general blood flow of the bone, were shown to be utilized by (neutrophil) granulocytes to emigrate from the bone marrow to extraosseal blood vessels when the host was injected with G-CSF—even against the direction of blood flow. TCV formation is dependent on OC activation, as blockade of OCs (with zoledronate) resulted in highly decreased TCV number within 4 weeks. Furthermore, Grüneboom et al. portrayed a significant increase of TCVs in chronic, but not acute, arthritis. Interestingly, these findings do not transfer to non-bone-related inflammation (82). New extraction methods have made it easier to gain OCs from peripheral blood with minimal effort and strain (83), making research on these cells significantly less elaborate.




MAIN COMPONENTS OF THE IMMUNE SYSTEM VIEWED IN RELATION TO OSSEOUS DEVELOPMENT

The immune system is an extremely diverse and powerful defensive tool of higher organisms. Development of the innate immune system began in unicellular, amoebic organisms. In fact, these amoebic life forms closely resemble macrophages as our immune system contains them today (84). Takayanagi et al. posit multiple reasons why the immune system is mainly housed inside the skeletal system. First, bone tissue shields stem and progenitor cells from harmful UV light, possibly damaging precious DNA and causing catastrophic replication errors. Secondly, the transition from aquatic to terrene environments brought along significantly higher concentration of oxygen, another possible danger to DNA. Ultimately, decreasing levels of external calcium (sea water contains about 400 mg/l of calcium) might have driven immunopoiesis to the bone marrow, where large quantities of calcium could be released quickly if needed, preceding the assumption, that calcium plays a crucial role for hematopoiesis (80, 85).

The innate branch of the immune system covers components, which are able to repel intruders on contact without earlier programming or further modification. It is extremely fast, identifying and attacking parasites within seconds of invasion, and due to its non-specific nature highly versatile (6).

In contrast to the innate immune system, the adaptive immune system requires multiple contacts with an antigen in order to develop the full strength of its response. First contact with an antigen is followed by programming to react specifically to this specific antigen. This makes the adaptive immune system slower to react than the innate immune system, but it compensates by its exquisite precision and, brilliantly, gives the ability to form an “immunological memory,” storing prior antigens for any number of years. Only this memory made it possible for modern medicine, starting with Edward Jenner, to actively immunize the public.

The immune system's aforementioned diversity stems from it being comprised of various cells, all different in form and function. Despite its diversity, all cells of the immune system descend from the HSC niches in the bone marrow, which are tended to all cells of the osseous line, mesenchymal cells and endosteal cells (86). Depending on developmental factors secreted from these local cells, the stem and progenitor cells commit to different lines of evolution (Table 1) (85).


Table 1. Important factors for hematopoiesis/immunopoiesis.
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Granulocytes

Granulocytes are divided into three groups according to their responses to different dyes.


Neutrophil Granulocytes

Neutrophil granulocytes (NG) are one of the fastest cell types to respond to invading bacteria, have a short lifespan of about 3 days and mostly reside in the interstitium of organs. The mechanisms of defense include secretion of multiple factors upon contact, such as myeloperoxidase (part of the oxidative burst, to destroy bacterial membranes) and lysosomal enzymes. In addition to these properties, NGs break down, and phagocyte remains of dead cells (87).

NGs are present in great numbers in early fracture and hematoma. When treated with anti-NG antibody 24 h before artificially inflicted fractures, mice have shown elevated concentrations of IL-10 and IL-6, as well as other pro- and anti-inflammatory cytokines and chemokines. Additionally, the fracture site contained significantly more monocytes/macrophages and presented an overall impaired healing process (88), suggesting that NGs play an important role in conducting chemo- and cytokines in inflammatory response.

Furthermore, when injected with G-CSF, a key regulator of NGs, pre- and postoperatively, rats profited from increased femur stiffness 5 weeks after mid-femur osteotomy in comparison to a placebo-control group, indicating a positive effect of G-CSF on early fracture healing (89).



Eosinophil and Basophil Granulocytes

Both of these types of granulocytes have not yet been correlated to the topic of osteoimmunology. Although their contributions to the immune system are indispensable, they are, as of now, negligible in this topic. It is, however, to be pointed out that mast cells play a fundamental role in fracture healing and osteoclast activation through the production of histamine, a trait shared with basophil granulocytes (90). These findings suggest, that basophil granulocytes may also play a role in these matters.



Monocytes/Macrophages

Monocytes (MC) are the progenitor cells of macrophages (MP) and dendritic cells. After circulating for about 1 d, monocytes leave the bloodstream to mature into macrophages in extravascular tissue (6). Both, monocytes and macrophages, are competent in phagocytosis and do so either with or without the help of antibodies. MCs produce IL-12, TNFα, and iNOS after contact with microbial antigens (91).

MPs are smaller than MCs and patrol the tissue of every organ of the human body. As their main function is phagocytosis, they react to wreckage of dead cells as well as to exogenous pathogens. Upon contact with pathogens, MPs release chemokines to attract other cells of the immune system, and after phagocytosis will present structures from devoured cells to lymphocytes amongst others (antigen presentation).

Due to their shared heritage and structural similarities, osteoclasts have often been described as the osseous representation of macrophages. While this is certainly correct, there are in fact other macrophages, which are characteristic for osseous tissue: namely bone marrow macrophages and osteal macrophages (osteomacs). Of course, their purpose is also defense against invading pathogens, but both subtypes of macrophages fulfill specific functions regarding bone turnover and stem cell keeping (92).

Osteomacs closely cooperate with megakaryocytes, progenitor cells of later blood platelets, and osteoblasts to maintain HSC niches. Osteoblasts work most effectively, regarding HSC keeping, when supported by megakaryocytes and osteomacs (93). In vitro it has been shown, that osteomacs can be triggered into becoming osteoclasts by stimulation with RANKL and M-CSF; in vivo this effect plays a relatively small role in osteoclast synthesis, suggesting that this process is based almost exclusively on development from HSCs (93, 94). As bone marrow and active bone formation sites are right next to each other and share multiple cytokines, osteomacs need to form a phagocytic barrier between the two, to stop signaling molecules from unintentional “roaming” (95).

Bone marrow macrophages can be further categorized into erythroblastic island macrophages (EIM) and HSC niche macrophages (HNM) (95). EIMs, as their name suggests, are closely linked to erythropoiesis. In vivo depletion of EIMs resulted in loss of all erythroblasts and reticulocytes in BM, while erythroblast precursors remain unaffected. The absence of anemia in EIM-depleted mice suggests shift of erythropoiesis to extramedullar tissue and modification of erythrocyte-sorting (96). HNMs serve a broader spectrum of HSCs, while controlling self-renewal and decommission of HSC. Recent studies by Vinchi et al. have pointed out the potential of HNM manipulation for bone marrow transplantation (97).

Evidence emerges that a subpopulation of MPs does not descend from blood-circulating MCs but instead occupy organs as early as embryonic development and self-sustain independent of MCs (98, 99). Nature recently published an article detailing the origin and function of MPs in organs and particularly in joints. CX3CR1+ positive, tissue resident MPs form a layer at the synovial coating, not unlike an epithelial layer, providing an immunological barrier. These MPs are locally renewing, independent of circulating recruitment and differ from illuviated MPs by restricting inflammation through tight junctions (100), instead of fostering it. Oppression of non CX3CR1+ positive MPs while simultaneously sustaining CX3CR1+ positive MPs might be beneficial for inflammative joint diseases.




Lymphocytes

Lymphocytes are the main representatives of the adaptive Immune system and comprise of B and T cells. Both these subsets derive from the same lymphatic progenitor cell during hematopoiesis, and while B cells mature in the bone marrow, T cells complete their maturation process in the thymus. B cells as well as T cells need to fulfill certain conditions to be deemed immune competent: (1) Recognition and ability to bind to extraneous antigens with their respective membranous AG receptors, while non-binding to endogenous AG (self-tolerance); (2) Working sets of CD4/CD8 co-receptors; (3) Ability to bind to presented AG by different cells. All cells not capable of achieving any of these conditions are sorted out and phagocytized by local macrophages (6).



B Cells

B cells are responsible for incorporating the humoral component of immune response by turning into plasma cells when triggered and producing specific antibodies. B cell development is dependent on RANKL, CXCL12, and IL-7 exposition in the HSC (101), with studies proving the dependence on RANKL by raising RANK−/− mice, which showed normal MALT (mucosa-associated lymphatic) tissue development, but suffered from a complete absence of peripheral lymph nodes (102). B cells themselves produce RANKL to stimulate B cell predecessor maturation in an autocrine fashion (99), but supposedly are not in need of RANK as receptor for RANKL to do so (103).

The aforementioned IL-7 stems from OBs of the HSC niche and is dependent of mTORC1 messaging. By deactivation of the mTOR complex in OBs, B cells were significantly reduced in the bone marrow, highlighting the importance of OBs for B cell maturation (104).

Interestingly, very early B cell progenitors, when treated with ODF/RANKL and M-CSF in vitro, could potentially turn into fully functioning osteoclasts, questioning whether the lymphoid development might be reversable (105). These findings, however, cannot as yet be reproduced in vivo (106). Memory B cells have an immense capacity in production of RANKL and actively stimulate OC maturation. Especially in RA patients, memory B cells are overly active with RANKL production and likely contribute to joint destruction (66). B cells also contribute to osteoporosis in splenectomised rats with higher B cell count in the bone marrow (107). B cells inhibit osteoblastogenesis through notch signaling, a pathway that modifies OBs and OCs positively or negatively depending on context (108). Taken together, these studies emphasize a rather catabolic function of B cells regarding bone homeostasis.



T Cells

T cells are categorized by distinction of their cell surface molecules (CD = Cluster of Differentiation). CD4+ T cells are called T helper cells, further divided into Th1, Th2, Th17, and regulatory T cells (Treg). These subsets differ in produced cytokines and therefore function (109).

Especially Th17 cells have great influence on bone metabolism by releasing IL-17A, IL-17F, IL-22, and IL-26 when activated in conjunction with TGF-β and other inflammatory factors. IL-17A results in activation of NFκB, increasing quantity and productivity of osteoclasts (110, 111). Th17 cells are also capable of RANKL production independently, but not as much as to directly promote osteoclastogenesis (112) and, most interestingly, upregulate RANK exhibition on osteoclast precursors (113).

In the event of bacterial infection of bone tissue, Th17 and Th1 cooperate to limit spread of infection and do so by supporting bone resorption (RANKL↑) (114). Contradictory to these findings, it has been shown, however, that both Th1 and Th2 inhibit osteoclast formation by secreting IFN-γ and IL-4 (115). These studies make it obvious that T helper function greatly depends on context, namely physiological or pathological conditions.

Treg cells, on the other hand, have a relatively strict anti-osteoclastogenesis function. In rheumatic patients the number of Foxp3+ Treg cells is inversely related to osteoclastogenic markers. These results accompany findings of the same group, in which Treg-deficient mice were prone to arthritis, but reintroduction of Treg into these mice via bone marrow transfer significantly reduced symptoms such as decreased paw grip strength, weight loss and paw swelling. When compared to wild type mice, Foxp3+ Treg-deficient mice show greater histological TNFα-induced joint destruction and generalized bone loss with higher number of osteoclasts in joints (116).

CD8+ T cells, or cytotoxic T cells, induce apoptosis in targeted cells by releasing perforin and granzymes and activation of FAS receptors (117). In 2017, Savola et al. examined patients with newly diagnosed RA and found somatic mutations of CD8+ T cells in 20% of patients while a healthy control group showed only 5% with said mutation. Some of these genes were linked to autoimmunity beforehand and are believed to have effects on protein production, indicating possible involvement of CD8+ cytotoxic T cells in RA (118). Other studies have pointed out the involvement of CD8+ T cells in signal transduction of PTH, increasing pro-osteoblastic, pro-bone growth cytokines of the Wnt10 class when triggered by PTH (119).

Information on the involvement of cytotoxic T cells in bone degeneration is sparse and contradictory and should be further suspect of investigation. Characterizing factors of T cells are summarized in Table 2 (70, 120).


Table 2. T cell subsets, differentiating factors and function.
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Bone Turnover

Physiological bone turnover is a lifelong process and includes both bone resorption and bone synthetization. Structural changes in aging individuals, such as decrease of bone mass, osteophytes and joint alterations, are somewhat physiological processes (121) constituting the shift or reduction of cellular activity. Only when these changes precede the actual age of any individual is it to be considered pathological.

Generally speaking, it is crucial to differentiate between bone modeling and bone remodeling. Bone modeling is characterized by gain of mass. Although both, OCs and OBs, are active in this process, synthesis of new matrix outweighs osteolysis. It can be observed either in adulting (growing) individuals or after bone fractures (122). Fracture healing is of particularly high interest in the field of osteoimmunology because it involves large contributions of the immune system.


Fracture Healing

Shortly after, or in the process of fracture, blood vessels surrounding the bone rupture und release blood into the injury site. This forms the hematoma and allows immune cells, neutrophils, macrophages and lymphocytes to infiltrate the tissue and release a multitude of growth factors and cytokines (123, 124).

Macrophages are among the quickest cells to respond and contribute to healing throughout the whole process of modeling. Macrophages' main task in the inflammatory phase of fracture healing is clearance of debris and defense against possible pathogens (125, 126). Two different types of macrophages have been identified, M1 macrophages, which primarily react to infection with various organisms, and M2 macrophages, which are preferentially involved in tissue regeneration. Both types play a role in bone fracture healing, being attracted by the expression of CXCL12 of damaged tissue, a process that is enhanced by TNFα (126). In fracture healing, TNFα from macrophages also sensitizes OB progenitors to growth factors and enhances OB differentiation (in combination with IL-6) (19). Toward the end of the inflammatory phase, activated immune cells secrete factors to attract and stimulate mesenchymal progenitor cells (127), which in turn limit inflammatory activity (128).

During the phase of cartilage formation, mesenchymal progenitor cells evolve into chondroblasts, rather than OBs, triggered by mechanical instability and chemical attractants (123). These cells undergo apoptosis under the influence of TNFα (129); this happens once the amount of synthesized cartilage is sufficient for stabilization and then vascularization ensues. This still comparatively soft tissue is then mineralized and used by osteoprogenitor cells as a framework for the deployment of rigid, osseous tissue (122, 123, 129) and is eventually removed (124, 130).

The last phase of fracture healing is marked by transformation (meaning resorption and synthetization) of the woven bone into laminar bone, finally reconstituting the former matrix constellation (123).

To clarify the importance of immune cells for bone fracture healing, Vi and Baht demonstrated that macrophage depletion in adult mice delays bone fracture healing, while macrophage depletion in developing mice resulted in osteoporosis and growth retardation, which points out macrophages' importance in bone modeling as well as remodeling (131). However, in contrast to these findings, Ono and Takayanagi have shown that TNFα also inhibits bone mineralization (19). Further investigation is necessary to clarify the explicit effects of TNFα onto the osseous cells. The dichotomy of these findings makes it seem possible that TNFα promotes quick bone turnover, albeit at the expense of matrix quality.

T helper (Th) cells of the lymphoid lineage, specifically Th17, promote osteoblast maturation with the secretion of IL-17F (132), while B cells are capable of OPG production to ensure OC supervision (133). Table 3 summarizes contributions of the immune system to bone fracture healing.


Table 3. Secreted factors and relevant immune cells in bone fracture healing.

[image: Table 3]

Due to the inflammatory nature of bone fractures, it has long been obvious that components of the immune system play a vital role in the healing process. Recent studies have enabled a glimpse of the extent of intracellular cooperation necessary, constantly identifying new actors, yet still large portions remain to be uncovered. Fracture healing with a special focus on the influence of the immune system bears immense therapeutic possibilities and needs to be investigated further.



Bone Remodeling

Bone remodeling contributes to material exchange of osseous matrix and ideally results in an equilibrium of bone synthetization and adsorption. OBs and OCs work in a coordinated manner in both location and time as basic multicellular units (134). First OCs “drill” a channel into the compacta (a future osteon), or a lacuna into the cancellous bone (Howship-Lacuna) (135). On their way, previous osteon borders are disregarded and a new osteon forms, cutting into already existing ones (6). Following the OCs, OBs fill in the damage from the outside with new lamellae of matrix. While OBs and OCs handle the physical part of bone remodeling, osteocytes are the initiators, conducting both cell types from within their lacunae (not to be confused with Howship–Lacunae) using their arboreal network of dendrites (6).

The following stimuli are triggers for osteocytes to start the manipulation of osseous cells: (1) Shear force applied to the bone matrix is probably the most common signal—bone that is subjected to load will need remodeling to countervail material fatigue. Osteocytes will recognize movement of matrix fluids to measure the amount of strain (54). (2) PTH signals calcium need in the blood circulation, and result in a quick (~1 h) release of RANKL by osteocytes (136). In addition, osteocytes themselves have the ability to release calcium by dissolving their surrounding matrix through cathepsin K secretion (137). To keep the osteolytic process of OC activation in limits, PTH inhibits the synthesis of sclerostin, which, in turn, accelerates the Wnt pathway (see above), so PTH not only promotes osteolysis but also bone development. (3) Microdamage through excessive point loads requires rebuilding to ensure structural integrity of the matrix. Local damage leads to apoptosis of nearby osteocytes and subsequent upregulation of OC activity (138). To study the effects of osteocyte apoptosis on bone remodeling He and colleagues treated osteocytes with potentially destructive irradiation. Upon apoptosis, a significant increase of RANKL, decrease of OPG and thus a shift in RANKL/OPG axis was observed. Intracellular high mobility group box 1 (HMGB1), a pro-inflammatory and osteoclastogenetic protein, was increased, which contributes to osteolysis (139).





OSTEOIMMUNOLOGY IN TOTAL HIP REPLACEMENT

Hip implant loosening afflicts 3–10% of all patients within 10 years (140), posing an catastrophic event for patients with total hip arthroplasty (THA). Problematically, periprosthetic osteolysis, resulting in aseptic hip implant loosening, is asymptomatic for a long time, while the THA works as intended (141). Chronic inflammation resulting from microscopic abrasion from components has proven to be the most important factor, followed by initial, perisurgical instability (142, 143). The immune system plays a critical role in chronic inflammation (144) and additionally in formation and function of a synovial-like, periprosthetic membrane (Figure 4) (145).


[image: Figure 4]
FIGURE 4. The critical role of the immune system in formation and function of a synovial-like periprosthetic membrane. (A) Adhesion of local proteins to prosthesis surface within minutes of surgery. (B) Attraction of blood cells: macrophages, monocytes and thrombocytes. (C) Secretion of mesenchymal (stem/stromal) cell attractants. (D) Homing of mesenchymal stem/stromal cells and fibroblast. (E) Production of collagen and granulomas to form a synovial-like capsule. This marks the last step in “physiological” prosthesis acceptance. (F) Mechanical instability and wear debris lead to chronic inflammation of the pseudo membrane. Inflammation markers are mainly exhibited by local fibroblasts and macrophages.


Abrasions phagocytosed by macrophages result in the release of a cocktail of anti- and predominantly pro-inflammatory factors (146), and since component wear is continuous, chronic inflammation ensues. Pearle et al. confronted peripheral blood mononuclear cells and MCs with polymethylmethacrylate (PMMA) and measured released mediators and gene expression. The result was an up to 12-fold increase of pro-inflammatory cytokines (TNFα, IL-1α, IL-1β, IL-6, IL-8) and up to 30-fold increase of PTGS2 (COX2). OCs themselves reacted to confrontation with PMMA particles with upregulation and activation of NF-κB (147). Confrontation with titanium particles provoked pro-inflammatory response from T helper cells, with participation of IL-2, IL-9, IL-13, IL-22, and INF-γ (148). As previously discussed, multiplication of pro-inflammatory factors directly results in increase of RANKL expression and subsequent OC activation. Additionally, Atkins et al. found that OBs, when triggered by polyethylene particles, downregulate their production of OPGs, again resulting in a shift in the RANKL/OPG axis toward osteolysis (149). Wear particle size plays a strikingly significant role in inflammatory reaction. Debris with a size allowing phagocytosis might stimulate pro-osteolytic processes even before endocytosis, while larger fragments cause a similar, yet minor, reaction (150).

Regardless of stability of the prosthesis, a periprosthetic membrane forms shortly after the operation, with the membrane being thicker in cases of unstable mounting (151) and longer implant duration (140). The longer the prosthesis remains in the human body, the more inorganic debris from the prosthesis and the more active, local macrophages (histiocytes) can be found within the granulomatous membrane (151). The membrane promotes distribution of pro-inflammatory factors to surrounding tissue, and especially periarticular bone, through synthetization of moving synovial liquid (152). The synovial fluid of patients with loosened total hip arthroplasty contained significantly higher amounts of pro-osteolytic cytokines, like RANKL, IL-6, IL-8, and monocyte chemoattractant protein 1 (MCP1) than the synovia of unproblematic prosthesis (153).

From a cost perspective regarding joint revisions, total knee arthroplasty revisions alone posed a cost factor of $1.27 billion in the United States in 2005 (154), showing the relevance of minimizing negative osteoimmunological effects on total endoprosthesis. Both new prosthesis materials, as well as downregulation of overly active pro-inflammatory cells, need to be subject of further investigation. It should be kept in mind, that long-term immunosuppression cannot be considered a solution, because, as mentioned, material wear is constant and so the immune response would need to be suppressed from the moment of operation until removal of the prosthesis or death of the patient.



OSTEOIMMUNOLOGY IN RHEUMATOID ARTHRITIS

A physiological, but not yet fully understood, process is the citrullination of proteins. Citrullination being the deamination of arginine to citrulline has not yet been proven to be reversible (155) and is carried out by enzymes of the peptidylarginine deiminase (PAD) group (156). Citrullination has been discussed as an early sign of cell damage as it occurs in many inflamed tissues, and, interestingly, even precedes detectable inflammation or disease (157, 158).

In patients suffering from rheumatoid arthritis (RA), the synovial fluid exhibits a unique pattern of citrullinated proteins, the RA citrullinome (159, 160), suggesting a dysregulation on genetic levels. Whether the dysregulation creates an abundance of previously tolerated, citrullinated proteins which then trigger an immune response due to mere mass, or results in proteins citrullinated in abnormal ways is still unclear (161). Either way, B cells produce antibodies against these citrullinated proteins, called anti-citrullinated peptide antibodies (ACPA) triggering a distinct immune reaction and successive inflammation and tissue destruction, marking one of the typical pathomechanisms of RA. These ACPAa are present in RA patients for many years before first symptoms (162, 163) and are strongly correlated with severity of some symptoms and are a useful prognostic assessment (164, 165).

Recent studies discuss the capability of ACPAs to bind directly to OC precursors, promoting osteoclastogenesis. A 2012 study has visualized binding of ACPAs to OCs in vitro and demonstrated bone loss in lymphocyte-deficient Rag1−/− when injected with ACPAs against a control group (166). Other papers regarding this topic have been retracted or corrected (167–169) due to errors in methodology and further information remains sparse. Research regarding ACPA-specific implications on OCs seems worthwhile to the advancement of RA treatment. Nevertheless, IL-6, a cytokine otherwise associated with activation of granulocytes and pro-angiogenetic effects (170), has been related to ACPA-induced bone loss and its inhibition has shown great potential for RA treatment (Figure 5) (171).
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FIGURE 5. Pathogenic role of immune cells in rheumatoid arthritis and the connection to osteoclastogenesis. Antigen-presenting cells (APC) induce T cell differentiation to Th17 subgroup. Th17 cells, when triggered, emit IL-17, compelling fibroblasts to produce RANKL and indirectly stimulate increased IL-17 production. ACPAs (anti-citrullinated peptide antibodies) synthesized by B cells might be (dotted line) capable of enhancing OC differentiation and entice other pro-inflammatory immune cells to cytokine production. These immune cells in turn prompt fibroblasts to secrete even more RANKL.


Recently Chen et al. published an article characterizing anti-inflammatory and de-escalating cytokines. While it is true, that cytokines play an integral role in the onset and development of RA, they also have the ability to moderate and dampen inflammatory processes. Production of IL-4 and IL-13 by Th2 cells triggers macrophage transition from type M1 to M2, which in turn release IL-10 and TGF-β, effectively preventing macrophage and neutrophil infiltration into joints and reducing pro-inflammatory cytokine production (172). IL-9, too, is competent in reducing negative effects of RA by forcing differentiation of Treg cells (173).

Still, definitive statements about cytokine functions are to be viewed cautiously, since many (if not all) cytokines have context-dependent tasks. IL-33, for example, is generally considered a pro-inflammatory cytokine, capable of provoking immune cell migration and mast cell activation (174). However, in the later stages of inflammation, IL-33 serves limiting purposes (175, 176). Examples like these highlight the importance of further investigation on the topic of cytokines, investigating context dependent functions and contemplating possible treatment options.



OSTEOIMMUNOLOGY IN OSTEOPOROSIS

Simply put, osteoporosis is an imbalance between bone destruction and development, with OC surpassing OB in activity (177). The result is loss of absolute bone mass and fragility of remaining osseous tissue (178), which is most common in postmenopausal women (179). This fact leads to the assumption and subsequent conclusion that estrogen plays a key role in the pathology of osteoporosis (180).

While estrogen has great influence on cells of the osseous lineage, e.g., assuring osteocyte survival (181–183), preventing OB apoptosis and increasing their lifespan by triggering Sema3A secretion in osteocytes (184, 185), downregulating OC activity and lifespan (186, 187) and inhibiting RANKL effects on OC (inter alia by upregulating OPG production in OBs) (188–192), estrogen also affects bone metabolism indirectly by stimulating immune cells. Estrogen has been shown to downregulate RANKL production in lymphocytes (177) and modulate production of inflammatory cytokines which eventually cause bone resorption in osteoporosis as well as RA (193). IL-6 production is inhibited on a transcriptional level by binding to a cellular receptor on producing cells (194). IL-6, in fact, enhances both OB and OC activity (bone turnover ↑), but OC activity surpasses, causing bone loss over time (195).

Furthermore, blocking of IL-1 and TNFα receptors simultaneously completely negates bone loss after ovariectomy, indicating that both factors are highly relevant for estrogen-related bone loss (196–198). Effects of estrogen on TNFα levels is indirectly meditated by T cells (199), demonstrating the importance of T cells for estrogen-mediated bone preservation. Even further, Cenci et al. found that T cell-deficient mice, when ovariectomized, show no signs of increased osteoclast formation, while WT mice exhibit twice as many osteoclasts (200). These results have been questioned by findings of two individual groups, which demonstrated that mice which lost T cell function by different methods, still show the same amount of cancellous bone loss after ovariectomy (201, 202).

To summarize, estrogen clearly has a significant effect on bone turnover and does so by the extensive help of the immune system (Figure 6) (203). Regulating key effectors of the immune system, like IL-1, IL-6, TNFα and prostaglandins may be beneficiary for osteoporosis therapy. Contributions of the immune system to osteoporosis are so distinct that Srivastava et al. introduced the term immunoporosis in 2018 (70).
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FIGURE 6. Effects of estrogen on cells of osseous heritage. The simplified presentation highlights inhibitory (red) effects on osteoclasts and promoting (green) effects on osteoblast and osteocytes. Estrogen effects are in part executed by T cells, especially on OC metabolism. Results of estrogen interference are enhanced bone formation with decreased turnover and resorption.




OSTEOIMMUNOLOGY IN HETEROTOPIC OSSIFICATION

Heterotopic ossification (HO) depicts the phenomenon of pathological osseous growth in consequence of trauma, large surface area burns, surgery, spinal cord injury and traumatic brain injury. In HO, physiological constitution of functional or scar tissue fails and instead is replaced by the formation of ectopic osseous tissue (204).

Origin of HO is still largely unknown, although severe inflammatory responses (both locally and systemically) and wound infections have been found to aggravate the condition (205). In case of HO caused by military blast wounds, research has detected a high concentration of inter alia TGF-β, platelet, epidermal and fibroblast growth factors, IGF-II, prostaglandins, TNFα (206) and, most notably, BMP-4 (207, 208). This inflammatory compound exerts osseous formation from circulating and local osteogenic precursor cells (208, 209) supported by the hyperactive immune system and other surrounding tissue.

HO forms and solidifies within ~6 months to 1.5 years after initiation and is accompanied with all effects of tumorous growth: Pain, restricted range of motion, pressure ulcers and complications due to compression of adjacent structures like vessels, nerves, and muscle (210, 211). Surgical excision is the ultimate treatment of HO, but not always possible due to proximity to sensitive structures or patient's status, and bears the risk of recurrence if not removed completely (212). If possible, e.g., for operations with high chance of HO formation, prophylactic measures can be taken and currently comprise of radiation therapy (213), NSAIDs (most prominently indomethacin) (214) and, rarely, corticosteroids (215).

Since more and more immunological players and messenger substances have been identified to contribute to HO, the focus of research has shifted toward osteoimmunology. A 2014 study has utilized transgenic mouse models of HO with overexpression of BMP4 to prove that depletion of macrophages reduces HO. Introducing tissue injury to a mouse with BMP4 overexpression resulted in HO development within 4 weeks. When depleted of macrophages, however, these mice were less likely to develop HO, showing the importance of macrophages for HO formation. Furthermore, this study suggested, that spreading of HO outside of initial injury was mediated by the adaptive immune system (216). As representatives of the adaptive immune system, lymphocytes show close proximity to herds of HO (217) in cardinal valve ossification. Other than macrophages, mast cells of the innate immune system have been linked to the initiation of HO. Mouse models with attenuated activity of mast cells are less prone to HO (218, 219) due to changes in concentration of inflammatory peptides like CGRP and substance P.

Fibrodysplasia ossificans progressiva (FOP), a rare genetic disease, causing formation of bone in soft tissue, shows very close resemblance to HO and some treatment options for both conditions have been proven to be interchangeable. In 2015, Hatsell et al. and Hino et al. demonstrated that the mutation of the ACVR1 gene caused aberrant activation of the Activin A Typ 1 Receptor by activin A ligand resulting in upregulation of the pSMAD1/5/8 pathway and thus formation of osseous tissue (220, 221). Further testing of these finding in vivo yielded creation of an anti-activin A antibody (REGN2477) which is currently examined in a phase 2 study (registry NCT03188666 on Clinicaltrials.gov).

In summary, the involvement of immune cells and substances of the immune system make heterotopic ossification an obvious target for therapeutic intervention. As stated before, common therapy includes NSAIDs as classical immunosuppresiva, implying all risks and side effects. Biologicals, targeting specific mediators of HO locally should prove to be a far less invasive treatment option.



FUTURE PROSPECTS OF APPLIED OSTEOIMMUNOLOGY

Immunology has become a major part of many different medical fields; unfortunately, the connection of immunology to orthopedics and trauma surgery has been developing rather slowly. Discoveries in recent years have emphasized the immense interplay between both systems and the arising therapeutic opportunities.

For cancer treatment, monoclonal antibody therapy has marked a milestone, significantly improving survival rates and recidivism-free years. This strategy has been integrated into the treatment of rheumatoid arthritis with high success as well: notably Tocilizumab (Target: IL-6R), Adalimumab (Target: TNFα) and Goliumab (Target: TNFα) are approved and highly successful therapeutics as mono- or combination therapy with DMARDs (222–227). Further investigation for possible targets of monoclonal antibodies is mandatory. As mentioned, ACPAs play an important role in development and upkeep of ACPA+-RA but are yet to become more than a prognostic marker. An ACPA antibody (antibody-antibodies) could limit the vicious circle of antibody generation and inflammatory reaction even before the onset of clinical symptoms.

For aseptic (hip) implant loosening, several targets for conservative therapeutic actions are possible (Figure 7). As previously stated, there is a definitive immune reaction to wear particles with phagocytosis and/or direct inflammatory response. Recent efforts have been made to not only create non-immunogenic materials, but also to give immune-modifying properties to employed materials. While no material can be guaranteed to never trigger an immune response, it is possible to fabricate biomaterials with beneficial effects on the immune system. By modifying the surface qualities of biomaterials, it is possible to provoke a favorable, non-degenerative, reaction of macrophages (228). This marks a crucial step up from efforts to exclude the immune system from implantation to actively incorporating and benefiting from it. Researching these materials, giving them supportive immune-modulating effects while maintaining stability and longevity is crucial for future orthopedics and trauma surgery.
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FIGURE 7. Flowchart of noxae promoting aseptic hip implant loosening and subsequent surgical revision. Wear debris and mechanical instability are major agents for inflammatory immune reaction, not limited to lymphocytes.


It might be beneficial to include general standardized allergy testing regarding metals and inorganic materials as a pre-op measure. Although the inflammatory reaction to wear debris and prosthetic surfaces are most likely caused by constant triggering of the immune system over long periods of time, rather than conventional allergic reactions, some patients do react to the materials in a type 4 allergic reaction. For these patients, careful selection of materials used is vital to prevent unnecessary revision procedures. A retrospective study by Zondervan et al. in 2019 presented patients with all-around improved testing scores (pain, walking quality, Range of motion) when revised to a hypoallergic component in total knee arthroplasty (229). Some of these patients may have avoided a secondary operation if tested beforehand and treated accordingly.

Regarding osteoporosis in postmenopausal women, osteoimmunology might be able to convey the key to slowing and/or stopping progression of osteolysis. Considering that the effect of estrogen-deficiency is partly T cell and MC-dependent (230), it might be possible to modify immune activity in a beneficial matter. To do so, the dichotomous effects of estrogen on estrogen receptors (ERα and ERβ) of immune cells need to be unraveled, so that absence of estrogen stimulation can be compensated. Again, long-term immunosuppression or intensive hormone therapy is not a preferable therapy for its excessive and unfathomable consequences for human physiology. Instead a very specific stimulation of immune-related ERα/β could be a solution.

These considerations are exemplary for the developing field of osteoimmunology. Moving away from systemic application (=immunosuppression), toward highly specific and acute modulation of the immune system. Unraveling conjoined mechanisms of the immune system and bone offers therapeutic possibilities for ailments of both systems. Contemplation of the bone as merely an unchanging support pillar is outdated and obsolete. Instead, it is mandatory that this extremely varying network is incorporated in our view on the immune system and hematopoiesis.



AUTHOR CONTRIBUTIONS

All authors contributed to conception and design of the study. CG and FS researched and wrote the content of the review article. All authors contributed to manuscript revision, read, and approved the submitted version.



ACKNOWLEDGMENTS

This work is part of the doctoral thesis of CG. The authors thank Cristina Amparo Hagmann for critical reading and editing of the manuscript.



REFERENCES

 1. Horton JE, Raisz LG, Simmons HA, Oppenheim JJ, Mergenhagen SE. Bone resorbing activity in supernatant fluid from cultured human peripheral blood leukocytes. Science. (1972) 177:793–5. doi: 10.1126/science.177.4051.793

 2. Mundy GR, Raisz LG, Cooper RA, Schechter GP, Salmon SE. Evidence for the secretion of an osteoclast stimulating factor in myeloma. N Engl J Med. (1974) 291:1041–6. doi: 10.1056/NEJM197411142912001

 3. Arron JR, Choi Y. Bone versus immune system. Nature. (2000) 408:535–6. doi: 10.1038/35046196

 4. Takayanagi H, Ogasawara K, Hida S, Chiba T, Murata S, Sato K, et al. T-cell-mediated regulation of osteoclastogenesis by signalling cross-talk between RANKL and IFN-g. Nature. (2000) 408:600–5. doi: 10.1038/35046102

 5. Deller T. Histologie. Zytologie, Histologie und mikroskopische Anatomie : das Lehrbuch. 5th ed. München: Elsevier (2018).

 6. Lüllmann-Rauch R, Paulsen F. Taschenlehrbuch Histologie. 10 Tabellen. 4th ed. Stuttgart: Thieme (2012).

 7. Rosenberg N, Rosenberg O, Soudry M. Osteoblasts in bone physiology-mini review. Rambam Maimonides Med J. (2012) 3:e0013. doi: 10.5041/RMMJ.10080

 8. Fierro FA, Nolta JA, Adamopoulos IE. Concise review: stem cells in osteoimmunology. Stem Cells. (2017) 35:1461–7. doi: 10.1002/stem.2625

 9. Rutkovskiy A, Stensløkken K-O, Vaage IJ. Osteoblast differentiation at a glance. Med Sci Monit Basic Res. (2016) 22:95–106. doi: 10.12659/MSMBR.901142

 10. Gilbert L, He X, Farmer P, Boden S, Kozlowski M, Rubin J, et al. Inhibition of osteoblast differentiation by tumor necrosis factor-alpha. Endocrinology. (2000) 141:3956–64. doi: 10.1210/endo.141.11.7739

 11. Ehrlich LA, Chung HY, Ghobrial I, Choi SJ, Morandi F, Colla S, et al. IL-3 is a potential inhibitor of osteoblast differentiation in multiple myeloma. Blood. (2005) 106:1407–14. doi: 10.1182/blood-2005-03-1080

 12. Zanotti S, Smerdel-Ramoya A, Stadmeyer L, Durant D, Radtke F, Canalis E. Notch inhibits osteoblast differentiation and causes osteopenia. Endocrinology. (2008) 149:3890–9. doi: 10.1210/en.2008-0140

 13. Sun W, Meednu N, Rosenberg A, Rangel-Moreno J, Wang V, Glanzman J, et al. B cells inhibit bone formation in rheumatoid arthritis by suppressing osteoblast differentiation. Nat Commun. (2018) 9:5127. doi: 10.1038/s41467-018-07626-8

 14. Chen G, Deng C, Li Y-P. TGF-β and BMP signaling in osteoblast differentiation and bone formation. Int J Biol Sci. (2012) 8:272–88. doi: 10.7150/ijbs.2929

 15. Zhang W, Shen X, Wan C, Zhao Q, Zhang L, Zhou Q, et al. Effects of insulin and insulin-like growth factor 1 on osteoblast proliferation and differentiation: differential signalling via Akt and ERK. Cell Biochem Funct. (2012) 30:297–302. doi: 10.1002/cbf.2801

 16. Ornitz DM, Marie PJ. Fibroblast growth factor signaling in skeletal development and disease. Genes Dev. (2015) 29:1463–86. doi: 10.1101/gad.266551.115

 17. Matsumoto T, Kuriwaka-Kido R, Kondo T, Endo I, Kido S. Regulation of osteoblast differentiation by interleukin-11 via AP-1 and Smad signaling. Endocr J. (2012) 59:91–101. doi: 10.1507/endocrj.EJ11-0219

 18. Vallet S, Pozzi S, Patel K, Vaghela N, Fulciniti MT, Veiby P, et al. A novel role for CCL3 (MIP-1α) in myeloma-induced bone disease via osteocalcin downregulation and inhibition of osteoblast function. Leukemia. (2011) 25:1174–81. doi: 10.1038/leu.2011.43

 19. Ono T, Takayanagi H. Osteoimmunology in bone fracture healing. Curr Osteoporos Rep. (2017) 15:367–75. doi: 10.1007/s11914-017-0381-0

 20. Gong L, Zhao Y, Zhang Y, Ruan Z. The macrophage polarization regulates MSC osteoblast differentiation in vitro. Ann Clin Lab Sci. (2016) 46:65–71.

 21. Cho SW, Soki FN, Koh AJ, Eber MR, Entezami P, Park S, et al. Osteal macrophages support physiologic skeletal remodeling and anabolic actions of parathyroid hormone in bone. Proc Natl Acad Sci USA. (2014) 111:1545–50. doi: 10.1073/pnas.1315153111

 22. Yavropoulou MP, Yovos JG. The role of the Wnt signaling pathway in osteoblast commitment and differentiation. Hormones. (2007) 6:279–94. doi: 10.14310/horm.2002.1111024

 23. Esen E, Chen J, Karner CM, Okunade AL, Patterson BW, Long F. WNT-LRP5 signaling induces Warburg effect through mTORC2 activation during osteoblast differentiation. Cell Metab. (2013) 17:745–55. doi: 10.1016/j.cmet.2013.03.017

 24. Frey JL, Li Z, Ellis JM, Zhang Q, Farber CR, Aja S, et al. Wnt-Lrp5 signaling regulates fatty acid metabolism in the osteoblast. Mol Cell Biol. (2015) 35:1979–91. doi: 10.1128/MCB.01343-14

 25. Lin GL, Hankenson KD. Integration of BMP, Wnt, and notch signaling pathways in osteoblast differentiation. J Cell Biochem. (2011) 112:3491–501. doi: 10.1002/jcb.23287

 26. Kawabata M, Imamura T, Miyazono K. Signal transduction by bone morphogenetic proteins. Cytokine Growth Factor Rev. (1998) 9:49–61. doi: 10.1016/S1359-6101(97)00036-1

 27. Hegarty SV, Sullivan AM, O'Keeffe GW. Endocytosis contributes to BMP2-induced Smad signalling and neuronal growth. Neurosci Lett. (2017) 643:32–7. doi: 10.1016/j.neulet.2017.02.013

 28. Stantzou A, Schirwis E, Swist S, Alonso-Martin S, Polydorou I, Zarrouki F, et al. BMP signaling regulates satellite cell-dependent postnatal muscle growth. Development. (2017) 144:2737–47. doi: 10.1242/dev.144089

 29. Yoshioka Y, Ono M, Osaki M, Konishi I, Sakaguchi S. Differential effects of inhibition of bone morphogenic protein (BMP) signalling on T-cell activation and differentiation. Eur J Immunol. (2012) 42:749–59. doi: 10.1002/eji.201141702

 30. Kersten C, Dosen G, Myklebust JH, Sivertsen EA, Hystad ME, Smeland EB, et al. BMP-6 inhibits human bone marrow B lymphopoiesis—Upregulation of Id1 and Id3. Exp Hematol. (2006) 34:72–81. doi: 10.1016/j.exphem.2005.09.010

 31. Kersten C, Sivertsen EA, Hystad ME, Forfang L, Smeland EB, Myklebust JH. BMP-6 inhibits growth of mature human B cells; induction of Smad phosphorylation and upregulation of Id1. BMC Immunol. (2005) 6:9. doi: 10.1186/1471-2172-6-9

 32. Kwon SJ, Lee GT, Lee J-H, Kim WJ, Kim IY. Bone morphogenetic protein-6 induces the expression of inducible nitric oxide synthase in macrophages. Immunology. (2009) 128:e758–65. doi: 10.1111/j.1365-2567.2009.03079.x

 33. Hong JH, Lee GT, Lee JH, Kwon SJ, Park SH, Kim SJ, et al. Effect of bone morphogenetic protein-6 on macrophages. Immunology. (2009) 128:e442–50. doi: 10.1111/j.1365-2567.2008.02998.x

 34. Bourhis E, Wang W, Tam C, Hwang J, Zhang Y, Spittler D, et al. Wnt antagonists bind through a short peptide to the first β-propeller domain of LRP5/6. Structure. (2011) 19:1433–42. doi: 10.1016/j.str.2011.07.005

 35. Plotkin LI, Bellido T. Osteocytic signalling pathways as therapeutic targets for bone fragility. Nat Rev Endocrinol. (2016) 12:593–605. doi: 10.1038/nrendo.2016.71

 36. van Bezooijen RL, Roelen BAJ, Visser A, van der Wee-Pals L, de Wilt E, Karperien M, et al. Sclerostin is an osteocyte-expressed negative regulator of bone formation, but not a classical BMP antagonist. J Exp Med. (2004) 199:805–14. doi: 10.1084/jem.20031454

 37. Ota K, Quint P, Ruan M, Pederson L, Westendorf JJ, Khosla S, et al. Sclerostin is expressed in osteoclasts from aged mice and reduces osteoclast-mediated stimulation of mineralization. J Cell Biochem. (2013) 114:1901–7. doi: 10.1002/jcb.24537

 38. Cain CJ, Rueda R, McLelland B, Collette NM, Loots GG, Manilay JO. Absence of sclerostin adversely affects B-cell survival. J Bone Miner Res. (2012) 27:1451–61. doi: 10.1002/jbmr.1608

 39. Calvi LM, Adams GB, Weibrecht KW, Weber JM, Olson DP, Knight MC, et al. Osteoblastic cells regulate the haematopoietic stem cell niche. Nature. (2003) 425:841–6. doi: 10.1038/nature02040

 40. Okamoto K, Nakashima T, Shinohara M, Negishi-Koga T, Komatsu N, Terashima A, et al. Osteoimmunology: the conceptual framework unifying the immune and skeletal systems. Physiol Rev. (2017) 97:1295–349. doi: 10.1152/physrev.00036.2016

 41. Bellahcène A, Castronovo V, Ogbureke KUE, Fisher LW, Fedarko NS. Small integrin-binding ligand N-linked glycoproteins (SIBLINGs): multifunctional proteins in cancer. Nat Rev Cancer. (2008) 8:212–6. doi: 10.1038/nrc2345

 42. Engblom C, Pfirschke C, Zilionis R, Da Silva Martins J, Bos SA, Courties G, et al. Osteoblasts remotely supply lung tumors with cancer-promoting SiglecFhigh neutrophils. Science. (2017) 358:eaal5081. doi: 10.1126/science.aal5081

 43. Le PM, Andreeff M, Battula VL. Osteogenic niche in the regulation of normal hematopoiesis and leukemogenesis. Haematologica. (2018) 103:1945–55. doi: 10.3324/haematol.2018.197004

 44. Krevvata M, Silva BC, Manavalan JS, Galan-Diez M, Kode A, Matthews BG, et al. Inhibition of leukemia cell engraftment and disease progression in mice by osteoblasts. Blood. (2014) 124:2834–46. doi: 10.1182/blood-2013-07-517219

 45. Kiel MJ, Radice GL, Morrison SJ. Lack of evidence that hematopoietic stem cells depend on N-cadherin-mediated adhesion to osteoblasts for their maintenance. Cell Stem Cell. (2007) 1:204–17. doi: 10.1016/j.stem.2007.06.001

 46. Lymperi S, Horwood N, Marley S, Gordon MY, Cope AP, Dazzi F. Strontium can increase some osteoblasts without increasing hematopoietic stem cells. Blood. (2008) 111:1173–81. doi: 10.1182/blood-2007-03-082800

 47. Delano MJ, Scumpia PO, Weinstein JS, Coco D, Nagaraj S, Kelly-Scumpia KM, et al. MyD88-dependent expansion of an immature GR-1(+)CD11b(+) population induces T cell suppression and Th2 polarization in sepsis. J Exp Med. (2007) 204:1463–74. doi: 10.1084/jem.20062602

 48. Davey MS, Morgan MP, Liuzzi AR, Tyler CJ, Khan MWA, Szakmany T, et al. Microbe-specific unconventional T cells induce human neutrophil differentiation into antigen cross-presenting cells. J Immunol. (2014) 193:3704–16. doi: 10.4049/jimmunol.1401018

 49. Monserrat J, de Pablo R, Reyes E, Díaz D, Barcenilla H, Zapata MR, et al. Clinical relevance of the severe abnormalities of the T cell compartment in septic shock patients. Crit Care. (2009) 13:R26. doi: 10.1186/cc7731

 50. Chaudhry H, Zhou J, Zhong Y, Ali MM, McGuire F, Nagarkatti PS, et al. Role of cytokines as a double-edged sword in sepsis. In Vivo. (2013) 27:669–84.

 51. Terashima A, Okamoto K, Nakashima T, Akira S, Ikuta K, Takayanagi H. Sepsis-induced osteoblast ablation causes immunodeficiency. Immunity. (2016) 44:1434–43. doi: 10.1016/j.immuni.2016.05.012

 52. Dallas SL, Prideaux M, Bonewald LF. The osteocyte: an endocrine cell … and more. Endocr Rev. (2013) 34:658–90. doi: 10.1210/er.2012-1026

 53. Chen X, Wang L, Zhao K, Wang H. Osteocytogenesis: roles of physicochemical factors, collagen cleavage, and exogenous molecules. Tissue Eng Part B Rev. (2018) 24:215–25. doi: 10.1089/ten.teb.2017.0378

 54. Wittkowske C, Reilly GC, Lacroix D, Perrault CM. In vitro bone cell models: impact of fluid shear stress on bone formation. Front Bioeng Biotechnol. (2016) 4:87. doi: 10.3389/fbioe.2016.00087

 55. Wesseling-Perry K. FGF-23 in bone biology. Pediatr Nephrol. (2010) 25:603–8. doi: 10.1007/s00467-009-1384-6

 56. Metzger CE, Narayanan SA. The role of osteocytes in inflammatory bone loss. Front Endocrinol. (2019) 10:285. doi: 10.3389/fendo.2019.00285

 57. Sato M, Asada N, Kawano Y, Wakahashi K, Minagawa K, Kawano H, et al. Osteocytes regulate primary lymphoid organs and fat metabolism. Cell Metab. (2013) 18:749–58. doi: 10.1016/j.cmet.2013.09.014

 58. Fulzele K, Krause DS, Panaroni C, Saini V, Barry KJ, Liu X, et al. Myelopoiesis is regulated by osteocytes through Gsα-dependent signaling. Blood. (2013) 121:930–9. doi: 10.1182/blood-2012-06-437160

 59. Abdelmagid SM, Sondag GR, Moussa FM, Belcher JY, Yu B, Stinnett H, et al. Mutation in osteoactivin promotes receptor activator of NFκB ligand (RANKL)-mediated osteoclast differentiation and survival but inhibits osteoclast function. J Biol Chem. (2015) 290:20128–46. doi: 10.1074/jbc.M114.624270

 60. Katsimbri P. The biology of normal bone remodelling. Eur J Cancer Care. (2017) 26: 1–5. doi: 10.1111/ecc.12740

 61. Cremasco V, Decker CE, Stumpo D, Blackshear PJ, Nakayama KI, Nakayama K, et al. Protein kinase C-delta deficiency perturbs bone homeostasis by selective uncoupling of cathepsin K secretion and ruffled border formation in osteoclasts. J Bone Miner Res. (2012) 27:2452–63. doi: 10.1002/jbmr.1701

 62. Teitelbaum SL. Bone resorption by osteoclasts. Science. (2000) 289:1504–8. doi: 10.1126/science.289.5484.1504

 63. Hofbauer LC, Khosla S, Dunstan CR, Lacey DL, Boyle WJ, Riggs BL. The roles of osteoprotegerin and osteoprotegerin ligand in the paracrine regulation of bone resorption. J Bone Miner Res. (2000) 15:2–12. doi: 10.1359/jbmr.2000.15.1.2

 64. Ono T, Nakashima T. Recent advances in osteoclast biology. Histochem Cell Biol. (2018) 149:325–41. doi: 10.1007/s00418-018-1636-2

 65. Weitzmann MN, Ofotokun I. Physiological and pathophysiological bone turnover - role of the immune system. Nat Rev Endocrinol. (2016) 12:518–32. doi: 10.1038/nrendo.2016.91

 66. Meednu N, Zhang H, Owen T, Sun W, Wang V, Cistrone C, et al. Production of RANKL by memory B cells: a link between B cells and bone erosion in rheumatoid arthritis. Arthritis Rheumatol. (2016) 68:805–16. doi: 10.1002/art.39489

 67. Agarwal S, Misra R, Aggarwal A. Synovial fluid RANKL and matrix metalloproteinase levels in enthesitis related arthritis subtype of juvenile idiopathic arthritis. Rheumatol Int. (2009) 29:907–11. doi: 10.1007/s00296-008-0805-3

 68. Schett G, Lories RJ, D'Agostino M-A, Elewaut D, Kirkham B, Soriano ER, et al. Enthesitis: from pathophysiology to treatment. Nat Rev Rheumatol. (2017) 13:731–41. doi: 10.1038/nrrheum.2017.188

 69. Klein-Hessling S, Muhammad K, Klein M, Pusch T, Rudolf R, Flöter J, et al. NFATc1 controls the cytotoxicity of CD8+ T cells. Nat Commun. (2017) 8:511. doi: 10.1038/s41467-017-00612-6

 70. Srivastava RK, Dar HY, Mishra PK. Immunoporosis: immunology of osteoporosis-role of T cells. Front Immunol. (2018) 9:657. doi: 10.3389/fimmu.2018.00657

 71. Kobayashi K, Takahashi N, Jimi E, Udagawa N, Takami M, Kotake S, et al. Tumor necrosis factor alpha stimulates osteoclast differentiation by a mechanism independent of the ODF/RANKL-RANK interaction. J Exp Med. (2000) 191:275–86. doi: 10.1084/jem.191.2.275

 72. Azuma Y, Kaji K, Katogi R, Takeshita S, Kudo A. Tumor necrosis factor-alpha induces differentiation of and bone resorption by osteoclasts. J Biol Chem. (2000) 275:4858–64. doi: 10.1074/jbc.275.7.4858

 73. Kudo O, Fujikawa Y, Itonaga I, Sabokbar A, Torisu T, Athanasou NA. Proinflammatory cytokine (TNFalpha/IL-1alpha) induction of human osteoclast formation. J Pathol. (2002) 198:220–7. doi: 10.1002/path.1190

 74. Hemingway F, Taylor R, Knowles HJ, Athanasou NA. RANKL-independent human osteoclast formation with APRIL, BAFF, NGF, IGF I and IGF II. Bone. (2011) 48:938–44. doi: 10.1016/j.bone.2010.12.023

 75. Itonaga I, Sabokbar A, Sun SG, Kudo O, Danks L, Ferguson D, et al. Transforming growth factor-beta induces osteoclast formation in the absence of RANKL. Bone. (2004) 34:57–64. doi: 10.1016/j.bone.2003.08.008

 76. Sreehari S, Naik DR, Eapen M. Osteopetrosis: a rare cause of anemia. Hematol Rep. (2011) 3:e1. doi: 10.4081/hr.2011.e1

 77. Wilson C, Vellodi A. Autosomal recessive osteopetrosis: diagnosis, management, and outcome. Arch Dis Child. (2000) 83:449–52. doi: 10.1136/adc.83.5.449

 78. Kollet O, Dar A, Shivtiel S, Kalinkovich A, Lapid K, Sztainberg Y, et al. Osteoclasts degrade endosteal components and promote mobilization of hematopoietic progenitor cells. Nat Med. (2006) 12:657–64. doi: 10.1038/nm1417

 79. Rao M, Supakorndej T, Schmidt AP, Link DC. Osteoclasts are dispensable for hematopoietic progenitor mobilization by granulocyte colony-stimulating factor in mice. Exp Hematol. (2015) 43: 110–4.e1–2. doi: 10.1016/j.exphem.2014.10.012

 80. Adams GB, Chabner KT, Alley IR, Olson DP, Szczepiorkowski ZM, Poznansky MC, et al. Stem cell engraftment at the endosteal niche is specified by the calcium-sensing receptor. Nature. (2006) 439:599–603. doi: 10.1038/nature04247

 81. Matsumoto T, Abe M. TGF-β-related mechanisms of bone destruction in multiple myeloma. Bone. (2011) 48:129–34. doi: 10.1016/j.bone.2010.05.036

 82. Grüneboom A, Hawwari I, Weidner D, Culemann S, Müller S, Henneberg S, et al. A network of trans-cortical capillaries as mainstay for blood circulation in long bones. Nat Metab. (2019) 1:236–50. doi: 10.1038/s42255-018-0016-5

 83. Steffen U, Andes FT, Schett G. Generation and analysis of human and murine osteoclasts. Curr Protoc Immunol. (2019) 125:e74. doi: 10.1002/cpim.74

 84. Janeway C. Immunobiology. The Immune System in Health and Disease. Animated CD-ROM Inside. 5th ed. New York, NY: Garland Publ (2001).

 85. Tsukasaki M, Takayanagi H. Osteoimmunology: evolving concepts in bone-immune interactions in health and disease. Nat Rev Immunol. (2019) 19:626–42. doi: 10.1038/s41577-019-0178-8

 86. Konieczny J, Arranz L. Updates on old and weary haematopoiesis. Int J Mol Sci. (2018) 19:E2567. doi: 10.3390/ijms19092567

 87. Del Fabbro M, Francetti L, Pizzoni L, Rozza R, Weinstein RL. Fisiologia dei neutrofili: ruolo e meccanismi di azione nella risposta immune a livello dei tessuti gengivali. Minerva Stomatol. (2000) 49:227–48.

 88. Kovtun A, Bergdolt S, Wiegner R, Radermacher P, Huber-Lang M, Ignatius A. The crucial role of neutrophil granulocytes in bone fracture healing. Eur Cell Mater. (2016) 32:152–62. doi: 10.22203/eCM.v032a10

 89. Moukoko D, Pourquier D, Genovesio C, Thezenas S, Chabrand P, Roffino S, et al. Granulocyte-colony stimulating factor enhances bone fracture healing. Clin Biomech. (2018) 58:62–8. doi: 10.1016/j.clinbiomech.2018.07.010

 90. Kroner J, Kovtun A, Kemmler J, Messmann JJ, Strauss G, Seitz S, et al. Mast cells are critical regulators of bone fracture-induced inflammation and osteoclast formation and activity. J Bone Miner Res. (2017) 32:2431–44. doi: 10.1002/jbmr.3234

 91. Karlmark KR, Tacke F, Dunay IR. Monocytes in health and disease - Minireview. Eur J Microbiol Immunol. (2012) 2:97–102. doi: 10.1556/EuJMI.2.2012.2.1

 92. Sinder BP, Pettit AR, McCauley LK. Macrophages: their emerging roles in bone. J Bone Miner Res. (2015) 30:2140–9. doi: 10.1002/jbmr.2735

 93. Mohamad SF, Xu L, Ghosh J, Childress PJ, Abeysekera I, Himes ER, et al. Osteomacs interact with megakaryocytes and osteoblasts to regulate murine hematopoietic stem cell function. Blood Adv. (2017) 1:2520–8. doi: 10.1182/bloodadvances.2017011304

 94. Miron RJ, Bosshardt DD. OsteoMacs: key players around bone biomaterials. Biomaterials. (2016) 82:1–19. doi: 10.1016/j.biomaterials.2015.12.017

 95. Kaur S, Raggatt LJ, Batoon L, Hume DA, Levesque J-P, Pettit AR. Role of bone marrow macrophages in controlling homeostasis and repair in bone and bone marrow niches. Semin Cell Dev Biol. (2017) 61:12–21. doi: 10.1016/j.semcdb.2016.08.009

 96. Chow A, Huggins M, Ahmed J, Hashimoto D, Lucas D, Kunisaki Y, et al. CD169+ macrophages provide a niche promoting erythropoiesis under homeostasis and stress. Nat Med. (2013) 19:429. doi: 10.1038/nm.3057

 97. Vinchi F. Targeting bone marrow niche macrophages: the novel frontier in bone marrow transplant. Hemasphere. (2018) 2:e148. doi: 10.1097/HS9.0000000000000148

 98. Yona S, Kim K-W, Wolf Y, Mildner A, Varol D, Breker M, et al. Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under homeostasis. Immunity. (2013) 38:79–91. doi: 10.1016/j.immuni.2012.12.001

 99. Hashimoto D, Chow A, Noizat C, Teo P, Beasley MB, Leboeuf M, et al. Tissue-resident macrophages self-maintain locally throughout adult life with minimal contribution from circulating monocytes. Immunity. (2013) 38:792–804. doi: 10.1016/j.immuni.2013.04.004

 100. Culemann S, Grüneboom A, Nicolás-Ávila JÁ, Weidner D, Lämmle KF, Rothe T, et al. Locally renewing resident synovial macrophages provide a protective barrier for the joint. Nature. (2019) 572:670–5. doi: 10.1038/s41586-019-1471-1

 101. Nagasawa T. Microenvironmental niches in the bone marrow required for B-cell development. Nat Rev Immunol. (2006) 6:107. doi: 10.1038/nri1780

 102. Dougall WC, Glaccum M, Charrier K, Rohrbach K, Brasel K, Smedt TD, et al. RANK is essential for osteoclast and lymph node development. Genes Dev. (1999) 13:2412–24. doi: 10.1101/gad.13.18.2412

 103. Perlot T, Penninger JM. Development and function of murine B cells lacking RANK. J Immunol. (2012) 188:1201–5. doi: 10.4049/jimmunol.1102063

 104. Wang Y, Xiao M, Tao C, Chen J, Wang Z, Yang J, et al. Inactivation of mTORC1 signaling in osterix-expressing cells impairs B-cell differentiation. J Bone Miner Res. (2018) 33:732–42. doi: 10.1002/jbmr.3352

 105. 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) 167:2625–31. doi: 10.4049/jimmunol.167.5.2625

 106. Fujiwara Y, Piemontese M, Liu Y, Thostenson JD, Xiong J, O'Brien CA. RANKL (Receptor Activator of NFκB Ligand) produced by osteocytes is required for the increase in B cells and bone loss caused by estrogen deficiency in mice. J Biol Chem. (2016) 291:24838–50. doi: 10.1074/jbc.M116.742452

 107. Pan M, Hong W, Yao Y, Gao X, Zhou Y, Fu G, et al. Activated B lymphocyte inhibited the osteoblastogenesis of bone mesenchymal stem cells by notch signaling. Stem Cells Int. (2019) 2019:8150123. doi: 10.1155/2019/8150123

 108. Regan J, Long F. Notch signaling and bone remodeling. Curr Osteoporos Rep. (2013) 11:126–9. doi: 10.1007/s11914-013-0145-4

 109. Zhu J, Paul WE. CD4 T cells: fates, functions, and faults. Blood. (2008) 112:1557–69. doi: 10.1182/blood-2008-05-078154

 110. Boyce BF, Xiu Y, Li J, Xing L, Yao Z. NF-κB-mediated regulation of osteoclastogenesis. Endocrinol Metab. (2015) 30:35–44. doi: 10.3803/EnM.2015.30.1.35

 111. Gravallese EM, Schett G. Effects of the IL-23-IL-17 pathway on bone in spondyloarthritis. Nat Rev Rheumatol. (2018) 14:631–40. doi: 10.1038/s41584-018-0091-8

 112. Sato K, Suematsu A, Okamoto K, Yamaguchi A, Morishita Y, Kadono Y, et al. Th17 functions as an osteoclastogenic helper T cell subset that links T cell activation and bone destruction. J Exp Med. (2006) 203:2673–82. doi: 10.1084/jem.20061775

 113. Adamopoulos IE, Chao C-C, Geissler R, Laface D, Blumenschein W, Iwakura Y, et al. Interleukin-17A upregulates receptor activator of NF-kappaB on osteoclast precursors. Arthritis Res Ther. (2010) 12:R29. doi: 10.1186/ar2936

 114. Monasterio G, Castillo F, Ibarra JP, Guevara J, Rojas L, Alvarez C, et al. Alveolar bone resorption and Th1/Th17-associated immune response triggered during Aggregatibacter actinomycetemcomitans-induced experimental periodontitis are serotype-dependent. J Periodontol. (2018) 89:1249–61. doi: 10.1002/JPER.17-0563

 115. Dar HY, Azam Z, Anupam R, Mondal RK, Srivastava RK. Osteoimmunology: the Nexus between bone and immune system. Front Biosci. (2018) 23:464–92. doi: 10.2741/4600

 116. Zaiss MM, Frey B, Hess A, Zwerina J, Luther J, Nimmerjahn F, et al. Regulatory T cells protect from local and systemic bone destruction in arthritis. J Immunol. (2010) 184:7238–46. doi: 10.4049/jimmunol.0903841

 117. Andersen MH, Schrama D, thor Straten P, Becker JC. Cytotoxic T cells. J. Investig. Dermatol. (2006) 126:32–41. doi: 10.1038/sj.jid.5700001

 118. Savola P, Kelkka T, Rajala HL, Kuuliala A, Kuuliala K, Eldfors S, et al. Somatic mutations in clonally expanded cytotoxic T lymphocytes in patients with newly diagnosed rheumatoid arthritis. Nat Commun. (2017) 8:15869. doi: 10.1038/ncomms15869

 119. Terauchi M, Li J-Y, Bedi B, Baek K-H, Tawfeek H, Galley S, et al. T lymphocytes amplify the anabolic activity of parathyroid hormone through Wnt10b signaling. Cell Metab. (2009) 10:229–40. doi: 10.1016/j.cmet.2009.07.010

 120. Hosokawa H, Rothenberg EV. Cytokines, transcription factors, and the initiation of T-cell development. Cold Spring Harb Perspect Biol. (2018) 10:a028621. doi: 10.1101/cshperspect.a028621

 121. Berlin A, Simon D, Tascilar K, Figueiredo C, Bayat S, Finzel S, et al. The ageing joint-standard age- and sex-related values of bone erosions and osteophytes in the hand joints of healthy individuals. Osteoarthr Cartil. (2019) 27:1043–7. doi: 10.1016/j.joca.2019.01.019

 122. Langdahl B, Ferrari S, Dempster DW. Bone modeling and remodeling: potential as therapeutic targets for the treatment of osteoporosis. Ther Adv Musculoskelet Dis. (2016) 8:225–35. doi: 10.1177/1759720X16670154

 123. Baht GS, Vi L, Alman BA. The role of the immune cells in fracture healing. Curr Osteoporos Rep. (2018) 16:138–45. doi: 10.1007/s11914-018-0423-2

 124. Einhorn TA, Gerstenfeld LC. Fracture healing: mechanisms and interventions. Nat Rev Rheumatol. (2014) 11:45–54. doi: 10.1038/nrrheum.2014.164

 125. Wu AC, Raggatt LJ, Alexander KA, Pettit AR. Unraveling macrophage contributions to bone repair. Bonekey Rep. (2013) 2:373. doi: 10.1038/bonekey.2013.107

 126. Schlundt C, El Khassawna T, Serra A, Dienelt A, Wendler S, Schell H, et al. Macrophages in bone fracture healing: their essential role in endochondral ossification. Bone. (2018) 106:78–89. doi: 10.1016/j.bone.2015.10.019

 127. Einhorn TA. The cell and molecular biology of fracture healing. Clin Orthop Relat Res. (1998) 355 (Suppl.): S7–21. doi: 10.1097/00003086-199810001-00003

 128. Jiang X-X, Zhang Y, Liu B, Zhang S-X, Wu Y, Yu X-D, et al. Human mesenchymal stem cells inhibit differentiation and function of monocyte-derived dendritic cells. Blood. (2005) 105:4120–6. doi: 10.1182/blood-2004-02-0586

 129. Marsell R, Einhorn TA. The biology of fracture healing. Injury. (2011) 42:551–55. doi: 10.1016/j.injury.2011.03.031

 130. Schindeler A, McDonald MM, Bokko P, Little DG. Bone remodeling during fracture repair: the cellular picture. Semin Cell Dev Biol. (2008) 19:459–66. doi: 10.1016/j.semcdb.2008.07.004

 131. Vi L, Baht GS, Whetstone H, Ng A, Wei Q, Poon R, et al. Macrophages promote osteoblastic differentiation in-vivo: implications in fracture repair and bone homeostasis. J Bone Miner Res. (2015) 30:1090–102. doi: 10.1002/jbmr.2422

 132. Nam D, Mau E, Wang Y, Wright D, Silkstone D, Whetstone H, et al. T-lymphocytes enable osteoblast maturation via IL-17F during the early phase of fracture repair. PLoS ONE. (2012) 7:e40044. doi: 10.1371/journal.pone.0040044

 133. Kong YY, Feige U, Sarosi I, Bolon B, Tafuri A, Morony S, et al. Activated T cells regulate bone loss and joint destruction in adjuvant arthritis through osteoprotegerin ligand. Nature. (1999) 402:304–9. doi: 10.1038/46303

 134. Pettit AR, Chang MK, Hume DA, Raggatt L-J. Osteal macrophages: a new twist on coupling during bone dynamics. Bone. (2008) 43:976–82. doi: 10.1016/j.bone.2008.08.128

 135. Eriksen EF. Normal and pathological remodeling of human trabecular bone: three dimensional reconstruction of the remodeling sequence in normals and in metabolic bone disease. Endocr Rev. (1986) 7:379–408. doi: 10.1210/edrv-7-4-379

 136. Calvi LM, Sims NA, Hunzelman JL, Knight MC, Giovannetti A, Saxton JM, et al. Activated parathyroid hormone/parathyroid hormone-related protein receptor in osteoblastic cells differentially affects cortical and trabecular bone. J Clin Invest. (2001) 107:277–86. doi: 10.1172/JCI11296

 137. Qing H, Ardeshirpour L, Pajevic PD, Dusevich V, Jähn K, Kato S, et al. Demonstration of osteocytic perilacunar/canalicular remodeling in mice during lactation. J Bone Mineral Res. (2012) 27:1018–29. doi: 10.1002/jbmr.1567

 138. Cabahug-Zuckerman P, Frikha-Benayed D, Majeska RJ, Tuthill A, Yakar S, Judex S, et al. Osteocyte apoptosis caused by hindlimb unloading is required to trigger osteocyte RANKL production and subsequent resorption of cortical and trabecular bone in mice femurs. J Bone Miner Res. (2016) 31:1356–65. doi: 10.1002/jbmr.2807

 139. He F, Bai J, Wang J, Zhai J, Tong L, Zhu G. Irradiation-induced osteocyte damage promotes HMGB1-mediated osteoclastogenesis in vitro. J Cell Physiol. (2019) 234:17314–25. doi: 10.1002/jcp.28351

 140. Morawietz L, Gehrke T, Classen R-A, Barden B, Otto M, Hansen T, et al. Vorschlag für eine Konsensus-Klassifikation der periprothetischen Membran gelockerter Hüft- und Knieendoprothesen. Pathologe. (2004) 25:375–84. doi: 10.1007/s00292-004-0710-9

 141. Saleh KJ, Thongtrangan I, Schwarz EM. Osteolysis: medical and surgical approaches. Clin Orthop Relat Res. (2004) 427:138–47. doi: 10.1097/01.blo.0000142288.66246.4d

 142. Abu-Amer Y, Darwech I, Clohisy JC. Aseptic loosening of total joint replacements: mechanisms underlying osteolysis and potential therapies. Arthritis Res Ther. (2007) 9(Suppl. 1):S6. doi: 10.1186/ar2170

 143. Krismer M, Stöckl B, Fischer M, Bauer R, Mayrhofer P, Ogon M. Early migration predicts late aseptic failure of hip sockets. J Bone Joint Surg Br. (1996) 78:422–6. doi: 10.1302/0301-620X.78B3.0780422

 144. Vasconcelos DM, Ribeiro-da-Silva M, Mateus A, Alves CJ, Machado GC, Machado-Santos J, et al. Immune response and innervation signatures in aseptic hip implant loosening. J Transl Med. (2016) 14:205. doi: 10.1186/s12967-016-0950-5

 145. Sendi P, Müller AM, Berbari E. Are all joints equal? Synovial fluid analysis in periprosthetic joint infection. J Bone Jt Infect. (2018) 3:258–9. doi: 10.7150/jbji.30491

 146. Gallo J, Goodman SB, Konttinen YT, Raska M. Particle disease: biologic mechanisms of periprosthetic osteolysis in total hip arthroplasty. Innate Immun. (2013) 19:213–24. doi: 10.1177/1753425912451779

 147. Clohisy JC, Teitelbaum S, Chen S, Erdmann JM, Abu-Amer Y. Tumor necrosis factor-α mediates polymethylmethacrylate particle-induced NF-κB activation in osteoclast precursor cells. J. Orthop. Res. (2002) 20:174–81. doi: 10.1016/S0736-0266(01)00088-2

 148. Pearle AD, Crow MK, Rakshit DS, Wohlgemuth J, Nestor BJ. Distinct inflammatory gene pathways induced by particles. Clin Orthop Relat Res. (2007) 458:194–201. doi: 10.1097/BLO.0b013e3180320ae8

 149. Atkins GJ, Welldon KJ, Holding CA, Haynes DR, Howie DW, Findlay DM. The induction of a catabolic phenotype in human primary osteoblasts and osteocytes by polyethylene particles. Biomaterials. (2009) 30:3672–81. doi: 10.1016/j.biomaterials.2009.03.035

 150. Vermes C, Roebuck KA, Chandrasekaran R, Dobai JG, Jacobs JJ, Glant TT. Particulate wear debris activates protein tyrosine kinases and nuclear factor kappaB, which down-regulates type I collagen synthesis in human osteoblasts. J Bone Miner Res. (2000) 15:1756–65. doi: 10.1359/jbmr.2000.15.9.1756

 151. Bos J, Berner J, Diebold J, Löhrs U. Histologische und morphometrische Untersuchungen an Femora mit stabilen Hüftgelenkendoprothesen. Eine Autopsiestudie mit besonderer Berücksichtigung der zur Spätlockerung führende Faktoren. Histologische und morphometrische Untersuchungen an Femora mit stabilen Hüftgelenkendoprothesen. Eine Autopsiestudie mit besonderer Berücksichtigung der zur Spätlockerung führende Faktoren. Z Orthop Ihre Grenzgeb. (1995) 133:460–6. doi: 10.1055/s-2008-1039955

 152. Schmalzried TP, Jasty M, Harris WH. Periprosthetic bone loss in total hip arthroplasty. Polyethylene wear debris and the concept of the effective joint space. J Bone Joint Surg Am. (1992) 74:849–63. doi: 10.2106/00004623-199274060-00006

 153. Wang C-T, Lin Y-T, Chiang B-L, Lee S-S, Hou S-M. Over-expression of receptor activator of nuclear factor-kappaB ligand (RANKL), inflammatory cytokines, and chemokines in periprosthetic osteolysis of loosened total hip arthroplasty. Biomaterials. (2010) 31:77–82. doi: 10.1016/j.biomaterials.2009.09.017

 154. Lavernia C, Lee DJ, Hernandez VH. The increasing financial burden of knee revision surgery in the United States. Clin Orthop Relat Res. (2006) 446:221–6. doi: 10.1097/01.blo.0000214424.67453.9a

 155. Fuhrmann J, Clancy KW, Thompson PR. Chemical biology of protein arginine modifications in epigenetic regulation. Chem Rev. (2015) 115:5413–61. doi: 10.1021/acs.chemrev.5b00003

 156. Fujisaki M, Sugawara K. Properties of peptidylarginine deiminase from the epidermis of newborn rats. J Biochem. (1981) 89:257–63. doi: 10.1093/oxfordjournals.jbchem.a133189

 157. Valesini G, Gerardi MC, Iannuccelli C, Pacucci VA, Pendolino M, Shoenfeld Y. Citrullination and autoimmunity. Autoimmun Rev. (2015) 14:490–7. doi: 10.1016/j.autrev.2015.01.013

 158. van Gaalen FA, Linn-Rasker SP, van Venrooij WJ, de Jong BA, Breedveld FC, Verweij CL, et al. Autoantibodies to cyclic citrullinated peptides predict progression to rheumatoid arthritis in patients with undifferentiated arthritis: a prospective cohort study. Arthritis Rheum. (2004) 50:709–15. doi: 10.1002/art.20044

 159. Tutturen AEV, Fleckenstein B, de Souza GA. Assessing the citrullinome in rheumatoid arthritis synovial fluid with and without enrichment of citrullinated peptides. J Proteome Res. (2014) 13:2867–73. doi: 10.1021/pr500030x

 160. van Beers JJBC, Schwarte CM, Stammen-Vogelzangs J, Oosterink E, BoŽič B, Pruijn GJM. The rheumatoid arthritis synovial fluid citrullinome reveals novel citrullinated epitopes in apolipoprotein E, myeloid nuclear differentiation antigen, and β-actin. Arthritis Rheum. (2013) 65:69–80. doi: 10.1002/art.37720

 161. Darrah E, Andrade F. Rheumatoid arthritis and citrullination. Curr Opin Rheumatol. (2018) 30:72–8. doi: 10.1097/BOR.0000000000000452

 162. Rantapää-Dahlqvist S, de Jong BAW, Berglin E, Hallmans G, Wadell G, Stenlund H, et al. Antibodies against cyclic citrullinated peptide and IgA rheumatoid factor predict the development of rheumatoid arthritis. Arthritis Rheum. (2003) 48:2741–9. doi: 10.1002/art.11223

 163. de Hair MJH, van de Sande MGH, Ramwadhdoebe TH, Hansson M, Landewé R, van der Leij C, et al. Features of the synovium of individuals at risk of developing rheumatoid arthritis: implications for understanding preclinical rheumatoid arthritis. Arthritis Rheumatol. (2014) 66:513–22. doi: 10.1002/art.38273

 164. Syversen SW, Goll GL, van der Heijde D, Landewé R, Lie BA, Odegård S, et al. Prediction of radiographic progression in rheumatoid arthritis and the role of antibodies against mutated citrullinated vimentin: results from a 10-year prospective study. Ann Rheum Dis. (2010) 69:345–51. doi: 10.1136/ard.2009.113092

 165. van der Helm-van Mil AHM, Verpoort KN, Breedveld FC, Toes REM, Huizinga TWJ. Antibodies to citrullinated proteins and differences in clinical progression of rheumatoid arthritis. Arthritis Res Ther. (2005) 7: R949–58. doi: 10.1186/ar1767

 166. Harre U, Georgess D, Bang H, Bozec A, Axmann R, Ossipova E, et al. Induction of osteoclastogenesis and bone loss by human autoantibodies against citrullinated vimentin. J Clin Invest. (2012) 122: 1791–802. doi: 10.1172/JCI60975

 167. Krishnamurthy A, Joshua V, Haj Hensvold A, Jin T, Sun M, Vivar N, et al. Identification of a novel chemokine-dependent molecular mechanism underlying rheumatoid arthritis-associated autoantibody-mediated bone loss. Ann Rheum Dis. (2016) 75:721–9. doi: 10.1136/annrheumdis-2015-208093

 168. Wigerblad G, Bas DB, Fernades-Cerqueira C, Krishnamurthy A, Nandakumar KS, Rogoz K, et al. Autoantibodies to citrullinated proteins induce joint pain independent of inflammation via a chemokine-dependent mechanism. Ann Rheum Dis. (2016) 75:730–8. doi: 10.1136/annrheumdis-2015-208094

 169. Amara K, Steen J, Murray F, Morbach H, Fernandez-Rodriguez BM, Joshua V, et al. Monoclonal IgG antibodies generated from joint-derived B cells of RA patients have a strong bias toward citrullinated autoantigen recognition. J Exp Med. (2013) 210:445–55. doi: 10.1084/jem.20121486

 170. Brat DJ, Bellail AC, van Meir EG. The role of interleukin-8 and its receptors in gliomagenesis and tumoral angiogenesis. Neuro oncol. (2005) 7:122–33. doi: 10.1215/S1152851704001061

 171. Narazaki M, Tanaka T, Kishimoto T. The role and therapeutic targeting of IL-6 in rheumatoid arthritis. Expert Rev Clin Immunol. (2017) 13:535–51. doi: 10.1080/1744666X.2017.1295850

 172. Chen Z, Bozec A, Ramming A, Schett G. Anti-inflammatory and immune-regulatory cytokines in rheumatoid arthritis. Nat Rev Rheumatol. (2019) 15:9–17. doi: 10.1038/s41584-018-0109-2

 173. Rauber S, Luber M, Weber S, Maul L, Soare A, Wohlfahrt T, et al. Resolution of inflammation by interleukin-9-producing type 2 innate lymphoid cells. Nature Med. (2017) 23:938–44. doi: 10.1038/nm.4373

 174. Cayrol C, Girard J-P. Interleukin-33 (IL-33): a nuclear cytokine from the IL-1 family. Immunol Rev. (2018) 281:154–68. doi: 10.1111/imr.12619

 175. Duerr CU, Fritz JH. Regulation of group 2 innate lymphoid cells. Cytokine. (2016) 87:1–8. doi: 10.1016/j.cyto.2016.01.018

 176. Licona-Limón P, Kim LK, Palm NW, Flavell RA. TH2, allergy and group 2 innate lymphoid cells. Nat Immunol. (2013) 14:536–42. doi: 10.1038/ni.2617

 177. Eghbali-Fatourechi G, Khosla S, Sanyal A, Boyle WJ, Lacey DL, Riggs BL. Role of RANK ligand in mediating increased bone resorption in early postmenopausal women. J Clin Invest. (2003) 111:1221–30. doi: 10.1172/JCI200317215

 178. Raisz LG. Pathogenesis of osteoporosis: concepts, conflicts, and prospects. J Clin Invest. (2005) 115:3318–25. doi: 10.1172/JCI27071

 179. Black DM, Rosen CJ. Clinical practice. postmenopausal osteoporosis. N Engl J Med. (2016) 374:254–62. doi: 10.1056/NEJMcp1513724

 180. Riggs BL, Khosla S, Melton LJ. A unitary model for involutional osteoporosis: estrogen deficiency causes both type I and type II osteoporosis in postmenopausal women and contributes to bone loss in aging men. J Bone Miner Res. (1998) 13:763–73. doi: 10.1359/jbmr.1998.13.5.763

 181. Tomkinson A, Reeve J, Shaw RW, Noble BS. The death of osteocytes via apoptosis accompanies estrogen withdrawal in human bone. J Clin Endocrinol Metab. (1997) 82:3128–35. doi: 10.1210/jc.82.9.3128

 182. Tomkinson A, Gevers EF, Wit JM, Reeve J, Noble BS. The role of estrogen in the control of rat osteocyte apoptosis. J Bone Miner Res. (1998) 13:1243–50. doi: 10.1359/jbmr.1998.13.8.1243

 183. Emerton KB, Hu B, Woo AA, Sinofsky A, Hernandez C, Majeska RJ, et al. Osteocyte apoptosis and control of bone resorption following ovariectomy in mice. Bone. (2010) 46:577–83. doi: 10.1016/j.bone.2009.11.006

 184. Kousteni S, Bellido T, Plotkin LI, O'Brien CA, Bodenner DL, Han L, et al. Nongenotropic, sex-nonspecific signaling through the estrogen or androgen receptors. Cell. (2001) 104:719–30. doi: 10.1016/S0092-8674(01)00268-9

 185. Hayashi M, Nakashima T, Yoshimura N, Okamoto K, Tanaka S, Takayanagi H. Autoregulation of osteocyte sema3A orchestrates estrogen action and counteracts bone aging. Cell Metab. (2019) 29:627–37.e5. doi: 10.1016/j.cmet.2018.12.021

 186. Nakamura T, Imai Y, Matsumoto T, Sato S, Takeuchi K, Igarashi K, et al. Estrogen prevents bone loss via estrogen receptor alpha and induction of fas ligand in osteoclasts. Cell. (2007) 130:811–23. doi: 10.1016/j.cell.2007.07.025

 187. Martin-Millan M, Almeida M, Ambrogini E, Han L, Zhao H, Weinstein RS, et al. The estrogen receptor-alpha in osteoclasts mediates the protective effects of estrogens on cancellous but not cortical bone. Mol Endocrinol. (2010) 24:323–34. doi: 10.1210/me.2009-0354

 188. Shevde NK, Bendixen AC, Dienger KM, Pike JW. Estrogens suppress RANK ligand-induced osteoclast differentiation via a stromal cell independent mechanism involving c-Jun repression. Proc Natl Acad Sci USA. (2000) 97:7829–34. doi: 10.1073/pnas.130200197

 189. Huber DM, Bendixen AC, Pathrose P, Srivastava S, Dienger KM, Shevde NK, et al. Androgens suppress osteoclast formation induced by RANKL and macrophage-colony stimulating factor. Endocrinology. (2001) 142:3800–8. doi: 10.1210/endo.142.9.8402

 190. Srivastava S, Toraldo G, Weitzmann MN, Cenci S, Ross FP, Pacifici R. Estrogen decreases osteoclast formation by down-regulating receptor activator of NF-kappa B ligand (RANKL)-induced JNK activation. J Biol Chem. (2001) 276:8836–40. doi: 10.1074/jbc.M010764200

 191. Robinson LJ, Yaroslavskiy BB, Griswold RD, Zadorozny EV, Guo L, Tourkova IL, et al. Estrogen inhibits RANKL-stimulated osteoclastic differentiation of human monocytes through estrogen and RANKL-regulated interaction of estrogen receptor-alpha with BCAR1 and Traf6. Exp Cell Res. (2009) 315:1287–301. doi: 10.1016/j.yexcr.2009.01.014

 192. Hofbauer LC, Khosla S, Dunstan CR, Lacey DL, Spelsberg TC, Riggs BL. Estrogen stimulates gene expression and protein production of osteoprotegerin in human osteoblastic cells. Endocrinology. (1999) 140:4367–70. doi: 10.1210/endo.140.9.7131

 193. Engdahl C, Bondt A, Harre U, Raufer J, Pfeifle R, Camponeschi A, et al. Estrogen induces St6gal1 expression and increases IgG sialylation in mice and patients with rheumatoid arthritis: a potential explanation for the increased risk of rheumatoid arthritis in postmenopausal women. Arthritis Res Ther. (2018) 20:84. doi: 10.1186/s13075-018-1586-z

 194. Pottratz ST, Bellido T, Mocharla H, Crabb D, Manolagas SC. 17 beta-Estradiol inhibits expression of human interleukin-6 promoter-reporter constructs by a receptor-dependent mechanism. J Clin Invest. (1994) 93:944–50. doi: 10.1172/JCI117100

 195. Balena R, Toolan BC, Shea M, Markatos A, Myers ER, Lee SC, et al. The effects of 2-year treatment with the aminobisphosphonate alendronate on bone metabolism, bone histomorphometry, and bone strength in ovariectomized nonhuman primates. J Clin Invest. (1993) 92:2577–86. doi: 10.1172/JCI116872

 196. Kimble RB, Matayoshi AB, Vannice JL, Kung VT, Williams C, Pacifici R. Simultaneous block of interleukin-1 and tumor necrosis factor is required to completely prevent bone loss in the early postovariectomy period. Endocrinology. (1995) 136:3054–61. doi: 10.1210/endo.136.7.7789332

 197. Lorenzo JA, Naprta A, Rao Y, Alander C, Glaccum M, Widmer M, et al. Mice lacking the type I interleukin-1 receptor do not lose bone mass after ovariectomy. Endocrinology. (1998) 139:3022–5. doi: 10.1210/endo.139.6.6128

 198. Charatcharoenwitthaya N, Khosla S, Atkinson EJ, McCready LK, Riggs BL. Effect of blockade of TNF-alpha and interleukin-1 action on bone resorption in early postmenopausal women. J Bone Miner Res. (2007) 22:724–9. doi: 10.1359/jbmr.070207

 199. Gao Y, Qian W-P, Dark K, Toraldo G, Lin ASP, Guldberg RE, et al. Estrogen prevents bone loss through transforming growth factor beta signaling in T cells. Proc Natl Acad Sci USA. (2004) 101:16618–23. doi: 10.1073/pnas.0404888101

 200. Cenci S, Weitzmann MN, Roggia C, Namba N, Novack D, Woodring J, et al. Estrogen deficiency induces bone loss by enhancing T-cell production of TNF-alpha. J Clin Invest. (2000) 106:1229–37. doi: 10.1172/JCI11066

 201. Sass DA, Liss T, Bowman AR, Rucinski B, Popoff SN, Pan Z, et al. The role of the T-lymphocyte in estrogen deficiency osteopenia. J Bone Miner Res. (1997) 12:479–86. doi: 10.1359/jbmr.1997.12.3.479

 202. Lee S-K, Kadono Y, Okada F, Jacquin C, Koczon-Jaremko B, Gronowicz G, et al. T lymphocyte-deficient mice lose trabecular bone mass with ovariectomy. J Bone Miner Res. (2006) 21:1704–12. doi: 10.1359/jbmr.060726

 203. Khosla S, Oursler MJ, Monroe DG. Estrogen and the skeleton. Trends Endocrinol Metab. (2012) 23:576–81. doi: 10.1016/j.tem.2012.03.008

 204. Convente MR, Wang H, Pignolo RJ, Kaplan FS, Shore EM. The immunological contribution to heterotopic ossification disorders. Curr Osteoporos Rep. (2015) 13:116–24. doi: 10.1007/s11914-015-0258-z

 205. Evans KN, Forsberg JA, Potter BK, Hawksworth JS, Brown TS, Andersen R, et al. Inflammatory cytokine and chemokine expression is associated with heterotopic ossification in high-energy penetrating war injuries. J Orthop Trauma. (2012) 26:e204–13. doi: 10.1097/BOT.0b013e31825d60a5

 206. Champagne CM, Takebe J, Offenbacher S, Cooper LF. Macrophage cell lines produce osteoinductive signals that include bone morphogenetic protein-2. Bone. (2002) 30:26–31. doi: 10.1016/S8756-3282(01)00638-X

 207. Edwards DS, Clasper JC. Heterotopic ossification: a systematic review. J R Army Med Corps. (2015) 161:315–21. doi: 10.1136/jramc-2014-000277

 208. Kluk MW, Ji Y, Shin EH, Amrani O, Onodera J, Jackson WM, et al. Fibroregulation of mesenchymal progenitor cells by BMP-4 after traumatic muscle injury. J Orthop Trauma. (2012) 26:693–8. doi: 10.1097/BOT.0b013e3182712adf

 209. Suda RK, Billings PC, Egan KP, Kim J-H, McCarrick-Walmsley R, Glaser DL, et al. Circulating osteogenic precursor cells in heterotopic bone formation. Stem Cells. (2009) 27:2209–19. doi: 10.1002/stem.150

 210. Agarwal S, Sorkin M, Levi B. Heterotopic ossification and hypertrophic scars. Clin Plast Surg. (2017) 44:749–55. doi: 10.1016/j.cps.2017.05.006

 211. Shehab D, Elgazzar AH, Collier BD. Heterotopic ossification*. J Nucl Med. (2002) 43:346–53. doi: 10.1034/j.1600-0455.2002.430322.x

 212. Pavey GJ, Polfer EM, Nappo KE, Tintle SM, Forsberg JA, Potter BK. What risk factors predict recurrence of heterotopic ossification after excision in combat-related amputations? Clin Orthop Relat Res. (2015) 473:2814–24. doi: 10.1007/s11999-015-4266-1

 213. Popovic M, Agarwal A, Zhang L, Yip C, Kreder HJ, Nousiainen MT, et al. Radiotherapy for the prophylaxis of heterotopic ossification: a systematic review and meta-analysis of published data. Radiother Oncol. (2014) 113:10–17. doi: 10.1016/j.radonc.2014.08.025

 214. Ritter MA, Sieber JM. Prophylactic indomethacin for the prevention of heterotopic bone formation following total hip arthroplasty. Clin Orthop Relat Res. (1985) (196):217–25. doi: 10.1097/00003086-198506000-00030

 215. Meyers C, Lisiecki J, Miller S, Levin A, Fayad L, Ding C, et al. Heterotopic ossification: a comprehensive review. JBMR Plus. (2019) 3:e10172. doi: 10.1002/jbm4.10172

 216. Kan L, Liu Y, McGuire TL, Berger DMP, Awatramani RB, Dymecki SM, et al. Dysregulation of local stem/progenitor cells as a common cellular mechanism for heterotopic ossification. Stem Cells. (2009) 27:150–6. doi: 10.1634/stemcells.2008-0576

 217. Mohler ER, Gannon F, Reynolds C, Zimmerman R, Keane MG, Kaplan FS. Bone formation and inflammation in cardiac valves. Circulation. (2001) 103:1522–8. doi: 10.1161/01.CIR.103.11.1522

 218. Kan L, Lounev VY, Pignolo RJ, Duan L, Liu Y, Stock SR, et al. Substance P signaling mediates BMP-dependent heterotopic ossification. J Cell Biochem. (2011) 112:2759–72. doi: 10.1002/jcb.23259

 219. Kan L, Mutso AA, McGuire TL, Apkarian AV, Kessler JA. Opioid signaling in mast cells regulates injury responses associated with heterotopic ossification. Inflamm Res. (2014) 63:207–15. doi: 10.1007/s00011-013-0690-4

 220. Hino K, Ikeya M, Horigome K, Matsumoto Y, Ebise H, Nishio M, et al. Neofunction of ACVR1 in fibrodysplasia ossificans progressiva. Proc Natl Acad Sci USA. (2015) 112:15438–43. doi: 10.1073/pnas.1510540112

 221. Hatsell SJ, Idone V, Wolken DMA, Huang L, Kim HJ, Wang L, et al. ACVR1R206H receptor mutation causes fibrodysplasia ossificans progressiva by imparting responsiveness to activin A. Sci Transl Med. (2015) 7:303ra137. doi: 10.1126/scitranslmed.aac4358

 222. Scott LJ. Tocilizumab: a review in rheumatoid arthritis. Drugs. (2017) 77:1865–79. doi: 10.1007/s40265-017-0829-7

 223. Weinblatt ME, Keystone EC, Furst DE, Moreland LW, Weisman MH, Birbara CA, et al. Adalimumab, a fully human anti-tumor necrosis factor alpha monoclonal antibody, for the treatment of rheumatoid arthritis in patients taking concomitant methotrexate: the ARMADA trial. Arthritis Rheum. (2003) 48:35–45. doi: 10.1002/art.10697

 224. Leinmüller R. Rheumatoide arthritis: adalimumab stoppt die progression. Dtsch Arztebl Int. (2004) 101:A–1523.

 225. Mazumdar S, Greenwald D. Golimumab. MAbs. (2009) 1:422–31. doi: 10.4161/mabs.1.5.9286

 226. Pelechas E, Voulgari PV, Drosos AA. Golimumab for rheumatoid arthritis. J Clin Med. (2019) 8:387. doi: 10.3390/jcm8030387

 227. Tanaka T, Hishitani Y, Ogata A. Monoclonal antibodies in rheumatoid arthritis: comparative effectiveness of tocilizumab with tumor necrosis factor inhibitors. Biologics. (2014) 8:141–53. doi: 10.2147/BTT.S37509

 228. Sridharan R, Cameron AR, Kelly DJ, Kearney CJ, O'Brien FJ. Biomaterial based modulation of macrophage polarization: a review and suggested design principles. Materials Today. (2015) 18:313–25. doi: 10.1016/j.mattod.2015.01.019

 229. Zondervan RL, Vaux JJ, Blackmer MJ, Brazier BG, Taunt CJ. Improved outcomes in patients with positive metal sensitivity following revision total knee arthroplasty. J Orthop Surg Res. (2019) 14:182. doi: 10.1186/s13018-019-1228-4

 230. Collins FL, Stone MD, Turton J, McCabe LR, Wang ECY, Williams AS. Oestrogen-deficiency induces bone loss by modulating CD14+ monocyte and CD4+ T cell DR3 expression and serum TL1A levels. BMC Musculoskelet Disord. (2019) 20:326. doi: 10.1186/s12891-019-2704-z

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Guder, Gravius, Burger, Wirtz and Schildberg. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fimmu-11-00058-g005.gif





OPS/images/fimmu-11-00058-g006.gif





OPS/images/fimmu-11-00058-g003.gif





OPS/images/fimmu-11-00058-g004.gif





OPS/images/fimmu-11-00058-t002.jpg
Cell  Development Exhibited factors Function/target

factors
Tht  IL-12 IFN-y, IL-2, LTa, IL-10 Intracell pathogens
Th2 IL-2 + IL-4 IL-4,IL-5, IL-10, IL-13, IL-25  Parasites, allergy
Th17 IL-6,IL-21,1L-23  IL-10, IL-17A, IL-17F, IL-21,  Bacteria, fungi
IL-22
Treg -2 IL-10, IL-35, TGF-p Immune tolerance,

regulation of
immune response

Development factors describe agents needed for T cell differentiation and are provided
by local cells or systemically.





OPS/images/fimmu-11-00058-g007.gif
® 4
o ® %






OPS/images/fimmu-11-00058-t001.jpg
Cytokine

M-CSF
G-CSF
GM-CSF
IL-2
IL-3
IL-4
IL-5
IL-6
IL-7
IL-11
UF
SCF
FLT3
TPO

Function/Target

Macrophage development

Granulocyte development

Macrophages, granulocytes

T cll prolferation

Possibly stimulation of the complete range of blood cells
Cofactor

Differentiation of b cells, eosinophil regulation
8 cell Differentiation

T Lymphocyte formation
Megakaryocytopoiesis

Leukemia inhibiting factor

Stem cell factor, proliferation of stem cells
Prolferation of stem cells

Thrombopoietin, Platelet production





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Osteoimmunology: A Current Update of the Interplay Between Bone and the Immune System



		Introduction



		Bone and Bone Cells



		Osteoblasts



		Osteocytes



		Osteoclasts







		Main Components of the Immune System Viewed in Relation to Osseous Development



		Granulocytes



		Neutrophil Granulocytes



		Eosinophil and Basophil Granulocytes



		Monocytes/Macrophages









		Lymphocytes



		B Cells



		T Cells



		Bone Turnover



		Fracture Healing



		Bone Remodeling













		Osteoimmunology in Total Hip Replacement



		Osteoimmunology in Rheumatoid Arthritis



		Osteoimmunology in Osteoporosis



		Osteoimmunology in Heterotopic Ossification



		Future Prospects of Applied Osteoimmunology



		Author Contributions



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

Osteoimmunology: A Current
Update of the Interplay Between
Bone and the Immune System





OPS/images/fimmu-11-00058-g001.gif





OPS/images/fimmu-11-00058-g002.gif
Hematopoietic stem cel

‘Comman myeloid progeritor cel
U e X COB TR Frk

¢ progeritor
e Coris e ms e

oc





OPS/images/fimmu-11-00058-t003.jpg
Inflammation Cartilage formation Bone formation Remodeling
Neutrophis IL-1, IL-6, IL-10, TNFa, MCP-1, CXCL-1a

M1 IL-1, IL-6, TNFe,, MCP-1

M2 IL-10, TGFB, BMP2, VEGF

Lymphocytes TNFa, IFNy, RANKL, IL-17 OPG

Macrophages (M1 and M2) are active throughout the complete healing process, with M1 stimulating osteoclasts and M2 stimulating bone formation from OBs. Lymphocytes shift from
inflammatory modus to secretion of OPGs when bone formation is required.









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





