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Editorial on the Research Topic 


Recent Advances in Basic and Translational Osteoimmunology


The term “Osteoimmunology” was coined to describe the correlation between bone and immune cells (1). Recent findings have highlighted the link between both the bone and immune systems (2), an interrelation further supported by the common developmental niche, Bone Marrow (BM). “Immunoporosis” as an independent field under the umbrella of osteoimmunology was recently proposed in 2018 to highlight the growing importance of the immune system in Osteoporosis (3, 4). The present Research Topic on ‘Recent advances in Basic and Translational Osteoimmunology’ comprises research in the emerging field of Osteoimmunology. This Research Topic brings together 17 contributions by 116 authors from across the globe, including the U.S.A. (6), Europe (72), and Asia (38). The compilation of these recent reviews and research articles deepens understanding of the role of the immune system in various skeletal system associated pathologies.


Role of the Adaptive Immune System in Skeletal Homeostasis

Primarily, osteoimmunology emphasizes the two-way communication between the bone and immune cells. The interrelation between the bone and immune system plays an indispensable role in the maintenance of skeletal homeostasis. The first question that comes to mind is how the immune system can contribute to the differentiation and functional activity of bone cells. Furthermore, Th17 cells play an important role via producing interleukin (IL)-17A, which enhances bone resorption by bone degrading osteoclasts cells as reviewed by Tang et al. and Wu et al. in the context of postmenopausal osteoporosis (PMO), psoriatic arthritis (PsA) rheumatoid arthritis (RA), and axial spondylarthritis (axSpA). From their discussion, it appears that targeting the immune-regulatory molecules involved in the modulation of osteoimmune response may be a feasible approach to several inflammatory bone diseases. The role of T-cell protein tyrosine phosphatase (TCPTP), a protein tyrosine phosphatase immune-modulator in osteoporosis has been exhaustively reviewed by Wang et al. Another T cell regulatory molecule butyrophilin (Btn2a2), a transmembrane protein that suppresses the differentiation and fusion of osteoclasts and reduces the bone resorption process, has been demonstrated by Frech et al. Altogether, these studies highlight the significance of T cells and their associated molecules in regulating osteoclast differentiation with potential applications in osteoimmunology.

The potential of the immune system to regulate bone cells appears to be much more complex as besides T cells, other immune cells are also known to influence the bone remodeling and fracture healing process. Using single cell RNA sequencing (scRNA-seq) Zhang et al. demonstrate that the frequency of B cells is significantly reduced in the early stage of the fracture healing process. This study indicates that B cell is a crucial regulator of the fracture healing process via inhibiting excessive regeneration of bone by producing various osteoblast inhibitors. On the other hand, a pioneering study by Sapra et al. is the first to show that IL-10 producing regulatory B cells (Bregs) possess anti-osteoclastogenic properties. Importantly, this study also revealed that reduction in the frequency of Bregs and their reduced tendency to produce IL-10 enhances bone loss in a mouse model of osteoporosis. This study opens novel avenues in the field of cellular immunotherapy for the treatment and management of osteoporosis. Additionally, Breedveld et al. revealed that IgA autoantibodies, by promoting the release of IL-6 and IL-8 by immune cells and osteoclasts, enhance bone resorption in RA patients. Thus, targeting the interactions between IgA and its FcαRI receptor could be a promising therapeutic target in the treatment of RA. Altogether these studies highlight the growing importance of adaptive immunity in modulating bone health.



Role of Innate Immune Cells in Skeletal Homeostasis

Accumulating evidence suggests that both the innate and adaptive immune system contributes to inflammatory bone diseases including osteoporosis. Innate immune cells by producing various inflammatory modulators contribute to the pathogenesis of osteoporosis. This group of immune cells, along with modulating osteoclastogenesis, also exhibits the potential of transdifferentiating into multinucleated osteoclasts. Thus, highlighting the importance of innate immune cells in the context of osteoporosis, Saxena et al. review the role of different innate immune cells in osteoporosis in a detailed systematic manner, thereby adding strength to the emerging field of Immunoporosis. Furthermore, to emphasize the role of macrophages in inflammatory bone loss conditions such as osteoarthritis (OA), Thomson and Hilkens comprehensively review the involvement of macrophages in disease progression. Activation of macrophages and osteoclastogenesis is a hallmark of osteolysis and thus can be targeted by the application of local platelet rich fibrin (PRF). Kargarpour et al. demonstrated that PRF has anti-inflammatory potential by mitigating macrophage function and thus exhibits the ability to reduce osteoclastogenesis.



Implications of Chronic Inflammation on Bone Health

Emerging clinical and molecular evidence suggests that local and systemic inflammation can trigger osteoporosis. Among several conditions, psoriasis (Pso) showed an increased risk of osteoporosis mainly due to the deficiency of vitamin D and chronic inflammatory conditions. Of note, few studies have revealed the close functional association between vitamin D and IL-33/ST2 signaling pathway in the bone remodeling process (5, 6). Based on this close functional link, De Martinis et al. reviewed their crosstalk in the pathogenesis of bone and skin pathologies (7). Chronic inflammation that increases osteoclastogenesis also adversely impacts adipogenesis by increasing adipocyte population in lieu of osteoblasts from the mesenchymal stem cells (MSC). To highlight the significance of chronic inflammation in regulating the adipogenesis process, Furesi et al. demonstrate that higher levels of pro-inflammatory cytokines viz. IL-17 suppresses the adipogenesis process. By employing a bioinformatics tool, Wang et al. report that upregulation of chronic inflammation leads to intervertebral disc (IVD) degeneration and discogenic pain. Further analysis shows that infiltration of CCR7+CD163+ macrophages and Tregs is significantly enhanced in the degenerative IVDs. Various anti-inflammatory agents are currently being employed in chronic inflammation of which glucocorticoid (GC) is the first-line anti-inflammatory agent that acts via glucocorticoid receptor (GR). Upon binding of GCs, GR dimerizes is essential for aiding the anti-inflammatory potential of GCs. In contrast to the beneficial effects of GR dimerization, Hachemi et al. report on the adverse effects of GR dimerization on the fracture healing process and thus establish the detrimental effect of GCs and GR on fracture healing. The life cycle of osteoblasts and osteoclasts is regulated by key modulators of apoptosis viz., Fas-ligand (FasL) which is a member of the TNF superfamily and plays a fundamental role in the healing of extraction sockets. Alccayhuaman et al. further support the notion that FasL is necessary for bone regeneration and the healing process and showed a significant reduction in bone volume over tissue volume (BV/TV) in a study performed using FasL knock out mice. The involvement of the immune system is now also identified in very rare bone complications like aseptic implant failure (AIF) and periprosthetic joint infections (PJI). It was observed that the expression of immunoregulatory markers viz. sCD28, cCD80, sCTLA4, and sBTLA is significantly altered in the joints of AIF and PJI patients compared to controls and thus could be employed as a promising diagnostic marker for both AIF and PJI (Jubel et al.).



Potential Therapies to Alleviate Bone Health

Tissue engineering methods utilize progenitor cells as a potential therapy for the treatment of several diseases. Studies demonstrated that chondrogenically primed human MSC (hMSCs) reiterate the methodology of endochondral ossification and in forming mature bone. To further translate this MSCs based approach in bone formation, Fahy et al. clearly show that implantation of MSCs in an immunocompetent xenogenic model promotes endochondral ossification and provides in-depth mechanistic insights into the osteoimmunological processes that regulate the regeneration of bone and homeostasis.



Conclusion

The field of “Osteoimmunology” will provide novel etiologic insights into skeletal system-associated ailments in the near future. This might help in the design of therapeutic strategies for the management of various inflammatory bone pathologies with better translational potential. We (the editors) strongly believe that each article published under this Research Topic on “Recent Advances in Basic and Translational Osteoimmunology” will help in the discovery of new molecular candidates and pathways and unravel this complex yet important connection between the bone and immune system.
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Patients with psoriasis (Pso) and, in particular, psoriatic arthritis (PsoA) have an increased risk of developing osteoporosis (OP). It has been shown that OP is among the more common pathologies associated with Pso, mainly due to the well-known osteopenizing conditions coexisting in these patients. Pso and OP share common risk factors, such as vitamin D deficiency and chronic inflammation. Interestingly, the interleukin (IL)-33/ST2 axis, together with vitamin D, is closely related to both Pso and OP. Vitamin D and the IL-33/ST2 signaling pathways are closely involved in bone remodeling, as well as in skin barrier pathophysiology. The production of anti-osteoclastogenic cytokines, e.g., IL-4 and IL-10, is promoted by IL-33 and vitamin D, which are stimulators of both regulatory and Th2 cells. IL-33, together with other Th2 cytokines, shifts osteoclast precursor differentiation towards macrophage and dendritic cells and inhibits receptor activator of nuclear factor kappa-B ligand (RANKL)-induced osteoclastogenesis by regulating the expression of anti-osteoclastic genes. However, while the vitamin D protective functions in OP and Pso have been definitively ascertained, the overall effect of IL-33 on bone and skin homeostasis, because of its pleiotropic action, is still controversial. Emerging evidence suggests a functional link between vitamin D and the IL-33/ST2 axis, which acts through hormonal influences and immune-mediated effects, as well as cellular and metabolic functions. Based on the actions of vitamin D and IL-33 in Pso and OP, here, we hypothesize the role of their crosstalk in the pathogenesis of both these pathologies.
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Introduction

Psoriasis (Pso) is a chronic autoimmune multifactorial disease that is associated with systemic inflammation. It presents with skin erythematous plaques, covered by characteristic white silvery scales (1). It is characterized by increased proliferation of keratinocytes, perivascular skin infiltration by cells belonging to both the adaptive and innate immune system, and imbalances in apoptotic and autophagic pathways (2).

Through the production of inflammatory cytokines, activated and autoreactive immune cells play central roles in its pathogenesis (3). In both skin and blood of psoriatic patients, there are increased levels of various cytokines, growth factors, and chemokines (4). Patients suffering from Pso, particularly those with psoriatic arthritis (PsoA) or more severe forms of the disease, develop multiple comorbidities in addition to joint diseases, including cardiovascular and rheumatologic disorders, infections, obesity, and diabetes (5–7). The link between these comorbidities is likely systemic inflammation (8). Recently, osteoporosis (OP) is also considered to be a relevant comorbidity in Pso (9). Therefore, patients with Pso are now recognized to be at increased risk of pathologic fractures and OP, so today, it is commonly believed that Pso patients might benefit from increased screening for OP (10).

OP is defined as a generalized disease of the skeleton, characterized by low bone mineral density (BMD) and altered microarchitecture, leading to increased bone fragility and, as a result, increased risk of fractures (11, 12). In addition to senile and postmenopausal OP, secondary OP may also occur as a consequence of various pathologies, including endocrinopathies, rheumatic and neoplastic diseases, malnutrition, chronic inflammatory conditions, and 1,25-dihydroxyvitamin D (vitamin D) deficiency (13–17). Several potential mechanisms may explain the association between Pso and OP, including a low vitamin D level, chronic inflammation, and drug usage (18–20). In particular, proinflammatory cytokines, such as interleukin (IL)-1, IL-6, IL-11, IL-15, IL-17, and tumor necrosis factor (TNF)-alpha, might accelerate bone loss, whereas other cytokines, mostly of the Th2 profile, e.g., IL-4 and IL-33, are usually considered osteoprotective (21).

IL-33 and vitamin D are emerging pathogenetic factors of both Pso and OP. However, their role in the development of these associated pathologies is complex and not yet fully clarified. Here, we hypothesize a mechanistic link between vitamin D and IL-33 in patients with Pso and associated OP.



Pathogenic Mechanisms Linking Pso and OP

Several pathogenetic mechanisms link Pso and OP (Box 1). Although there are conflicting results in the literature about this association and its pathogenetic mechanisms, the majority of studies describe a decreased BMD in patients with long-term Pso and PsoA (9, 22, 23). Like Pso, OP can also be considered a systemic pathology (21). Although it is mainly linked to menopause and aging (14, 24), OP can also accompany a wide range of pathologies, in particular, those with an important inflammatory substrate, including dermatological disorders (25–28).

Many cytokines are involved in the regulation of bone turnover, and most of them also underlie the inflammatory background of Pso (4, 21, 29). Vitamin D deficiency is among the main risk factors of both pathologies (29–31). The hypothesized mechanisms underlying the potential association between Pso and OP involves enhanced bone resorption secondary to increased concentrations of osteoclastogenic cytokines, such as TNF-alpha, IL-6, IL-12, IL-23, or IL-17 (31, 32). The central signal pathway in bone resorption is the system of the receptor activator of nuclear factor kappa-B (NF-kB) ligand (RANKL), mainly expressed by osteoblasts, that binds to its receptor RANK on the osteoclast precursor cells, inducing their differentiation into mature osteoclasts and thus leading to bone resorption. Osteoprotegerin (OPG), the decoy receptor of RANKL, prevents bone resorption by inhibiting osteoclastogenesis. In the pathogenesis of OP, the RANKL-RANK-OPG axis is unbalanced (12). Inflammatory cytokines, whose production is increased in Pso, exert osteoclastogenic effects mainly through the enhancement of RANKL expression. In particular, IL-17, produced by T helper type 17 (Th17) cells, plays a pivotal role in the bone loss of inflammatory conditions, including Pso, by enhancing RANKL expression on osteoblasts and synovial fibroblasts. Moreover, IL-17 stimulates the production of other inflammatory and osteoclastogenic cytokines, such as TNF-α, IL-1, and IL-6, which accelerate osteoclastogenesis, further facilitating the development of OP. High surface expression of RANKL on Th17 cells characterizes the so-called osteoclast subsets of T lymphocytes, that strongly enhance bone resorption. On the contrary, T regulatory (Treg) cells inhibit osteoclastogenesis and support bone formation. Therefore, while Th17 cells induce osteoclastogenesis, mainly by secreting IL-17, IL-4 enhanced Treg exert anti-osteoclastogenic activity by producing suppressor cytokines, including IL-10, and transforming growth factor-beta (TGF-β) (21). An impaired Th17/Treg cell balance is central in the inflammatory background of both Pso and OP. Treg cells are responsible for the maintenance of self-tolerance, thus inhibiting autoimmune diseases, including Pso, and are also able to suppress RANKL‐induced osteoclastogenesis, whereas pro-inflammatory Th17 cells contribute to the induction and propagation of inflammation. Th17 cells, converted from Foxp3+ Treg in inflamed tissues, such as psoriatic skin lesions, comprise the most potent osteoclastogenic T cell subset in inflammatory bone loss (33). In the complex cytokine network involved in Pso, a crucial role is also exerted by IL‐12/Th1 and IL‐23/Th17 axis, by linking components of adaptive and innate immunity in an inflammatory crosstalk. In the skin, activated dendritic cells (DCs) trigger Th1 and Th17 cells to differentiate and release IFN-γ and TNF-α, and IL-17 and IL-22, respectively, which promote keratinocyte proliferation. IL-23 is a heterodimeric cytokine composed of two subunits, p19 and p40. The latter subunit is shared by the Th1-inducing cytokine IL-12. Upon skin injury, IL-23 produced by activated DCs, stressed keratinocytes and other non-immune cells directly drives expansion and survival of Th17 lymphocytes, stimulates IL-17 production, and induces downregulation of IL‐10, involved in Treg cell function, thus creating a self-amplifying inflammatory response that drives the development of skin lesions infiltrated with a mixture of inflammatory cell populations. Innate lymphoid cells (ILCs) represent a heterogeneous group of immune cells lacking specific antigen receptors or T/B cell markers. ILC3, which express the transcription factor retinoid‐related orphan receptor γt (ROR γt) and are characterized by the ability to produce Th17 and IL-22 cytokines, are increased in Pso. ILC3 constitutively express the IL-23 receptor, thus representing a target for IL-23-mediated IL-17 and IL-22 increased production. The secretion of IL-17 and IL-22 from IL-23-stimulated ILC3 promotes the aberrant keratinocyte differentiation and hyperproliferation, typically observed in Pso (34). IL-12 and IL-23 involved in skin inflammation, are also critical to inflammation-induced bone resorption, via a number of direct and indirect effects that modulate osteoclast formation. In the bone, IL-23 upregulates RANK on preosteoclasts and induces Th17 cells to produce IL-17, which acts on osteoblasts to secrete RANKL. Th17 cells also secrete RANKL directly and further induce osteoclast formation and secretion of bone-degrading enzymes leading to bone destruction (35). Many other cytokines involved in bone remodeling have recently been shown to also exert roles in the pathogenesis of Pso, including, in particular, IL-33 (36–39). In addition, some treatments used in Pso might contribute to bone loss, for example, corticosteroids and cyclosporin, particularly when used systemically (18–20), whereas treatments at the systemic level aimed at reducing inflammation, e.g., biologics or methotrexate, could reduce the risk associated with osteoporotic fractures (40). Finally, psoriatic patients, especially those with associated inflammatory arthritis, engage less in physical activities and tend to cover affected body surfaces with consequent decreases in osteoformation and vitamin D synthesis (41, 42). In particular, the lack of sun exposure, which may affect mainly psoriatic patients with extensive skin involvement and/or arthritis through vitamin D deficiency, negatively affects calcium metabolism, further increasing bone resorption and leading to the onset of OP (43). Psoriatic patients of both sexes appear to have a high prevalence of OP and vitamin D deficiency (10, 44). Low levels of vitamin D metabolizing enzymes (CYP27A1 and CYP27B1) within psoriatic lesions have also been documented (9, 45), and vitamin-D treatment in psoriatic patients has been associated with clinical improvement of skin lesions (46, 47).

Pso is related to vitamin D deficiency through both inflammation and a lack of sun exposure (48). Interestingly, vitamin D deficiency and OP are frequently recognized in the great majority of associated Pso comorbidities (21, 49) For example, Pso is frequently associated with metabolic syndrome, increased body mass index, and obesity (50). All of these associated conditions are characterized by both an inflammatory background and increased fat deposits, in which vitamin D tends to accumulate because of its liposolubility, consequently reducing its circulating bioavailable levels. In these patients, vitamin D deficiency is commonly related to hyperglycemia and higher levels of cholesterol, low-density lipoprotein, and triglycerides (51, 52). Therefore, despite the tendency for a higher body mass index in patients with Pso, which might have a protective effect against OP, both vitamin D deficiency and systemic inflammation can still induce BMD loss.

Chronic inflammation itself has been related to low vitamin D levels and decreased BMD (53, 54). Under pathological conditions, the equilibrium between bone formation and resorption, which physiologically ensures skeletal homeostasis, is shifted towards osteoclast-mediated bone resorption. Proinflammatory cytokines, such as TNF-alpha and IL-17, are notoriously associated with osteoclastic bone resorption in inflammatory diseases (21). These cytokines trigger osteoclastogenesis through the activation of a series of transcription factors, such as NF-kappa B. In PsoA, synovial inflammation can further facilitate the onset of local and systemic OP (29). In these patients, an increase in osteoclast progenitors (OCP) correlates with the extent of joint erosions and inflammation markers (41).

The association between Pso and OP is therefore supported by the existence of pathophysiological mechanisms, namely, excessive production of proinflammatory cytokines that are able to activate osteoclastogenesis, and the frequent lack of vitamin D characterizing psoriatic patients (55, 56).

However, studies on OP development and the increased risk of fractures in patients with Pso are still somewhat controversial, because of the complexity of the network of interconnected cytokines and the regulatory factors linking the two pathologies.


Box 1 | Main pathogenetic mechanisms in Pso and OP.

Key points:

Vitamin D deficiency

Overexpression of IL-33/IL-31 axis

Chronic systemic inflammation

Increased production of inflammatory and osteoclastogenic cytokines

Unbalanced RANKL-RANK-OPG signaling pathway

Overexpression of IL-23/IL-17 axis

Impaired Th17/Treg cell balance

Increased secretion of IL-17 and IL-22 from IL-23-stimulated ILC3





The Role of Vitamin D

Vitamin D has multiple functions, including hormonal and immunological control (Box 2). Vitamin D regulates more than 200 genes involved in cell proliferation and differentiation, the secretion of different hormones, and immune cell activity (54, 57). The lack of vitamin D in Pso is widely recognized as an important factor that contributes to the development of OP (58). Vitamin D regulates calcium and phosphorous metabolism and parathyroid hormone (PTH) secretion and function. For these activities, it has important implications for the maintenance of skeletal integrity. As a consequence of vitamin D deficiency, bone mineralization disorders arise, mainly through an imbalance in the calcium/phosphorus ratio. Vitamin D is indispensable for physiological bone turnover. In particular, in order to prevent OP, supplementation with vitamin D is strongly recommended as a support for anti-osteoporotic therapies (12, 15, 53). Moreover, in addition to its effects on bone, vitamin D also exerts important functions in skin homeostasis and its deficiency is linked with Pso development (48, 59). Vitamin D is therefore no longer considered to just be an essential factor for the maintenance of a normal skeletal structure, but its extraskeletal effects, including cell cycle regulation and immune modulation, are becoming increasingly known (60–62).

The epidermis is the natural source of vitamin D synthesis through the action of ultraviolet light (53), and in turn, vitamin D functions as a key regulator of cutaneous barrier homeostasis. The skin therefore acts as the site of vitamin D synthesis and also as the target organ for its biologically active form (47). Keratinocytes contain enzymes needed for the production of the active form of vitamin D, 1,25 (OH)2D, and express its receptor, vitamin D receptor (VDR), thus being able to synthesize and also respond to vitamin D. Through this signaling pathway, vitamin D is involved in regulating epidermal development, keratinocyte proliferation, differentiation and apoptosis (54), and the synthesis of keratins, involucrin, transglutaminase, loricrin, and filaggrin, helping to modulate skin barrier function (63, 64). These control mechanisms are partly due to its ability to increase intracellular calcium by inducing the production of phospholipases and calcium receptors needed for calcium-dependent keratinocyte differentiation. After activation, VDRs interact with retinoid X receptor (RXR) to exert their functions. VDRs, as well as enzymes able to synthesize the active form of the vitamin, namely 1,25-dihydroxy-vitamin D, are expressed in several tissues beyond the kidneys and bones, including the skin and the immune system, suggesting that vitamin D is involved in many other functions besides the metabolic ones (53, 65). An association between Pso susceptibility and VDR polymorphisms, as well as between reduced tight-junction proteins and decreased VDR expression in psoriatic skin, has been described (57). It has been shown that vitamin D also exerts central roles in both humoral and cellular regulation by suppressing T-cell proliferation and Th2 cell development and through the induction of regulatory T cells, cytokine production modulation, and dendritic cell regulation (66–69).

Through the downregulation of IL-12 production, vitamin D suppresses the maturation of Th1 cells, leading to increased Th2 lymphocyte proliferation (47, 70). However, vitamin D also promotes regulatory T cell maturation and increases IL-10 synthesis, exerting inhibitory effects on Th2 immune responses (71).

Moreover, vitamin D inhibits proliferation and induces apoptosis in various cell types (54). Following dysregulation of the cell cycle, autophagy and apoptosis have important roles in inflammatory processes (72) underlying both OP and Pso. This could represent a further mechanism through which vitamin D deficiency contributes to their pathogeneses (73–76). In psoriatic skin inflammation, cytokines and chemokines produced by dysregulated T lymphocytes play key roles (77). As in Pso, in the pathogenesis of OP, these immune-mediated mechanisms are strongly involved (21). By inhibiting the production of Th1 and Th17 cytokines and stimulating T cells to secrete anti-inflammatory Th2 cytokines in both the skin and bone immune systems, vitamin D reduces the production of osteoclastogenic cytokines as well as the psoriatic inflammatory process (64, 78, 79). Moreover, since vitamin D promotes Th2 and Treg differentiation rather than Th1 and Th17 proinflammatory lymphocytes (48) and inhibits B cell differentiation, thus interfering with the production of antibodies by plasma cells (70), its deficiency is also associated with an increased risk of developing autoimmune diseases (80–82), including Pso, which is a Th1-Th17-Th22-based inflammatory disease involving innate and acquired immunity (53). Therefore, despite being historically associated with rickets, osteomalacia, and OP, now considered an inflammatory Th1-mediated disease (83), vitamin D deficiency has recently been recognized as a risk factor for chronic systemic diseases, including diabetes, neoplasia, allergies, infections, autoimmune, cardiovascular, and neurodegenerative diseases (76). Pso is histologically characterized by keratinocyte hyperproliferation, derangement of the epidermal barrier function, and infiltration of the skin by multiple activated inflammatory cells (53). As a key modulator of systemic inflammation, vitamin D normalizes the dysregulated distribution of CD26 and ICAM-1 integrins in the dermal–epidermal junction of psoriatic skin and suppresses the inflammatory profile of monocytes/macrophages (55), down-regulating the production of cytokines, such as IL-1β, IL-6, IL-8, and TNF-alpha (48, 80). All of these cytokines are involved in inflammatory processes leading to Pso and OP (47, 83, 84). Indeed, vitamin D and its analogues suppress the proliferation of keratinocytes and their proinflammatory molecule production, therefore improving psoriatic lesions and contributing to skeletal health by suppressing bone resorption and favoring bone formation.


Box 2 | Vitamin D functions.

Key points:

Calcium/phosphorous metabolism regulation

Parathyroid hormone secretion and function control

Regulation of cutaneous barrier homeostasis

Keratinocyte proliferation, apoptosis and function control

Th1/Th2 cell development modulation

Induction of regulatory T cells

Down-regulation of Th17 cells

Down-regulation of nflammatory cytokine production





The Role of IL-33

IL-33 is a cytokine that can promote Th2 response, but also has broad activities (Box 3) including the promotion of activated Th1 and CD8+ cytotoxic cells and also Treg cells that express ST2 receptor (85, 86). As well as vitamin D, also IL-33 is involved in various biological processes, including tissue homeostasis and repair, cell proliferation, and the immune response, and it plays key roles in the pathogenetic mechanisms of several diseases, such as allergic, autoimmune, neoplastic, and cardiovascular diseases. In particular, IL-33 is involved in skin diseases, including Pso (39, 87, 88), and in OP through its role in bone remodeling (89–92). Its receptor complex consists of a primary receptor, ST2, and an accessory IL-1 receptor protein. The ST2 receptor exists in two different forms: a transmembrane isoform acts as a cellular receptor, whereas a soluble form (sST2) plays the role of decoy receptor inhibiting IL-33 activity (93, 94). Interestingly, the IL-33/ST2 axis is involved in both Th2 and Th1/Th17 responses (88) as well as in the activation of Treg and natural killer (NKT) cells, B and NK lymphocytes, neutrophils, and macrophages (91, 95–98). A regulatory feedback axis exists between stromal cells expressing IL-33 and adipose resident ST2+ Tregs (99, 100). Obesity alters this homeostatic cellular network and promotes the inflammatory response (101, 102). Several immune cells involved in the type 2 immune response express ST2. Among others, examples of such immune cells are the group 2 innate lymphoid cells (ILC2), eosinophils, basophils, and DCs, as well as mast cells and Th2 cells (103). Increased amphiregulin (AREG) levels are associated with vitamin D deficiency. The ILC2-associated marker AREG, whose encoding gene is a target of vitamin D, activates IL-33-responsive ST2 T cells and ILC2s (104), which function as key effectors producing Th2 cytokines, including IL-4, IL-5, IL-9, and IL-13 (105), when released from necrotic and/or apoptotic epithelial cells. On the other hand, TNF-alpha, INF-gamma, and IL-17, major effectors of the Th1/Th17 responses in Pso and OP pathogenesis, stimulate the release of IL-33. Both skin lesions and unaffected skin biopsies of Pso patients (36, 37, 95) express high IL-33 levels (103, 106). The rapid IL-33 release from keratinocytes after skin injury could be a crucial mechanism involved in the pathogenesis of Pso (107–110). Once released in the local microenvironment, IL-33 could activate mast cells and neutrophils as well as Th1/Th17 cells, triggering both innate and adaptive immune responses. Mast cells can activate other innate immune cells, such as eosinophils and neutrophils, and, in turn, can recruit and activate keratinocytes. The above-mentioned interactions are pivotal for the emergence of skin inflammation and Pso lesions (111). Both TNF-alpha and INF-gamma in psoriatic skin increase the expression of IL-33 which, in turn, is able to suppress the actions of other cytokines (38). Also, IL-17 upregulates IL-33 expression in normal human epidermal keratinocyte (NHEK) cultures through the activation of the p38/MAPK, ERK, and JAK/STAT pathways (112). IL-33 reinforces the TNF-alpha induced secretion of IL-6, VEGF, and MCP-1. However, data on IL-33 serum levels in Pso are controversial (113). A large number of studies suggest that a localized, rather than a generalized, IL-33 linked inflammatory pattern is evident in Pso  (114). IL-33 serum levels are not always increased in the serum of patients with Pso, notwithstanding the increased levels of this cytokine in inflamed skin (103, 111, 114). It has also been suggested that IL-33 expression in the nuclei of keratinocytes following IL-17 stimulation may represent a regulatory mechanism aimed at attenuating immune reactions (110).

The expression levels of both IL-33 and ST2 are up-regulated in psoriasis, likely as a consequence of keratinocyte damage. IL-33/ST2 signals may subsequently trigger the activation of neutrophils and mast cells, leading to Pso development. This pathogenetic hypothesis assumes interplay between keratinocytes and the immune system (88, 107, 108). IL-33 exerts a dual function. It acts as a cytokine or as a nuclear factor when involved extracellularly or intracellularly, respectively, thus participating in both inflammation processes and gene expression regulation (4). Upon cellular stress and tissue damage, released IL-33 functions as an alarmin and activates innate and adaptive immune cells, inflammation, or tissue repair. IL-33 is considered a key alarmin in both Pso and OP, although it exerts contrasting effects in these pathological conditions (115). Continuous alarmin release promotes polarization toward a Th1 phenotype, and this effect contributes to the initial background of the local hyperinflammatory environment that characterizes Pso (92, 107).

The IL-33/ST2 pathway intervenes in the pathogenesis of Th2-related diseases, such as allergies (103), but could also exert some protective effects in other inflammatory pathologies, such as cardiovascular diseases and OP, mainly depending on genetics, disease duration, and the cytokine microenvironment (116). In particular, the role of IL-33 in OP and Pso is still debated. Some authors have reported IL-33 inhibition of osteoclast formation (117), whereas others described an IL-33-induced reduction in osteoprotegerin expression by osteoblasts and an increase in osteoclastogenic factor release (118), thus suggesting an IL-33 mediated bone resorption induction during inflammation (98). IL-33 stimulates mast cells to produce IL-6 and IL-13 via the canonical NF-kB signaling and p38 pathways. The MAPK-activated protein kinases MK2 and MK3, function as sensors of cell injury and exert pivotal roles in IL-33-induced cytokine production by mast cells in inflammatory responses (87, 98, 107). Due to its pleiotropic nature, IL-33 exerts contrasting roles in different diseases (87, 88), i.e., IL-33 can either drive the underlying inflammation or promote its resolution (99, 113) according to the individual inflammatory context. Disease severity and changes in relation to hormonal influences contribute to the bone remodeling effects of IL-33. For example, notwithstanding the decreased serum IL-33 levels in women undergoing menopause with OP, its protective effect on the bone disappears as OP progresses, likely due to the interference of other proinflammatory osteoclastogenic cytokines. In particular, IL-33 has controversial roles in bone remodeling (115, 119, 120). The majority of studies suggest prevalent anti-osteoclastogenic and osteoanabolic functions of IL-33, but the reduced expression of OPG by osteoblasts and the induced production of the osteoclastogenic cytokine IL-31 (97), have also been reported, suggesting that in particular inflammatory conditions, including arthritis and Pso, IL-33 can induce bone resorption. This hypothesis seems to be supported by the finding of periarticular bone erosions and systemic OP in PsoA, in which IL-33 plays a pathogenetically important role.


Box 3 | IL-33 functions.

Key points:

Induction of Th2 responses and Th2 cytokine production

Promotion of activated Th1 and CD8+ cytotoxic cells

Activation of Treg cells expressing ST2 receptor

Gene expression regulation

Activation of inflammation and tissue ripair upon danger signals

Mast cell and neutrophil activation in inflamed skin

Enhancement of TNFα induced secretion of IL-6, VEGF, and MCP-1





The Relationship Between Vitamin D and the IL-33/ST2 Axis in Psoriasis-Associated Osteoporosis


Link Between Vitamin D and IL-33

There is a close relationship between vitamin D and the IL-33/ST2 axis in bone and skin homeostasis. Nonetheless, the exact role of vitamin D in IL-33 activities, which creates vicious circles in the pathogenesis of Pso-associated OP, remains controversial (91, 93). It is likely that vitamin D and IL-33 share some signal pathways and need each other to perform some important immunological and metabolic functions both the skin and bone levels. In particular, there is evidence that, in some biological processes, they act in synergy, while in other cases, they act by controlling and modulating each other (71). Here, we hypothesize a mechanistic link between vitamin D and IL-33 in patients with Pso and associated OP.



Vitamin D and IL-33 Immunological Crosstalk

IL-33 shares many of the immunoregulatory effects of vitamin D, either potentiating or modulating them (Box 4). IL-33 is produced by cells regulated by vitamin D, and often their tissue targets and signal pathways are shared. For example, both vitamin D and IL-33 promote the differentiation of Th2 lymphocytes by inhibiting Th1 differentiation and also act as inducers of immunoregulatory cells. Vitamin D can downregulate the production of inflammatory cytokines and chemokines (121). Moreover, vitamin D activity is determined through vitamin D receptors, which are present not only in the skeleton but also in different types of cells, including antigen-presenting-cells, immune cells, and keratinocytes. In particular, DCs, lymphocytes, monocytes/macrophages, neutrophils, and epithelial cells can produce IL-33 and other cytokines involved in both bone remodeling and Pso inflammation, including IL-31, IL-17, and TNF-alpha (29, 62, 107). IL-33 therefore orchestrates the immune cascade of Pso. Moreover, it takes part in the bone remodeling process (115). Vitamin D plays a central role in both bone turnover and immune regulation. In addition, vitamin D is also implicated in skin homeostasis, acting as a potent immune system modulator and suppressing dendritic cell maturation. Serum vitamin D levels are decreased in Pso patients and, in particular, in those with associated OP.

The impact of low vitamin D levels has been widely investigated in both Pso and OP, as has the role of IL-33. Th2-related cytokines, including IL-4, IL-31, and IL-33, have recently been shown to play important roles in bone remodeling as well as in Pso skin inflammation and PsoA (47, 65). IL-33 may act as an alarmin, exerting both repairing and damaging processes and functioning as a nuclear transcription factor. Similarly, the vitamin D receptor, functioning as a ligand-activated transcription factor, regulates the activation or repression of gene transcription (121). Moreover, vitamin D deficiency likely independently contributes to the increased incidence of OP in Pso patients.

The relationship between IL-33 and vitamin D is highly complex and extremely variable. For example, IL-33 contributes to inflammatory reactions involving vitamin D deficiency but could also counteract some of its deleterious effects, mainly depending on the clinical context as well as on the cytokine and hormonal milieu. As a consequence, it is conceivable that although both vitamin D and IL-33 in the bone environment exert protective effects against OP, in inflamed Pso skin and in PsoA, the deleterious effects of vitamin D deficiency and IL-33/ST2 axis activation potentiate each other (85, 100). Decreased vitamin D and increased IL-33 levels are also both associated to Th2 immunity in allergic inflammatory diseases (122), suggesting that they play contrasting roles in allergies (71). Based on these considerations, a potential complex interaction between vitamin D and IL-33 has been hypothesized, not only in allergic diseases but also in other clinical conditions in which their roles have also been demonstrated, including Pso and OP. Vitamin D promotes anti-inflammatory IL-10 synthesis by inducing α-1-antitrypsin expression in CD4+ T cells (123). IL-10, as an immunosuppressive cytokine, directly limits Th2 cell differentiation and survival during allergic airway inflammation (124). On the other hand, IL-33 induces Th2 cytokines, including IL-31, thus exerting a pivotal role in orchestrating the recruitment and activation of effector cells of the allergic response. IL-31 is a cytokine produced by CD4+ T cells which has a potent immunological link with IL-33 and plays important roles in allergic inflammation and atopic dermatitis as well as in Pso (38, 88). A similar close link has been highlighted as being an important factor in the alteration of the bone remodeling process that underlies OP (92). The IL-31 receptor IL-31RA, the oncostatin M receptor, and the IL-33 receptor ST2 are related to the immunopathological mechanisms of Pso and OP. The ST2 receptor of IL-33, which is a critical component of Th2 responses, stimulates the production of IL-31 (88). At the same time, sST2, which is increased in Pso patients and acts as a decoy receptor for IL-33, is a negative modulator of the IL-33/ST2 axis. There is evidence that a perturbation of this axis exerts essential roles in OP (91). Plasma sST2 levels were found to be correlated with decreased cortical BMD and deterioration of the bone microstructure in Pso. Vitamin D enhances the synthesis of the IL-33 inhibitor sST2, counteracting inflammation in psoriatic skin (66). The association between increased sST2 and decreased vitamin D in Pso might synergistically contribute to the effect of inflammatory mediators in inducing compromised bone quality and OP.

Treg activity is influenced by both vitamin D and IL-33. Normal tissue repair, as well as bone and skin homeostasis, requires both vitamin D and IL-33 to locally expand Treg cells. The impact of Foxp3+ Treg cell derangement is involved in the autoimmune inflammatory processes of Pso (125). IL-33 promotes the recruitment of Treg cells into the site of injury, where they suppress inflammation. Through Treg recruitment and inhibition of NF-kB mediated gene transcription, IL-33 exerts protective effects on bone. Also, vitamin D may exert its immune regulatory properties through the induction of Treg cells. Low levels of vitamin D in Pso patients could dysregulate immunological homeostasis by decreasing the number of circulatory Tregs (46, 80). Vitamin D modulates CD4+ T cell function, reversing the defective induction of IL-10-secreting regulatory T cells. IL-33 induces IL-10-producing regulatory B cells and promotes IL-10 production in macrophages (125, 126).



PTH Regulation by Vitamin D and IL-33

The links between vitamin D and IL-33 are both hormonal and immunological. PTH, the main hormone that regulates bone turnover and whose production is dependent on the levels of calcium and vitamin D in the body, is, in turn, strictly dependent on the IL-33/ST2 axis (127). Calcium metabolism is finely regulated by vitamin D and IL-33 in concert with PTH. The latter elevates calcium levels and reduces phosphorus levels in the blood. Calcium is a major regulator of sequential keratinocyte differentiation through the different layers of the epidermis until the stratum corneum is formed and is involved in signaling pathways that are central to desmosome and tight junction formation. Calcium receptors initiate the intracellular signaling cascade, driving differentiation in response to extracellular calcium. Calcium metabolism is also central to bone turnover. It is an essential component of hydroxyapatite crystals which confer hardness and resistance to the skeleton through deposits in the extracellular bone matrix. Vitamin D deficiency involves modification of calcium–phosphorus metabolism and increased secretion of PTH, which leads to increases in bone resorption and matrix demineralization. However, PTH could also function as an important osteoanabolic factor when administered pharmacologically (120, 128).

IL-33 and its receptors have roles in the PTH control of bone turnover (129). IL-33 mRNA levels in osteoblasts are increased by PTH and M oncostatin (127), and a positive correlation between PTH and IL-33 serum levels in postmenopausal OP has been observed (99). IL-33 production is stimulated by PTH, which contributes to the osteoanabolic effects of such a hormone. Vitamin D deficiency increases PTH secretion (78). As a consequence, IL-33 also increases, thus modulating the effects of PTH on bone remodeling (127). Therefore, the cytokine IL-33 represents a target of PTH and, synergistically with vitamin D, increases bone matrix mineralization by osteoblasts. IL-33 induced expression of the RANKL-encoding gene has been demonstrated in osteoblasts. RANKL, the major osteoclastogenic cytokine, is produced as a transmembrane protein, whose proteolytic processing is promoted by PTH, leading to the release of its soluble form. RANKL secretion, therefore, depends on integrated actions of both IL-33 and PTH (130). Moreover, both vitamin D and PTH control the levels of sST2. Serum sST2 correlates positively with serum phosphorus and negatively with serum calcium. The osteocyte-derived factor FGF-23, which inhibits PTH and promotes renal phosphorus excretion, also antagonizes some vitamin D effects. The IL-33/ST2 axis is, therefore, a PTH target that is able to both promote osteoblastic calcium deposition in the bone matrix and inhibit osteoclastogenesis (36). Increased levels of PTH induce elevation of sST2 (129). These data suggest that sST2 may play important roles in bone metabolism disorders, such as OP, as well as in inflammatory diseases, such as Pso.


Box 4 | Vitamin D/IL-33 crosstalk.

Key points:

1. Shared immunoregulatory and homeostatic effects:

Promotion of Th2 lymphocyte differentiation

Induction of immunoregulatory cells

Downregulation of inflammatory cytokine and chemokine production

Regulation of bone remodeling process

Modulation of PTH control of bone turnover

2. Contrasting roles:

Protective role of vitamin D in allergic diseases vs the induction of allergic inflammation by IL-33

Enhanced inflammatory osteoclastogenesis by IL-33-induced secretion of IL-31 vs bone protection by vitamin D

IL-33 induced and amplified inflammatory circuits vs vitamin D anti-inflammatory activity in Pso






The Paradox of the Vitamin D and IL-33 Relationship in Pso-Associated OP

Increased bone resorption with consequent appearance of OP is commonly associated with Pso and, in particular, with the more evolutionary forms characterized by systemic inflammation and joint involvement. It has been ascertained that vitamin D exerts protective effects in both Pso and OP (9). On the contrary, IL-33 is considered a pathogenetic cytokine in Pso, whereas its effects on bone are variable. Therefore, the role of IL-33 seems to be contrasting (111). In reality, this apparent contradiction could be explained by the multiplicity of functions of this cytokine which, depending on the type of tissue, the immune environment, and the presence of other associated factors, can have different effects. It could be hypothesized that, notwithstanding increased IL-33 levels, the skeleton is instead more sensitive to a wide range of osteoporotic risk factors that are increased during Pso, including inflammation and vitamin D deficiency, which potentiate each other. Furthermore, most studies have shown compartmentalization of IL-33 in Pso with increased concentrations in skin lesions but not in the serum (114), potentially explaining the lack of protective effects on bone. The final effect of the IL-33/ST2 axis in both Pso and OP therefore depends on the reciprocal relationship between its various components which influence each other through complex regulatory mechanisms and positive and negative feedback circuits (113). For example, the effect of an increase in IL-33 could be counterbalanced by a consensual increase in its decoy receptor sST2 or, on the contrary, it could be enhanced by increased expression of its receptor on different cell types (66). In turn, there are several types of IL-33 target cells, including immune cells, mesenchymal stromal cells, and epithelial cells (85). Therefore, depending on the target cell type, the effect of the cytokine could vary from pro-inflammatory to anti-inflammatory. In the immunopathogenetic processes driving inflammation, the co-operation of IL-33 with IL-17, IL-22, TNF-alpha, IFN-gamma, or other inflammatory factors has been suggested. In this way, the proinflammatory functions of IL-33 could prevail on its immunoregulatory properties, as observed in several autoimmune diseases, including Pso (129).

The bone protective effect of IL-33 could be masked or prevented by concomitant factors characterizing Pso, such as the deficiency of vitamin D and the consequently altered PTH-mediated calcium–phosphorus metabolism, the prevalence of Th1/Th17 systemic inflammation with an increase in osteoclastogenic cytokines, and mechanisms of counter-regulation of IL-33 signaling associated with the inflammatory process (99). On the other hand, IL-33 itself can perform different and contrasting functions: it can act as a pro-inflammatory factor in some pathological conditions but also as an alarmin with protective functions in response to danger signals, cell injury, and tissue damage (37).

Both vitamin D deficiency and increased circulating sST2 decoy receptor in Pso negatively impact the bone, favoring the production of Th1 rather than Th2 cytokines, suppressing the development of Treg cells and the production of regulatory and anti-inflammatory cytokines, thus promoting osteoclastogenesis and bone resorption (88, 94). The frequent of onset of OP during Pso could also be conditioned by the effective variability of effects of IL-33 on bone remodeling, which are dependent on a wide range of other factors (inflammatory microenvironment, influence of other cytokines, hormones, and vitamins) (9). A vitamin D deficiency could somehow nullify the protective effect of IL-33 on bone through mechanisms that are still unclear (121).

Figure 1 summarizes the complex interaction between vitamin D deficiency and increased IL-33/ST2 axis expression leading to increased bone resorption and OP in Pso.




Figure 1 | Vitamin D deficiency and increased IL-33/ST2 expression in Pso-associated OP. IL-33 could exert contrasting roles in Pso and OP: it might drive the inflammation underlying Pso by inducing the production of dysfunctional keratinocytes and inflammatory cells but could exert protective effects in OP (dashed arrow). Vitamin D, in synergy with IL-33, regulates bone metabolism through PTH release and function, but also increases the soluble decoy receptor sST2 production, thus regulating IL-33 function. The direct action of vitamin D in inhibiting IL-33 function on bone cells is, however, less important than other vitamin D-mediated osteoprotective mechanisms (e.g., the vitamin D capacity to both inhibit Th1 and Th17 inflammation and induce bone protective Th2-type responses). In Pso-associated OP the complex interaction between vitamin D deficiency and increased IL-33/ST2 expression therefore leads to osteoclastogenesis and bone resorption through several mechanisms: PTH hyperproduction, impaired Treg function, increased Th1 and Th17 inflammatory and osteoclastogenic cytokine production, and decreased sST2 expression by lymphocytes and epithelial cells, resulting in an increase in IL-33 induced skin inflammation. Furthermore, the increase in IL-33 in psoriatic patients leads to an increased production of IL-31 which contributes to the worsening of bone loss.





Conclusions

In summary, there is clinical evidence that Pso, especially if associated with arthritis and a more advanced age, is associated with hypovitaminosis D, inflammation, and OP, and these factors might shift the effect of IL-33 from osteoprotective to proinflammatory and osteoclastogenic (39). The IL-33 levels in subjects with Pso reflect of increased inflammation, driving OP development. Different hypotheses could explain this paradox. For example, it has been recently demonstrated that the production of the soluble decoy receptor sST2 is enhanced by vitamin D (94). Since sST2 neutralizes the effect of IL-33, it is considered an anti-inflammatory factor in conditions in which IL-33 takes place in the driving inflammatory processes, such as asthma and Pso, and IL-33 neutralization may represent a novel therapeutic approach in these diseases. On the contrary, in the skeleton, the role of IL-33 is likely protective against OP and its sST2 mediated neutralization is detrimental (66). Therefore, in Pso-associated OP, the final effect of vitamin D deficiency and IL-33/ST2 axis overexpression is overall increased bone resorption due to the prevalence of proinflammatory and dysmetabolic processes (9, 66).
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The complex crosstalk between the immune and the skeletal systems plays an indispensable role in the maintenance of skeletal homeostasis. Various cytokines are involved, including interleukin (IL)-17A. A variety of immune and inflammatory cells produces IL-17A, especially Th17 cells, a subtype of CD4+ T cells. IL-17A orchestrates diverse inflammatory and immune processes. IL-17A induces direct and indirect effects on osteoclasts. The dual role of IL-17A on osteoclasts partly depends on its concentrations and interactions with other factors. Interestingly, IL-17A exerts a dual role in osteoblasts in vitro. IL-17A is a bone-destroying cytokine in numerous immune-mediated bone diseases including postmenopausal osteoporosis (PMOP), rheumatoid arthritis (RA), psoriatic arthritis (PsA) and axial spondylarthritis (axSpA). This review will summarize and discuss the pathophysiological roles of IL-17A on the skeletal system and its potential strategies for application in immune-mediated bone diseases.
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Introduction

Over the last 20 years, a growing body of research has focused on the relationship between the skeletal and immune systems. Subsequently, the term “osteoimmunology” was defined for this field of study. Accumulating evidence has shown that multiple components of immune systems including immune organs, multiple immune cells, and immune factors, participate in bone metabolism. In turn, bone cells, including osteoclasts, osteoblasts, bone lining cells, and osteocytes, are indispensable for the regulation of immune systems. The interaction between the skeletal and immune systems constitutes a complex network and is involved in the pathological process of many immune-mediated bone diseases. Recent studies have shown that IL-17A as one of the immune-derived cytokines participates in the regulation of bone metabolism. Understanding the effect of IL-17A on bone metabolism is more conducive to develop new-targeted drugs for immune-related bone diseases. This review will summarize the current knowledge of IL-17A in the skeletal system and will discuss the potential clinical value of IL-17A in immune-mediated bone diseases.



IL-17A Signaling Pathway and Function

The IL-17 family includes six major isoforms: IL-17A, IL-17B, IL-17C, IL-17D, IL-17E, and IL-17F. Six of these isoforms interact with the five receptors (IL-17RA-E), respectively (1). IL-17A was the first member discovered and the most studied of the IL-17 family. Thereafter, following large-scale sequencing of the human and other vertebrate genomes, additional isoforms homologous to IL-17A were found (2). In 1993, Rouvier et al. cloned IL-17 for the first time. IL-17 was initially called the murine cytotoxic T lymphocyte-associated antigen-8 (mCTLA8) and was found to share 57% homology with the open reading frame 13 (ORF13) of Herpesvirus saimiri (HVS) (3). Subsequently, Yao et al. and Fossiez et al. cloned IL-17A in 1995 and 1996, respectively. Humans and mice share 25% amino acid sequence homology in IL-17A (4). IL-17A has been reported to be involved in inflammation and hematopoiesis and its secretion might be restricted to activated memory CD4 + T cells (4, 5). Current studies indicate that IL-17A is mainly produced by a special CD4+ T cell subtype, Th17 cells (6). In addition, other types of lymphocytes including IL-17+ CD8+ T cells (Tc17 cells) (7), invariant natural killer T (8), Foxp3+ Treg cells (9), γδ T cells (10), lymphoid−tissue inducer (LTi)−like cells (11), innate lymphoid cell (ILC3) (12), and NK cells can produce IL-17A. Besides, lymphocytes, myeloid cells including macrophages/monocytes (13), neutrophils (14), mast cells (15), Paneth cells (16) can secret IL-17A. Moreover, fibroblasts can also produce IL-17A (17). Multiple cytokines affect the expression of IL-17A, IL-1β, tumor necrosis factor (TNF)-β, IL-21, and IL-23 stimulate the expression of IL-17A in T cells (18), while interferon (IFN)-α inhibits the expression of IL-17A in T cells (19). Thus, IL-17A is derived from a variety of immune and inflammatory cells and its expression is regulated by a variety of immune factors.

IL-17A interacts with its receptors to activate downstream regulators and trigger cellular responses. Receptors for IL-17A are ubiquitously expressed on the cellular surface including synoviocytes, chondrocytes, fibroblasts, monocytes/macrophages, mast cells (20, 21). Bone cells including osteoclasts and osteoblasts also express IL-17RA (22). The interaction between IL-17RA and IL-17RC forms a complex to mediate the functions of IL-17A. The binding of IL-17A to the related receptor sites of IL-17RA alters the affinity and specificity of the symmetry receptor site. This response promotes the form of IL-17RA/RC heterodimer and makes an optimal response to mediate the functions of IL-17A homodimers (23, 24). Both IL-17RA and IL-17RC are type I transmembrane proteins. IL-17RA includes two extracellular fibronectin II-like domains and two intracellular “SEFIR” domains (25, 26). The SEFIR is homologous to Toll-IL-1R (TIR) domains found in the TLR/IL-1R family and is crucial for triggering downstream signaling events. IL-17A binds to its heterodimeric receptors complex and then recruits Act1 to activate classic IL-17A signaling cascades through receptor-associated factor 6 (TRAF6) proteins. TRAF6 binding subsequently triggers the mitogen-activated protein kinase (MAPK) pathway, extracellular signal–regulated kinase 1/2 (ERK1/2) pathway, and nuclear factor-κB (NF-κB) pathway. Among the non-classical signaling pathways, IL-17A integrates with epidermal growth factor receptor (EGFR), Notch 1, homolog translocation-associated (NOTCH1), C-type lectin receptor components, and interacts with fibroblast growth factor (FGF) signaling to initiate downstream biological responses (27).

In physiological conditions, IL-17A, as an immune and inflammatory-related factor, plays a protective role in host defenses against many bacterial and fungal pathogens (28). IL-17A activates neutrophils to promote neutrophil recruitment and accumulation (29). Meanwhile, IL-17A also affects the activity of B and T cells to act as a bridge between innate and acquired immune responses. Many studies have suggested that IL-17A is involved in the pathophysiological process of multiple diseases, including inflammatory bowel disease, breast cancer (30), lung cancer (31), cardiovascular system (32), uveitis (33), rheumatoid arthritis (RA), and psoriasis.



Effects of IL-17A on the Skeletal System


Osteoclasts

The skeleton maintains physiological function through a dynamic balance of bone formation and resorption. Osteoclasts derive from the monocyte/macrophage lineage and are key players in bone resorption. IL-17A acts directly on osteoclast precursors. Exposure to IL-17A (0.1–1 ng/ml) induces the expression of colony-stimulating factor-1 receptor (c-Fms) and receptor activator of nuclear factor-κB (RANK) on human peripheral blood mononuclear cells (hPBMCs), thereby promoting more hPBMCs to differentiate into functional osteoclasts. The effect is not dose-dependent, but 1 ng/ml of IL-17A shows the best induction (34). The direct effect of IL-17A on osteoclast precursors seems to be dependent on its concentration. A low concentration of IL-17A (0.5ng/ml) promotes autophagy of osteoclast precursors by activating the RANKL-JNK signaling pathway, thereby enhancing RANKL-induced osteoclast differentiation. However, treatment with a high concentration of IL-17A (5–50 ng/ml) inhibits autophagy and decreases osteoclast formation (35). In addition, a low level of IL-17A can reduce the apoptosis of osteoclasts and thus increases the number of osteoclasts by targeting the RANKL-Beclin1-autophagy-TRAF3 pathway (36). In turn, high levels of IL-17A increase apoptosis of osteoclasts and ultimately reduce pro-osteoclast mediators including cathepsin K, tartrate-resistant acid phosphatase (TRAP), and matrix metalloproteinase (MMP)-9 (36, 37). Interestingly, a higher concentration of IL-17A (100 ng/ml) promotes RANKL-induced polynuclear osteoclast formation and increases the expression of RANK and TRAP (38) (Figure 1).




Figure 1 | Effects of IL-17A on osteoclasts. ① IL-17A is produced by multiple lymphocytes including Treg cells, IL-17+ CD8+ T cells (Tc17 cells), γδ T cells, invariant natural killer T (iNK cells), and Th17 cells. Myeloid cells including macrophages/monocytes, neutrophils and mast cells can also secrete IL-17A. Th17 cells are the main source of IL-17A. ② Low concentrations of IL-17A promote osteoclastogenesis through the RANKL-JNK signaling pathway and reduces the apoptosis of osteoclasts through the RANKL-Beclin1-autophagy-TRAF3 pathway. IL-17A increases the expression of c-Fms in osteoclast precursors to promote proliferation and differentiation. IL-17A increases the number of RANK+ osteoclast precursors to influence subsequent RANKL-dependent osteoclastogenesis. ③ High concentration of IL-17A (5–50 ng/ml) inhibits osteoclastogenesis through the RANKL-JNK signaling pathway and promotes the apoptosis of osteoclasts through the RANKL-Beclin1-autophagy-TRAF3 pathway. However, a higher concentration of IL-17A (100 ng/ml) increases the number of RANK+ osteoclast precursors and induces polynuclear osteoclast formation. ④ IL-17A acts on osteoclast-supporting cells including mesenchymal stem cells, osteoblasts and osteocytes to produce various cytokines and molecules to regulate osteoclastogenesis indirectly.



Conversely, IL-17A can regulate osteoclast formation by targeting osteoclast-supporting cells. When activated by IL-17A, human bone marrow-derived mesenchymal stem cells (hBM-MSCs) secrete M-CSF and RANKL, thereby supporting osteoclastogenesis (39). When IL-17A binds to its receptors IL-17RA SEFIR/TILL domain on pre-osteoclasts, they trigger Act1 adaptor protein and may activate downstream JAK2-STAT3 signaling to promote the expression of RANKL (40–43). The upregulation of RANKL and the increase the ratio of RANKL/osteoprotegerin (OPG) promotes osteoclastogenesis (44, 45). Moreover, IL-17A stimulates osteoblast precursors to produce cyclooxygenase-2 (COX-2) related-prostaglandin E2 (PGE2), which is a facilitated factor in osteoclasts formation (46). The synergistic effects of IL-17A and TNF-α activate NF-κB-dependent pathways to promote the production of nitric oxide synthase-2 (NOS-2) and nitric oxide (NO). NO triggers the RANKL-RANK pathway to increase osteoclastic bone resorption (47). In addition, IL-17A and TNF-α synergistically induce osteoblast precursors to produce inflammatory factors including IL-1α, IL-1β and IL-6. These cytokines can up-regulate osteoclast activity (48). When activated by IL-17A, osteocytes inhibit the ERK1/2-STAT3 pathway and increase the RANKL/OPG ratio and TNF-α, thereby enhancing osteoclast formation. Furthermore, due to the activation of reversed ephrinA2-EphA2 signaling and suppression of ephrinB2-EphB4 signaling between osteocytes and osteoclast precursors, RANK+ bone marrow macrophages (BMMs) are increased, which influences subsequent RANKL-dependent osteoclastogenesis (49). In addition to providing osteoclastic activating factors, IL-17A can promote the expression of inhibitory factors. IL-17A promotes osteoblasts to produce granulocyte-macrophage colony-stimulating factor (GM-CSF), which in turn reduces the expression of RANK in osteoclast precursors and thus may weaken RANKL-RANK signaling to inhibit osteoclastogenesis (50). Moreover, GM-CSF maintains monocytes in an undifferentiated state by downregulating c-Fos, Fra-1, and nuclear factor of activated T cells 1 (Nfatc1) (51) (Figure 1).

The in vitro effects of IL-17A on osteoclasts are dual. Recent findings indicate that the direct effects of IL-17A on osteoclastogenesis are related to its concentration, but are not dose-dependent. Low concentration of IL-17A promotes osteoclastogenesis, while IL-17A begins to inhibit the formation of osteoclasts as the concentration increases. Strangely, further increases in the concentrations of IL-17A promote osteoclastogenesis. The precise relationship requires further exploration. In addition, IL-17A is involved in osteoclastogenesis via other types of cells and factors. The integrated network of cells and the factors they produce makes the specific effects attributable to IL-17A difficult to determine. The dominant effect may vary in different states. Thus, the role of IL-17A needs to be explored in more complex environments in vivo.



Osteoblasts

The osteoblast is another important player involved in maintaining bone homeostasis. When IL-17A binds receptors on pre-osteoblasts, it promotes their proliferation in a dose-dependent manner (49, 52, 53). When IL-17A activates TRAF6 and Act1 to initiate Ras-related C3 botulinum toxin substrate 1 guanosine triphosphatase (Rac1 GTPase) and NADPH oxidase 1 (Nox1), the expression of reactive oxygen species (ROS) is upregulated to promote pre-osteoblasts proliferation (39).

Slightly confusingly, the effects of IL-17A on osteoblastic differentiation in vitro are fraught with contradictions. A study showed that IL−17A promoted the differentiation of murine pre-osteoblastic MC3T3−E1 through the phosphoinositide 3-kinase-serine/threonine kinases (PI3K-AKT) pathway, whereas another study showed that IL−17A of the same concentration inhibited osteoblastic differentiation of MC3T3‐E1 (54, 55). IL-17A can cause an increase in the osteoblastic differentiation of murine calvarial osteoblasts by up-regulating the expression of genes involved in osteoblastic differentiation including Runx2, ALP, osterix, osteocalcin and type I collagen (Colla1), osteoprotegerin (OPG), bone sialoprotein (Ibsp), and osteopontin (Spp1) (43, 44). However, IL-17A inhibits osteogenic differentiation of rat calvarial osteoblast cells by down-regulating expression of genes involved in osteoblastic differentiation including Runx2, ALP, osterix, osteocalcin and type I collagen (56, 57). Different species lead to the expressed differential of IL-17R, which might partly explain this opposite effect (56). When activated by IL-17A, mice bone marrow mesenchymal stem cells (BM-MSCs) secrete IL‐6 and IL‐1β, thereby activating the AKT, STAT3, and ERK1/2 pathways to promote osteoblastic differentiation (55). However, IL-17A inhibits the Wnt signaling, resulting in reduced levels of osteoblast differentiation markers (osterix and osteocalcin) and early osteocyte markers (Dmp1 and Phex), thereby inhibiting osteoblastic differentiation of BM-MSCs (52). Moreover, IL-17A increases the expression of N-cadherin to inhibit PTHR1-LRP-6 interaction in osteoblasts, which also can inhibit the Wnt-signaling pathway (58) (Figure 2).




Figure 2 | Effects of IL-17A on osteoblasts. ①IL−17A promotes MC3T3-E1 to differentiate into osteoblasts by activating the PI3K-AKT signaling pathways, whereas another study indicated that IL-17A inhibited osteoblastic differentiation of MC3T3-E1. ② IL-17A upregulates Runx2 and osterix expression to promote mice calvarial osteoblast to differentiate into mature osteoblast, whereas downregulates Runx2 and osterix expression to inhibit rat calvarial osteoblast to differentiate into mature osteoblast. ③ IL-17A promotes the secrete of IL‐6 and IL‐1β to activate the AKT, STAT3, and ERK1/2 pathways and promotes osteoblastic differentiation of bone marrow mesenchymal stem cells (BM-MSCs), whereas IL-17A inhibits osteoblastic differentiation through inhibiting the Wnt signaling pathway.④ IL-17A promotes human BM-MSCs (hBM-MSCs) to differentiate into osteoblasts by upregulating Runx2 expression. IL-17A with bone morphogenetic protein-2 (BMP-2) or with tumor necrosis factor (TNF)-α synergistically enhance osteogenic differentiation. However, IL-17A inhibits osteoblastic differentiation of hBM-MSCs by inhibiting the Wnt signaling pathway. ⑤ IL-17A promotes bone-derived cells to differentiate into osteoblasts by activating the JAK2-STAT3 signaling pathways.



Studies involving human pre-osteoblasts have indicated that IL-17A could promote bone-derived cells to differentiate into osteoblasts through JAK2/STAT3 signaling (59). In addition, IL-17A promotes the differentiation of hBM-MSCs into osteoblasts and promotes the mineralization of osteoblasts by upregulating bone formation-related gene ALP and Runx2 (39). The synergistic effects of IL-17A and bone morphogenetic protein-2 (BMP-2) promote the osteogenic differentiation of hBM-MSCs (60). Besides, the synergistic effects of IL-17A and TNF-α enhance osteogenic differentiation and mineralization of hBM-MSCs by down-regulating Dickkopf-1 (DKK-1), an inhibitor of the Wnt-signaling pathway (61). Osteoblasts and adipocytes are differentiated from a common pluripotent precursor, the mesenchymal stem cell (MSC). Many studies have suggested the differentiation decision of osteoblasts and adipocytes is delicately balanced and may even have a competitive relationship. IL-17A may steer mesenchymal stem cells into an osteogenic fate. IL-17A activates COX-2-induced prostaglandin E2 to inhibit lipid-related proteins include PPAR-γ, FABP4, and adiponectin. Therefore, the differentiation of hBM-MSCs into adipocytes is reduced (62). However, one study indicated that IL-17A inhibited osteogenic differentiation with up-regulated expression of the Wnt antagonist secreted frizzled-related protein 1 (sFRP1) and down-regulated expression of Wnt3 and Wnt6 in hBM-MSCs (63) (Figure 2).

The in vitro effects of IL-17A on osteoblasts are difficult to be defined. The effects of IL-17A on osteoblasts may not depend on the concentrations. IL-17A probably exerts distinct roles depending on the in vitro model used to assess osteoblast development. In addition, different species may also be partly responsible for the controversial results. It is not excluded that the different experimental methods also influence results. To achieve the precise effects of IL-17A on osteoblasts, the type of in vitro model, the correspondence between in vitro or in vivo effects, and the similarity of the effects between animal models and humans should be considered.




Effects of IL-17A on Bone Disease

The knockout of IL-17A or its receptors in animal models does not affect bone mass, osteoclast numbers, or osteoblast numbers (34, 40, 64–66). Moreover, neutralizing antibodies directed against IL-17A in wild-type mice also do not influence bone mass (65). These results indicate that IL-17A might not have any effect on bone under normal physiological conditions, and it only plays a role in inflammatory conditions or injury. The involvement of IL-17A in immune-mediated bone disease is worthy of exploration.


Postmenopausal Osteoporosis

Women undergoing natural menopause often experience postmenopausal osteoporosis (PMOP) with a decrease in bone mineral density (BMD) and an increased risk of fractures (67). Estrogen deficiency is the pivotal reason for PMOP. Estrogen deficiency increases osteoclast formation by increasing the number of hematopoietic progenitors and recruiting osteoclast progenitors. Likewise, estrogen deficiency allows prolonged survival of osteoclasts, and the net increase in bone resorption leads to bone loss (68, 69). Recent studies show that osteoimmunology is involved in the pathogenesis of PMOP. Furthermore, T-cell activity is increased while B-cell activity is decreased in postmenopausal women (70, 71). Estrogen deficiency can activate T cells and promotes the production of a variety of immune factors. These factors include IL-6 (72), TNF-α (73), IFN-γ (74), IL-1β, and TNF-β (75), all of which enhance bone loss.

Despite one study showing that the level of serum IL-17A in postmenopausal women with low BMD is not significantly different from that in women with normal BMD (76), other studies have indicated that postmenopausal women with osteoporosis have a higher concentration of serum IL-17A, and have more peripheral blood IL-17-producing CD4+ T-cells (58, 77–80). In postmenopausal women with osteoporosis, the concentration of serum IL-17A is negatively correlated with BMD, but is positively correlated with sRANKL level (78, 79).

In animal studies, ovariectomy (OVX) causes estrogen deficiency and bone loss. The drastic reduction of estrogen increases expression of the differentiation factors of Th17 including STAT3, ROR-α, and ROR-γt, which indicates that more peripheral blood mononuclear cells can differentiate into Th17 and produce IL-17A (80). The level of IL-17A in the bone marrow and blood are increased after OVX (38). IL-17RA knockdown and anti-IL17 antibody injection both protect against bone loss caused by estrogen deficiency (40). Anti-IL-17 antibodies and parathyroid hormone (PTH) can be used in combination to further protect OVX-induced bone loss (58, 81). Anti-IL17 antibodies exert a bone protective effect by inhibiting osteoclast formation, decreasing the apoptosis of osteoblasts and promoting the formation of mineralized nodules. Moreover, the blocking of IL-17A may inhibit osteoblasts to produce osteoclastogenic factors including TNF-α, IL-6, and RANKL in OVX mice (38, 40). Interestingly, anti-IL-17A antibodies have also been reported to reverse the higher frequency of CD4+ T cells and the proliferation of B220+ cells in bone marrow caused by estrogen deficiency. Anti-IL-17A antibodies exert an immuno-protective effect and translate to superior skeletal outcomes (81).



Rheumatoid Arthritis

RA is an autoimmune disease characterized by the upregulation of various immune factors that recruit and activate various immune cells, especially T and B cells to destroy cartilage and bone (82). RA patients have higher levels of IL-17A in synovial tissue and fluid compared with normal subjects (83–85). In a 2-year prospective study, the expression of IL-17A in synovial tissues was associated with increased joint damage progression in RA (86). Except for synovial tissue, RA patients have a higher concentration of serum IL-17A, which is proportional to the severity of RA (87–90). Moreover, the PBMCs of patients with RA produce more IL-17A (91). The increased levels of IL-17A in synovial fluid, serum, PBMCs are associated with the Disease Activity Score of 28 joints (DAS28), and levels of C-reactive protein (CRP), the erythrocyte sedimentation rate (ESR), and rheumatoid factor (RF) expression (92, 93). In addition, evidence suggests that IL-17A is not only related to the progression of the disease but is also associates with the occurrence of the disease. Studies indicate that IL-17A plays an important role in the pre-onset, early, and chronic stages of RA (94, 95).

Collagen-induced arthritis (CIA) is the most common animal model for studies involving RA (96). High levels of IL-17A are detected in CD4+ T cells and γδT cells located in joints of CIA mice (97). Th17 cells are localized adjacent to osteoclasts in the subarticular cartilage and express IL-17A, indicating the involvement of IL-17A in bone destruction of CIA (97). Local injection of IL-17A in the joint increases the morbidity of CIA and joint damage, while local injection of an adenoviral vector expressing murine IL-17A in the joint also accelerates the initiation of CIA and inflammation (98). Treatment with a soluble IL-17R fusion protein or anti-IL-17A antibody prevents bone erosion and the initiation of CIA (99, 100). In the progression of CIA, the local injection of IL-17A in knee-joint promotes arthritis and exacerbates joint damage (101). Anti-IL-17A antibodies ameliorate the severity of arthritis, cartilage damage, and bone loss (97, 102). Combinations that neutralize both TNF-α and IL-17A can also alleviate CIA progression (103). The combination of anti-IL-1β and anti-IL-17A antibodies significantly reduce the severity of arthritis, alleviates bone and cartilage damage, and down-regulates IL-1β, IL-6, IL-17A, IFN-γ, RANKL, and MMP-3 (104, 105). IL-17A plays an important role not only in the pathogenesis but also in the progression of the disease. Moreover, IL-17A is involved in the pathological process of bone erosion and bone loss.

The pathological mechanism of IL-17A may involve the immune activation and an immune cascade reaction in RA. In addition, the activation of osteoclasts promotes bone erosion in RA. Collagen-specific T cells and collagen-specific IgG2a are involved in the development of CIA. IL-17A is responsible for the priming of collagen-specific T cells and collagen-specific IgG2a production (106). Anti-IL-17A significantly reduces splenocytes proliferation and reduces leukocyte recruitment in CIA (105, 107). Anti-IL-17A also down-regulates IL-1β, IL-1, IL-6, IL-17A, and IFN-γ in the joint (104, 105). Increased osteoclast activity in the subchondral, trabecular, and cortical bone erosion areas is observed after local IL-17A overexpression in joint (98, 101, 102).

Several drugs targeting IL-17A are currently being evaluated in clinical trials, but the benefit seems to be not satisfactory for RA. Brodalumab, a human anti-IL-17 receptor A (IL-17RA) monoclonal antibody, did not demonstrate clinical efficacy in active RA patients (108). The humanized anti-IL-17A monoclonal antibody ixekizumab improved the signs and symptoms of RA patients in a phase II study, but the efficacy was not considered robust sufficient to support continued development (109). Bimekizumab is a monoclonal antibody that selectively neutralizes IL-17A and IL-17F. Bimekizumab plus certolizumab pegol further reduced disease activity score 28-joint count C-reactive protein (DAS28(CRP)) for RA patient in a phase II study, but more messages about the efficacy and safety is lack (110). Secukinumab, a fully human monoclonal antibody directed against IL-17A, has advanced in phase III studies. Secukinumab achieved 20% improvement in the American College of Rheumatology criteria (ACR20) at week 24 among patients with active RA, although, studies have suggested that secukinumab may not provide additional benefit beyond the currently approved therapies to such patients and further development was not pursued due to lack well-pleasing efficacy (111–114).



Psoriatic Arthritis

PsA is an immune-mediated chronic inflammatory arthritis associated with psoriasis. PsA presents synovial inflammation, bone destruction, and juxta-articular new bone formation (115, 116). Aberrant cytokine expression of TNF-α, IL-23, IL-22, IL-9, IL-15 is involved in the pathological mechanisms of PsA (117). Serum IL-17A levels are higher in psoriasis patients (118). IL-17+ CD4+ T cells and IL-17A secretion increase in peripheral blood and synovial fluid of PsA (119, 120). Besides CD4+ T cells, IL-17A-producing ILCs are present in the synovial fluid of PsA (121). IL-17A+CD8+ T cells are enriched in the joints of patients with PsA and have been correlated with disease activity and bone erosion (7).

In the animal model of PsA, increased serum IL-17A is associated with bone loss. The imbalance between osteoblasts and osteoclasts is the main cause for the appearance of PsA in the bone. Skin-resident cells such as keratinocytes, γδT cells, and innate lymphoid cells express IL-17A, which inhibits osteoblasts and osteocytes function through the Wnt signaling (52). In addition, IL-17A may also promote epidermal sheet, keratinocytes and skin resident T cells to produce RANKL (122).

Clinical trials of antagonizing IL-17A in PsA are underway. Secukinumab improves the signs and symptoms of active PsA (123). At the same time, secukinumab inhibits the progression of bone erosions and maintains bone stability (124–127). In 2016, secukinumab became the first targeting IL-17A drug approved by the FDA for the treatment of active PsA. Ixekizumab, an IL-17A specific monoclonal antibody, improved the signs and symptoms of patients with active PsA and inhibited bone damage progression in PsA (128, 129). In 2017, ixekizumab was approved by the FDA for the treatment of PsA. Brodalumab, a fully human monoclonal antibody targeting the IL-17 RA, achieved ACR20 at week 16 among patients with PsA in a phase III study (130). However, the trials were terminated early due to a possible safety concern about suicidal ideation and behavior (131). Bimekizumab, which inhibits both IL-17A and IL-17F, improved ACR50 in patients with active PsA in a phase II trial and phase III trials that are currently underway (132).



Axial Spondyloarthritis

Axial spondyloarthritis (axSpA) is chronic inflammatory bone diseases including non-radiographic axial spondyloarthritis (nr-axSpA) and radiographic axial spondyloarthritis (ankylosing spondylitis [AS]). Bone destruction and new bone formation may occur simultaneously in axSpA. Various types of cytokines including IL-17A, TNF-α and IL-23 are involved in the pathological processes (133, 134). Many studies have indicated that IL-17 is involved in immunopathogenesis of axSpA (135). IL-17+ CD4+ T cells increase in peripheral blood of axSpA and IL-17A synthesis also increases (120, 136–138). Levels of IL-17A in the synovial fluid are elevated in patients with AS (59). Serum IL-17A levels are also higher in AS and elevated IL-17 serum levels may associate with the development of AS (139, 140). A few studies have focused on the role of IL-17 in the processes of axSpA bone damage. IL-17A promotes local mesenchymal stem cell populations to osteoblast differentiation and increases mineralization in AS by JAK2/STAT3 signaling, which may be a mechanism of ankyloses progression (59). Anti-IL-17A treatment prevented bone loss and induced new bone formation in an animal model of pathogenic SpA, mycobacterium tuberculosis-induced disease in B27/hβ2m-transgenic rats (141).

Several IL-17A targeted drugs are currently in clinical trials. Secukinumab and Ixekizumab are both anti-interleukin-17A monoclonal antibodies and have been reported to improve the signs and symptoms of axSpA (142–148). To date, the FDA has approved both antibodies for the treatment of adults with active AS and nr-axSpA with objective signs of inflammation. Netakimab, a humanized monoclonal antibody targeting IL-17A, significantly achieved 20% improvement in Assessment of Spondyloarthritis International Society (ASAS20) response among patients with AS in a phase II study (149). Bimekizumab, a monoclonal antibody that selectively neutralizes IL-17A and IL-17F, achieved ASAS40 response at week 12 in a phase II trial (150). Phase III trials that aim to assess the efficacy and safety of netakimab and bimekizumab in AS patients are currently underway.




Conclusion and Perspectives

IL-17A is involved in innate immune responses and adaptive immunity. Meanwhile, IL-17A plays an important role in bone homeostasis via activation of complex cellular and molecular interactions. IL-17A may exert direct positive or negative effects on osteoclastogenesis depending on its concentration in vitro. Osteoblasts are most closely associated with osteoclasts, which both are involved in bone metabolism. IL-17A indirectly regulates osteoclastogenesis by inducing multiple factors derived from the osteoclast-supporting cells. The effects of IL-17A on osteoblasts may depend on the different experimental models of osteoblast development and species tested in vitro. These aforementioned cell studies provide evidence supporting the skeletal-regulatory properties of IL-17A and support the concept that IL-17A acts as the link between the skeletal and the immune systems. Future research should focus on the molecular pathways involved and explore the precise reasons for the dual effects of IL-17A in bone cells.

Mechanistic studies have hinted that IL-17A is a bone-destroying cytokine involved in immune-mediated bone diseases, such as PMOP, RA, PsA, and axSpA. IL-17A exerts a negative effect on bone by promoting osteoclastogenesis, excessively activates bone formation, and initiates an immunologic cascade. Indeed anti-IL-17A therapy has produced promising results in clinical trials of RA, PsA, and axSpA, although, few studies have focused on bone damage. A deeper understanding of the molecular mechanisms of IL-17A involved in bone disease may supply novel therapeutic interventions and provide a new thought to prevent bone loss and osteoporosis associated with immune-mediated bone diseases.
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Following severe trauma, fracture healing is impaired because of overwhelming systemic and local inflammation. Glucocorticoids (GCs), acting via the glucocorticoid receptor (GR), influence fracture healing by modulating the trauma-induced immune response. GR dimerization-dependent gene regulation is essential for the anti-inflammatory effects of GCs. Therefore, we investigated in a murine trauma model of combined femur fracture and thoracic trauma, whether effective GR dimerization influences the pathomechanisms of trauma-induced compromised fracture healing. To this end, we used mice with decreased GR dimerization ability (GRdim). The healing process was analyzed by cytokine/chemokine multiplex analysis, flow cytometry, gene-expression analysis, histomorphometry, micro-computed tomography, and biomechanical testing. GRdim mice did not display a systemic or local hyper-inflammation upon combined fracture and thorax trauma. Strikingly, we discovered that GRdim mice were protected from fracture healing impairment induced by the additional thorax trauma. Collectively and in contrast to previous studies describing the beneficial effects of intact GR dimerization in inflammatory models, we report here an adverse role of intact GR dimerization in trauma-induced compromised fracture healing.
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Introduction

Fracture healing is largely impaired in patients suffering from multiple injuries (1, 2). For example, multi-injured patients with tibial fractures exhibit a higher risk for non-union (2). Thoracic trauma particularly represents a critical injury in multi-injured patients and it frequently occurs in association with fractures. Indeed, 50% of patients with a blunt thoracic trauma suffer additional fractures of the extremities (3) and the mortality is markedly elevated in polytraumatized patients with severe thoracic trauma compared to patients with similar severity of injury without thoracic trauma (4). Thoracic trauma is also a strong inducer of the posttraumatic systemic inflammation with a rapid release of pro-inflammatory cytokines, including interleukin (IL)-6 (5, 6). Thoracic trauma can lead to acute lung injury, a strong inflammatory response in the lungs, which affects a subfraction of patients, leading to a systemic trigger that impacts on the whole organism (7). Several experimental models combining femur fracture and thorax trauma described a systemic inflammation and disturbed fracture healing (6, 8), indicating the interference of the posttraumatic inflammation in the fracture healing process (9). Endogenous glucocorticoids (GCs) are stress hormones that play a crucial role in controlling inflammation and maintaining bone mass (10, 11). We previously demonstrated that endogenous GCs signaling through the glucocorticoid receptor (GR) is critical for efficient fracture healing (12). However, less is known about the function of GCs during bone regeneration in the context of multiple injuries.

Endogenous GCs are released from the adrenal cortex in a circadian and stress-associated manner under the control of the hypothalamic-pituitary-adrenal axis (13). Their effects are mediated by the nuclear receptors for glucocorticoid and mineralocorticoid receptors. Upon binding of GCs, GR translocates into nucleus and acts as a homodimer or a monomer to regulate gene expression (11). The GR dimer can bind to GC-response elements in DNA and induce gene expression by transactivation (11). The GR monomer can bind directly to DNA or indirectly by tethering with transcriptions factors, including nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and activator protein 1 (AP-1), leading to transrepression of genes (14, 15). It was previously considered that transrepression was the major mechanism of GC’s anti-inflammatory effects (16). Therefore, a mouse model with impaired dimerization of the GR (GRdim) was generated (17) by introducing a point mutation into the second zinc finger, which encompasses one of the dimerization interfaces. In these GRdim mice, GCs failed to suppress inflammation during allergy (18), acute lung injury (19), and systemic inflammation (20, 21), revealing a critical role for GR dimerization in controlling inflammation by transactivation of gene expression. Moreover, GRdim mice still develop osteoporosis when treated with pharmacological doses of GCs indicating that these effects are mediated through the GR monomer and its transrepression activity (22).

Endogenous GCs signaling is essential for maintaining bone homeostasis, because patients with adrenal insufficiency exhibit an increased fracture risk (23) and mice with selective GR deletion in the osteoblast lineage have a reduced trabecular bone mass (22). Endogenous GCs signaling plays a crucial role in osteoblastogenesis through the activation of Wnt signaling (24). Few studies have addressed the role of endogenous GCs during fracture healing. We and others could demonstrate a critical role for the GR during endochondral ossification (12, 25). Whether intact GR dimerization is important for proper fracture healing remains unknown. Thoracic trauma induces a systemic posttraumatic inflammation that potentially interferes with fracture healing (5, 6). We hypothesize that intact GR dimerization is important for proper fracture healing and for the overall control of the systemic posttraumatic inflammation caused by additional thoracic trauma. To test this hypothesis, we used mice with impaired GR dimerization capacity (GRdim) and subjected them to isolated femur fracture as a model of uncomplicated healing or to combined fracture and thoracic trauma as a model of inflammation-induced disturbed healing.



Material and Methods


Study Design

We performed femur osteotomy with or without thoracic trauma on 14-week old male GRdim mice and littermate wildtype controls (Supplementary Figure 1A). Mice were euthanized at different time points during fracture healing (Supplementary Figure 1B). At 6 h, 24 h, and 10 days post operation, we analyzed lung tissues by HE staining and qRT-PCR to evaluate the effects of the trauma. At 24 h post operation, blood plasma, bronco-alveolar lavage (BAL) and hematoma samples were processed for cytokine and chemokine measurement by multiplex assay. Immune cell profile from blood and hematoma samples was also analyzed by FACS. Callus of the fractured femur was evaluated at day 10 and day 23 by histology, histomorphometry, microCT and biomechanical analysis.

Sample size of 8 per group was determined by G*Power software (Version 3.1.9.6; Heinrich Heine University, Düsseldorf, Germany) with 80% power and a significance level of 5% based on previous data (12) taking flexural rigidity as the primary readout. We used T-test to compare between two independent groups.

Exclusion criteria included: death following thorax trauma, over-range osteotomy gap size, skins wounds resulting from bites and shattered bone during the osteotomy procedure. The animals were randomly assigned to each group and assessment of the outcome was performed blindly.



Animal Model and Husbandry

The animal experiments were performed in compliance with the international regulations for the care and use of laboratory animals (Directive 2010/63/EU) and with the approval of the local ethical committee (Regierungspräsidium Tübingen, Germany Reg. No. 1225). GRdim mice (Nr3c1tm3Gsc) were maintained in the BALB/c background.

Genotypes were determined by polymerase chain reaction (PCR) using DNA from tail biopsies as described previously (22). The mice were housed in groups of up to five animals with a 14-h light, 10-h dark cycle at 23°C and 55 ± 10% humidity. Standard rodent chow and water were available ad libitum. Mice were housed in specific pathogen free (SPF) conditions during breeding and transferred to experimental area in individually ventilated caging (IVC).

When aged 14 weeks, male mice received an unilateral femur osteotomy as described previously (26). In brief, under general anesthesia (2 vol% isoflurane, Forene®, Abbott, Wiesbaden Germany), the right femur was exposed and the mid shaft was osteotomized using a 0.4-mm Gigli saw (RISystem, Davos, Switzerland). The osteotomy was stabilized using an external fixator (axial stiffness 3.2 N/mm, RISystem, Davos, Switzerland) that was fitted to the bone with four mini-Schanz screws. The osteotomy was combined with an additional thoracic trauma as described previously (27) to induce systemic inflammation. The thoracic trauma directly followed the femur osteotomy, while the mice were still under general anesthesia. In brief, a blast wave generator placed 2 cm from the mid-thorax released a blast wave at 13 bar pressure, inducing a standardized bilateral, isolated lung contusion. An analgesic was administered via the drinking water from 1 day before to 3 days after surgery (tramadol-hydrochloride, 25 mg/l; Gruenenthal, Aachen, Germany). Prior to surgery, mice received a single dose of antibiotics (clindamycin-2-dihydrogenphosphate, 45 mg/kg; Ratiopharm, Ulm, Germany). Mice were euthanized by intracardial blood withdrawal under deep isoflurane anesthesia after 6 or 24 h, and after 10 or 23 days.



Cytokine and Chemokine Analysis

Blood serum, broncho-alveolar lavage (BAL) fluid, and fracture hematomas harvested 24 h after osteotomy were used for cytokine analysis. Blood was collected in microvettes (Sarstedt AG&Co. Nümbrecht, Germany) and centrifuged at 4,000 g for 10 min at 4°C. The obtained plasma was stored at −80°C until use. BAL fluid was obtained, after flushing the lungs with 0.5 ml of ice-cold phosphate-buffered saline solution. In total, 5 µl protease inhibitor mixture were added to the obtained BAL fluid and the samples were stored on ice. The samples were centrifuged at 300 g for 15 min and the supernatants were harvested and kept at −80°C until use. The fracture hematoma was directly transferred into lysis buffer (10 mM tris pH 7.5, 10 mM NaCl, 0.5 mM Triton X-100, 0.2 mM phenylmethylsulfonyl fluoride, all from Sigma-Aldrich, Steinheim, Germany) with protease inhibitor cocktail (Halt™ Protease and Phosphatase Inhibitor Cocktail, Fisher Scientific GmbH, Schwerte, Germany) and minced. Following 30 min incubation on ice, the samples were centrifuged at 18,000 g for 30 min at 4°C. The protein concentration was determined using the Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific GmbH) according to the manufacturer’s instructions. The lysates were stored at −80°C until use. Using a mouse multiplex cytokine and chemokine assay (ProcartaPlex™, eBioscience, San Diego, CA, USA), the levels of the pro-inflammatory mediators IL-6, monocyte chemotactic protein (MCP)-1, macrophage inflammatory protein (MIP)-1α, and keratinocyte chemoattractant (CXCL-1) were determined on a Bio-Plex 200 (Bio-Rad, Hercules, CA, USA). Using standard curves, the cytokine levels were calculated automatically (Bio-Plex Manager™ software).



Flow Cytometry

At 24 h after osteotomy, blood and the fracture hematoma were analyzed for immune cells by flow cytometry. To remove erythrocytes from blood, lysis was performed twice for 5 min on 37°C using lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.125 mM ethylenediamintetraacetic acid (EDTA), all from Sigma-Aldrich). The hematoma between the bone ends was excised and pressed through a cell strainer to obtain a single-cell suspension. Cells of the innate and adaptive immune systems were stained using the following antibodies or respective isotypes: CD11b Alexa Fluor 700 (clone M1/70, eBioscience, 1:400 dilution), Ly-6G V450 (clone 1A8, BD Pharmingen, 1:400 dilution), F4/80 FITC (clone BM8, eBioscience, 1:50 dilution), CD3ϵ PE-Cyanine 7 (clone 145-2C11, eBioscience, 1:100 dilution), CD4 APC-eFluor 780 (clone GK1.5, eBioscience, 1:200 dilution), CD8a APC (clone 53-6.7, eBioscience, 1:800 dilution), and CD19 PE (clone 1D3, eBioscience, 1:400 dilution). 7-AAD (Sigma) was used to distinguish between living and dead cells. A minimum of 10,000 events was measured on an LSRII flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed using FlowJo software (FlowJo, Ashland, OR, USA). Detailed gating strategy is provided in Supplementary Figure 1C.



Histology and Histomorphometry

Harvested lungs at 6 h and 10 days were fixed in 4% formaldehyde, embedded in paraffin, and stained with hematoxylin and eosin (H&E, Mayer’s hemalum solution Merck KGaA®, Darmstadt, Germany and Eosin Y, Applichem, Darmstadt, Germany) for morphological investigations.

Femurs harvested at different time points were fixed for 48 h, decalcified in 20% EDTA for 10–12 days, dehydrated, and embedded in paraffin. Sections of 6–8 µm thickness were stained using safranin-O/fast green. Evaluation of the callus composition was performed by light microscopy (Leica DMI6000 B; Software MetaMorph®, Leica Microsystems, Mannheim, Germany) under 50-fold magnification. At all the time points, the entire callus was analyzed for the amount of bone, cartilage, and fibrous tissue. To determine the number of osteoblasts, sections were stained with toluidine blue. For visualization of osteoclasts, tartrate-resistant acid phosphatase (TRAP) activity was determined by naphthol AS-MX phosphate and Fast Red TR-Salt (both Sigma-Aldrich) in 0.2 M acetate buffer pH 5.0. Osteoblast and osteoclast numbers and surface per bone surface were determined using the OsteoMeasure histomorphometry system (OsteoMetrics, Decatur, USA). Analysis was performed according to the recommendations of the American Society for Bone and Mineral Research (28).



RNA Isolation and Gene Expression Analysis

RNA from lung tissue was isolated at 6 h and 10 days after isolated fracture or combined fracture and thoracic trauma using Trizol reagent (Invitrogen, Ambion, USA). Lungs were homogenized in Trizol for 3 min at 1,500 rotations/min using Precellys 24 homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France), incubated at room temperature for 5 min, and 200 μl chloroform was added to the Trizol followed by centrifugation at maximum speed at 4°C. The aqueous phase was mixed with 0.7 volumes of isopropanol and centrifuging at maximum speed to pellet down RNA. The RNA pellet was washed with 500 μl 70% ethanol and dried at room temperature for 5–10min before suspending with RNase free water. RNA quality and amount were determined using the Nanodrop 2000 system (Thermo Scientific, Waltham, USA). cDNA was synthesized from 1–2 µg RNA using RevertAid H Minus reverse transcriptase (M-MulV, Fermentas, MA, USA) with 5× reverse transcriptase reaction buffer, random primers (200 ng/μl, Invitrogen, Carlsbad, CA, USA), and 10 mM deoxyribonucleotide triphosphate (dNTPs) following the manufacturer’s instructions. Quantitative real-time PCR (qRT-PCR) was performed in 10 μl reaction volume using SYBR Green I dye (Invitrogen) on an ABI ViiA-7 system (Applied Biosystems, Foster City, CA, USA). The mRNA abundance of Nos2, Cd86, Il4, Chil3, and Il13 was calculated relative to the expression of the reference gene Gapdh and the data analyzed using a model based on correction for exact PCR efficiencies. The primers used are listed in Supplementary Table 1.



Micro-Computed Tomography (µCT)

Osteotomized and intact femurs harvested after 23 days were scanned using a µCT device (Skyscan 1172, Bruker, Kontich, Belgium) at a resolution of 8 µm at a peak voltage of 50 kV and 200 µA. Within each scan, two phantoms with defined hydroxyapatite (HA) content (250 and 750 mg/cm3) were scanned to determine the bone mineral density (BMD). In intact femurs, a volume of interest of 1 mm length below the trochanter major was analyzed for cortical thickness (Ct.Th), mineralization (BMD), and 2nd moment of inertia (Ix). Trabecular bone was analyzed in the distal femur 0.2 mm above the growth plate. In fractured femurs, the former osteotomy gap was analyzed for trabecular parameters. To distinguish between mineralized and non-mineralized tissue, a fixed global threshold set at 643 mg HA/cm3 was applied (29, 30). Basal bone phenotype was evaluated in intact femur and L5 vertebrae by measuring trabecular and/or cortical parameters at the age of 14 weeks. Analogous to the standard clinical assessment of X-rays to determine the healing outcome, the number of bridged cortices was determined in two perpendicular axes from µCT scans. A fracture was considered to be “healed” when the osteotomy gap was bridged at ≥3 sites (31).



Biomechanical Testing

Intact and osteotomized femurs harvested after 23 days were analyzed for flexural rigidity by nondestructive three-point bending (26). In brief, the proximal end of the femur was fixed to an aluminum cup, which in turn was fixed to a hinge joint of the three-point bending setup in the material testing machine (Z10, Zwick Roell, Ulm, Germany). The femur condyles rested unfixed on a bending support. The bending load was applied to the mid-shaft of intact bones or the middle of the callus up to a maximum load of 4 N. Flexural rigidity (EI) was calculated from the slope (k) of the linear region of the force-displacement curve. The distance of the load vector and the proximal (a) and distal (b) bending supports was considered in the calculation when the force was not applied exactly in the middle between the supports (l/2). For the calculation, the formula EI=k(a2b2)/3l was used.



Statistics

Statistical analyses were performed using GraphPad Prism7 (GraphPad Software Inc., La Jolla, CA, USA). Non-parametric Wilcoxon-Mann-Whitney or Kruskal-Wallis with Dunn’s multiple comparison test were used. *p<0.05, **p<0.01, ***p<0.005, ****p<0.001, was considered statistically significant.




Results


Trabecular Bone Mass Is Moderately Affected in Mice With Impaired GR Dimerization

Before subjecting GRdim mice to fracture or combined fracture and thoracic trauma, we first analyzed the basal bone phenotype in these mice with a congenital deficiency of the GR dimer when aged 14 weeks. MicroCT analysis of the distal femur revealed a significantly higher bone volume per tissue volume (BV/TV) ratio in GRdim mice compared to wild types (Figure 1A). Trabecular number (Tb.N) and thickness (Tb.Th) were significantly increased and accordingly trabecular spacing (Tb.Sp) was reduced in the femurs of GRdim mice (Figures 1B–D). Cortical thickness of the femur diaphysis did not differ between mutant and wild type mice (Figure 1E). By contrast, in the L5 vertebrae there was no significant difference in the BV/TV, Tb.N, Tb.Th, or Tb.Sp between GRdim and wild type mice (Figures 1F–I). Histomorphometry analysis of femur trabecular bone did not show any significant difference in terms of osteoblast or osteoclast parameters between GRdim mice and wild type controls (Figures 1J–M). In summary, impairment of GR dimerization moderately increased trabecular bone mass in the femur but not in vertebrae, and this difference cannot be explained by a difference in osteoblast or osteoclast parameters.




Figure 1 | Trabecular but not cortical bone mass is moderately affected in mice with impaired glucocorticoid receptor (GR) dimerization. Bone phenotype of 14-week-old wild type and GRdim mice was analyzed. Bone per tissue volume [BV/TV, (A)], trabecular number [Tb.N, (B)], trabecular thickness [Tb.Th, (C)], and trabecular separation [Tb.Sp, (D)] in the distal femur and L5 vertebrae (F–I) and cortical thickness of femur diaphysis [Ct.Th, (E)] were analyzed by micro-computed tomography. Osteoblast number per bone perimeter [Ob.N/B.Pm, (J)], osteoblast surface per bone surface [Ob.S/BS, (K)], osteoclast number per bone perimeter [Oc.N/B.Pm, (L)], and osteoclast surface per bone surface [Oc.S/BS, (M)] were analyzed by histomorphometry in the distal femur. Data are presented as the mean ± standard deviation. n=3–7 per group. *p<0.05, **p<0.01 using Mann-Whitney-Wilcoxon test.





Impaired GR Dimerization Moderately Affects Inflammation in a Model of Combined Fracture and Thoracic Trauma

Next, we applied a thoracic trauma concomitant with a femur fracture to analyze the consequences of a severe injury on fracture healing in GRdim mice during different phases of the healing response. Twenty-four hours following isolated fracture (Fx) or combined fracture and thoracic trauma (Fx+TxT), we found that the chemokines CXCL-1, IL-6, and MCP-1 in plasma had increased by trend in wild type mice receiving additional thoracic trauma to the initial fracture compared to the wild type mice that had fracture alone (Figures 2A–C). At the fracture site (hematoma), there were no major alteration in levels of CXCL-1, IL-6, and MCP-1 (Figures 2D–F) except for MIP-1α that was higher by trend in GRdim compared to wild type mice in the context of combined trauma (Figure 2G). The additional thoracic trauma significantly increased the concentration of CXCL-1, IL-6 and MCP-1 in the BAL fluid of wild type mice compared to the mice with fracture alone (Figures 2H–J). This effect was more subtle in GRdim mice.




Figure 2 | Impaired dimerization of the glucocorticoid receptor (GR) affects inflammation. Cytokine and chemokine levels in plasma, broncho-alveolar lavage (BAL), and callus homogenates were determined by cytokine and chemokine multiplex analysis 24 h after isolated fracture (Fx) or combined fracture and thorax trauma (Fx+TxT) in wild type (WT) and decreased GR dimerization ability (GRdim) mice. Levels of CXCL-1 (A), IL-6 (B), and MCP-1 (C) were measured in Plasma, Hematoma (D–G) and BAL (H–J). In addition, MIP-1α was measured in the hematoma (G). Data are presented as the mean ± standard deviation. n=4–7 per group Values are present in Supplementary Data Sheet 1. *p<0.05, **p<0.01, ns: non signficant, using ANOVA and Kruskal-Wallis tests.



Flow cytometry analysis of immune cells in the blood and hematoma (Table 1) revealed no significant changes in polymorphonuclear leukocytes (PMNs) (CD11b+Ly6G+), monocytes/macrophages (CD11b+F4/80+), B-cells (CD19+), or T-cells (CD3+) between the different groups, indicating no substantial inflammation 24 h after fracture or combined trauma (Table 1).


Table 1 | Frequency of immune cells in the blood and hematoma after isolated fracture or combined fracture and thorax trauma is not altered in mice with impaired glucocorticoid receptor (GR) dimerization.



Taken together, at the early time points investigated, the impaired GR dimerization had modest effects on the systemic inflammation that were most evident in the context of combined fracture and thoracic trauma.



Additional Thoracic Trauma Differently Affects Lungs of the GRdim Mice

Subsequently, we investigated the consequences of thoracic trauma on the lungs in wild type and GRdim mice. We performed H&E staining to evaluate the lung structure at different time points: 6 h, 24 h, and 10 days (Figure 3A). As expected, histological analysis of the lungs from mice with isolated fracture displayed only minor structural signs of inflammation, including alveolar wall thickening, regardless of the genotype and time point, possibly resulting from the isoflurane overdose during sacrifice. In the context of the combined trauma, evident damage to the lung structure was observed in both GRdim and wild type mice at early time points, with more exacerbated inflammatory cell infiltration at 24 h predominantly in GRdim mice (Figure 3A). Blunt chest trauma created a non-homogenous injury pattern in the lungs, where some parts displayed massive damage with alveoli disruption and leukocyte infiltration, whereas other parts remained intact (Supplementary Figure 2).




Figure 3 | Additional thorax trauma decreases the expression of anti-inflammatory macrophage marker genes in the lungs of mice with impaired GR dimerization. H&E staining of lung sections illustrate the structural damage and the inflammation induced by the thoracic trauma 6 and 24 h and 10 days after isolated fracture (Fx) or combined fracture and thorax trauma (Fx+TxT) in wild type and GRdim mice (A) scale bar in all micrographs: 100 μm. Gene expression of inducible nitric oxide synthase (Nos2) (B, F), cluster of differentiation 86 (Cd86) (C, G), interleukin-4 (Il4) (D, H), chitinase-3-like protein 3 (Chil3) (E), and Il13 (I) were measured in the lungs 6 h and 10 days after Fx or FX+TxT by qRT-PCR. Data are presented as the mean ± standard deviation. n=4–5 per group, *p<0.05, **p<0.01, ***p<0.001, using ANOVA and Kruskal-Wallis tests.



To understand the role of macrophages during inflammation and repair, we evaluated the expression of particular marker genes of pro-inflammatory macrophages and anti-inflammatory macrophages in the lung tissue by qRT-PCR. Six hours post-injury, there was reduction, by trend, in Nos2 gene expression for inducible nitric oxide synthase (iNOS), a marker for pro- inflammatory macrophages, in wild type controls while in GRdim mice levels were high in the context of combined fracture and thoracic trauma (Figure 3B). Cd86, another pro-inflammatory marker, was also expressed significantly higher in the lung of GRdim mice after combined trauma in comparison with GRdim mice receiving only isolated fracture (Figure 3C). Regarding anti-inflammatory macrophage markers, Il4 was up-regulated, by trend, upon additional thoracic trauma in wild type mice while this upregulation was more modest in GRdim mice in which levels remained lower regardless of the injury type (Figure 3D). The anti-inflammatory marker Chil3, chitinase-like 3 (Ym1), was reduced by additional thoracic trauma in both wild type and GRdim mice but levels of Chil3 were lower in GRdim compared to wild type mice, in both, isolated fracture and combined fracture and thoracic trauma (Figure 3E). At later healing stages, we did not detect changes in the expression of pro-inflammatory macrophage markers (Nos2 or Cd86) 10 days post isolated fracture or combined fracture and thoracic trauma (Figures 3F, G). However, the anti-inflammatory macrophage marker Il4 coding for the anti-inflammatory cytokine IL-4, was less expressed in the lung tissue of GRdim mice both after isolated fracture and combined fracture and thoracic trauma (Figure 3H), similarly Il13 as an anti-inflammatory molecule was not significantly altered (Figure 3I).

Overall, these results suggest that the thoracic trauma impaired lung tissue structure regardless of the mouse genotype. In addition, marker genes for pro-inflammatory macrophages appear to be expressed more in the early stage of inflammation whereas anti-inflammatory ones remained low throughout the inflammatory phase in the lungs of GRdim mice.



Impaired GR Dimerization Modulates Callus Formation

To evaluate the intermediate healing response in the femur, we performed histomorphometry analysis on safranin-O/fast green-stained sections of the fracture callus at day 10 (Figure 4A). There were no significant differences in the callus size or cartilage or fibrous tissue content between the different groups (Figures 4B–D). However, the bone content was, as expected, significantly reduced in wild type mice in the combined trauma compared to the ones with isolated fracture (Figure 4E). Strikingly, the bone content in GRdim mice was not reduced by the additional thoracic trauma and remained significantly higher compared to the wild type mice receiving combined trauma (Figure 4E). In addition, osteoblast number and surface were significantly higher in the fracture callus of GRdim compared to wild type mice after both, isolated fracture and combined fracture and thoracic trauma (Figures 4F, G). By contrast, osteoclast parameters were not significantly different between the groups (Figures 4H, I).




Figure 4 | Callus maturation is not impaired while osteoblast number and osteoblast surface are higher in mice with impaired glucocorticoid receptor (GR) dimerization 10 days after combined fracture and thoracic trauma. Sections were stained using safranin-O/fast green to illustrate callus composition at day 10 after isolated fracture (Fx) or combined fracture and thorax trauma (Fx+TxT) (A). In wild type and GRdim mice, the callus area (B) and its composition: cartilage area (C), fibrous tissue area (D), and bone area (E) were analyzed on day 10 by histomorphometry. Osteoblast number per bone perimeter [Ob.N/B.Pm, (F)], osteoblast surface per bone surface [Ob.S/BS, (G)], osteoclast number per bone perimeter [Oc.N/B.Pm, (H)], and osteoclast surface per bone surface [Oc.S/BS, (I)] were assessed in the callus by histomorphometry. Scale bar in all micrographs: 200 μm. Data are presented as the mean ± standard deviation. n=4–10 per group. *p<0.05, **p<0.01 using ANOVA and Kruskal-Wallis tests.



Taken together, impaired GR dimerization had no effect on the endochondral ossification phase after isolated fracture. By contrast, the impaired GR dimerization protected against the disturbed callus maturation observed in the wild type mice upon additional thoracic trauma. The greater number of osteoblasts in the callus of GRdim mice may at least in part explain their higher bone content.



Mice With Impaired GR Dimerization Are Protected From the Detrimental Effects of Additional Thorax Trauma

To evaluate the fracture healing outcome after isolated fracture and combined fracture and thoracic trauma in both genotypes, the bending stiffness of the fractured femurs was assessed at day 23. In the context of an isolated fracture, there was no difference between GRdim and wild type mice (Figure 5A). However, after additional thoracic trauma, wild type mice displayed a significant reduction in the flexural rigidity, indicating impaired healing, which was not observed in GRdim mice (Figure 5A). Accordingly, results of the cortical bridging analysis showed a higher proportion of successfully healed femurs in GRdim compared to wild type mice in the context of combined trauma (Figure 5B), whereas in the context of an isolated fracture, there were no differences in comparison to wild type mice. These results were also reflected in the three-dimensional reconstructions of fracture calli (Figure 5C).




Figure 5 | Mice with impaired glucocorticoid receptor (GR) dimerization are protected from the detrimental effect of additional thorax trauma. At day 23 after isolated fracture (Fx) or combined fracture and thorax trauma (Fx+TxT), flexural rigidity of the fracture calli was analyzed by a three-point bending test (A). The healing frequency was assessed from micro-computed tomography (µCT) datasets (B) and three-dimensionally reconstructed fracture callus representations were generated (C). Bone volume per tissue volume [BV/TV, (D)], trabecular number [Tb.N, (E)], trabecular thickness [Tb.Th, (F)], and trabecular spacing [Tb.Sp, (G)] were determined in the former osteotomy by µCT. Callus (H) and cartilage (I), fibrous tissue (J), and bone areas (K) were analyzed on day 23 by histomorphometry. Osteoblast number per bone perimeter [Ob.N/B.Pm, (L)], osteoblast surface per bone surface [Ob.S/BS, (M)], osteoclast number per bone perimeter [Oc.N/B.Pm, (N)], and osteoclast surface per bone surface [Oc.S/BS, (O)] were assessed in the callus by histomorphometry. Data are presented as the mean ± standard deviation. n=5–8 per group. *p<0.05, **p<0.01, ***p<0.001, ns: non significant using ANOVA and Kruskal-Wallis tests.



MicroCT analysis confirmed a higher bone content, by trend, in the fracture calli in GRdim compared to wild type mice after combined trauma (Figure 5D). In agreement with this, the number of the trabeculae was higher and the trabecular spacing was reduced in GRdim compared to wild type mice after combined trauma (Figures 5E, G). Additional thoracic trauma reduced trabecular thickness in wild type mice but had no significant effect on GRdim mice (Figure 5F).

Histomorphometry of fracture calli at day 23 indicated that additional thoracic trauma tends to induce a larger callus area in wild type mice, whereas GRdim mice exhibited a smaller callus size (Figure 5H). The differences in callus size could be due to the higher cartilage content, because there was significantly more cartilage in wild type mice after combined trauma, indicating delayed healing (Figure 5I). Additionally, no difference was detected between GRdim and wild type mice in terms of callus size or cartilage content in the context of isolated fracture (Figures 5H, I). Fibrous tissue and bone tissue content did not exhibit major alterations in their composition between the different groups at this stage (Figures 5J, K). In parallel, osteoblast and osteoclast counts did not significantly differ between GRdim and wild type mice 23 days post isolated fracture or combined trauma (Figures 5L–O).

In summary, these data indicate that GRdim mice are protected from the adverse effect of additional thoracic trauma on bone fracture healing, implying an important role for the GR dimer in meditating these effects.




Discussion

The present study investigated the role of endogenous GC signaling through the dimeric GR during both, isolated and compromised fracture healing induced by an additional thoracic trauma. Our results confirm previous findings on the detrimental effect of thoracic trauma on bone healing in wild type mice. In contrast to previous studies describing strong anti-inflammatory effects of intact GR dimerization in inflammatory models, we report here a negative effect of the GR dimer in trauma-induced compromised fracture healing.

GRdim mice carry a point mutation in one of the dimerization interfaces of the GR that leads to a partial disruption of GR dimerization, which although incomplete (32), is still sufficient in the in vivo context to display impaired binding to palindromic response elements as demonstrated by Exo-ChIP Seq (33). Moreover, mice with this impaired GR dimerization display induced resistance to the anti-inflammatory effects of both, exogenous and endogenous GCs in several inflammatory models (18–21, 34, 35).

Several clinical and experimental reports confirmed a critical role for endogenous GCs in maintaining bone mass (10, 12, 22, 36–38). The analysis of the basal bone phenotype in GRdim mice used in the present study showed that, although cortical bone was unaffected, trabecular bone was enhanced in the femur but not the vertebrae. This is in part consistent with a previous study reporting no effect of impaired GR dimerization on trabecular bone mass of the vertebrae (22). Osteoblast and osteoclast counts did not differ in the femur between GRdim and wild type mice, suggesting only a modest influence of the GR dimer during bone growth.

We observed in our investigation that thoracic trauma causes a systemic posttraumatic inflammation which confirmed previous studies (2, 9). IL-6 is considered as a hallmark cytokine of posttraumatic inflammation because multi-injured patients xhibit an increased IL-6 level within the first 24 h (39). Accordingly, although not statistically significant, IL-6 levels were increased in wild type mice upon additional thorax trauma. Studies using similar experimental settings in rats recorded increased IL-6 levels after 24 h (5, 9, 40). IL-6 was described to play a pathophysiological role in the impairment of fracture healing induced by severe trauma in mice (41, 42). In the present study, we observed either no or mild effects of thoracic trauma on IL-6 levels in plasma or BAL. This could possibly be explained by the different background strain used in the present study (43, 44). In contrast to our previous studies (41, 42), we here used BALB/c mice, because GRdim mice in the C57BL/6 background do not survive. In the context of trauma-induced compromised fracture healing, plasma IL-6 levels in the GRdim mice were not elevated. This contrasts with previous studies describing a failure to reduce IL-6 in GRdim mice because they were resistant to the anti-inflammatory effects of not only endogenous GCs in sepsis models (21) but also of exogenous GCs treatment in the context of antigen-induced arthritis (34). This could be a characteristic of the combined trauma model resembling a milder inflammation than experimental septic shock models.

In the early fracture hematoma, MIP-1α was elevated in mice with impaired GR dimerization in the context of combined trauma compared to wild type mice. Similarly, fibroblast-like synoviocytes from GRdim mice were resistant to dexamethasone-mediated MIP-1α suppression during experimental serum-induced arthritis (45). Reports on the role of MIP-1α on mesenchymal stem cell homing and migration to the injury site (46) but also on the enhancement of osteoclast differentiation and activation (47–49) suggest a beneficial role of MIP-1α on fracture healing outcome in our model. While systemic inflammation leads to hyper-inflammation in GRdim mice (20, 21, 35), inflammation was not increased in the early fracture hematoma after combined injury. This observation correlates with models of contact allergy and arthritis, where despite the non-responsiveness of GR-deficient mice to exogenous GC treatment, these GRdim mice were not hyper-responsive to inflammation as a response to endogenous GCs (18, 34). In conclusion, impaired GR dimerization affected inflammation in the circulation and marginally in the hematoma.

Flow cytometry analysis of the blood and fracture hematoma in GRdim mice did not reveal major alterations in the immune cell composition 24 h post injury. This observation is partially in accordance with the cytokine measurements in the same compartments, because we did not observe major systemic inflammation.

In models of acute lung injury, GCs reduced inflammation via the induction of anti-inflammatory macrophages (50) and the presence of dimeric GR in macrophages was required to reduce vascular leakage of the endothelium (19). Our investigations indicated an upregulation of genes associated with a pro-inflammatory macrophage phenotype in the injured lungs of GRdim mice (e.g., Cd86). Anti-inflammatory associated genes were clearly reduced in the combined treatment. Il4 induction as an anti-inflammatory marker was less pronounced and Chil3 was further reduced in GRdim mice. Throughout the healing time, the effects on these markers were less prominent.

Chil3 exhibits anti-inflammatory functions and participates in lung tissue repair (51–53). Likewise, in our model, Chil3 gene expression was down regulated in mice with impaired GC signaling (GRdim) regardless of injury type, revealing a potential role of the GR dimer in Chil3 regulation in the lung. This is in agreement with the concept that GCs induce rather an anti-inflammatory phenotype than just suppression of pro-inflammatory mediators (54, 55).

A study in human monocytes suggest that the main GC effects are not the suppression of pro-inflammatory mediators but rather the induction of an anti- inflammatory phenotype in monocytes and the promotion of their survival by prolonging the activation of the ERK/MAPK pathway (54). Moreover, transient presence of the macrophage chemokine MCP-1 was proven to be important for activation of anti-inflammatory macrophages and later on, to be beneficial for the lung contusion outcome (56). In line with these findings, we speculate that reduced expression of anti-inflammatory macrophage markers in GRdim mice is linked to the reduced MCP-1 levels in the BAL.

Our investigations in the lungs provide insights for the function of the GR dimer in the inflammatory response towards thoracic trauma and strengthens its previously established role as mediator of GC-mediated anti-inflammatory effects. Current data do not allow conclusions about the lung repair outcome and further investigations are necessary to understand the effects of endogenous GCs during lung repair and its impact on fracture healing.

We have previously demonstrated a critical role of the GR during endochondral ossification in the context of isolated fracture healing (12). Interestingly, in the present study, impaired GR dimerization did not affect isolated fracture healing, indicating an important role of the GR monomer in mediating GC effects during endochondral ossification. By contrast, the GR dimer had a detrimental role during trauma-induced impaired fracture healing.

Regarding the outcome of impaired fracture healing after concomitant thoracic trauma, our model recapitulates the clinical (2) and experimental observations (5, 9). Indeed, and similarly to previous reports, biomechanical properties, cortical bridging score, and mineralization levels of the fracture callus at day 23 correlated with previous reports describing trauma-induced compromised fracture healing (27, 41, 57), whereas GRdim mice displayed non-compromised healing. In contrast to GRdim mice, wild type mice exhibited high cartilage content after combined injury. Intriguingly, there was no difference in osteoblast or osteoclast counts that could explain the different healing outcomes. Successful bone repair depends on effective cartilage-to-bone transition. Similar to a previous report (41), endochondral ossification in wild type mice was impaired upon combined injury because the callus bone content was significantly reduced 10 days later, whereas GRdim mice did not display a reduced bone content.

Interference of the early inflammatory response with the healing cascade was described to be in part responsible for trauma-induced compromised fracture healing. Indeed, Recknagel et al. reported early alterations in neutrophil and monocyte infiltrations into the fracture callus and subsequent impairment of endochondral ossification (9). However, to what extent intact GR dimerization confers protection against thoracic trauma-impaired fracture healing via modulation of inflammation is unclear. Given the rather modest effects on the inflammatory response, this needs further investigation, possibly also in other murine backgrounds.

One possible cause could be that the high bone content observed in GRdim mice upon combined trauma could also result from an accelerated bone-to-cartilage transformation. Accordingly, osteoblast numbers were higher in GRdim mice compared to wild type mice 10 days post-combined trauma. This raises the possibility that GC signaling through the GR dimer would act on osteoblast progenitors and decrease their differentiation and/or proliferation in the context of trauma, thus leading to impaired endochondral ossification. In agreement with this, Rauch et al. reported an influence of dimeric GR on osteoblast proliferation rather than differentiation (22). Although intact GR dimerization was also described to be necessary for GC action on osteoclasts (58), we did not observe any changes in osteoclast numbers or surfaces throughout the investigated time in both genotypes.

A limitation of the study is that we do not clarify the exact molecular interactions and mechanisms that explain the adverse effects by the GR dimer. This requires further studies and may go beyond the regulation of inflammatory mediators or factors of bone cell differentiation. However, building on these data we and others are currently exploiting novel GR dimer gene regulation that is detrimental for trauma impact on fracture healing.

In conclusion, our data demonstrate a redundant role for intact GR dimerization during isolated fracture healing. However, in contrast to previous studies describing beneficial effects of the GR dimer in inflammatory models, we report here a negative effect of the intact GR dimerization in trauma-induced compromised fracture healing potentially by mediating the interaction of the thoracic trauma-induced systemic inflammation with the local inflammatory process at the fracture site. This study demonstrates a partial detrimental role of endogenous GCs/GR action on thoracic trauma-impaired fracture healing.
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Osteoimmunology highlights the two-way communication between bone and immune cells. T cell protein tyrosine phosphatase (TCPTP), also known as protein-tyrosine phosphatase non-receptor 2 (PTPN2), is an intracellular protein tyrosine phosphatase (PTP) essential in regulating immune responses and bone metabolism via dephosphorylating target proteins. Tcptp knockout in systemic or specific immune cells can seriously damage the immune function, resulting in bone metabolism disorders. This review provided fresh insights into the potential role of TCPTP in osteoimmunology. Overall, the regulation of osteoimmunology by TCPTP is extremely complicated. TCPTP negatively regulates macrophages activation and inflammatory factors secretion to inhibit bone resorption. TCPTP regulates T lymphocytes differentiation and T lymphocytes-related cytokines signaling to maintain bone homeostasis. TCPTP is also expected to regulate bone metabolism by targeting B lymphocytes under certain time and conditions. This review offers a comprehensive update on the roles of TCPTP in osteoimmunology, which can be a promising target for the prevention and treatment of inflammatory bone loss.
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Introduction

Inflammatory bone diseases characterized by severe bone loss, such as osteoarthritis, rheumatoid arthritis, and periodontitis, are a manifestation of imbalance between the skeletal and immune systems (1–3). Their interactions, known as osteoimmunology, were firstly proposed by Choi and Aaron in 2000, which highlights the two-way communication between bone and immune cells (4). With a comprehensive and profound acknowledgment of osteoimmunology, targeting regulatory proteins involved in osteoimmune responses can be a feasible means against inflammatory bone diseases. T-cell protein tyrosine phosphatase (TCPTP), one of the protein tyrosine phosphatases (PTPs) family, was identified by Cool et al. using T-cell-based cDNA library screening (5). There is growing evidence that TCPTP is a critical regulator in immune responses and bone metabolism. Nevertheless, the potential effect of TCPTP in the field of osteoimmunology is less explored. As a result, we intended to offer a comprehensive update on the known and potential roles of TCPTP in osteoimmunology in this review. Our study will lay a theoretical foundation for further basic researches of TCPTP in the field of osteoimmunology and provide references for treatment strategies of inflammatory bone diseases.



Osteoimmunology

During osteoimmune responses, different immune cells and bone cells interact reciprocally to maintain the homeostasis between the immune and skeletal systems (Figure 1). The two-way communication may influence either immune or bone cells via cytokine activities in the immune-bone interface. The proposal of screening new targets interfering with osteoimmunology may be feasible for identifying critical targets suppressing immune hyperactivity in inflammatory bone loss diseases.




Figure 1 | Diagram of osteoimmunology and potential regulatory sites of TCPTP. Regarding the regulation of bone-related cells by immune cells, some CD4+ T cell subsets can produce osteoclastogenic cytokines (e.g., TNF-α from Th1 cells and IL−17 from Th17 cells), while other subsets secrete anti-osteoclastogenic cytokines (e.g., IL−4 from Th2 cells, IL−10 and CTLA4 from Treg cells). IFN-γ released by Th1 cells may exert both pro- and anti-osteoclastogenic effects as reported by previous studies. B cells physiologically inhibit osteoclastogenesis but stimulate osteoclastogenesis through activating the RANK/RANKL axis in the pathological state. Different stages of dendritic cells exhibit distinct properties in immune responses: immature dendritic cells differentiate into osteoclasts in response to M-CSF, RANKL, TNF-α, IL-1, and IL-17, while mature ones drive the activation and expansion of Th17 cells. Macrophages are essential to bone loss with the involvement of TNF-α, IL-1, and IL-6 released by themselves. On the other hand, bone-related cells also provide feedback to immune cells. Osteoblasts secrete G-CSF, IL−1, IL−6, IL−7, and CXCL12, which are required for HSCs maintenance. In addition, osteoblasts secrete IL-7 to support B lymphopoiesis and regulate DLL4-Notch signaling pathway to support T lymphopoiesis. Osteocytes are supposed to mobilize HSCs and are involved in myelopoiesis. Osteocyte-derived RANKL participates in estrogen deficiency-induced bone loss by indirect regulation of B cell development. Osteoclasts are also involved in antigen presentation and T cell activation. Osteoclasts secrete tolerogenic cytokines (e.g., IL-10, TGF-β) and activate regulatory T cells in physiological conditions, while in pathological conditions, osteoclasts secrete inflammatory cytokines (e.g., TNFα, IL-1β) and activate TNF-α producing CD4+ T cells. Generally, TCPTP regulates bone metabolism mainly by changing the biofunction of macrophages, T cells, and B cells. TCPTP, T cell protein tyrosine phosphatase; DC cell, dendritic cell; IL-6, interleukin-6; IL-23, interleukin-23; IL-17, interleukin-17; TNF-α, tumor necrosis factor-α; RANK, receptor activator of nuclear factor−κB; RANKL, receptor activator of nuclear factor−κB ligand; IL-1, interleukin-1; IL-4, interleukin-4; IL-10, interleukin-10; CTLA4, cytotoxic T lymphocyte protein 4; OPG, osteoprotegerin; Th17, T helper 17 cells; Th1, T helper 1 cells; Th2, T helper 2 cells; Treg, regulatory T cells; G-CSF, granulocyte colony-stimulating factor; M-CSF, macrophage colony-stimulating factor; TGF-β, transforming growth factor β; DLL4, Delta-like protein 4; IL-1β, interleukin-1β; IL-7, interleukin-7; CXCL12, CXC-motif chemokine 12; HSCs, hematopoietic stem cells.




Influence of Immune Cells on Bone Cells

Immune cells, such as T lymphocytes (Th1, Th2, Treg, and Th17 cells), B lymphocytes, dendritic cells, and macrophages, actively regulate the homeostasis of bone metabolism. Th1 cells secrete interferon-γ (IFN-γ) that has been found to exert controversial effects in bone metabolism (6, 7). Sato et al. demonstrated that Th1 cells generated amounts of IFN-γ and mediated osteoclastogenesis inhibition in vitro (8). However, another study reported that IFN-γ could promote osteoclast maturation in the late period of osteoclastogenesis (9). Th1 cells are found to induce orthodontic tooth movement and bone resorption indirectly by upregulating the tumor necrosis factor-alpha (TNF-α) secretion and promoting osteoclastogenesis (10, 11). Th2 cells secrete interleukin-4 (IL-4), interleukin-5 (IL-5), and interleukin-13 (IL-13) leading to the osteoclastogenesis inhibition in a signal transducer and activator of transcription 6 (STAT6)-dependent pathway (12). Cytotoxic T-lymphocyte antigen 4 (CTLA4) secreted by Treg cells can promote apoptosis of osteoclasts via binding to CD80/CD86 on osteoclast precursors (13). Besides, Treg cells not only inhibit osteoclastogenesis directly via suppressing receptor activator of nuclear factor-κB ligand (RANKL) generation (14) but also suppress osteoclast differentiation and bone resorption by secreting interleukin-10 (IL-10) and transforming growth factor-β (TGF-β) (15). Th17 cells are one of the osteoclastogenic subsets of T cells that participate in various inflammatory diseases, such as rheumatoid arthritis, osteoporosis, inflammatory bowel disease, and periodontal disease (16–18). In the process of osteoclastogenesis and bone loss, higher amounts of osteoclastogenic cytokines, including interleukin-17 (IL-17), interleukin-6 (IL-6), interleukin-1 (IL-1), and TNF-α, are released from Th17 cells (19, 20). Among these cytokines, IL-17 stimulates the synthesis of cyclooxygenase-2 dependent prostaglandin E2 and the gene transcription of osteoclast differentiation factor (ODF) in osteoblasts to induce osteoclastogenesis (21). B cells inhibit osteoclastogenesis via secreting osteoprotegerin in the physiological state but stimulate osteoclastogenesis through activating the receptor activator of nuclear factor−κB (RANK)/RANKL axis in the pathological state (22, 23). Human immature dendritic cells differentiate into osteoclasts in response to macrophage colony-stimulating factor (M-CSF), RANKL, TNF-α, IL-1, and IL-17 (24–26), while mature dendritic cells can drive the activation of Th17 cells that produce IL-17, thereby enhancing osteoclastogenesis (27). Macrophages are reported to secrete different proinflammatory cytokines (e.g., TNF-α, IL-1, and IL-6) to enhance bone loss (28).



Influence of Bone Cells on Immune Cells

Bone-related cells (e.g., osteoblasts, osteocytes, osteoclasts) could also regulate the immune system. In this process, numerous cytokines (e.g., granulocyte colony-stimulating factor [G−CSF], IL−1, IL−6, IL−7, and CXC-motif chemokine 12 [CXCL12]) are secreted from osteoblasts for hematopoietic stem cell (HSC) maintenance, lymphoid progenitor cell maintenance, as well as the balance of T cell or B cell generation (29–31). Zhu et al. reported that osteoblasts support all stages of B lymphopoiesis via locally secreting interleukin-7 (IL-7) and stromal cell derived factor-1 (SDF-1) (32, 33). Osteoblasts-specific knockout of osteocalcin results in a marked reduction in mature T cells through disrupting the delta-like protein 4-notch signaling (34). Osteocytes are supposed to mobilize hematopoietic stem cells (HSCs) and might also be involved in myelopoiesis. In mice with targeted ablation of osteocytes, the mobilization of HSCs was suppressed in bone marrow (35). Besides, deficiency of the G−protein subunit GSα in osteocytes results in increased G−CSF production and dramatic expansion of myeloid lineage cells (36). RANKL generated by osteocytes participates in estrogen deficiency-induced bone loss by regulating B cell development indirectly (37). Several studies reported that osteoclasts could promote the mobilization of hematopoietic progenitor cells (38), while others revealed that they were dispensable for HSC maintenance and mobilization (39). Osteoclasts are also involved in antigen presentation and T cell activation. In the physiological conditions, osteoclasts secrete tolerogenic cytokines (such as IL-10 and TGF-β) and activate CD4+ and CD8+ regulatory T cells, while in the pathological conditions, osteoclasts activate TNF-α producing CD4+ T cells via unleashing myriads of inflammatory cytokines (e.g., TNF-α and IL-1) (26, 40, 41).




TCPTP


Overview of TCPTP

TCPTP is a tyrosine-specific phosphatase that is firstly identified by Cool et al. (5). There are two splice variants of TCPTP: TC45 (45 kDa) which is located in nuclear and TC48 (48 kDa) which is located in the endoplasmic reticulum (42). TC45 is a widely expressed form in various species, including humans and mice, and TC48 is human-specific. In most species, TC45 shuttles between the nucleus and cytoplasm in response to cytokine stimulation (43).

TCPTP regulates diverse signaling pathways related to glucose metabolism, inflammation control, cancer progress, and other biological processes via dephosphorylation of distinct substrates (44–50). Experiments in vitro and in vivo have confirmed that TCPTP could regulate several cytokine signaling pathways by inhibiting Janus activated kinase (JAK)/signal transducer and activator of transcription (STAT) predominantly (51–54). The direct substrates have been recognized as JAK1, JAK3, STAT1, STAT3, and STAT5 (55–59). Some members of the tyrosine kinase receptor (RTK) family, comprising insulin receptors (IRs) (60, 61), epidermal growth factor receptors (EGFRs) (62, 63), vascular endothelial growth factor receptors (VEGFRs) (64), platelet-derived growth factor receptors (PDGFRs) (65, 66) and colony-stimulating factor-1 receptors (CSF-1Rs) are also the specific dephosphorylating substrates of TCPTP (67).



TCPTP and Immunomodulation

Growing evidence has indicated that TCPTP is a key player in regulating innate and acquired immune responses. GWA studies found single nucleotide polymorphisms (SNPs) of TCPTP are associated with the onset of several inflammatory diseases and autoimmunology disorders, such as inflammatory bowel disease (68, 69), ocular Behcet’s disease (70), rheumatoid arthritis (53), and juvenile inflammatory arthritis (71). Tcptp knockout in the systemic or specific cells can seriously jeopardize immune reactions.

Mice null for Tcptp (Tcptp−/−) showed a smaller body size, decreased mobility, severe anemia, and diarrhea followed by death at three to 5 weeks of age (72). From the perspective of histology, Tcptp−/− mice showed mononuclear cell infiltration in the salivary gland and gastric mucosa at 1 week of age (72). Dramatic increases in TNF-α and inducible nitric oxide synthase (iNOS) were also detected at 3 weeks of age in Tcptp−/− mice (73).

Loss of PTPN2 in T cells (TCPTP-CD4Cre) not only led to increased intestinal inflammation risk but also resulted in T-lymphocyte infiltration in the liver, kidney, and skin (74, 75). This may be caused by the enhanced induction of Th1 cells, Th17 cells, and effector and memory CD8+ T cells, but the impaired induction of Tregs after T cell-specific knockout of Tcptp. Myeloid cell-specific loss of TCPTP (TCPTP-LysMCre) also enhanced susceptibility to colitis and serum IL-1β levels in mice (76). Spalinger et al. reported that TCPTP loss in macrophages compromises epithelial cell-macrophage interactions and reduces epithelial barrier integrity (77). Furthermore, TCPTP knockdown in THP-1 cells elevated the IFN-γ-induced secretion of the proinflammatory cytokines IL-6 (78). TCPTP silencing in rheumatoid arthritis synovial fibroblasts could also increase IL-6 production (53).



TCPTP and Hematopoiesis

Although ubiquitously expressed, TCPTP is pronouncedly expressed in hematopoietic tissues and plays a significant role in the development of hematopoietic lineages (5).


TCPTP and Hematopoiesis: Stem Cells

Hematopoietic stem cells (HSCs) are one of the adult stem cells and can differentiate into various mature blood cells (79). Compared with the control group, Tcptp knockout resulted in a nine-fold increase of the HSC number in the bone marrow (80). Lymphoid and myeloid precursors were also more abundant in Tcptp−/− mice compared with the wide type controls (45). Bourdeau et al. also demonstrated that this effect could be reproduced by TCPTP inhibiting agents and interleukin-18 (IL-18) signaling pathway involved in this process (80). The above results implicated that TCPTP plays an important role in the regulation of HSC proliferation.



TCPTP and Hematopoiesis: Myeloid Cells

Tcptp−/− mice exhibited increased splenic macrophage populations and yielded four times of the macrophage colony-forming unit (CFU-M) number (67). TCPTP is also involved in myeloid progenitor development. Tcptp−/− mice had 4 times of the granulocyte/macrophage precursors (GMPs) compared with wildtype mice and CSF-1/CSF-1R signaling may involve in this process (67).

Tcptp−/− mice were reported to suffer from severe anemia which could contribute to their early lethality. You-Ten et al. reported a failure to initiate hematopoietic function in the bone marrow of Tcptp−/− animals after 2–3 weeks (72). What’s more, the deficiency of bone marrow stromal cell numbers, the impairment of remaining stromal cells, and the inadequate cytokines production by the bone marrow microenvironment could be the possible explanations for the defective hematopoiesis in Tcptp−/− mice (72).



TCPTP and Hematopoiesis: Lymphocytes

Tcptp−/− mice exhibited specific defects of B cell lymphopoiesis in the bone marrow, however, T cell development in the thymus was not significantly affected (72). The defects of B cell lymphopoiesis were characterized by fewer pre-B cell colonies and impaired transition to the immature B-cell stage (81). Bourdeau et al. have found that bone marrow stromal cells from Tcptp−/− mice could secrete higher levels of IFN-γ resulting in a 2-fold reduction in the mitotic index on IL-7 stimulation of Tcptp−/− pre-B cells (81).




TCPTP and Bone Metabolism

Recent studies using gene knockout mice have emphasized the importance of TCPTP in bone metabolism. Tcptp−/− BALB/c mice showed significantly reduced femoral length and width, as reflected by the large volume of unabsorbed cartilage at the epiphysis by 14 days of age (82); however the latter was no longer evident at 21 days of age (82). Besides, Tcptp−/− mice have a higher incidence of synovitis in the knee joint (83). Loh et al. found that the runted body of neuronal cell-specific Tcptp knockout mice is associated with decreased circulating growth hormone (84). However, the precise mechanisms that underlie the bone development in Tcptp−/− mice still need further investigation.

Insulin signaling in osteoblast inhibits the expression of osteoprotegerin (OPG), an osteoclastogenesis inhibitory factor (85). TCPTP expressed in osteoblasts regulates insulin receptor phosphorylation, thus activating insulin signaling (86). A classical coculture assay revealed that osteoblasts lacking TCPTP induced more tartrate-resistant acid phosphatase (TRAP) positive osteoclasts than wild-type osteoblasts did (86). Accordingly, osteoclast activity was increased in osteoblasts-specific Tcptp−/− mice which was proved by increased serum levels of CTx, a marker of bone resorption (86).




TCPTP in Osteoimmunology

As shown in Figure 1, TCPTP could influence bone metabolism by regulating the biofunction of macrophages, T cells, and B cells. Besides, TCPTP in osteoblasts and bone marrow stem cells also regulates bone metabolism. The potential roles of TCPTP in osteoimmunology are discussed below.


TCPTP and Macrophages in Osteoimmunology

Macrophages, a significant component of the non-specific immunity, are crucial regulators in bone metabolism and can be regulated by TCPTP (77, 87, 88). The potential influences of TCPTP on osteoimmunology through macrophages can be expounded from four aspects. Firstly, TCPTP negatively regulates macrophages development (45). Tcptp−/− animals exhibited significantly impaired bone marrow microenvironment (including impairment of erythropoiesis, the decline of pre-B and mature B cells, and reduced stromal cells) and increased macrophage numbers (89). Secondly, TCPTP participates in the process of macrophage polarization. M1 and M2 macrophages, the two major phenotypes of macrophages, are pro-inflammatory and anti-inflammatory respectively. A previous study reported that the increased M1/M2 ratio finally promoted osteoclastogenesis (90), and TCPTP could reverse diabetes-mediated high M1/M2 polarization in mice (91). This can be attributed to the fact that macrophages from Tcptp−/− mice are inherently hypersensitive to lipopolysaccharide and IFN-γ stimulation, which are two main cytokines that induce M1 differentiation (73, 92). Thirdly, the colony-stimulating factor 1 (CSF-1)/colony-stimulating factor 1 receptor (CSF-1R) signaling has been proven to be downregulated by TCPTP in macrophages. After CSF-1 stimulation, tyrosine phosphorylation of the CSF-1R markedly increased, and the activation of extracellular regulated protein kinases (ERK) was enhanced in Tcptp−/− macrophages (67). Zhang et al. ascertained that TCPTP inhibited alveolar bone resorption in diabetic periodontitis via dephosphorylating CSF-1R at the Y807 site, thereby prohibiting osteoclast differentiation (93). Fourthly, the dephosphorylating of c-Jun N-terminal kinase (JNK) in macrophages is another means how TCPTP protects against inflammatory response and bone loss caused by inflammasome-mediated interleukin-1β secretion (76). These studies suggest that TCPTP may be a potential treatment target against inflammatory bone loss induced by macrophage-related disorders, for example, periodontitis and synovitis (Figure 2A).




Figure 2 | TCPTP-related signaling pathways in macrophages, B cells, and T cells. (A) TCPTP downregulates the IFN-γ signaling, the CSF-1/CSF-1R signaling, and inflammasome activation in macrophages. (B) TCPTP drives B cell maturation via suppressing the IFN-γ signaling and prohibits B cell proliferation by downregulating the IL-21 signaling. (C) TCPTP inhibits IL-6-driven pathogenic loss of Foxp3 after Tregs have acquired RORγt expression through dephosphorylation of STAT3. TCPTP negatively regulates the IL-2 receptor signaling by JAK1, JAK3, and STAT5 dephosphorylation, which is an important way related to Treg differentiation. TCPTP inhibits TCR activation and hyperphosphorylation of Lck to inhibit inflammatory reactions and cell differentiation. TCPTP, T cell protein tyrosine phosphatase; JAK1, Janus activated kinase 1; JAK2, Janus activated kinase 2; JAK3, Janus activated kinase 3; STAT1, signal transducer and activator of transcription1; STAT3, signal transducer and activator of transcription3; STAT5, signal transducer and activator of transcription5; IFN-γ, interferon-γ; IFNGR, interferon-γ receptor; CSF-1, colony-stimulating factor 1; CSF-1R, colony-stimulating factor 1 receptor; DAMPs, damage-associated molecular pattern molecules; TLR, toll-like receptor; JNK, c-Jun N-terminal kinase; IL-21, interleukin-21; IL-21R, interleukin-21R; IL-6, interleukin-6; IL-6R, interleukin-6R; TCR, T cell receptor.





TCPTP and T Cells in Osteoimmunology

Undoubtedly, T cells play a critical role in bone homeostasis, wherein the effects of TCPTP on T cell function cannot be neglected (Figure 2C). TCPTP negatively regulates T cell activation (94, 95). Tcptp−/− T cells show enhanced cell activity via the reduction of T cell receptor (TCR) threshold and hyperphosphorylation of the activated tyrosine residue of Lck (75). Furthermore, TCPTP regulates T cell differentiation (91, 96, 97). TCPTP regulated the activation and differentiation of T cells in colonic inflammation (96). Wiede et al. showed that TCPTP attenuates the activity of the STAT5 signaling to regulate αβ TCR versus γδ TCR T cell development (97). Li et al. reported that TCPTP overexpression reversed the high Th1/Treg and Th17/Treg ratios in epididymal white adipose tissue of diabetic mice (91). Spalinger et al. showed that Tcptp−/− CD4+ T cell reinfusion led to a nearly 3-fold increase in the frequency of Th1 cells, a 2-fold increase in the frequency of Th17 cells, and by contrast, a 3-fold decrease in the frequency of Tregs in colitis animal models (74). In addition, the inhibition of the interleukin-2 (IL-2)/IL-2 receptor pathway mediated by JAK1, JAK3, and STAT5 dephosphorylation was found to be the mechanism of how TCPTP drives Treg differentiation possibly (98). As illustrated above, various cytokines (e.g., IFN-γ and IL-6 from Th1 cells) released from stimulated T cells bridge the two-way communications in osteoimmune responses. These two cytokines, which are closely associated with osteoimmunology, can be regulated by TCPTP. Therefore, the interactions between the two cytokines and TCPTP in bone metabolism were discussed in detail below.


TCPTP and IFN-γ

IFN-γ is a classical cytokine secreted from Th1 cells. On the one hand, IFN-γ promotes osteoclastogenesis via promoting the fusion of mononucleated pre-osteoclasts in the late period of osteoclastogenesis directly and stimulating the secretion of osteoclastic factors (such as RANKL and TNF-α)indirectly (9, 99, 100). By contrast, IFN-γ can also intensively suppress osteoclastogenesis by degrading tumor necrosis factor receptor-associated factor 6 and inhibiting the RANK/RANKL signaling pathway (6). TCPTP downregulates the IFN-γ signaling through JAK1, STAT1, and STAT3 dephosphorylation (52, 55, 59, 92). So, a rational thread of targeting TCPTP to suppress IFN-γ activity is expected to regulate osteoclastogenesis, and this hypothesis still needs more validations.



TCPTP and IL-6

IL-6 is an inflammatory cytokine that exerts pathological effects on inflammatory bone loss (101, 102), directly supporting osteoclast formation, stimulating osteoclast differentiation, and accelerating bone resorption (103, 104). IL-6 is associated with Th17 cell differentiation (105), and abnormalities in the IL-6 signaling can disturb the Th17/Treg balance and influence bone homeostasis indirectly (106). Concerning the regulation of IL-6 by TCPTP, TCPTP curbs both IL-6 secretion and signaling. Aradi et al. confirmed that TCPTP silencing significantly increased IL-6 secretion from synovial fibroblasts in rheumatoid arthritis animals (53). TCPTP also dephosphorylate STAT3 at the Y705 site, thereby suppressing IL-6 signaling (107, 108). Besides, TCPTP inhibits the IL-6-driven pathogenic loss of Foxp3 after Tregs have acquired RORγt expression through dephosphorylation of STAT3 (109). Therefore, TCPTP can be expected to inhibit bone resorption through inhibiting IL-6 generation and IL-6 signaling directly or reversing IL-6-induced Th17/Treg imbalance indirectly.




TCPTP and B Cells in Osteoimmunology

B lymphocytes play an extremely vital role in both immune responses and bone metabolism, but the detailed relationship between B lymphocytes and osteoclastogenesis remains some points for debate. Physiologically, B cells produce osteoprotegerin to inhibit osteoclastogenesis but stimulate osteoclastogenesis via the RANK/RANKL axis in the pathological state (22, 23, 110). Recently, increasing evidence tended to support that B cell development and proliferation were crucially affected by TCPTP (Figure 2B). An impaired transition from pre-B to immature B cell was found in Tcptp−/− mice (45, 89), which might be associated with the abnormally increased release of IFN-γ and enhanced STAT1 phosphorylation in the pre-B cell compartment (81). With interleukin-21-induced hyperactivity of the STAT-3 signaling in Tcptp−/− mice, B cell proliferation was simultaneously boosted (111). These results ascertain TCPTP as an important regulator of B cells in bone homeostasis. However, concerning the complexity of the two-way effect between B lymphocytes and bone homeostasis or between TCPTP and B lymphocytes, the specific effect and the mechanisms behind each regulation should be confirmed in further explorations.



TCPTP and Bone-Related Cells in Osteoimmunology

TCPTP that is expressed in osteoblasts and bone marrow stem cells participates in the regulation of bone metabolism (Figure 1). Zee et al. demonstrated that TCPTP deficiency in osteoblasts enhanced the activity of osteoclasts by activating insulin signaling and inhibiting the expression of OPG in vitro (86). Our previous study found that TCPTP improved the osteogenic differentiation ability via ERK dephosphorylation in rat bone marrow stem cells in high glucose conditions (112). However, to our knowledge, no specific studies have reported the impacts of TCPTP in bone-related cells on immune cells which may be a novel aspect in the future, and the underlying mechanism also needs further exploration.




Therapeutic Aspects From “TCPTP and Osteoimmunology” Perspective

TCPTP exerts an anti-inflammatory role in innate and adaptive immunity (113). As described in Section TCPTP and Immunomodulation, Tcptp knockout in systemic or specific immune cells brings about serious immune disorders. TCPTP deficiency also leads to subchondral bone loss and spontaneous synovitis mediated by excessive inflammatory cytokines (83). Loss-of-function variants of TCPTP increase the risk of rheumatoid arthritis due to Treg cell dysfunction (114). Therefore, using TCPTP agonists to overexpress or activate TCPTP seems to be a rational strategy against inflammatory bone resorption. This proposal can be supported by other studies. Zhang P. et al. found that TCPTP alleviated inflammatory responses and bone resorption in periodontal tissues via the JAK/STAT pathway in human oral keratinocytes and type 2 diabetes mellitus (T2DM) db/db mice (115). Zhang D.J. et al. demonstrated that TCPTP inhibited alveolar bone resorption in T2DM C57BL/6 wild-type mice via dephosphorylating CSF1 receptor (93). Consistently, our previous study series ascertained that TCPTP improves implant osseointegration in T2DM rats via ERK dephosphorylation (112). It is obvious that TCPTP could work as an effective potential target for preventing and treating inflammatory bone resorption. However, concerning the ubiquitous distribution and wide regulation of TCPTP related to glucose metabolism, immunoregulation, oncogenesis, and other various life processes in a cell or tissue-specific way, designing specific agents targeting TCPTP in specific cells, tissues or organs is a promising research direction and a novel aspect of osteoimmunology in the future.



Conclusion

TCPTP bridges the two-way communication between immune cells and bone cells and it could work as a potential target for the prevention and treatment of inflammatory bone diseases, such as periodontitis, synovitis, and osteoarthritis. The proposal of identifying whether TCPTP can be used as an independent therapeutic target is feasible for the development of TCPTP agonists binding to a target of interest. This review provides clear insights into the potential roles of TCPTP in osteoimmunology, which may pave the way for further bone studies on osteoimmunological aspects.
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Macrophage activation and osteoclastogenesis are hallmarks of inflammatory osteolysis and may be targeted by the local application of liquid platelet-rich fibrin (PRF). Liquid PRF is produced by a hard spin of blood in the absence of clot activators and anticoagulants, thereby generating an upper platelet-poor plasma (PPP) layer, a cell-rich buffy coat layer (BC; termed concentrated-PRF or C-PRF), and the remaining red clot (RC) layer. Heating PPP has been shown to generate an albumin gel (Alb-gel) that when mixed back with C-PRF generates Alb-PRF having extended working properties when implanted in vivo. Evidence has demonstrated that traditional solid PRF holds a potent anti-inflammatory capacity and reduces osteoclastogenesis. Whether liquid PRF is capable of also suppressing an inflammatory response and the formation of osteoclasts remains open. In the present study, RAW 264.7 and primary macrophages were exposed to lipopolysaccharides (LPS), lactoferrin, and agonists of Toll-like receptors (TLR3 and TLR7) in the presence or absence of lysates prepared by freeze-thawing of liquid PPP, BC, Alb-gel, and RC. For osteoclastogenesis, primary macrophages were exposed to receptor activator of nuclear factor kappa B ligand (RANKL), macrophage colony-stimulating factor (M-CSF), and human transforming growth factor-β1 (TGF-β1) in the presence or absence of PPP, BC, Alb-gel, RC lysates and hemoglobin. We show here that it is mainly the lysates prepared from PPP and BC that consistently reduced the agonist-induced expression of interleukin 6 (IL6) and cyclooxygenase-2 (COX2) in macrophages, as determined by RT-PCR and immunoassay. With respect to osteoclastogenesis, lysates from PPP and BC but also from RC, similar to hemoglobin, reduced the expression of osteoclast marker genes tartrate-resistant acid phosphatase (TRAP) and cathepsin K, as well as TRAP histochemical staining. These findings suggest that liquid PRF holds a potent in vitro heat-sensitive anti-inflammatory activity in macrophages that goes along with an inhibition of osteoclastogenesis.
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Introduction

Osteoimmunology was coined at the edge of the millennium when lymphocytes were discovered to drive the differentiation of hematopoietic progenitors into bone-resorbing osteoclasts (1). This process essentially depends on the activation of the RANKL-RANK signaling cascade that ultimately culminates in the expression of the genes not only characteristic of osteoclast, but also dictating their function; which is the tartrate-resistant acid phosphatase (TRAP) and the cathepsin K, removing phosphate from their substrate and the digestion of collagen of the previously solubilized mineralized extracellular matrix, respectively (2). Osteoimmunology not only provides insights into how the delicate balance of bone turnover and its shifting towards a pathological bone loss in osteoporosis and other metabolic disorders is regulated (3), but also the cross-talk of the cells representing the immune system with bone cells. Particularly, the osteoclasts was discovered to be responsible for the catabolic changes of the inflammation-induced bone loss, what we consider today as inflammatory osteolysis, a pathological process that is of significant importance in periodontitis (4, 5) and rheumatoid arthritis (6, 7).

Inflammatory osteolysis is pharmacologically targeted at the level of cytokines to interrupt the link between the activated macrophages and other immune cells to produce the inflammatory mediators, which in turn stimulate the RANKL-dependent osteoclastogenesis (8). While, rheumatoid arthritis is successfully treated with biologicals, including blocking of the major inflammatory cytokines TNFα and IL6, causing a reduction of the inflammatory symptoms (8, 9), this systemic therapeutically strategy is not feasible in oral diseases such as chronic periodontitis; an inflammation of the periodontal tissue caused by the virulence factors of the biofilm and other local mediators (4, 10). Chronic periodontitis therefore requires local therapeutic strategies, in concert with removing of the bacterial biofilm and calculus by scaling and root planning (11), to target the chronic inflammation in periodontitis with the overall aim to diminish the activation of inflammatory macrophages by their virulence factors such as LPS, and thereby reduce the formation and activation of osteoclasts.

Solid platelet-rich fibrin (PRF), which is basically the coagulated plasma-rich fraction of blood upon centrifugation, was introduced as a local therapy to support wound healing and potentially also tissue regeneration in oral indications including treatment of gingival recessions (12), increasing the width of keratinized mucosa around implants (13), to prevent atrophic bone resorption following tooth extraction (14), and to lower the symptoms that come along with inflammation such as pain and swelling upon third molar surgery (15). Support for the beneficial clinical performance of PRF application comes from in vitro studies showing that lysates of PRF membranes are capable of reducing the LPS-induced inflammatory response of macrophages indicated by an M1-to-M2 shift of IL6 and arginase 1 expression, respectively (16, 17), and also reduce the formation of osteoclasts in murine bone marrow cultures shown by histochemical staining of TRAP and the reduced expression of the respective gene and cathepsin K (18). Considering that both, macrophage activation (19) and osteoclastogenesis (20) require activation of the NFκB signaling pathway, and that both cells originate from the same hematopoietic progenitors (21), it might be possible that solid PRF, by reducing NFκB signaling, directly affects macrophage polarization and osteoclastogenesis. Similar data for liquid PRF are not available thus far.

Liquid PRF obtained by high-speed fractionation of blood without clot activators was termed concentrated PRF (C-PRF) (22), in contrast to injectable PRF prepared with low-speed and short-time protocols using clot activator tubes (23). Centrifugation separates the blood in a large liquid platelet-poor plasma (PPP) layer that is almost devoid of cells and the buffy coat layer accumulating the platelets and leucocytes termed concentrated PRF or C-PRF (22). It is particularly the C-PRF that is utilized to support tissue regeneration (22) and therefore used to reconstitute albumin gels (Alb-gel) prepared from heated PPP (24). The Alb-PRF gel (combination of PPP and Alb-gel) maintains volume stability for at least 4 months (25). The clinical applications of liquid PRF are thus manifold and include the production of transplantable conglomerates of fragmented solid PRF, autografts and liquid PRF (26), direct injection into a soft tissue, for example in facial esthetics (27), or to produce a growth factor-enriched matrix, exemplified by Alb-PRF (24). The impact of liquid PRF on the cellular aspects related to inhibition of inflammation and osteoclastogenesis have not been determined.

There is a rational to investigate the possible inflammatory activity of liquid PRF, as reported by us for solid PRF in a macrophage setting (16, 17) and on osteoclastogenesis (18). However, considering that the previous research on solid PRF has not considered the fractions (16–18), it remains unclear if liquid PRF produced at high speed in non-ridged (pull cap) plastic tubes exerts an anti-inflammatory activity and reduction in osteoclastogenesis, and if yes, which fraction (PPP and BC, the latter being a synonym for C-PRF) is responsible for this effect. Moreover, it is relevant to determine the possible anti-inflammatory and osteoclastogenic activity of the Alb-gel prepared from heated PPP and the remaining red clot. Here we provide data demonstrating that lysates prepared from PPP and BC exert an anti-inflammatory and together with lysates of the red clot also a reduction of osteoclastogenesis.



Materials and Methods


Isolation and Culture of Murine Bone Marrow‐Derived Macrophages and RAW 264.7 Cells

RAW 264.7 macrophage-like cells (LGC Standards, Wesel, Germany) were expanded in growth Dulbecco’s Modified Eagle Medium (DMEM, Sigma Aldrich, St. Louis, MO, USA), 10% fetal calf serum (Bio&Sell GmbH, Nuremberg, Germany) and 1% antibiotics (Sigma Aldrich, St. Louis, MO, USA) and seeded at 2 × 105 cells/cm2 into 24-well plates. Primary bone marrow cells were collected from the femora and tibiae of BALB/c mice, 6- to 8-weeks (Animal Research Laboratories, Himberg, Austria). Bone marrow cells were seeded at 4 × 106 cells/cm2 into 24-well plates and grown for 5 days in DMEM supplemented with 10% fetal bovine serum, antibiotics and with 20 ng/mL macrophage colony-stimulating factor (M-CSF; ProSpec-Tany TechnoGene Ltd, Ness‐Ziona, Israel). Bone marrow macrophages and RAW 264.7 were exposed to the respective treatments for another 24 hours under standard conditions at 37°C, 5% CO2, and 95% humidity. The cells were treated with LPS from Escherichia coli 0111: B41 (Sigma Aldrich, St. Louis, MO) at 100 ng/mL, lactoferrin at 50 ng/mL, poly (1:C) HMW (InvivoGen, Toulouse, France) at 10 µg/mL, imiquimod (InvivoGen, Toulouse, France) at 5 µg/mL, recombinant mouse IL4 (ProSpec, Ness Ziona, Israel) at 120 ng/mL in the respective experiments. All the fractions PPP, BC, Alb-gel and RC and serum were added to the cells at 10% (v/v). After overnight incubation, expression changes of respective genes were determined.



Preparation of PPP, Buffy Coat, and Red Clot

Volunteers signed informed consent and the ethics committee of the Medical University of Vienna (1644/2018) approved the preparation of PRF. For preparing PRF gels, venous blood was collected from healthy volunteers, three females and three males from 23 to 35 years, in non-ridged (pull cap) plastic tubes (“No Additive”, Greiner Bio-One GmbH, Kremsmünster, Austria) and centrifuged at 2000 g for 8 min (swing-out rotor; Z 306 Hermle, Universal Centrifuge, Wehingen, Germany). The uppermost 2 mL PPP, the 1 mL buffy coat (BC or C-PRF), and the 1 mL erythrocyte fraction (RC) were collected. To generate Alb-gels, PPP was immediately heated at 75°C for 10 min (Eppendorf, Thermomixer F1.5, Hamburg, Germany) before being placed on ice. Every 1-ml fraction of the solid Alb-gel was then transferred into 1 ml of serum-free media. For preparation of liquid serum obtained from solid PRF, blood samples were collected into plain glass tubes (Bio-PRF, Venice, FL, USA) and centrifuged at 2000 g for 8 minutes. The solid PRF clot was squeezed out by pressing plate (Bio-PRF, Venice, FL, USA) to generate serum. The remaining PRF membrane was then divided into two parts, equivalent to PPP and BC. All fractions and the Alb-gel were subjected to dual freeze-thawing at -80°C and room temperature, respectively, followed by sonication (Sonopuls 2000.2, Bandelin electronic, Berlin, Germany) for 30 seconds. After centrifugation (Eppendorf, Hamburg, Germany) at 15,000 g for 10 min, aliquots of lysates were stored at −20°C for not longer than one month. The lysates were thawed and cells were exposed as indicated above.



Growing Osteoclasts in Bone Marrow Cultures

Extracted bone marrow cells from femora and tibia of mice were seeded at 4 × 106 cells/cm2 into 48-well plates and grown for 5 days in Minimum Essential Medium Eagle-Alpha Modification (αMEM) supplemented with 10% fetal calf serum (FCS) and 1% antibiotic. Receptor activator of nuclear factor kappa B ligand (ProSpec, Ness-Ziona, Israel) at 30 ng/mL, M-CSF (Cell Signaling Technology Europe, B.V., Frankfurt am Main, Germany) at 20 ng/mL, and TGF-β1 (Cell Signaling Technology Europe, B.V., Frankfurt am Main, Germany) at 10 ng/mL were used to induce osteoclastogenesis. If not otherwise indicated, 10% of PPP, BC, Alb-gel and RC or hemoglobin (Sigma Aldrich, St. Louis, MO) at 20 mM were used in the culture medium. After 6 days, histochemical staining for TRAP was performed following the instructions of the manufacturer (Sigma Aldrich, St. Louis, MO). Images were captured under a light microscope with 10X magnification (Echorevolve microscope, Euromex, Arnheim, Netherlands).



Reverse Transcription Quantitative Real-Time PCR (RT-qPCR) and Immunoassay

For RT-qPCR (28), after overnight stimulation total RNA was isolated with the ExtractMe total RNA kit (Blirt S.A., Gdańsk, Poland) followed by reverse transcription (LabQ, Labconsulting, Vienna, Austria) and polymerase chain reaction (LabQ, Labconsulting, Vienna, Austria) on a CFX Connect™ Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA). Primer sequences were mIL6‐F: GCTACCAAACTGGATATAATCAGGA, mIL6‐R: CCAGGTAGCTATGGTACTCCAGAA; mCOX2-F: CAGACAACATAAAACTGCGCCTT, mCOX2-R: GATACACCTCTCCACCAATGACC; mCXCL2-F: CATCCAGAGCTTGAGTGTGACG, mCXCL2-R: GGCTTCAGGGTCAAGGCAAAC; mCCL2-F: GCTACAAGAGGATCACCAGCAG, mCCL2-R: GTCTGGACCCATTCCTTCTTGG; mCCL5-F: CCTGCTGCTTTGCCTACCTC, mCCL5-R: ACACACTTGGCGGTTCCTTC; mGAPDH‐F: AACTTTGGCATTGTGGAAGG, mGAPDH‐R: GGATGCAGGGATGATGTTCT; mARG1‐F: GAATCTGCATGGGCAACC, mARG1‐R: GAATCCTGGTACATCTGGGAAC; mYM1‐F: CATTCCAAGGCTGCTACTCA, mYM1‐R: TCATGACCTGAATATAGTCGAGAGA; mcathepsin K-F: TGTATAACGCCACGGCAAA, mcathepsin K-R: GGTTCACATTATCACGGTCACA; m TRAP-F: AAGCGCAAACGGTAGTAAGG, mTRAP-R: CGTCTCTGCACAGATTGCAT. The mRNA levels were calculated by normalizing to the housekeeping gene GAPDH using the ΔΔCt method. Supernatants were analyzed for IL6 secretion by immunoassay according to the manufacturer’s instruction (R&D Systems, Minneapolis, MN). RT-PCR data are represented compared to the untreated control, which was considered 1.0 in all the measurements so there was no need to show it as a separate group. However, in IL6 ELISA the absolute amount of secreted protein (ρg/mL) from the cells were reported, so untreated cells were also considered to show the amount of protein in all the samples and compare the protein concentration.



Immunofluorescence

The immunofluorescent analysis of p65 nuclear translocation were performed in RAW 264.7 cells plated onto Millicell® EZ slides (Merck KGaA, Darmstadt, Germany) at 15,000 cells/cm2. Cells were exposed to 10% of PPP, BC, Alb-gel and RC for 1 hour following overnight serum starvation. Thereafter the cells were exposed to LPS from Escherichia coli 0111: B41 (Sigma Aldrich, St. Louis, MO) for another 1 hour. The cells were fixed with 4% paraformaldehyde, blocked with 1% bovine serum albumin (Sigma Aldrich, St. Louis, MO) and permeabilized with 0.3% TritonX-100 (Sigma Aldrich, St. Louis, MO). We used NF-κB p65 antibodies (IgG, 1:800, Cell Signaling Technology, #8242), at 4°C overnight. Detection was with the goat anti-rabbit Alexa 488 secondary antibody (1:1000, Cell Signaling Technology, #4412). Images were captured under a fluorescent microscope with a single filter block 455 nm (Oxion fluorescence, Euromex, Arnheim, Netherlands).



Western Blot

RAW 264.7 cells were seeded at 50,000 cells/cm2 into 6-well plates. The following day cells were exposed to 10% of PPP, BC, Alb-gel and RC for 30 minutes and then they were exposed to LPS for 40 minutes. Extracts containing SDS buffer with protease and phosphatase inhibitors (cOmplete ULTRA Tablets and PhosSTOP; Roche, Mannheim, Germany) were separated by SDS-PAGE and transferred onto PVDF membranes (Roche Diagnostics, Mannheim, Germany). Membranes were blocked and the binding of the first antibody NF-κB p65 antibodies (IgG, 1:1000, Cell Signaling Technology, #8242), phospho-p65 antibody (IgG, 1:1000, Cell Signaling Technology, #3031), was detected with the second antibody labelled with HRP anti-rabbit (IgG, 1:10,000, Cell Signaling Technology, #7074). After exposure to the Clarity Western ECL Substrate (Bio-Rad Laboratories, Inc., Hercules, CA) chemiluminescence signals were visualized with the ChemiDoc imaging system (Bio-Rad Laboratories). For blot densitometric analysis images were analyzed using Image Lab software (Bio-Rad Laboratories).



Statistical Analysis

All experiments were performed four times. Every single data point is representative for an independent experiment, which is individually obtained from a different blood donor in the treatment groups. Statistical analysis of the IL6 expression and immunoassay was performed with Friedman test for multiple comparison and paired t test for single comparison. All the groups were compared with LPS, lactoferrin, poly (1:C) HMW, imiquimod, or MRT group as the positive control in the respective experiments. Analyses were performed using Prism v8 (GraphPad Software, La Jolla, CA). Significance was set at p < 0.05.




Results


The Anti-inflammatory Effect of PPP and BC Is Dose-Dependent in RAW 264.7 Cells

To determine the most appropriate experimental concentration of PPP and BC, we evaluated the effect of various concentrations of both fractions (0, 1, 3, 10, and 30%) on IL6 gene expression. RAW 264.7 macrophage cells were exposed to 100 ng/mL LPS either with or without aforementioned concentrations of PPP and BC. Dose-response curves revealed that concentrations above 10% could significantly suppress the LPS-induced inflammation indicated by IL6 gene expression (Figures 1A, B). MTT results for RC indicated that concentrations above 10% of RC were cytotoxic (data not shown). The RC fraction at 10% had no effect on the basal expression of inflammatory marker genes including IL6 and COX2 in RAW264.7 cells (data not shown).




Figure 1 | The anti-inflammatory effect of PPP and BC is dose-dependent. RAW 264.7 cells were incubated with various concentrations of PPP and BC in the presence of LPS. (A, B) Data represent the x-fold changes in IL6 gene expression compared to untreated control, N = 4. Statistical analysis was based on Friedman test, and P values are indicated compared to the LPS group. Significance was set at p < 0.05.





PPP and BC Can Suppress LPS-Induced Inflammatory Effect in RAW 264.7 Cells

To evaluate the anti-inflammatory effect of different fractions of liquid PRF (22, 26), the RAW 264.7 macrophage cell line was exposed to LPS either without or with 10% of PPP, BC, Alb-gel and RC. Gene expression analysis showed that PPP and BC fractions are both able to notably reduce the LPS-induced inflammatory effects. Alb-gel and RC fractions, however, failed to significantly reduce expression of IL6 and COX2 (Figures 2A, B). To confirm these findings obtained by gene expression analysis, we measured the levels of IL6 protein in the supernatant of RAW264.7 cells. Consistently, PPP and BC, but not Alb-gel and RC, reduced the production of IL6 (Figure 2C). To additionally approve the anti-inflammatory effect of PPP and BC, we measured the expression of LPS-induced chemokines CXCL2, CCL2 and CCL5 in the RAW 264.7 cells. Consistently, expression of all chemokines was significantly suppressed by PPP and BC (Figures 3A–C).




Figure 2 | Liquid PRF fractions PPP and BC can reduce LPS-induced inflammation. RAW 264.7 cells were exposed to 10% PPP, BC, Alb-gel and RC fractions in the presence of 100 ng/mL LPS. (A, B) Data show the x-fold changes of IL6 and COX2 gene expression (C) and the IL6 levels in the cell supernatant, N = 4. Statistical analysis was based on Friedman test, and P values are indicated compared to the LPS group. Significance was set at p < 0.05.






Figure 3 | Liquid PRF fractions PPP and BC can suppress LPS-induced chemokines. RAW 264.7 cells were treated with 10% PPP and BC fractions in the presence of 100 ng/mL LPS to evaluate expression changes of LPS-induced chemokines. (A–C) Data show the x-fold changes of CXCL2, CCL2 and CCL5 in the presence of PPP and BC, N = 4. Statistical analysis was based on Friedman test, and P values are indicated compared to the LPS group. Significance was set at p < 0.05.





PPP and BC Can Reduce Lactoferrin and TLR Agonist-Induced Inflammation in RAW 264.7 Cells

To understand if the anti-inflammatory activity of PPP and BC is limited to LPS, and considering that LPS is possibly scavenged by the HDL, we have generated an inflammatory response in RAW 264.7 by lactoferrin (29). We report here that in the presence of lactoferrin, all the fractions including PPP, BC, Alb-gel and RC are able to reduce the expression of IL6 and COX2 in RAW 264.7, but only PPP and BC could reach the significant level of reduction (Figures 4A, B). In support with the gene expression data, PPP and BC greatly reduced the IL6 protein levels provoked by lactoferrin in the macrophage cell line (Figure 4C). Furthermore, RAW264.7 cells were treated with poly (1: C) HMW and imiquimod, agonist of TLR3 and TLR7, respectively, and also in this setting, PPP and BC significantly reduced the expression of IL6 and COX2 (Figures 5A, B).




Figure 4 | PPP and BC can suppress lactoferrin-induced inflammation in RAW 264.7. The cells were exposed to 10% PPP, BC, Alb-gel and RC fractions in the presence of 50 μg/mL lactoferrin. (A, B) Data show the x-fold changes of IL6 and COX2 gene expression and (C) the IL6 levels in the cell supernatant, N = 4. Statistical analysis was based on Friedman test, and P values are indicated compared to the lactoferrin group. Significance was set at p < 0.05. WO means without and represents unstimulated cells.






Figure 5 | PPP and BC can significantly reduce inflammation induced by TLR agonists. The cells were exposed to 10% PPP, BC in the presence of 10 μg/mL poly (1:C) HMW and 5 μg/mL imiquimod, agonists of TLR3 and TLR7 respectively. (A, B) Data show the x-fold changes of IL6 and COX2 gene expression, N = 4. Statistical analysis was based on Friedman test, and P values are indicated compared to the TLR agonists group. Significance was set at p < 0.05.





Serum From Solid PRF Can Reduce LPS-Induced Inflammation in RAW 264.7 Cells

To see if the serum produced from solid PRF (30) also holds an anti-inflammatory activity, solid PRF clots was squeezed out to collect the serum. The remaining PRF membrane was cut into a PPP and a BC part and lysates were prepared as described recently (17). RAW 264.7 macrophage cell line was exposed to 100 ng/mL LPS either without or with 10% of the solid PPP, solid BC and serum. All the fractions substantially lowered LPS-induced inflammation indicated by the expression of IL6 and COX2 (Figures 6A, B). To confirm the findings obtained by gene expression analysis, we measured accumulation of IL6 protein in the supernatant of RAW264.7 cells (Figure 6C).




Figure 6 | The solid PPP, solid BC and serum are able to reduce LPS-induced inflammation. To confirm that also the serum produced from solid PRF hold an anti-inflammatory activity, jelly solid PRF was squeezed out to collect the PRF serum. RAW 264.7 cells were exposed to 10% solid PPP, solid BC, and serum in the presence of 100 ng/mL LPS. (A, B) Data show the x-fold changes of IL6 and COX2 gene expression and (C) the IL6 levels in the cell supernatant, N = 4. Statistical analysis was based on Friedman test, and P values are indicated compared to the LPS group. WO means without and represents unstimulated cells.





PPP and BC Can Suppress Phosphorylation and Nuclear Translocation of p65 in RAW 264.7

To confirm the anti-inflammatory activity of PPP and BC, Western blot analysis was carried out for phospho-p65. PPP and BC suppressed the phosphorylation of p65 and even caused a gel shift of p65 in RAW 264.7 (Figure 7A) being quantified by densitometry (Figure 7B). To further evaluate the inhibitory effect of PPP and BC on NF-κB signaling, we performed an immunofluorescent analysis of NF-κB nuclear translocation. LPS caused a clear p65 nuclear staining that was however not observed in the presence of PPP and BC (Figure 8A). Histogram analysis of the signal intensity support the visual impression of the nuclear staining (Figure 8B). Thus, the anti-inflammatory activity of PPP and BC is associated with a reduction of p65 phosphorylation and its nuclear translocation.




Figure 7 | PPP and BC layers can suppress phosphorylation of p65 in RAW 264.7. Western blot analysis was carried out for phospho-p65 and total p65. (A) Raw cells were treated with LPS in the presence or absence of 10% of PPP, BC, Alb-gel and RC. (B) Data indicate the relative changes normalized to p65 and unstimulated control cells.






Figure 8 | PPP and BC attenuate the translocation of NFkB from the cytoplasm into the nucleus. Raw 264.7 cells were exposed to LPS with or without PPP, BC, Albgel and RC. (A) Immunofluorescence analysis of intracellular translocation of NFkB p65 into the nucleus, induced by LPS in RAW 264.7. WO means without and represents unstimulated cells. Stars represent stained nuclei and arrows represent non-stained nuclei for more clarity. (B) Data indicate the mean signal intensity of nuclear staining by obtained by ImageJ software.





PPP and BC Can Provoke an M1-to-M2 Polarization Shift in Murine Bone Marrow Cells

To confirm the findings observed in the RAW 264.7 cells, primary macrophages from murine bone marrow were similarly exposed to LPS in the presence or absence of 10% PPP, BC, Alb-gel and RC. Consistently, PPP and BC but not Alb-gel and RC strongly suppressed the LPS-provoked inflammation in primary macrophages indicated by the reduced expression of IL6 (Figure 9A). Interestingly all the fractions but Alb-gel could significantly reduce expression of COX2 (Figure 9B). In line with the gene expression data, PPP and BC but not Alb-gel and RC substantially reduced the IL6 protein levels induced by LPS the supernatant of primary macrophages (Figure 9C). Moreover, as with IL4 (31), PPP and BC induced an M2 macrophage polarization indicated by robust expression of arginase 1 (ARG1; Figure 10A) and chitinase-like protein 3 (Chil3; YM1; Figure 10B). Thus, PPP and BC provoke a macrophage polarization from pro-inflammatory M1 toward pro-resolving M2 phenotypes that can, for example, suppress osteoclast differentiation in a periodontitis model (32).




Figure 9 | Liquid PRF fractions PPP and BC suppress LPS-induced inflammation in macrophages. Bone marrow macrophages were exposed to 10% PPP, BC, Alb-gel and RC fractions in the presence of 100 ng/mL LPS. (A, B) Data show the x-fold changes of IL6 and COX2 gene expression and (C) the IL6 levels in the cell supernatant, N = 4. Statistical analysis was based on Friedman test, and P values are indicated compared to the LPS group. WO means without and represents unstimulated cells.






Figure 10 | PPP and BC but not Alb-gel and RC induce the formation of M2 pro-resolving macrophages. Bone marrow macrophages were exposed to 120 ng/mL IL4 or 10% PPP, BC, Alb-gel and RC. (A–B) Data show the x-fold changes of ARG1 and YM1 expression in bone marrow cultures; N = 4. Statistical analysis was based on Friedman test, and P values are indicated comparing mean of each group with the mean of untreated control group.





Osteoclast Formation Was Suppressed in the Presence of PPP, BC and RC but Not Alb-Gel

We then assessed the direct role of liquid PRF fractions in osteoclast differentiation. Murine bone marrow cells cultivated by M‐CSF, RANKL and TGF-β (MRT) were treated with or without 10% of PPP, BC, Alb-gel and RC fractions. We showed that PPP, BC and RC fractions can decrease the size and number of TRAP-positive multinucleated cells using TRAP histochemical staining (Figure 11A). In line with this observation, PPP, BC and RC reduced the expression of TRAP and cathepsin K significantly, both enzymes required for bone resorption (Figure 11B). Alb-gel failed to substantially reduce the number of osteoclasts and the expression of osteoclast marker genes (Figure 11B). PPP, BC and RC had no impact on the expression of INFγ and IL12, both osteoclastogenesis inhibitors (data not shown). Hemoglobin also reduced osteoclast formation what may explain the findings obtained with the RC lysates (Figures 12A, B).




Figure 11 | Osteoclast formation is suppressed in the presence of PPP, BC and RC. Murine Bone marrow cells were grown in the presence of 10% PPP, BC, Alb-gel and RC to modify osteoclastogenesis induced by M‐CSF, RANKL and TGF‐β (MRT). (A) Representative images of TRAP+ multinucleated osteoclasts in the control group M-CSF (M) and in the absence or presence of PPP, BC, Alb-gel and RC. (B) Data represent the x‐fold changes in expression of osteoclast marker genes, TRAP and cathepsin K compared to an M‐CSF control, N=4. Statistical analysis was based on Friedman test.






Figure 12 | Osteoclast formation is suppressed in the presence of hemoglobin. Murine Bone marrow cells were grown in the presence of 20 mM hemoglobin (Hb) to modify osteoclastogenesis induced by M-CSF, RANKL and TGF-β (MRT). (A) Representative images of TRAP+ multinucleated osteoclasts in the control group M-CSF (M) and in the absence or presence of Hb. (B) Data represent the x-fold changes in expression of osteoclast marker genes, TRAP and cathepsin K compared to an M-CSF control, N=4. Statistical analysis was based on Paired t test.






Discussion

Liquid PRF prepared in regular plastic tubes at high-speed centrifugation (22, 26) provides the cell-rich buffy coat layer of C-PRF (22) and the platelet-poor plasma (PPP), the latter being a rich source of fibrinogen to prepare conglomerates of bone grafts (26) or albumin gels (Alb-gel) upon heating (24). It is thus the C-PRF but also the PPP that is clinically applied in regenerative dentistry. The proposed beneficial activity of liquid PRF that includes the lowering of the local inflammation and the reduction of osteoclastogenesis is supposed to be caused by the C-PRF being a rich-source of platelets and leucocytes (33), however, if also PPP being almost devoid of cells exerts an anti-inflammatory and anti-osteoclastogenic activity remains unclear. Even more enigmatic is the possible anti-inflammatory and anti-osteoclastogenic activity of the heated PPP, the Alb-gel. Here we provide some basal insights into the possible anti-inflammatory and anti-osteoclastogenic activity of the various fractions and preparations of liquid PRF based on murine bone marrow in vitro models.

The first main finding of the present study was that not only BC lysates have the expected anti-inflammatory activity (17), but also PPP lysates caused a robust inhibition of the inflammatory response of macrophages exposed to the classical TLR4 agonist LPS that goes along with a reduced p65 phosphorylation and nuclear translocation, overall suggesting a diminished NFκB signaling. The same is true when macrophages are stimulated with another TLR4 agonist namely lactoferrin (34), and poly (1:C) HMW and imiquimod, agonists of TLR3 and TLR7, respectively. Thus, the inhibition of inflammation caused by the PRF lysates is not specific for any TLRs. Moreover, the anti-inflammatory activity reported herein, indicated by the cytokine IL6 and COX2 the key enzyme of prostaglandin E2 production, was also shown for a chemokine panel, CXCL2, CCL2 and CCL5.

The second main finding was that lysates of BC and PPP induce an M1-to-M2 polarization switch. For that, the anti-inflammatory activity BC and PPP was confirmed in macrophages generated from murine bone marrow. In extension of this information, we investigated the potential that the macrophages are not only suppressed in their M1-inflammatory status but shifted towards the M2-resolving status. Indeed, lysates of BC and PPP increased the expression of ARG1 and YM1, both being markers for M2 macrophages. These findings support our previous observation that lysates of solid PRF cause an M1-to-M2 polarization switch (17), and are partially consistent with PPP prepared with an apheresis system, where PPP reduced nitric oxide but not TNFα and COX2 expression of LPS-stimulated RAW 264.7 macrophages (33). Thus, our data suggest that it is not only the cell-rich BC but also the PPP that holds a potent anti-inflammatory activity that extends towards an M2-polarisation of macrophages in murine bone marrow cultures.

The third main finding of the current research was that lysates of the BC thus C-PRF and PPP reduced the formation of osteoclasts in vitro – similar to what we have shown for lysates of solid PRF (18). Again, it seems that the inhibition of osteoclastogenesis is not necessity caused by platelets, but more likely by parts of the PPP that are also present in BC and consequently C-PRF. Moreover, activated platelets depleted for leucocytes and freed from plasma components support osteoclastogenesis in murine bone marrow cultures (35), and it was the serum that reduced osteoclastogenesis in vitro (36). However, we have not expected the robust inhibition of osteoclastogenesis by lysates of the RC. Searching for possible explanations, we show here that also hemoglobin alone can suppress osteoclastogenesis. These findings are supported by observations that oxidized ferryl hemoglobin greatly abolished osteoclastogenesis in vitro (37). In vivo, upon hemolysis hemoglobin is released from red blood cells to the circulation and give a rise to heme which has pro-inflammatory properties (38). Even though, hemoglobin is linked to TLR4 signaling in the epithelium (39) and TLR4 signaling suppresses osteoclastogenesis in murine bone marrow cultures (40, 41) (42), this mechanism is unlikely in our model because RC lysates failed to activate TLR4 signaling in RAW 264.7 cells.

Our findings observed with heated PPP that turns into Alb-gel are also interesting. Compared to the lysates of PPP, the lysates of Alb-gel are considerably less potent to lower the LPS and lactoferrin-induced IL6 expression. These findings suggest that the molecules responsible for the anti-inflammatory activity of PPP are heat sensitive. Nevertheless, in RAW 264.7 macrophages exposed to LPS or lactoferrin, there is a remaining anti-inflammatory activity on Alb-gel, even though not reaching a level of significance. This observation may help to identify which components in PPP, and presumably also BC, are responsible for the lowering of IL6 and COX2 expression in macrophages. There are candidate molecules such as apolipoprotein A-I of HDL to adsorb and thereby lower the LPS-induced inflammatory response (43). Also serum components such as high-density lipoprotein (44, 45) and the content of apolipoprotein A-I exert an anti-inflammatory activity by interfering with the TLR system (46). From a clinical perspective, not only the C-PRF but also PPP is useful, maybe not as a primary source of platelet-derived growth factors, but because of its osteoimmunological activity on macrophages and osteoclasts (24).

Taken together, we report here that not only lysates prepared from the cell-rich BC or C-PRF but also from the plasma PPP layer of liquid PRF exert an anti-inflammatory as well as an anti-osteoclastogenic response in macrophage cultures, presumably involving heat sensitive components lowering the NFκB signaling. Whether or not that the anti-inflammatory as well as the anti-osteoclastogenic response are mediated by the same or different plasma-derived components and pathways remains to be determined. Also understanding the possible role of the platelets and the leucocytes in this context is an inspiration for future research. The study provides another novel aspect to PRF research namely that the lysates of RC similar to hemoglobin suppressed osteoclastogenesis.
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Intervertebral disc (IVD) degeneration and its inflammatory microenvironment ultimately led to discogenic pain, which is thought to originate in the nucleus pulposus (NP). In this study, key genes involved in NP tissue immune infiltration in lumbar disc herniation (LDH) were identified by bioinformatic analysis. Gene expression profiles were downloaded from the Gene Expression Omnibus (GEO) database. The CIBERSORT algorithm was used to analyze the immune infiltration into NP tissue between the LDH and control groups. Hub genes were identified by the WGCNA R package in Bioconductor and single-cell sequencing data was analyzed using R packages. Gene expression levels were evaluated by quantitative real-time polymerase chain reaction. The immune infiltration profiles varied significantly between the LDH and control groups. Compared with control tissue, LDH tissue contained a higher proportion of regulatory T cells and macrophages, which are associated with the macrophage polarization process. The most significant module contained three hub genes and four subclusters of NP cells. Functional analysis of these genes was performed, the hub gene expression pattern was confirmed by PCR, and clinical features of the patients were investigated. Finally, we identified TGF-β and MAPK signaling pathways as crucial in this process and these pathways may provide diagnostic markers for LDH. We hypothesize that the hub genes expressed in the specific NP subclusters, along with the infiltrating macrophages play important roles in the pathogenesis of IVD degeneration and ultimately, disc herniation.




Keywords: intervertebral disc degeneration, lumbar disc herniation, macrophages, nucleus pulposus, single-cell sequencing (SCS)



Introduction

Low back pain is a widespread and complex clinical condition affecting 70%–85% of the population worldwide. However, in more than 40% of chronic lower back pain cases, there is no evidence of nerve compression (1). Therefore, intervertebral disc (IVD) degeneration is believed to be the main cause of pain (2).

The IVD has been identified as an immune privilege organ because its unique structure isolates the nucleus pulposus (NP) from the immune system of the host (3), in which the annulus fibrosus (AF), cartilaginous endplate, and immunosuppressive molecular factors consist of the blood-NP barrier (4). The NP triggers an immune response when the blood-NP barrier is damaged. This process plays a crucial role in IVD degeneration and leads to multiple pathological processes, in which the NP loses proteoglycans and becomes more fibrotic (5). Meanwhile, matrix metalloproteinases and inflammatory mediators, such as interleukin-1β (IL-1β) and tumor necrosis factor-alpha (TNF-α), are upregulated in the disc microenvironment. These cytokines are produced by IVD cells and immune cells, such as macrophages and CD8 T cells (6–8). However, the immune landscape and the role of epigenetic regulation in the pathological process of IVD degeneration remains unclear.

In this study, we first determined the specific types of immune cells that are involved in IVD degeneration by using gene expression matrices. Then, the hub genes involved in this process were screened. Single-cell analysis uncovered the expression patterns of hub genes in NP cell clusters, and the prospective clinical experiment confirmed the prognostic value of hub gene expression.



Materials and Methods


Data Collection and Preprocessing

The microarray data and corresponding clinical information, including 30 human disc tissues, were downloaded and filtered from the GEO dataset (GSE124272, GSE147383, and GSE153761). The single-cell transcriptome data from intervertebral discs were obtained from GEO (GSE154884). Multiple datasets of gene expression matrices were merged and the inter-batch differences were removed for further processing.



Differentially Expressed Genes (DEGs)

The edgeR package was used to screen for DEGs in stage IV lumbar disc herniation (LDH) tissues and controls, including spondylolisthesis and LDH stages I to III. The selection criteria were |log2 FC| > 1.5, and false discovery rate (FDR) < 0.05. The volcano plot and heatmap of DEGs were generated by the pheatmap R package.



Immune Cell Infiltration Estimation

The CIBERSORT deconvolution algorithm was applied to quantify the degree of infiltration of 22 types of immune cells through the transcriptome data. Investigated immune cells included plasma cells, resting memory CD4+ T cells, CD8+ T cells, naive CD4+ T cells, T follicular helper cells, regulatory T cells (Tregs), activated memory CD4+ T cells, gamma delta T cells, naive B cells, memory B cells, monocytes, M0 macrophages, M1 macrophages, M2 macrophages, resting natural killer (NK) cells, activated NK cells, activated mast cells, eosinophils, neutrophils, resting dendritic cells, activated dendritic cells, and resting mast cells. The differences between the two groups were compared using the wilcox test and the results were visualized by applying the vioplot package. Finally, the correlation between infiltration rate of each types of immune cells was determined by the corrplot package.



Identification of Immune Cell Infiltration-Related Genes 

Immune cell infiltration-related genes were identified using the WGCNA R package. First, the gene expression matrices outliers were filtered by hierarchical cluster analysis. Then, the correlation coefficient of genes was constructed and transformed into a weighted adjacency matrix. Next, these genes were allocated into minimum-sized modules and a cluster dendrogram was drawn, and then merged with a height cutoff (cutoff < 0.3). The correlation between gene expression and sample trait (immune cell infiltration score) was determined by the criterion of gene significance (GS) > 0.5 and module membership (MM) > 0.8. The relevant genes in the module were then tested for correlation with all other genes, the screening conditions were set at cor > 0.7 and p < 0.01, the regulatory network was visualized using cytoscape. Finally, matascape was used to conducted functional analysis to the selected genes.



Single-Cell Analysis

Single-cell RNA sequencing data sets from IVD tissue (GSE154884) were obtained. The Seurat pipeline was used for data reprocessing and to classify the cell groups, SingleR identified the cell type, and Monocle was used to analyze the cell differentiation trajectory.



Functional Correlation Analysis

The clusterProfiler package (9) was used for performing gene ontology (GO) enrichment analyses on cell cluster marker genes, where p < 0.05 and FDR < 0.25 were considered significantly enriched.



Patients

Nine patients who underwent posterior open discectomy for radiating pain due to single-level LDH (classified as Pfirrmann grade IV by MRI) were included. Six patients were female and three were male (10). The mean duration between onset of symptoms and operation was 13.5 weeks. Patients with degenerative spondylolisthesis or a history of diabetes mellitus or renal disease were excluded. As a control, 14 patients, including 8 females and 6 males, who underwent posterior open discectomy for neurological symptoms due to single-level lumbar disc herniation (classified as Pfirrmann grades I to III by MRI) were selected for this study. Patient immune responses were evaluated as either “high” or “low” and the results are shown in Table 1, to be specific, the immune status of each individual is evaluated by whether the percentage of total lymphocytes higher than the median level of 32 or the percentage of CD4-CD8- lymphocytes is lower than median level of 6. Tissues were excised and transferred to liquid nitrogen for RNA and protein extraction. Written informed consent was obtained from all patients. Clinical data were acquired from hospital records and pathology reports. The study protocol (approval number: 2020–171) was approved by The Ethics Committee of the Affiliated Hospital of Chongqing Medical University.


Table 1 | Results of immune function quality of patients in different groups.





Total Protein and RNA Extraction

IVD specimens obtained from patients were first homogenized in phosphate-buffered saline (Tissue Tearor kits, Racine, model 985–370). The supernatant was obtained by centrifugation at 15,000 rpm at 4°C for 30 min. The Bradford protein assay method (#500–0006; Biorad, Hercules, CA, USA) was used for protein quantification and the results were used for measurement of TNF-α and TGF-β. IVD specimens were also used for RNA extraction using the UNIQ-10 Column Total RNA Purification Kit (Sangon Biotech, China). The quality and concentration of RNA were evaluated using a SMA4000 microspectrophotometer (Merinton Instrument, Inc. MI, USA).



ELISA

IVD extracts were quantitatively analyzed for TNF-α and TGF-β using an enzyme-linked immunosorbent assay (ELISA) kit (Beijing Jingmei Biological Engineering Co, Ltd, China) and measurement at 450 nm. TNF-α and TGF-β concentrations were extrapolated from the standard curve.



Reverse Transcription and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

The RR047A cDNA synthesis kit (TaKaRa, China) was used to perform the reverse-transcription of the extracted RNA and the 2X SG Fast qPCR Master Mix (High Rox, B639273, BBI) was used for quantitative PCR of hub genes on an ABI PRISM 3700 instrument (Foster, CA, USA). GAPDH was used as an internal control and primers are as follows:

	ID1-F: 5’ CTCAGCACCCTCAACGG 3’,

	ID1-R: 5’ GATCGGTCTTGTTCTCCCTC 3’,

	RAP2C-F: 5’ CCCTCCGTGCTGGAAATTCT 3’,

	RAP2C-R: 5 ‘CCATGAAAGGACAGCCCCAT 3’,

	PTPRK-F: 5’ ACAGAGTGGTGAAAATAGCAGGAA 3’,

	PTPRK-R: 5’ TGACAACTAGGAGAAGGAGGATGA 3’,

	GAPDH-F: 5’ TGGGTGTGAACCATGAGAAGT 3’, and

	GAPDH-R: 5’ TGAGTCCTTCCACGATACCAA 3’.






Results


Research Design Summary

A flow diagram showing the research design is shown in Figure 1. In brief, DEGs in the LDH were screened from microarray data of samples in the GEO database. CIBERSORT was then applied to DEGs for identifying LDH-related immune cells. Next, WGCNA and correlation test were used to find hub genes associated with the identified immune cells. The expression pattern of these hub genes was then examined at the single-cell level and several LDH-related NP cells were recognized. Finally, qRT-PCR and ELISAs were performed to verify the relationship between hub gene expression levels and clinical characteristics in LDH patients.




Figure 1 | A flowchart showing the steps in this study.





Screening of DEGs

Batch correction, normalization, and difference analysis of RNA-seq data from GSE124272, GSE147383, and GSE153761 were performed to screen for DEGs in IVD samples. A total of 410 DEGs, including 195 downregulated and 215 upregulated genes were identified. The results were visualized using a volcano plot (Figure 2A), which identifies important genes.




Figure 2 | The differentially expressed genes (DEGs) and immune infiltration landscape in nucleus pulposus (NP) tissue. (A) Volcano map of DEGs, where red represents upregulated genes and green represents downregulated genes. (B) Immune infiltration differences between intervertebral disc grade IV degenerative tissue and control tissue. (C) Correlation matrix of 22 immune cell type proportions.





Immune Microenvironment Characteristics of Degenerated IVDs

In order to further reveal the immune microenvironment in degenerated IVDs, the CIBERSORT method was used to analyze specific immune cell types that infiltrated into IVD tissue. Among the 22 types of immune cells investigated, the results showed that Tregs and macrophage levels were significantly higher in degenerated IVD (p<0.05) (Figure 2B), As is shown in Figure 2C, by further analyzing the CIBERSORT scores, there was a positive strong correlation between Mast cells, neutrophils and M1 macrophages, On the other hand, there was a negative correlation between the infiltration of plasma cells, regulatory T cells and M1 macrophages.



Identification of Immune Cell-Related Genes

WGCNA was applied to identify differentially expressed immune cell-related genes from 410 DEGs, as shown in Figures 3A–D. These DEGs were then divided into modules and merged with different colors (Figures 3A, B). Five merged modules were analyzed and three gene modules were significantly correlated with immune cells (Figure 3C). Among them, we selected the green module, which was the most significant module that was related to macrophages M0, with a positive correlation of 0.58 and p<0.001 (Figure 3D). 15 genes were screened according to the criteria, of which 12 were selected by correlation test. The expression pattern of these key genes was then analyzed accordingly (Figures 3E, F). Cytoscape constructed the interaction network between these 12 genes and their target genes (Figure 3G). Next, to acquire more information about these genes we performed functional analysis using Matascape, as shown in Figure 3H, genes were enriched in critical biological processes, such as interleukin signaling and the regulation of cytokine production.




Figure 3 | Identification of the key modules and genes that relate to immune infiltration features in intervertebral disc degeneration. (A, B) The construction of the co-expression network module clustering tree based on the 1-tom matrix. (C) Feature of each merged module relationship, with different colors representing different modules. Each row corresponds to a module and columns represent their correlations with the traits. Each unit includes the correlation coefficient and p-value. (D) Genes of the selected green module. (E) The hub gene expression levels in different groups. (F) Expression correlation matrix of each hub gene in lumbar disc herniation. (G) The gene regulation networks are constructed to identify the hub genes. The edge represents the protein binding conditions and the node represents each gene. Darkness of the node represents the edge number of each gene. (H) The functional enrichment of the correlated genes by using metascape. Symbol "*", "**", and "ns" respectively stand for P value under 0.05, P value under 0.01, and non-significance.





scRNA-Seq Data Revealed High Cell Heterogeneity in IVD Tissue

To determine the single-cell level transcriptomic landscape of IVD compartments, we employed scRNA-sequencing data from healthy, non-degenerated rat IVDs. We first conducted quality control of the gene expression matrix (Figure 4A). Then, normalization of scRNA-seq data was performed and 20 principal components (p<0.05) were screened for subsequent analysis (Figure 4B). Reduced dimension process analysis was achieved by using Discriminative Dimensionality Reduction Tree (Figure 4E). Unsupervised analysis was then conducted for cell clustering using the t-distributed stochastic neighbor embedding (t-SNE) method (Figures 4C, D). The result showed high cell heterogeneity, in which IVD cells were segregated into four major distinct clusters, including chondrocytes (NP cells), fibroblasts (AF cells), adipocytes, and epithelial cells, which were determined using singleR and cell markers. Next, we tested the expression pattern of the hub genes in these cell clusters. As expected, most of the key genes were highly expressed in NP cells, with the key gene ID1 found to be highly expressed in the AF cells (Figure 4F).




Figure 4 | Preprocessing of the single-cell sequencing data and cell cluster identification. (A, B) Gene filtering and PCA clustering of the gene expression matrix. (C) t-SNE projections and cell subset annotation of intervertebral disc (IVD) tissue. (D) Quality control process for the trajectory analysis using the DDRTree method. (E) Cell trajectory analysis of single cells in IVDs shows distinct lineage cells in different clusters. (F) Expression pattern of key genes at the single-cell level, shown in t-SNE figures and violin maps.





Identification of NP Cell Clusters in IVD Tissue

To uncover the detailed heterogeneity of NP cells, we re-subclustered the scRNA-seq data by upregulating the resolution value. Four cell clusters, including clusters 1, 2, 4, and 5, were identified according to their gene expression pattern (Figure 5A). Trajectory analysis was then performed to illustrate the degree of cell differentiation. All cells were projected onto one root and two branches. Interestingly, cells in cluster 5 were mainly located in the root, whereas cells in clusters 1, 4 were mostly located in the left, and most cells in cluster 2 were located in the right (Figure 5C). Based on the hub gene markers, clusters 1, 2, 4, and 5 were defined as RBB7+Pdlim5-, RBB7+ Pdlim5+, RBB7- ID1+, and RBB7- Pdlim5+ cell groups (Figure 5B). Next, we defined the molecular features of these NP cell groups by tracking their gene markers (Figure 5D). Among them, TOMM20, TOMM22, and CXCL2 were recognized as specific marker genes in cluster 1 (Figures 6A–C). TOMM20 has been shown to induce tissue inflammation responses in adipose and muscle tissue (11). CXCL2 is reported to promote tumor cell migration through the induction of M2-like macrophage polarization. Therefore, we named cluster 1 “NP inflammatory response cells”. Genes, including TOMM7 and placenta expressed transcript 1 (PLET1), are specifically expressed in cluster 2. PLET1 encodes for a cell surface protein that is specifically expressed in trophoblast stem cells. Of interest, functions enriched in cluster 2 included regulation of extrinsic apoptotic pathway and responses to metal ions, suggesting that cluster 2 cells are involved in multidirectional maintenance and differentiation of chondroid cells (Figures 6B–D). Therefore, cluster 2 was named “NP repair cells”. BNIP3, SOD2, and other genes are highly expressed in cluster 4. Functional enrichment results from cluster 4 marker genes showed that these cells function to response to oxygen levels. Cluster 4 cells provide extracellular matrix structural constituents, which confer resistance to compression (Figures 7A, C). Thus, we named cluster 4 “extracellular matrix NP cells”. Cluster 5 cells have highly expressed genes, including CLU, MEF2A, MCAM57, and FAM162A, which are known markers of mesenchymal stem cells and NP progenitor cells (Figures 7B–D). The trajectory result showed that cluster 4 cells were mostly populated in the root of two branches. We speculate that this cell group of the IVD contains NP progenitor cells, which other researchers have suggested. Thus, we refer to this group as the “stem-like NP cells”.




Figure 5 | Clustering of nucleus pulposus (NP) cells, revealing key gene expression patterns. (A, B) The expression pattern of key genes in each NP cluster is shown in the violin maps and dot plot. Clusters 1, 2, 4, and 5 refer to each NP subcluster. In the dot plot, the average expression of each cluster is represented by a color gradient, in which lower expression is represented by a lighter color and higher expression is represented by darker color. The percentage of cells is indicated by dot size. (C) Cell trajectory analysis of the clusters, including NP cells. Noted that NP cells in cluster 5 are mainly located in the root, while other cells in clusters are distributed in branches. (D) The heatmap shows the marker genes in each cluster.






Figure 6 | Gene markers and functional analysis of each nucleus pulposus (NP) cell cluster. Bubble plots showing GO/pathway analysis results of marker genes in NP cell cluster 1 (A) and cluster 2 (B). The chord plots reveal highly relevant functions and genes assigned to NP cell cluster 1 (C) and cluster 2 (D).






Figure 7 | Gene markers and functional analysis of each nucleus pulposus (NP) cell cluster. Bubble plots showing GO/pathway analysis results of marker genes in NP cell cluster 4 (A) and cluster 5 (B). The chord plots reveal highly relevant functions and genes assigned to NP cell cluster 4 (C) and cluster 5 (D).





Hub Gene Expression Validation and Cytokine Levels in LDH Patients

The Pfirrmann grade for each study group is represented by a set of lumbar intervertebral disc MRIs, as shown in Figures 8A, B. qRT-PCR results showed that the expression levels of ID1, RAP2C, and PTPRK were all significantly higher in NP tissues of the grade IV disc degeneration and high immunity groups (Figures 8C–E). ELISA results also showed that the expression of these genes was positively correlated with TNF-α (Figures 8G–I) but not with TGF-β (p<0.05, r=0.492). We believe that the expression of hub genes may play a role in chronic disorders such as IVD degeneration (Figure 8F).




Figure 8 | Prospective clinical experiment confirms the bioinformatic results. (A, B) The MRI image shows lumbar disc herniation in patients from different groups which are divided by Pfirrmann grades I-III or IV. (C, E) Comparison of preoperative hub gene expression levels. The box plots on the right show hub genes expression in in vertebral disc tissue from different groups, divided by the Pfirrmann disc grade; The left honeycomb map show hub genes expression levels in the high and low immunity groups, coffee color represent high immunity group and green represent low immunity group. (C) ID1, (D) RAP2C, (E) PTPRK. (F) Schematic showing that the extrusion of the nucleus pulposus in a degenerating intervertebral disc could cause multiple inflammatory responses, resulting in radicular pain. (G–I) Correlation between TNF-α level assessed by ELISA and hub genes expression, as previously described. R represents Pearson’s correlation coefficient. (G) ID1, (H) RAP2C, (I) PTPRK.






Discussion

IVD degeneration is one of the major contributors to radicular back and neck pain. However, structural degeneration of discs is not necessarily accompanied by pain (12). Therefore, the pain is likely a secondary event of leakage or injury to NP material through annular fissures caused by the recruitment of immune cells to the area with the structural deficit (13). IVD degeneration has been characterized by the infiltration of CD68 macrophages, T cells (CD4, CD8), and neutrophils in herniated discs. It is also accompanied by the appearance of invading blood vessels and nociceptive nerve fibers (14). NP, AF cells, and immune cells, such as macrophages, T cells, and neutrophils, have been reported to release cytokines like TNF-α, IL-1 α/β, IL-6, IL-17, IL-8, IL-2, IL-4, IL-10, and IFN-γ, as well as neurogenic factors, which promote discogenic pain and reinforce disc cell pathogenic processes, including senescence and autophagy (15).

In our study, infiltration of macrophages and Tregs was found to be increased in the degenerative IVDs compared with that in the control group. It is reported that the accumulation of macrophages is significantly higher with the progression of IVD degenerative grade. The presence of multiple macrophage markers, including CCR7+ and CD163+, is significantly higher in the NP, AF, and endplate regions of degenerative IVD with structural defects (16). Th17/Treg cells were reported to be involved in the pathogenesis of chronic low back pain through an immune response. The number of anti-inflammatory Tregs is higher in chronic lower back pain patients, along with alterations in the Th17/Treg ratio (17).

A great number of researches have demonstrated the involvement of aberrant epigenetic modification in many diseases, including Alzheimer’s disease and many other age-related diseases (18), as for the epigenetic modification in the IVD, we detected a relatively high expression of the inhibitor of DNA binding 1 protein (ID1) in both NP (mostly in cluster 4) and AF cells. ID1 is a nuclear protein that regulates cell growth by binding to DNA and preventing gene transcription. ID1 can inhibit the DNA binding and transcriptional activation ability of Helix-loop-helix (HLH) proteins with which it interacts. the latter of which are dimeric transcription factors that deposit or erase epigenetic marks, activate noncoding transcription, and sequester chromatin remodelers across the chromatin landscape. Its expression level is found to be correlated with multiple signaling pathways, including EGFR, K-Ras, MAPK, PI3K/Akt, and TGF-β, in various tumor types while facilitating angiogenesis (19). ID1 also plays an important role in tissue inflammation during orchestration (20). In fibroblasts, ID1 inhibits collagen expression through the TGF-β signaling pathway (21). ID1 production in rheumatoid arthritis synovial fibroblasts is mostly contained within exosomes, which could be affected by endothelial progenitor cells, leading to JNK signaling pathway activation in human dermal microvascular endothelial cells (20). We also noticed that IVD tissue expression of PTPRK is correlated with the pathological process of IVD degeneration. High PTPRK expression mediates homophilic intercellular interaction with adhesion junctions through its interaction with β and γ-catenin (22). RAP2C has also been reported to be involved in TNF-α-induced colorectal cancer metastasis (23). PCR results from IVD tissues showed that ID1, PTPRK, and RAP2C were highly expressed in stage IV tissues, which was consistent with our bioinformatics data. Our results also revealed that these genes were highly expressed in the high immune group. Combined with the results that hub gene expression was positively correlated with TNF secretion, we confirmed that with more IVD tissue degeneration, there was higher immune cell infiltration and higher hub gene expression, combining with previous studies and present results, we speculate that the pathological process of IVD degeneration has generated a special types of immune microenvironment that recruit regulatory T cells and multiple types of macrophages, the latter of which interact with NP cells, adipocytes, and fibroblasts through cytokines like TGF-β and IL-10, and brought abnormal gene expressions of ID1, PTPRK, and RAP2C in NP cells and promote the IVD pathological changes (Figure 8I).

The general cell components of the IVD includes cells of the NP and AF cells (24). However, the IVD cell type subclassification has been unrevealed. Despite similarities shared by these cells, there is high heterogeneity in terms of molecular phenotypic characteristics, extracellular matrix, and biomechanical behavior (25). In this study, we took advantage of single-cell sequencing technology to classify the IVD cells into four categories including NP, AF, adipocytes, and epithelial cells. The corresponding gene markers of each cluster were also elucidated, indicating new targets for the treatment of IVD-related disorders. Next, we performed a detailed cluster analysis for NP cells. NP cells were separated into two branches with distinct differentiation features, according to trajectory analysis. Four clusters of NP cells were identified and we speculated that the different roles for each cluster were influenced by the expression of certain genes. The cells in cluster 1 were inferred to be responsible for the inflammatory process through immune cells such as macrophages. The cells in cluster 4 are also worth investigating since their stem-like characteristics have great therapeutic potential (26). The marker genes in clusters 2 and 3 are mainly related to stress and fibrotic changes. The relationships between the various populations of NP and AF cells require further investigation.



Conclusion

Our research shows that immune cell infiltration, including Tregs and macrophages, is involved in the pathological process of IVD degeneration. Through single-cell sequencing and clinical experiments, we identified ID1, PTPRK, and RAP2C as hub genes, which may serve as molecular targets for prognostic evaluation and treatment of LDH.
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Fas ligand (FasL) is a member of the tumor necrosis factor (TNF) superfamily involved in the activation of apoptosis. Assuming that apoptosis is initiated after tooth extraction it is reasonable to suggest that FasL may play a pivotal role in the healing of extraction sockets. Herein, we tested the hypothesis of whether the lack of FasL impairs the healing of extraction sockets. To this end, we extracted upper right incisors of FasL knockout (KO) mice and their wildtype (WT) littermates. After a healing period of two weeks, bone volume over total volume (BV/TV) via µCT and descriptive histological analyses were performed. µCT revealed that BV/TV in the coronal region of the socket amounted to 39.4% in WT and 21.8% in KO, with a significant difference between the groups (p=0.002). Likewise, in the middle region of the socket, BV/TV amounted to 50.3% in WT and 40.8% in KO (p<0.001). In the apical part, however, no difference was noticed. Consistently, WT mice displayed a significantly higher median trabecular thickness and a lower trabecular separation when compared to the KO group at the coronal and central region of the socket. There was the overall tendency that in both, female and male mice, FasL affects bone regeneration. Taken together, these findings suggest that FasL deficiency may reduce bone regeneration during the healing process of extraction sockets.




Keywords: dentistry, bone regenaration, tooth extraction, fasl, knockout (KO), µCT, histology



Introduction

FasL (CD178; CD95L; APO1L and TNF ligand superfamily member 6) belongs to the tumor necrosis factor (TNF) family and interacts with Fas (CD95; APO-1; TNFRSF6) receptor (1). The FasL/Fas pathway is the common initiator of an extrinsic apoptotic machinery engaged in the immune system (2–4) having the potential to affect the development of teeth (5) and bones (6–8). Fas and Fas ligand are present in the jaw bone and tooth germs of human fetuses (9). Moreover, mice homozygous for the FasL point mutation display an osteopetrotic phenotype in their long bones (10). These mice even showed an enhanced bone formation upon stimulation with demineralized bone and BMP-2 when compared to wildtype mice (11, 12). FasL when expressed by osteoblast controls osteoclast apoptosis (13, 14), number and activity (15). Considering that bone regeneration involves the coordinated activity of osteoclasts and particularly of osteoblasts, there is reason to suggest that FasL is required for the healing of tooth extraction sockets.

Healing of extraction sockets has become an important issue in dentistry particularly due to the increasing demand of dental implants as a therapy to replace missing teeth (16). The alveolar bone usually undergoes atrophy upon the tooth extraction (17–19), and various treatment regimens were developed and introduced for extraction socket grafting. However, histologic bone quality differs with varying degrees of new bone formation (20). Therefore, there has been a great interest to understand bone regeneration and the healing process of extraction sockets. Bone regeneration is a sequential process of events that partially recapitulates bone development involving cell apoptosis and the coordinated action of osteoblast and osteoclasts (21–23). Accumulating evidence suggests that the FasL/Fas system is involved in bone regeneration. For example, mice lacking Fas show delayed cartilage resorption and less bone in the fracture calluses (24). With respect to wound healing, the lack of FasL/Fas signaling impairs apoptosis in granulation tissue and mononuclear cells (25, 26). Thus, it seems conceivable that FasL is involved in the healing of extraction sockets.

The aim of the present study was, therefore, to examine whether or not the lack of FasL impairs the healing of extraction sockets. To test this assumption, we took advantage of the established FasL knockout mice along with a recent established tooth extraction model in mice (27). Based on a segmentation of the alveolar socket, it is possible to measure new bone formation, that in combination with histology of undecalcified thin ground sections, provides insights into the overall healing situation of the extraction socket. Based on this approach, we identified FasL as a molecular target involved in the bone regeneration and healing process of extraction sockets in rodents.



Material and Methods


Study Design

The Medical University of Vienna ethical review board for animal research approved the study protocol (GZ BMWFW-66.009/0359-V/3b/2018). The study was performed at the Department of Biomedical Research of the Medical University of Vienna in accordance with the NC3Rs ARRIVE guidelines. Mice homozygous for the Faslgld mutation (B6Smn.C3-Faslgld/J) were purchased from The Jackson Laboratory (Bar Harbor, ME) and housed in the Medical University of Vienna, Institute of Biomedical Research under specific-pathogen-free (SPF) conditions. FasL knockout mice and littermate controls (8-12 weeks, around 22 g) underwent tooth extraction of the upper right incisor. The animals were maintained according to the animal welfare guidelines with free access to water and a standard diet (28).



Tooth Extraction Model

The tooth extraction model was performed as recently described (27). In brief, all animals received ketamine 100 mg/kg (AniMedica, Senden, Erlangen, Germany) and xylazine hydrochloride 5mg/kg (Bayer Austria, Vienna, Austria) by intramuscular injection. Then, the head of the mouse was stabilized by holding the contralateral tooth with a tweezer. Next, with the aid of a stereomicroscope (Leica M651, Leica Microsystems, Wetzlar, Germany) under 16X magnification, the upper right incisor was luxated using disposable needles (HSW FINE-JECT®, Tuttlingen, Germany) of different diameters (0.4 mm, 0.6 mm and 0.8 mm) as periotomes. After a proper luxation, the tooth was carefully extracted to avoid any root fracture using an Adson tweezer (Aesculap, Tuttlingen, Germany) and checked for integrity. For pain relief, buprenorphine 0.06 mg/kg s.c. (Temgesic®, Reckitt and Colman Pharm., Hull, UK) and piritramide in drinking water ad lib was administered. The first 72 hours after surgery soft diet was provided. Mice were euthanized on day fourteen by cervical dislocation and each alveolar socket was subjected to micro computed tomographic (µCT) and histological analysis.



MicroCT Analysis

After euthanasia, the heads were fixed in phosphate-buffered formalin (Roti-Histofix 4%, Carl Roth, Karlsruhe, Germany). MicroCT scans were made using a Scanco µCT 50 (Scanco Medical AG, Bruttisellen, Switzerland) at 90 kV/200 µA with an isotropic resolution of 10 µm and an integration time of 500 ms. Using Amira 6.1.1 (Thermo Fisher Scientific, Waltham, USA), The image stacks were imported into Fiji for the posterior analysis (29, 30). The region of interest (ROI) was drawn using the polygon and freehand selection tools and saved using the ROI manager. To have a standardized position of the ROIs from all samples, four anatomical landmarks were set up, thereby dividing the alveolar socket in three regions (coronal, middle and apical) from the rearmost point to the most frontal point (Figure 1A). The percentage of Bone volume per Tissue volume (BV/TV), Trabecular thickness (Tb.Th) and Trabecular separation (Tb.Sp) were measured in the ROI with a threshold of 254 mgHA/cm³.




Figure 1 | Region of interests (ROI) of the extraction socket for the µCT analysis. (A) The ROIs for the microCT analysis comprised the coronal (cyan), middle (purple) and apical (yellow) region through the entire volume of the tooth extraction site. (B) The plane oriented along the central alveolar socket was the reference for preparing the histological ground sections.





Histological Analysis

Ten samples were dehydrated with ascending alcohol grades and embedded in light-curing resin (Technovit 7200 VLC + BPO; Kulzer & Co., Wehrheim, Germany). Blocks were further processed using Exakt cutting and grinding equipment (Exakt Apparatebau, Norderstedt, Germany). Thin-ground sections from all samples were prepared (31), in a plane parallel to the sagittal suture and through the middle of the alveolar socket and stained with Levai–Laczko dye (Figure 1B). The slices of around 100 µm were scanned using an Olympus BX61VS digital virtual microscopy system (DotSlide 2.4, Olympus, Tokyo, Japan) with a 20x objective resulting in a resolution of 0.32 µm per pixel and then evaluated.



Statistical Analysis

Statistical analysis was based on the data obtained from the microCT analysis. Median values and confidence intervals (CI) of the primary endpoint, bone volume (BV/TV) and secondary endpoints (Tb.Th and Tb.Sp) in the alveolar socket, between the two groups were compared with Mann-Whitney U test. Further analyses were performed comparing the mice gender and intragroup between WT and FasL KO using the Mann-Whitney U test. All the analyses were performed using Prism v7 (GraphPad Software, La Jollia, CA). Significance was set at p<0.05.




Results


Micro CT Analysis of Bone Volume Per Tissue Volume (BV/TV)

For the analysis a total of ten WT and ten FasL KO mice were used comprising five males and females in each group (Figure 2). Statistical analysis revealed that the median BV/TV in the coronal region of the socket was significantly higher (p=0.002) in the WT than in the KO group, with 39.4% (22.1 min; 52.3 max) versus 21.8% (2.0 min; 41.0 max), respectively (Figures 2A–C). Likewise, in the middle region of the socket, the BV/TV in the WT was significantly higher (p<0.001) than in the KO group, with 50.3% (39.57 min; 66.31 max) and 40.8% (30.20 min; 46.81 max), respectively (Figure 2D). The median changes of BV/TV in the apical part of the socket failed to reach the level of significance (p=0.796; Figure 2E). Further analysis was performed comparing female and male mice. In the coronal and center region, the WT female (p=0.016; p=0.008) and WT male mice (p=0.032; p=0.056) displayed higher bone formation compared to the respective FasL KO mice. Intragroup comparisons revealed in the middle region a remarkable difference (p=0.008) between the male and female WT mice (Figure 2D), while in the other groups there were no gender differences. These findings suggest that FasL is involved in the formation of new bone volume in the extraction socket of female and male mice.




Figure 2 | Lack of FasL attenuates regeneration of the extraction socket. Sagittal view of the alveolar socket depicts the WT (A) and FasL KO mice (B). Quantitative analysis of the bone volume per tissue volume (BV/TV) displayed higher amounts of new bone volume in the WT mice in the coronal (C) and middle part (D) of the extraction socket compared to FasL KO mice. The apical region revealed no significant differences in BV/TV between WT and FasL KO mice (E). Statistical analysis was based on Mann‐Whitney U test, P values are given where there was significant differences. The bars show the median and female (black dots) and male mice (white dots) are distributed in the dot plots for the WT and KO group.





Micro CT Analysis of Trabecular Thickness (TbTh) and Trabecular Separation (TbSp)

In support of the bone volume fraction, the median trabecular thickness (TbTh) in the coronal region of the socket was significantly (p=0.002) higher in WT than in KO, with 0.04 mm (0.02 min; 0.06 max) versus 0.02 mm (0.002 min; 0.04 max), respectively (Figure 3A). This significant difference (p<0.001) was also observed in the middle part of the socket, with 0.05 mm (0.04 min; 0.07 max) in WT and 0.04 mm (0.03 min; 0.04 max) in KO, respectively (Figure 3B) but not in the apical part of the socket (Figure 3C). Consistently, coronal trabecular separation (TbSp) was significant higher (p=0.003) in WT than in KO mice, with 0.09 mm (0.06 min; 0.14 max) and 0.17 mm (0.07 min; 0.23 max), respectively (Figure 3A). Similarly, this difference was also significant (p=0.004) in the middle part, 0.07 mm (0.04 min; 0.13 max) versus 0.09 mm (0.06 min; 0.15 max), respectively (Figure 3B). In the apical part, nonetheless, there were no significant differences (Figure 3C). Considering mouse gender, there was the overall tendency that female and male mice, were similarly affected by the lack of FasL in the coronal and middle part of the extraction sockets (Figures 3A, B). Intragroup comparisons revealed that WT and KO female mice when compared to their male littermates, have a denser trabecular network reaching the level of significance in the middle region (Figure 3B). Taken together, these observations indicate that FasL is partially required for the proper formation of trabecular structures in both genders.




Figure 3 | Trabecular thickness (TbTh) and trabecular separation (TbSp) in the extraction sockets. FasL KO mice shows lower Tb.Th and higher Tb.Sp compared to WT mice in the coronal (A) and middle part (B) while no differences were observed in the apical part (C). Statistical analysis was based on Mann‐Whitney U test, P values are given where was found significant differences. The bars show the median with female (black dots) and male mice (white dots) are distributed in the dot plots.





Histological Analyses

Newly generated woven bone was observed in the WT and FasL KO mice (Figure 4). This woven bone formed a trabecular network with random orientation surrounded either by thin layers of parallel fibered bone or thin layers of unmineralized matrix osteoid. Newly formed bone was located next to the coronally bone walls and in the middle, filling almost completely the alveolar defect, while the FasL KO mice exhibited a trabecular bone enclosing bigger spaces formed between. We also observed signs of growing teeth denoted by the formation of new dentine and enamel in both, the FasL KO and WT mice (Figure 5). These structures, nevertheless, were excluded from the µCT analysis by segmentation.




Figure 4 | The features of the newly formed bone were similar for the WT (A) and the FasL KO mice (B). Overview photomicrographs (2x) depicting the woven network.






Figure 5 | The WT (A) and The FasL KO (B) mice revealed a structure like a growing tooth located at different areas of the alveolar socket in the overview image (2x). A higher magnification (20x) evidenced the “osteodentin mass” with dentin tubules (C, E) and enamel structure (D, F).






Discussion

The present pre-clinical study revealed that the lack of FasL attenuates the healing process of extraction socket in female and male mice. This research was inspired by the fact that FasL is a central regulator of apoptosis (2–4) having a major impact on bone cells life cycle thereby affecting osteoblasts and osteoclasts during bone remodeling. FasL is a key target for estrogen to control osteoblast-mediated osteoclast apoptosis (13–15). FasL was reported to delay cartilage resorption and bone formation in the fracture calluses (24) and wound healing. Moreover, FasL/Fas signaling controls apoptosis in granulation tissue and mononuclear cells (25, 26). To the best of the authors knowledge, the impact of FasL on bone regeneration, and in particular the intramembranous ossification upon tooth extraction inside the remaining alveolus, had not been investigated. Assuming that dying cells upon tooth extraction are presumably responsible for triggering the signals for repair and regeneration, we raised the hypothesis that the lack of FasL impairs the overall capacity of bone regeneration. Hereby we report that female and male mice deficient in FasL, show less bone formation in extraction sockets as compared to WT mice. This finding supports the notion that FasL is required for the bone healing process of extraction sockets.

If we compare the present findings to those of others, our data are in line with the critical involvement of FasL in bone formation. For example, embryonic and early 6-week postnatal FasL knockout mice showed less mandibular and alveolar bone compared to WT littermates (32, 33). Consistently, in 22-week old mice, whole genome FasL KO mice have less trabecular and cortical bone in the axial and appendicular skeleton compared to their WT littermates (34). Even osteoblast progenitor/osteoblast-specific FasL-deficient mice showed markedly reduced bone density and structural parameters in the femurs (15). Our findings that FasL knockout mice showed less bone formation in the alveolar socket upon tooth extraction compared to the WT littermates are consistent with the relevance of FasL in bone formation. Furthermore, these findings are largely in agreement with the observation that already after two weeks healing, the extraction socket of incisors is almost completely filled with an immature woven bone-like tissue (27, 35).

The present study has a number of limitations. In the knockout mice, FasL is missing in all cells, meaning that we cannot draw conclusions whether or not the observed effects are caused by osteoblast or osteoclasts. It is plausible that the lack of FasL affects angiogenesis, implying that the impaired bone regeneration observed in the KO mice, is rather a consequence of a reduced supply of osteogenic progenitor cells (36). Future studies should therefore take advantage of conditional knockout models where FasL is deleted in specific cells types, for example with osteoblast progenitor/osteoblast-specific FasL-deficient mice (15). Thus, the origin of FasL capable of driving the FasL-dependent apoptosis- or other apoptosis-independent responses during bone regeneration remains to be elucidated. Another study limitation was that we could not avoid sites with new tooth formation. The present findings might also serve for researchers asking if overexpression of FasL can support bone regeneration, for example by implementing the respective agonists (37) or using a transgenic FasL mouse model (38). It would also be interesting to know why female compared to male WT mice, show more a pronounced healing of extraction sockets. This was unexpected since male muscle-derived stem cells regenerated more bone than female cells in a calvaria defect (39). Nevertheless, the estrogen receptor beta is required for proper healing in female mice that however, does not rule out that it is also required in male mice (40). Moreover, ovariectomy impairs bone formation in drill-hole defects, but this setting does not allow a gender comparison (41). Hence, future research could focus more on the impact of gender on the healing of extraction sockets.

Future research should further use the FasL model to investigate fracture healing, as the impact of FasL on endochondral bone formation is not necessarily reflected by the tooth extraction model of intramembranous ossification that was used (21, 23). In fact, it is unclear whether a tooth extraction model represents intramembranous ossification in other anatomical regions that are perhaps more representative for the appendicular skeleton, beyond the field of dentistry. Our model, however, seems to be suitable to better understand the biology of the healing of extraction sockets and presumably also the osseointegration of dental implants that follow the same conserved sequence of events (42). It can be speculated that targeting the FasL system could be a therapeutic option to boost osseointegration, nevertheless, this would require data showing that pushing physiological FasL signaling enhances the bone regeneration (37). Certainly, the present research is a further step towards FasL-signaling in bone regeneration.

In conclusion, these data suggest that FasL is required for bone regeneration during the healing process of tooth extraction sockets.
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Bone marrow adipose tissue (BMAT) has recently been recognized as a distinct fat depot with endocrine functions. However, if and how it is regulated by chronic inflammation remains unknown. Here, we investigate the amount of white fat and BMAT in HLA-B27 transgenic rats and curdlan-challenged SKG mice, two well-established models of chronic inflammatory spondyloarthritis (SpA). Subcutaneous and gonadal white adipose tissue and BMAT was reduced by 65-70% and by up to 90% in both experimental models. Consistently, B27 rats had a 2-3-fold decrease in the serum concentrations of the adipocyte-derived cytokines adiponectin and leptin as well as a 2-fold lower concentration of triglycerides. The bone marrow of B27 rats was further characterized by higher numbers of neutrophils, lower numbers of erythroblast precursors, and higher numbers of IL-17 producing CD4+ T cells. IL-17 concentration was also increased in the serum of B27 rats. Using a cell culture model, we show that high levels of IL-17 in the serum of B27 rats negatively impacted adipogenesis (-76%), an effect that was reversed in the presence of neutralizing anti-IL-17 antibody. In summary, these findings show BMAT is severely reduced in two experimental models of chronic inflammatory SpA and suggest that IL-17 is involved in this process.
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Introduction

Bone marrow adipose tissue (BMAT) has been recently recognized as a unique fat depot (1, 2). While white adipose tissue is crucial for systemic metabolic homeostasis and brown adipose tissue controls adaptive thermogenesis, the role of BMAT remains incompletely understood. Previous studies have shown that bone marrow adipocytes (BMAds) are morphologically similar to white adipocytes with large unilocular lipid droplets, albeit transcriptional analysis revealed a detectable expression of brown adipocyte markers as well (3, 4). Also, BMAds have been recognized as metabolically active cells that secrete adipokines, growth factors, and proinflammatory cytokines (5, 6). As such, BMAds may participate in the immune response and tissue remodeling. In fact, BMAds have been recently shown to control bone remodeling and bone mass maintenance (7, 8). In adulthood, BMAT can account for up to 70% of the bone marrow cavity, and it is further increased in diverse clinical conditions, including obesity, type 2 diabetes, anorexia, and osteoporosis (9, 10).

Although dysregulation of white adipose tissue is a common feature of chronic inflammatory disorders, the impact of long-term inflammation on BMAT remains elusive. In this study, we used spondyloarthritis (SpA) as prototypical chronic inflammatory disorders to investigate how BMAds are affected by chronic inflammation. SpA is a group of chronic inflammatory rheumatic diseases that affect the axial skeleton, peripheral joints, and entheses, leading to bone erosions followed by bony ankylosis (10). In addition, the spectrum of SpA comprises frequent extra-articular features, including anterior uveitis, psoriasis, and inflammatory bowel disease (IBD) (11). The exact etiology and pathogenesis of SpA are still under investigation. Among various genetic (e.g. HLA-B27 association) and immunological factors that trigger the disease, adaptive immune cells such as CD4+ T cells have been recognized as key drivers of chronicity in SpA (12). Of note, numerous studies confirmed the critical role of interleukin-17 (IL-17) and T helper (Th) 17 cell subset in joint inflammation and disruption of bone remodeling in arthritis via the modulation of matrix metalloproteinases and stimulation of RANKL (13–15). In particular by attracting neutrophils and macrophages to the site of inflammation and enhancing the production of pro-inflammatory cytokines, IL-17 plays a significant role in the pathogenesis of SpA (13, 16). Recently, antibodies neutralizing IL-17, such as secukinumab and ixekizumab, became clinically available to treat SpA, thereby providing new efficacious therapeutic regimens for these disorders (17).

To assess how chronic inflammation may affect BMAT, we utilized HLA-B27 transgenic rats (B27) and curdlan-challenged SKG mice, two well-established models of SpA (18). Both models recapitulate typical features of human SpA, including chronic systemic inflammation and accelerated bone loss and reduced bone strength due to stimulation of osteoclastogenesis and suppression of bone formation (19–21). Our results show that chronic inflammation in these models is associated with a decreased amount of white adipose tissue and BMAT, with a significant decrease of adipokines, such as leptin and adiponectin. Moreover, we show in a cell culture model that high levels of pro-inflammatory IL-17, which is detected in the serum of B27 rats, may contribute to the suppression of adipogenesis. Thus, chronic inflammation has a significant negative impact on BMAT. Whether the loss of BMAT is due to inhibition of BMAT expansion or depletion of existing stores remains to be investigated.



Methods


Animals

Two and six months old non-transgenic (NTG) and disease-prone HLA-B27/ hβ2m transgenic rats (33-3 line, Fischer (F344) background) of mixed gender were used in this study. Rat lines were bred and maintained under conventional conditions at University of Versailles-St-Quentin. Rats were kept at 21 degree Celsius with a hygrometry of 41%. The 12 hours light cycle is with light on 8AM to 8 PM and off 8PM to 8AM. Two to three rats were kept in cages. All animals received water and food ad libitum (chow: M25, Special Diet Service, Paris, France). Study procedures were approved by the institutional animal care committee (APAFIS-8910). After sacrifice, rats were weighed. Subcutaneous and peri-gonadal fat mass was excised and weighed. Disease activity score was graded from 0-3: 0=no inflammation, 1=arthritis on one leg, 2=arthritis on both legs, 3=arthritis, and other clinical manifestations (orchitis, alopecia, gut inflammation).

Experiments for the SKG model of AS were conducted under a UK Home Office project license (PBFB4BA22) as previously described (22). Mice were kept on a 12 hour light/12 hour dark cycle at 21°C+/- 2°C with 55% humidity +/- 10%. Up to 5 mice were kept per cage with a mixture of control and curdlan-challenged mice in each cage. All animals received water and food ad libitum (chow: RM3 from Special Diet Service; LBS Biotech, UK). BALB/c ZAP-70W163C-mutant (SKG) mice were a kind gift from S. Sakaguchi (University of Kyoto, Kyoto, Japan), bred in house and maintained under specific pathogen-free conditions. Disease was induced in 10-week-old female mice using a single dose of 3 mg curdlan (β-1,3-glucan derived from Alcaligenes faecalis variety myxogenes; Wako, Japan) administered intraperitoneally (i.p.). Arthritis was scored twice a week using the following defined criteria: 0, no joint swelling; 0.5, mild swelling of wrist or ankle, 1.0, pronounced swelling of wrist or ankle, 1.5 including swelling of at least one digit, 2 including swelling of all digits, 3 severe swelling with ankylosis. All paws for each mouse were scored and were summed per mouse to give an overall clinical grade for each mouse ranging from 0 to 12. Ankle diameter and weight were measured twice weekly. After 3 and 6 weeks, mice were sacrificed for organ collection.



Hematologic Analysis

Peripheral blood was collected from rats by heart puncture into heparinized capillary tubes, and complete blood counts were performed (Sysmex, Paris, France). Hematopoietic cells in the bone marrow were assessed using a bone marrow smear. For that purpose, bone marrow was flushed from the tibia and transferred to an objective slide. Bone marrow was spread using a coverslip and after staining with May-Grünwald, cells were counted in a blinded fashion by two experienced technicians from the hematology department according to their cytomorphological appearance.



Histology

Subcutaneous and gonadal fat pads, the liver, and the decalcified femur and fourth lumbar vertebrae were fixed in 4% PBS-buffered paraformaldehyde, dehydrated using an ascending ethanol series, and embedded with paraffin. Sections (4 µm) were prepared and stained for hematoxylin/eosin (HE) to assess tissue structures. Adipocyte area and number of adipocytes were quantified using the Osteomeasure software (Osteometrics, Decatur, USA).



µCT Analysis of Bone Marrow Adipose Tissue Content

BMAT content was analyzed at the distal femur using osmium staining and subsequent µCT analysis (vivaCT40, Scanco Medical, Brüttisellen, Switzerland). Femurs from mice and rats were fixed with 10% PBS-buffered formalin for 24 h and decalcified in Osteosoft (Merck, Darmstadt, Germany). After decalcification, bones were scanned using the vivaCT40 using a standard protocol to ensure complete demineralization. Afterward, bones were incubated with 2% osmium tetroxide (Sigma-Aldrich, Mannheim, Germany) dissolved in 0.1 M sodium cacodylate buffer (Sigma-Aldrich, Mannheim, Germany) for 1 h at room temperature. Specimens were washed and immediately scanned using the µCT with an X-ray energy of 55 keV, 300 ms integration time, and an isotropic voxel size of 10.5 µm. The fat volume (FV) in the rats was calculated from 700 slices using manual contouring and the Scanco bone evaluation software. The threshold was set to 448 mg HA/cm3. In mice, 400 slices were used with a threshold of 180 mg HA/cm3.



Flow Cytometric Analysis

Mesenteric lymph nodes and bone marrow from one tibia were collected from NTG and B27 rats. Cell suspensions were prepared and resuspended in RPMI 1640 media (Gibco) containing 10% fetal bovine serum, 2% sodium pyruvate, 0.05 mM 2‐mercaptoethanol, and 5 mM HEPES. To determine intracellular cytokine production, cells were stimulated with PMA and ionomycin (both at 500 ng/ml) in the presence of brefeldin A (10 μg/ml) for 4 hours. First, cells were stained with live-dead fixable reagent (Thermo Fisher) to exclude dead cells from the analysis. Second, surface markers were labeled using antibody mixtures prior to fixation and permeabilization with Foxp3/Transcription Factor Staining Buffer Kit according to the manufacturer instructions (Tonbo Biosciences). Surface marker antibodies were CD45 (OX-1 clone, BD-Biosciences), CD3 (1F4 clone, BD-Biosciences), TCRαβ (R73 clone, BD-Biosciences), and CD4 (Ox35 clone, Invitrogen). Then, cells were stained for intracellular IL-17 (TC11-18H10 clone, BD Horizon) and Foxp3 (FJK-16S clone, Invitrogen) for 30 minutes at 4°C. Eight-parameter cytometry was performed on an LSR III Fortessa flow cytometer (BD Biosciences) with FACSDiva software and analyzed with FlowJo software version 10.6.2.



Adipocyte Cell Culture

3T3-L1 adipogenic cells were obtained from ATCC and maintained in DMEM supplemented with 10% FCS and 1% penicillin/streptomycin. Cells were deposited on glass coverslips at 70% confluence and differentiated into adipocytes using maintenance medium supplemented with 174 nM insulin, 0.5 mM 3-Isobutyl-1-methylxanthine (IBMX), 250 nM dexamethasone, and 2 µM rosiglitazone. Cells were kept in this medium for 3 days. Afterward, cells were switched to maintenance medium plus 174 nM insulin for another 3 days (post-differentiation). Thereafter, cells were kept in maintenance medium until day 10. Adipocytes were stained with LipidTox (Thermo Fisher Scientific) according to the manufacturer’s instructions.

To determine the effects of IL-17 on adipogenic differentiation, recombinant mouse IL-17A (R&D Systems) was added at the start of the differentiation protocol at various concentrations (10-100 ng/ml) for the entire differentiation period.

To determine the effect of IL-17 stemming from the serum of B27 transgenic rats, we added 5% of serum from NTG or B27 rats on day 3 of adipogenic differentiation for 4 days or on day 2 post-differentiation for 2 days. Additionally, some wells received 5 µg/ml of a neutralizing anti-mouse-IL-17A antibody or anti-IgG (both from R&D Systems). The percentage of rat serum was determined beforehand using a dose-response curve of NTG serum (0-5-25-50%) by assessing its effects on adipogenesis.



Gene Expression Analysis

Long bones of NTG and B27 rats were flushed and bone marrow was harvested for total RNA isolation using TRIzol reagent (Invitrogen, Germany) following the manufacturer’s instructions. Total RNA from murine 3T3-L1 adipogenic cells was isolated with the High Pure RNA Isolation Kit (Roche, Germany) according to the manufacturer’s protocol and quantified using the NanoDrop spectrophotometer (Peqlab, Erlangen, Germany). Five hundred nanograms of RNA were reverse transcribed using M-MLV RT RNase (H-) Point Mutant (Promega, Mannheim, Germany) followed by SYBR Green-based quantitative real-time PCR according to established protocols (ABI7500 Fast; Applied Biosystems, Carlsbad, CA). The primer sequences were: rActb S: GCTACAGCTTCACCACCACA, rActb AS: AGGGCAACATAGCACAGCTT; mActb S: GATCTGGCACCACACCTTCT, mActb AS: GGGGTGTTGAAGGTCTCAAA; rAdipoq S: AGGAAACTTGTGCAGGTTGG, rAdipoq AS: CCTGTCATTCCAGCATCTCC; mAdipoq S: AAAGGAGAGCCTGGAGAAGC, mAdipoq AS: GTAGAGTCCCGGAATGTTGC; rAdipor1 S: CTTCTACTGCTCCCCACAGC, rAdipor1 S: ACACCACTCAAGCCAAGTCC; mAp2 S: GATGCCTTTGTGGGAACCTG; mAp2 AS: GAATTCCACGCCCAGTTTGA; mCebpa S: CTGAGAGCTCCTTGGTCAAG, mCebpa AS: GAATCTCCTAGTCCTGGCTTG; rPparg S: CCGAGAAGGAGAAGCTGTTG, rPparg AS: TCAGCGGGAAGGACTTTATG; mPparg S: CACTCGCATTCCTTTGACATC, mPparg AS: CGCACTTTGGTATTCTTGGAG; (r = rat; m = mouse). PCR conditions were: 95°C for 2 min followed by 40 cycles with 95°C for 15 sec and 60°C for 1 min. Melting curves were assessed to confirm the amplification of one PCR product by increasing the temperature from 65°C to 95°C. Results were calculated based on the ΔΔCT method and are depicted in x-fold change normalized to the housekeeping gene Actb.



Serum Analysis

Serum levels of glucose, triglycerides, cholesterol, and high- and low-density lipoprotein (HDL, LDL) were measured in B27 rats using a Roche ModularPPEanalyzer. Serum IL-17 and adiponectin levels in B27 rats were quantified using Quantikine ELISAs from R&D Systems.



Adipokine Profiling

Rat serum was further used to quantify obesity-related cytokines using the Proteome Profiler Rat Adipokine Array Kit from R&D Systems according to the manufacturer’s protocol.



Statistical Analysis

Results are presented as individual dots with the mean indicated as horizontal line. Comparisons were performed using unpaired Student’s t-test, two way ANOVA, and one‐way ANOVA followed by Tukey’s post hoc test as appropriate, by using GraphPad Prism version 7.0. P-values ≤ 0.05 were considered statistically significant.




Results


Loss of Bone Marrow Adipocytes in HLA-B27 Transgenic Rats and SKG Mice

In the course of previous analyses that were aimed at investigating the rate of bone loss during disease progression in B27 rats (23), we observed that BMAds were strongly reduced along with disease development. To investigate this further, we examined the BMAT content in 2-and 6-month-old B27 rats with a low degree of inflammation and established disease (Figure 1A), respectively, using histology and osmium-based µCT, in which osmium stains lipid droplets and due to its heavy metal characteristics can be quantified using µCT. Histological analysis revealed no difference in the number of adipocytes in the femur of 2-month-old B27 rats, while 90% of BMAT reduction was observed in the 6-month-old cohort (Figure 1B). Analysis of the lumbar vertebral body also showed diminished BMAT in B27 rats before and after the onset of the disease (Figure 1C). Interestingly, loss of adipocytes was accompanied by an increased immune cell infiltration in the femur (6-month-old group) and lumbar vertebral body (2- and 6-month-old groups) of B27 rats (Figures 1D, E). µCT analysis revealed a more than a three-fold reduction in BMAT in the bone marrow of 6-month-old B27 rats compared to NTG rats (Figures 1F, G). Furthermore, the mRNA expression of adipocyte markers including peroxisome proliferator-activated receptor gamma (Pparg), adiponectin (Adipoq), and adiponectin receptor 1 (Adipor1) was strongly downregulated in the bone marrow of 6-month-old B27 rats (Figure 1H).




Figure 1 | Decreased numbers of bone marrow adipocytes in B27 transgenic rats. (A) Clinical score of 2 and 6 months old NTG and B27 rats. Disease level was graded from 0-3: 0=no inflammation, 1=arthritis on one leg, 2=arthritis on both legs, 3=severe arthritis, and other organ manifestation. (B) Number of bone marrow adipocytes ghosts from the femur of 2- and 6 months old NTG and B27 (n=5-6 per group). (C) Number of bone marrow adipocytes ghosts from the vertebrae of 2- and 6 months old NTG and B27 (n=5 per group). (D, E) Representative histology sections from femur and vertebrae of 2-and 6 months old NTG and B27 rats stained with von Kossa/toluidine blue (scale bar: 100 µm) (F, G) Osmium tetroxide staining for bone marrow adipose tissue (BMAT) followed by micro-computed tomography (μCT) analysis. Quantification of fat volume (F) and representative images (G) of stained lipids in femora of NTG and B27 rats (n=6-7 per group). (H) Relative expression of PPARγ, adiponectin, and adiponectin receptor in the bone marrow of NTG and B27 rats. Results are presented as individual dots with the mean indicated as horizontal line (n=5-6 per group). *p < 0.05; **p < 0.01 and ***p ≤ 0.001 vs. controls via unpaired Student’s t-test.



To investigate if a similar phenotype occurs in another murine model of SpA, we assessed the BMAT in curdlan-challenged SKG mice. SKG mice developed severe inflammatory arthritis (Figures 2A, B) that was associated with a marked reduction in BMAT content (Figure 2C) and BMAd number (Figure 2D) at three weeks post curdlan challenge that remained low until six weeks. Thus, BMAT is severely reduced in two characteristic murine models of chronic inflammatory SpA.




Figure 2 | Decreased numbers of bone marrow adipocytes in SKG mice. (A, B) Clinical score of SKG animals at steady-state (SS) or curdlan-challenged (CC) for 3 and 6 weeks. (C) Osmium tetroxide staining for BMAT followed by μCT analysis. Quantification of fat volume (left) and representative images (right) of stained lipids in femora of SKG mice at 3- and 6-weeks post-curdlan challenge vs. control group. (D) Number of bone marrow adipocytes ghosts (left) and representative histology sections (right) from femur in SKG mice at 3 and 6 weeks post-curdlan challenge vs. control group stained with von Kossa/toluidine blue (scale bar: 100 µm). Results are presented as individual dots with the mean indicated as horizontal line (n=4-6 per group). *p < 0.05, **p ≤ 0.01, and ***p ≤ 0.001 vs. controls via two-way ANOVA with Tukey’s post hoc test (A, B) and one-way ANOVA with Tukey’s post hoc test (C, D).





Chronic Inflammation in Murine Models of SpA Is Associated With Loss of Adipose Tissue and an Altered Metabolic Profile

To further investigate whether the decreased amount of adipocytes in the bone marrow from B27 rats is site-specific, we measured in these rats body weight and subcutaneous and peri-gonadal fat weight. We observed a significant loss of body weight (Table 1) as well as a marked reduction of subcutaneous and peri-gonadal fat mass compared to NTG rats (Figures 3A, B). Histological analysis of these fat pads showed that adipocyte number was similar, but that adipocyte size was significantly reduced in B27 rats compared to NTG rats (Figures 3A, B). Furthermore, HE staining showed massive inflammatory infiltrates into the adipose tissue at both sites in B27 rats (Figures 3C, D). Importantly, these results were corroborated in arthritic SKG mice, showing weight loss (Figure 3E) and reduced subcutaneous fat mass (Figure 3F). Thus, loss of BMAT is not bone marrow-specific, but also white adipose tissue undergoes destruction during chronic inflammation, underscoring the consumptive or catabolic nature of unopposed chronic inflammation. In addition to adipose tissue loss, B27 rats showed significant reduction in serum triglycerides, cholesterol, LDL as well as HDL (Table 1). Moreover, blood glucose levels were decreased by 20% (Table 1). To further examine the levels of adipokines, we performed a proteome profiler assay on NTG and B27 rat sera. This analysis showed that adiponectin and leptin levels, two cytokines produced mainly by adipocytes, were highly reduced in B27 rats (Figures 4A, B). In addition, CD26, IGF-1, LIF, and RAGE were also significantly reduced (Figure 4B). Representative blots for cytokine expression in NTG and B27 are shown in Figure 4C. Of note, the abundance of all other obesity-related cytokines investigated in the serum was not altered (Figure 4D).


Table 1 | Body weight and serum fat parameters in no-transgenic and HLA-B27 transgenic rats.






Figure 3 | Chronic inflammation in rodent models of SpA leads to loss of white adipose tissue. (A, B) Fat mass, number, and size of adipocytes in subcutaneous (top) and peri-gonadal (bottom) adipose tissue of NTG and B27 rats. (C, D) Representative histology sections stained with hematoxylin/eosin staining. Scale bars: 100 μm (n=6-8 per group). (E, F) Bodyweight and visceral fat weight of SKG mice at 3- and 6-weeks post-curdlan challenge vs. control group (n=4-6 per group). Results are presented as individual dots with the mean indicated as horizontal line. **p ≤ 0.01, and ***p ≤ 0.001 vs controls via unpaired Student´s t-test (A, B) and one-way ANOVA with Tukey’s post hoc test (E, F).






Figure 4 | Altered metabolic profile in B27 transgenic rats. (A) Serum concentrations of adiponectin in NTG and B27 rats (n=5-7 per group). (B) Significantly regulated cytokines in the serum of NTG and B27 rats. (C) Representative image of cytokine profiler array results from serum of NTG and B27 rats. Significant ones are highlighted. (D) Relative levels of not-regulated obesity-related cytokines in NTG and B27 rats (B,D n=6-8 per group). Data are presented as mean ± SD. *p ≤ 0.05 and **p ≤ 0.001 NTG vs. B27 via unpaired Student’s t-test.





Hematopoietic Composition of the Bone Marrow and Blood of B27 Rats

As dysregulated hematopoiesis occurs in several chronic inflammatory diseases, we analyzed immune cell populations present in the bone marrow and assessed hematological parameters in the blood. The frequency of neutrophils was significantly increased in the bone marrow, mostly due to an increase in the promyeloid stage and the segmented neutrophils (Supplementary Figure 1A). In contrast, lymphocytes and monocytes frequencies were decreased (Supplementary Figure 1B). Leukocyte numbers were increased by 3-fold in the peripheral blood of B27 animals, showing significantly increased numbers in neutrophils, eosinophils, monocytes, and platelets (Table 2). As expected, erythroid precursors in the bone marrow were significantly reduced, as was the hematocrit and the mean corpuscular volume, indicating that anemia of inflammation had developed in B27 rats (Figure 1 and Table 2). Thus, during inflammation, neutrophils appear to account for most of the inflammatory cells in the bone marrow of B27 rats.


Table 2 | Blood differential in no-transgenic and HLA-B27 transgenic rats.





Elevated Levels of IL-17 May Contribute to the Loss of Adipocytes in B27 Rats

As B27 rats have been shown to have an increased prevalence of CD4+ T-helper 17 (Th17) cells and elevated serum levels of IL-17 (24, 25), we investigated the absolute number of CD4+ T present in the bone marrow and used mesenteric lymph nodes (mLN) as a control with a known expansion of Th17 cells. Absolute numbers of CD4+ T cells were significantly higher in mLN of spondyloarthritic B27 compared to the healthy NTG rats (Figure 5A), while similar numbers were found in the bone marrow (Figure 5B). Importantly, the frequency of IL-17-producing CD4+ T cells was significantly increased in both mLN and bone marrow of B27 rats compared to NTG rats (Figures 5C, D). Accordingly, B27 rats showed an 8-fold higher serum level of IL-17 than NTG (Figure 6A). Given that IL-17 reduces preadipocyte differentiation and alters adipogenesis (26, 27), we examined whether this cytokine could be involved in the depletion of BMAT in our model. For this, we first tested whether IL-17 indeed suppresses adipogenesis of 3T3 adipocytes. Treatment of 3T3 cells with IL-17 during the differentiation period reduced in a dose-dependent manner adipocyte numbers (Figure 6B). Importantly, treatment of 3T3 cells with 5% serum from B27 rats starting at day 3 of differentiation reduced adipocyte number and the mRNA expression of adipocyte markers compared to cells treated with 5% NTG serum (Figures 6C, D). This effect with sera was reversed when cells were incubated with a neutralizing IL-17 antibody confirming the critical role of IL-17 in the regulation of adipocyte differentiation (Figure 6E). Notably, treating adipocyte cultures on day 2 post-differentiation with rat serum did not result in altered adipocyte numbers (NTG: 120.7 ± 13.7 vs. B27: 101.3 ± 38.9 adipocytes, p=0.43). Thus, these data suggest that the high amount of IL-17 present in the serum of B27 reduces adipogenesis.




Figure 5 | Expansion of IL17+ producing CD4+ T cells in the bone marrow from B27 transgenic rats. (A) Absolute number of live cells and CD4+ T cells in mesenteric lymph nodes (mLN) from NTG (grey) and B27 (white) rats were determined using flow cytometry. (B) Absolute number of live cells and CD4+ T cells in bone marrow (BM) from NTG and B27 rats. (C) Representative plots of intracellular IL-17 staining gated on CD4+ Foxp3- T cells in mLN (top) and BM (bottom) from NTG (left panel) or B27 (right panel) rats. (D) Frequencies of IL-17+ cells among CD4+ T cells (left) and their absolute numbers (right) in mLN (top) and BM (bottom) from NTG and B27 rats (A-D n=4-5 per group). Results are presented as individual dots with the mean indicated as horizontal line. Data were analyzed by unpaired Student’s t-test (*p<0.05, **p < 0.01 and ****p < 0.0001).






Figure 6 | IL-17 from B27 transgenic rat serum inhibits adipogenesis in vitro. (A) IL-17 levels in sera of in B27 and NTG rats (n=6-7 per group). (B) Absolute numbers of 3T3 adipocytes after exposure to control medium or increasing doses of IL-17 during adipocyte differentiation (n=3-6 per group). (C, D) Absolute numbers of 3T3 adipocytes and relative expression of the most representative adipocyte markers after 48 h exposure to 5% serum from NTG rats, B27 rats + IgG antibody (IgG-Ab), or B27 rats + neutralizing anti-IL-17 antibody (IL-17-Ab) treatment (n=3-6 per group). (E) Representative fluorescence microscopy pictures of LipidTOX stained 3T3 cells. Scale bar: 50 µm. All experiments were performed independently three times. Results are presented as individual dots with the mean indicated as horizontal line. *p ≤ 0.05 and **p ≤ 0.01 NTG vs. B27 via unpaired Student’s t-test (A). and one-way ANOVA with Tukey’s post hoc test (B–D).






Discussion

The ability of BMAds to concurrently influence bone remodeling and hematopoiesis (7, 8) places them in a crucial position in the regulation of bone and immune cell fate. Notably, recent evidence demonstrated that BMAds play a decisive role in regulating immune responses, contributing to increased levels of pro-inflammatory cytokines and oxidative stress (6). However, how chronic inflammation affects BMAT is currently unknown. We previously observed a drastic reduction of BMAd with disease duration in B27 rat, while studying the impact of chronic inflammation on bone in this model of SpA (23). Here, we examined in more detail the femoral and vertebral BMAT content in 2 and 6 months old B27 rats. Using 3D µCT and histology, we showed that BMAT was reduced by up to 90% in 6-month-old B27 rats with established disease in the femur and vertebral body compared to control NTG. This finding was not restricted to the B27 rat model of SpA, since similar findings were also observed in curdlan-challenged SKG mice, suggesting that depletion of BMAT is a common characteristic of SpA rodent models.

Weight loss and decrease in lean mass have been commonly described in individuals with inflammatory rheumatic disorders, reflecting their consumptive nature (28, 29). Based on this clinical evidence, we quantified total body weight as well as subcutaneous and peri-gonadal fat weight to assess whether the loss of BMAds is site-specific. Both B27 rats and SKG mice showed a significant body weight and overall fat mass loss. Thus, these data show that the decreased amount of BMAT is not a localized, but rather a systemic phenomenon, and that also white adipose tissue decreases during chronic inflammation. Consistently, proteomic analyses showed low serum levels of adipokines in B27 rats compared to NTG. Interestingly, reduction of both adiponectin and leptin has been associated with increased inflammatory responses and enhanced susceptibility to the toxicity of proinflammatory stimuli, respectively (29, 30).

In addition, high inflammation reduces circulating levels of lipids (31–33). Analysis of the serum lipid profile in B27 rats revealed marked dyslipidemia with decreased triglycerides, cholesterol, and associated lipoproteins as compared to the controls. Reduction in HDL cholesterol levels in our rat model appeared consistent with clinical observations previously reported (34). Indeed, patients affected by axial SpA and psoriatic arthritis present with an abnormal lipid profile and low HDL levels, which have been linked to accelerated manifestations of cardiovascular diseases and reduced lifespan (35). Nevertheless, the molecular factors that potentially mediate the interaction between inflammatory disease and altered lipid metabolism require further investigations. A plausible explanation is that proinflammatory cytokines may redirect energy consumption in favor of hematopoietic cells at the expense of fat tissue, thereby guaranteeing that enough energy can be provided to immune cells in states of high demand, such as during inflammation (36). Thus, cytokines might have direct effects on lipid metabolism as well as glucose metabolism, which can also explain the significant reduction of blood glucose levels in B27 rats as compared to the healthy controls.

Although the immune cell network that drives SpA is still unclear, experimental evidence supports a central role for HLA-B27 expressing hematopoietic cells in disease development (37). Therefore, to gain a greater understanding of the hematopoietic cell composition and explore which other cells inhabit the bone marrow instead of the BMAds, we analyzed immune cell populations in B27 rats. Systemic inflammation was associated with an increased number of mature neutrophils, which was mirrored by decreased erythroid precursors. These data support previous findings, in which non-resolving joint and intestinal inflammation in the SKG mouse model of SpA was accompanied by dysregulated hematopoietic stem cell activity and biased differentiation toward myeloid progenitors, culminating in an invasion of target organs by activated neutrophils (38). Within the same study, the authors demonstrated that CD4+ T-cell depletion was not required for the development of SpA in this model, supporting the critical function of innate versus adaptive immune response in inflammation (38). Nevertheless, the critical contribution of adaptive cells to the disease has been shown in other situations such as in HLA-B27 transgenic rats (12). This leads to the production of proinflammatory cytokines implicated in the pathogenesis of SpA. In particular, IL-17 derived from CD4+Th17 has been found to positively correlate with disease severity. Indeed, serum concentrations of IL-17 were higher in patients with SpA than in age and sex-controlled healthy individuals (39, 40). These observations are congruent with our analysis, where B27 rats displayed higher levels of IL-17 in the serum as compared to the NTG controls. In addition, insights into the molecular regulation of bone homeostasis revealed that IL-17 steers mesenchymal stem cells into an osteogenic fate and promote osteoclastogenesis in a RANKL-dependent manner (16, 41). Further, in vivo studies implicate IL-17 in the regulation of adipogenesis by inhibiting preadipocyte differentiation, hampering metabolic function of mature adipocytes, and consequentially reducing white adipose tissue accumulation (16, 42). Accordingly, our in vitro experiment confirmed a significant reduction in the number of adipocytes after treatment with recombinant IL-17 as well as after treatment with B27 rat serum. This effect was only observed, however, when starting the treatment early during the differentiation process. The reduction of adipocytes was dependent on the IL-17 present in the serum of B27 rats, as suppression of adipogenesis was reversed when IL-17 was neutralized using antibodies. Whether IL-17 mediates the reduction of BMAT during chronic inflammation in SpA in vivo and whether this is driven by suppression of BMAT expansion and/or loss of mature BMAds remains to be investigated.

Besides its prominent role in the regulation of adipose tissue and energy homeostasis, IL-17 has been shown to activate innate immune mechanisms, including the recruitment and survival of neutrophils (13, 43, 44). Thus, the high levels of IL-17 could explain the reduction of BMAds and the increase of neutrophils within the bone marrow in our rat model. In fact, the abundance of IL-17-producing CD4+ T cells observed in the bone marrow of B27 rats may promote the accumulation of neutrophils and, simultaneously, induce lipolysis in the surrounded adipocytes to provide energy for the immune system. Clearly, further investigations are necessary to thoroughly address this hypothesis and clarify the mechanisms and purpose of BMAd reduction during chronic inflammation.

Despite strong evidence that BMAT is reduced in rodent models of SpA, our study has potential limitations. First, our animal models do not fully reflect the spectrum of spine manifestations found in patients with SpA. For example, osteophytes and fatty streaks at the vertebral column are rarely observed. Moreover, we evaluated adipokines in the serum. However, other fat depots such as white adipose tissue also produce adipokines that are released into the circulation. Therefore, it would be interesting to analyze adipokine concentrations directly in the bone marrow microenvironment to better address which adipokines are locally altered by chronic inflammation.



Conclusions

Our results show a significant reduction of white adipose tissue and BMAT in two relevant rodent models of SpA. Elevated serum levels of IL-17 suggest a potential role of IL17+CD4+ T cells in sustaining inflammation by disrupting BMAT.
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Effective treatment of osteoarthritis (OA) remains a huge clinical challenge despite major research efforts. Different tissues and cell-types within the joint contribute to disease pathogenesis, and there is great heterogeneity between patients in terms of clinical features, genetic characteristics and responses to treatment. Inflammation and the most abundant immune cell type within the joint, macrophages, have now been recognised as possible players in disease development and progression. Here we discuss recent findings on the involvement of synovial inflammation and particularly the role of synovial macrophages in OA pathogenesis. Understanding macrophage involvement may hold the key for improved OA treatments.
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Introduction

Osteoarthritis (OA) is the most common form of arthritis, characterised by pain, swelling and stiffness of the joint. It is also multifactorial in nature, with associated risk factors such as age, sex, ethnicity and obesity. Primary locations affected are synovial joints, including the knee, hip and hands, with knee OA being most frequently observed. OA affects 7% of the global population and it is estimated that one third of people over the age of 65 suffer with the disease. This equates to approximately 500 million individuals, a figure which has risen by 48% from 1990-2019 (1–3). Even though OA is a leading cause of disability, the 15th highest cause of years lived with disability globally, no cure or disease modifying treatments are available (1). Symptoms are typically managed through a combination of non-pharmacological methods and non-steroidal anti-inflammatory drugs (NSAIDS). Surgical intervention through joint replacement still remains the only option for end-stage disease, emphasising the need for better treatment strategies. Here, we provide a short overview of the role of inflammation in OA pathogenesis, with a specific focus on the involvement of synovial macrophages. Unravelling the role of these cells may lead to improved stratification of OA patients for anti-inflammatory treatments and/or the identification of novel therapeutic targets.



OA Pathogenesis: Cartilage and Subchondral Bone

OA can affect the entire joint, including cartilage, synovial tissue, subchondral bone and the joint capsule, as well as ligaments and periarticular muscles (4). Cartilage degeneration is probably the most well-known hallmark of OA, and many studies have focused on understanding and preventing its destruction (5). The cartilage provides an important lubricated covering to the bone surfaces where the femur, tibia and patella articulate with each other. This absorbs stress created during movement and importantly, creates a smooth platform to allow for efficient joint motions. It comprises an extracellular matrix (ECM), composed mostly of type II collagen and aggrecan proteoglycans, which bring strength and flexibility to the tissue respectively (6, 7).

Chondrocytes constitute the cellular component (7) and maintain homeostasis through synthesis and degradation of the cartilage proteins. In OA, this equilibrium shifts to catabolism and chondrocytes adopt an activated state characterised by increased cell proliferation, molecular alterations and production of ECM degrading enzymes. This leads to cartilage damage (8–10). MMP family proteins and aggrecanases, the most widely studied ECM degrading enzymes, are both able to degrade native collagen and aggrecan (11–13). This breakdown of the ECM leads to fibrillation and subsequent fissure development within the cartilage layers and as a result, the subchondral bone (SB), situated directly beneath, is exposed to the articular cavity. The joint therefore becomes unable to function normally with regards to gliding movements and is incapable of effectively absorbing mechanical stress. Composed of the SB plate and underlying trabecular and subarticular bone, the SB functions as a shock absorber and helps distribute the mechanical load of the joint. Structural changes to SB can also be seen in OA, and include increased bone turnover, the development of microfractures and increased angiogenesis. Bone sclerosis, osteophytes, bone cysts and bone marrow lesions, detected via MRI can also be seen.

Inflammatory mediators have long been known to play a role in the breakdown of the cartilage ECM. In particular, OA patients have increased levels of IL-1β, TNF-α and IL-6. IL-1β is an essential mediator of joint inflammation and its overexpression by chondrocytes can be seen in early osteoarthritic cartilage (14, 15). Such levels cause an abnormal chondrocyte phenotype, which directly interferes with the synthesis of ECM collagen and aggrecan proteins. An associated increased release of MMP and aggracanase enzymes such as MMP-1, MMP-3 and MMP-13 is also seen, with destructive effects on cartilage components (16, 17). Functioning in an autocrine manner, IL-1β can induce its own secretion and stimulate the synthesis of other inflammatory mediators, again such as TNF-α and IL-6. Often found working in synergy with IL-1β, TNF-α binding to its receptors induces a similar NF-κB signalling cascade to increase inflammation and catabolism through enhancing adhesion molecule expression, the synthesis of further cytokines, and promoting the expression of more MMP family enzymes able to degrade the ECM (18, 19). Other cytokines such as IL-8, IL-18, IL-17 and IL-22 are increased when comparing human inflamed and non-inflamed synovial tissue (20). In particular such cytokines are associated with Th17 and NK22 cells, along with the recruitment of neutrophils into the tissue, all of which are capable of further promoting synovitis (20). IL-6, produced by cells such as chondrocytes, osteoblasts, fibroblasts, macrophages and adipocytes can also synergise with other cytokines to affect the ECM. However, evidence indicates IL-6 is the key cytokine to affect the SB layer of the joint by promoting the formation of osteoclasts to increase bone absorption within the joint (21, 22). Also associated with the bone itself, high TGF-β has been reported via in vitro and in vivo studies to promote the production of osteophytes, as well as increasing chondrocyte hypertrophy via alternative signalling pathways (23). Further descriptions of cytokines involved in OA are beyond the scope of this mini review, but such information has been discussed elsewhere (24).



OA Pathogenesis: Synovial Tissue

The synovium lines the joint cavity. Its main function is to produce synovial fluid to equip the joint for efficient movement. Concentrations of synovial fluid components (lubrican and hyaluronic acid) are often altered in OA, influencing cartilage integrity. The synovium is composed of two main regions: the lining and sublining layers. Synovial lining consists mainly of macrophage and fibroblast cell types. The sublining contains additional fibroblasts, macrophages, adipose cells and blood vessels, with low numbers of lymphocytes also detectable (25).

Low-grade synovial inflammation has been observed in over half of OA patients at both early and late stages of disease (26–33) which has led to the notion that OA is not simply caused by an age-related wear and tear of the joint. Unlike more typical inflammatory arthritides [e.g., rheumatoid arthritis (RA)] OA synovitis is usually not accompanied by overt systemic inflammation. In RA, the inflamed synovium is characterised by vasculitis and a mixed immune cell infiltrate. This infiltrate predominantly consists of lymphocytes but also includes myeloid cells such as macrophages. Inflammation and angiogenesis in RA are further exacerbated due to antigen presentation and cytokine release. Subsequently, cartilage degradation and bone erosion arises over time in response to protease (e.g. MMPs) and cytokine release (e.g. TNF-α and IL-6) (34). A role for macrophages, with their associated inflammatory cytokines (IL-6 and TNF-α), has also been recognised in RA (35).

In OA, synovial inflammation is less pronounced, but there is ample evidence to support its pathogenic role (26, 30, 36). Histopathological studies since the 1980s have identified inflammatory signatures (cellular hyperproliferation, increased angiogenesis and lymphocyte aggregate appearance) within OA synovium (37–39). The degree of inflammation is highly heterogenous between patients, but nevertheless, has been associated with pain and disease progression. As highlighted in the previous section, inflammatory molecules, including IL-1β and TNF-α, are able to induce protease secretion by chondrocytes, highlighting possible crosstalk between the synovium and other joint tissues (40). It has also been reported that the quantity of activated macrophages within patient OA synovium correlates with disease severity and progression (41). Synovitis confers a 9-fold greater risk of individuals presenting with painful knee OA (30). Elevated inflammatory markers have been detected in the serum and synovial fluid of OA patients and levels of serum TNF-α correlate with OA kellgren-lawrence X-ray grades (42). However, whilst treatments to dampen inflammation in RA have shown success (43), trials with anti-inflammatory drugs in OA have been disappointing thus far. A possible reason may be that the inflammatory players and processes differ greatly between patients; a notion that is supported by heterogeneity of the immune cell infiltrate in the OA synovium. For example, bi-compartmental OA is characterised by higher infiltration of CD4+ T cells into the synovium than uni-compartmental disease (44) and we recently demonstrated highly variable numbers of macrophages as well as other immune cell subsets in the OA synovium (45). Therefore, we argue that a better understanding of the inflammatory players in OA would benefit the development of improved therapeutic strategies; either through stratification of OA patients for the most suitable disease-modifying treatments and/or the identification of novel targets.



Synovial Macrophages

The most abundant immune cell type in the OA synovium is the macrophage. Macrophages are often described as displaying an M1 or M2 phenotype. Activated by environmental factors such as IFN-γ, TNF-α and LPS, M1 macrophages secrete pro-inflammatory cytokines and low levels of IL-10. M2 macrophages display an anti-inflammatory profile and possess tissue-repair functions (46). However, such M1/M2 descriptions are now regarded as extreme poles of a spectrum in many fields, with macrophage phenotype varying greatly depending on the tissue environment. High macrophage numbers are detected in OA patients compared to healthy controls and quantities of activated macrophages correlate with clinical symptoms (41, 47). Furthermore, increases in macrophage associated molecules (sCD163 and sCD14) and chemoattractants such as CCL2 and CX3CL1 in OA patient synovial fluid are linked with clinical outcome in OA (48, 49). It is thought that synovial macrophages respond to danger-associated molecular associated patterns, including cartilage fragments and intracellular proteins from necrotic cells, consequently contributing to cartilage damage and bone alterations through the release of cytokines such as IL-1β, TNF-α and TGF-β (Figure 1). In support of this, in vitro studies have highlighted that depletion of CD14+ macrophages from synovial cell cultures results in a reduction of IL-1β, TNF-α, MMPs and aggrecanase enzymes which are able to degrade joint cartilage (50). Latest research investigating joint macrophages under normal and disease conditions (RA and OA) has led to the identification of multiple synovial macrophage subsets in the same joint. In a setting were inflammation aids disease, it’s probable that the abundance of distinct macrophage subsets could perpetuate or indeed help to resolve OA.




Figure 1 | Knee osteoarthritis pathology and macrophage involvement. Common features of OA including cartilage loss, narrowing of the joint space, synovitis and the development of subchondral bone cysts and sclerosis are shown. Macrophages in the synovium can contribute to OA via the release of inflammatory molecules which are able to stimulate resident fibroblast populations to produce cartilage extracellular matrix degrading enzymes. Inflammatory molecules are also able to activate chondrocytes, promoting an abnormal molecular and cellular phenotype, again promoting cartilage loss. We suggest that the same or similar macrophage populations newly identified in inflammatory arthritis studies will be found in OA tissues, may differ between clinical states and could provide therapeutic targets for subgroups of patients. The identification and impact of such populations in OA development is yet to be determined.





Novel Synovial Macrophage Subsets in Inflammatory Arthritis

To carry out comprehensive investigations of joint macrophages Culemann and colleagues utilised transgenic mice and models of inflammatory arthritis (51). Exploring the origin of increased macrophage numbers during arthritis, the authors identified a CX3CR1+ macrophage subset in direct proximity with collagen VI expressing synovial fibroblast cells. This subset expressed tight junctional protein markers usually associated with that of endothelial cells (F11r, ZO-1 and claudin-5), was maintained by a distinct Ki67+ CX3CR1- interstitial macrophage population and formed a dense barrier between the synovial capillary network and the intra-articular space. At the onset of arthritis CX3CR1+ macrophages underwent altered morphology, and their cell-to-cell contacts were abrogated. Consequently, there was a breakdown of the “macrophage barrier” and CX3CR1- macrophage populations were found to rapidly proliferate in response. Coincidingly blood-derived macrophages infiltrated the tissue. The CX3CR1+ macrophage subset may therefore promote an important synovial regulatory function to seclude and protect intra-articular structures. Work to identify macrophage populations capable of promoting a “macrophage barrier” and the downstream implications of this in human OA could prove to be highly advantageous. Comparing RNA sequencing of mouse macrophage populations the authors also showed that CX3CR1+ macrophages expressed immune related genes (TREM2 and VSIG4) and that additional heterogeneity existed within CX3CR1- macrophages (51). This is a significant observation as mouse macrophage expression profiles correlate with recent sc-RNA sequencing data sets from human RA patients. Exploring human synovial macrophages within RA, and using OA tissue as a comparison, Zhang and colleagues identified four transcriptionally distinct subsets (SCM1-M4) (52). In particular, the presence of IL-1β+ pro-inflammatory macrophages (SCM1 subset) were upregulated in “leukocyte-rich” RA tissue compared to OA samples. Conversely, a SCM2 subset, which express VSIG4 similar to mouse CX3CR1+ macrophages, were upregulated in OA, suggesting they too are a resident synovial population.

In line with this, Alivernini and colleagues recently identified that clinically distinct states of RA can be characterised by relative proportions of particular macrophage populations. Firstly, healthy donor macrophages and those from patients in remission phenotypically were MerTK+ and CD206+. Patients with active RA had higher amounts of MerTK- CD206- and fewer MerTK+ CD206+ macrophages (53). Delving further to unravel the heterogeneity of these two populations, sc-RNA sequencing revealed nine distinct synovial macrophage clusters that could be classified into again four subpopulations: TREM2+, FOLR2high, HLA+ and CD48+. Comparing relative gene ontology pathways of the nine macrophage clusters with clinical state revealed that MerTK+ TREM2+ and MerTK+ FOLR2+ macrophages were predominantly in healthy tissue. They also showed gene expression (ALDH1A1 and VSIG4) that would promote regulation of adaptive immunity through inhibition of T effector cells. Patients with sustained remission showed an increase in MerTK+ FOLR2high LYVE1+ macrophages which link this subset to tissue remodelling and homeostasis. In comparison, treatment naïve and active RA had increased proportions of MerTK- CD48- SPP1+ and MerTK- CD48- S100A12+ clusters which showed a pro-inflammatory transcriptome phenotype. The authors further showed that the MerTK- CD206- and MerTK+ CD206+ macrophage clusters were able to induce proinflammatory responses and repair synovial fibroblasts phenotypes, respectively. An overview of all novel synovial macrophages can be seen in Table 1.


Table 1 | Recently Identified novel macrophage subsets.





Synovial Macrophage Subsets in OA

Macrophages in OA are not completely understood and most studies to date refer to macrophages as M1/M2, as comprehensively reviewed by Fernandes and colleagues (54). M1 macrophages in OA are linked with destructive processes: down regulation of collagen type II and aggrecan synthesis, and upregulation of enzymes such as MMP-1, -3, -9 and -13 (55). In comparison, there is murine evidence that “tissue repairing” M2 macrophage associated cytokines IL-4 and IL-10 are induced with moderate physical activity within the OA synovium, potentially promoting a protective environment (56). Macrophage-related chemokine CCL2, produced in response to inflammatory stimuli by chondrocytes, and its receptor CCR2 has also been noted. Depletion of CCL2/CCR2 is associated with decreased pain severity and older knockout mice show reduced structural disease after joint de-stabilisation (57). The upstream inducer of CCL2, TGF-α has been identified as a possible gene candidate for determining human OA risk and cartilage thickness. TGF-α inhibition in models also shows reduced structural disease, making this an interesting macrophage-related therapeutic target (58). In other mouse studies, contradictory results are reported. Macrophage depletion has been shown to reduce OA symptoms such as osteophyte formation in some cases, but in others increased synovitis can be seen due to CD3+ T cell and neutrophil infiltration (59, 60). Discrepancies of macrophage manipulation in mouse models however could relate to the mechanism of disease onset used e.g., obesity, surgical etc., something which may suggest the presence of possible OA phenotypes.

With new knowledge of RA synovial macrophage subsets emerging that goes beyond the classical M1/M2 concept, there is further potential to generate new therapeutic strategies to promote the resolution of synovitis in OA, specifically targeting patients that would likely benefit most. Whether the same cellular populations and mechanisms exist in OA remains unclear and is currently under investigation. Nevertheless, the first study to explore and characterise the cellular and transcriptional heterogeneity on a single cell level in matched synovial and cartilage from OA patients was recently published by the Kraus laboratory (61). Here the authors identify twelve synovial cellular populations, including two distinct macrophage populations, and show that key OA mediators (TNF, IL-6 and IL-1β) are released into the joint space via HLA-DRA+ macrophages and DCs. Cytokine expression was 25-fold higher within the synovium compared to damaged cartilage areas and no cytokine was exclusively expressed by chondrocytes themselves. This emphasises the possible crosstalk between joint tissues in OA development. Such cytokine upregulation in the synovium may have synergistic effects on signalling pathways within other joint tissues to increase inflammation and in turn promote cartilage breakdown (62). This study again displays a potential for tissue specific targeting of pathogenic molecules or cells within the synovium itself in order to treat OA (61).

A recent study from our own laboratory identified distinct human knee OA endotypes (where insights of the pathogenic mechanism of disease are given) based on gene expression profiles of synovial macrophages. One of these endotypes displayed increased numbers of synovial CD14+ macrophages that closely aligned with synovial macrophages from inflammatory arthritis patients and displayed a cell proliferation signature and high Ki67 expression (45). However, whether this finding is in any way comparable with Ki67-expressing CX3CR1- macrophages in mice remains to be answered. The discovery of multiple synovial macrophage subsets may help to explain the contradicting results derived from in vivo macrophage-depletion studies of OA, and it is thought that macrophage subset identification could be used to aid the stratification of patients for treatment. Understanding the impact of specific synovial macrophage subsets is a research priority, with fundamental questions remaining. Do the same macrophage subsets exist in OA as in RA? Do macrophage subsets differ between OA disease stages? Do particular macrophage subsets associate with clinical symptoms? And importantly, what other cells within the synovial environment do macrophage subsets communicate with or influence? Unearthing such information could prove crucial for understanding OA pathogenesis and importantly reveal new therapeutic targets. Identification of several macrophage subsets within joint tissue truly advocates for an alternative assessment of how this cellular population is involved in OA.



Future Directions

New directions for OA research are imperative as clinical trials for disease-modifying treatments thus far have been largely disappointing. Disease heterogeneity often is suggested as a possible explanation. In 2016 Dell’Isola and colleagues provided evidence for the existence of six major OA clinical phenotypes (where observable traits are used to define disease clusters), reporting that 84% of subjects across twenty-four studies could be classified in this manner (63). 12% of OA patients could be classified into an “inflammatory” phenotype, whilst the others were characterised into chronic pain, metabolic syndrome, bone and cartilage metabolism, mechanical overload and minimal disease phenotypes. Regardless of such classifications, trials of anti-IL-1 agents that specifically focused on patients with synovitis (the inflammatory phenotype) still resulted in limited improvement in pain scores and synovial inflammation (64). This implies factors other than IL-1 are at play in this patient subgroup. The ability to further classify patients more effectively could significantly transform and enhance OA clinical trial efficiency. Such approaches have already been applied in other settings such as in RA and asthma, as a method for identifying “clinicopathobiologic clusters” (65–67). By selecting patients based on particular OA molecular features, such as signalling pathways or other distinct molecular mechanisms as opposed to only by clinical phenotype, such as the presence of synovitis, patient subgroups most likely to benefit from particular therapies may be more easily identified. Of course, revealing molecular endotypes of OA is an extremely complex task. Advancements in imaging techniques, identification of novel OA biomarkers and increased knowledge of cellular communications (like that of macrophage subsets) within joint tissues will be of great importance. Ultimately, this approach could facilitate the development of better treatment strategies for OA patients.
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Osteoporosis is the most prevalent metabolic bone disease that affects half the women in the sixth and seventh decade of life. Osteoporosis is characterized by uncoupled bone resorption that leads to low bone mass, compromised microarchitecture and structural deterioration that increases the likelihood of fracture with minimal trauma, known as fragility fractures. Several factors contribute to osteoporosis in men and women. In women, menopause – the cessation of ovarian function, is one of the leading causes of primary osteoporosis. Over the past three decades there has been growing appreciation that the adaptive immune system plays a fundamental role in the development of postmenopausal osteoporosis, both in humans and in mouse models. In this review, we highlight recent data on the interactions between T cells and the skeletal system in the context of postmenopausal osteoporosis. Finally, we review recent studies on the interventions to ameliorate osteoporosis.
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Introduction

A great achievement of modern medicine is the increased lifespan of the human population. Unfortunately, the comorbidities of aging have created a large economic and health burden on society. The current challenge is to improve the healthspan and thus to reduce the burden. Osteoporosis is the most prevalent metabolic bone disease that affects half the women and one third of men, typically, in the sixth and seventh decade of life (1, 2). Osteoporosis is characterized by uncoupled bone resorption that leads to low bone mass, compromised microarchitecture and structural deterioration that increases the likelihood of fracture with minimal trauma. These fragility fractures lead to disproportionally high mortality rate and a drastic decline in quality of life for those affected.

Bone remodeling occurs th0roughout life and is a coordinated process to repair microfractures and maintain bone mass. Imbalances in the bone remodeling process underscore the pathophysiology of osteoporosis. Bone remodeling is a tightly coupled: resorption precedes formation and the amount of bone formed is balanced with the amount resorbed. Remodeling can be initiated by hormonal, environmental and nutritional factors (3). The major cell types involved in bone remodeling are bone resorbing osteoclasts (OC) and bone forming osteoblasts (OB). Over the last decade the bone-embedded osteocytes (Ocy) have also emerged as a key regulators. OC are multinucleated cells from the monocytic lineage whose differentiation depends on receptor activator of NF-κB (RANK) and its ligand (RANKL). OB differentiate from the mesenchymal stem cell (MSC) lineage and is regulated by several signaling pathways such as WNT/β-catenin and BMP. During remodeling the OC and OB form the bone remodeling unit (BRU). Ocy are stellate like cells enclosed within mineralized bone. They serve as mechanosensors within the bone and play a key regulatory role in bone homeostasis, directing and coordinating repair by regulating the BRU.

It was recognized nearly eight decades ago that involutional osteoporosis in postmenopausal women is mediated by loss of estrogen (E2) (4). The mechanism for how E2 loss leads to increased bone resorption has remained, despite intense focus of investigations (5). Decreased calcium absorption (6, 7), decline in renal function (8) and impaired vitamin D metabolism (9, 10) with aging and menopause. Over the past three decades there has been growing appreciation that the adaptive immune system plays a fundamental role in the development of postmenopausal osteoporosis (PMOP), both in humans and in mouse models. The recognition that T-cell derived cytokines affect bone has given rise to the field of osteoimmunology, a word was first coined in 2000 by Arron and Choi (11). There have been major advances in our understanding of the pro-resorptive effects of pro-inflammatory cytokine, in particular TNFα and interleukine IL-17A made by T cell. In this review, we highlight recent data on the interactions between T cells and the skeletal system in the context of PMOP. We also review recent studies on the interventions to ameliorate osteoporosis, with insights into immunomodulatory options. Finally, we highlight some questions that still remain unanswered.



Postmenopausal Osteoporosis

While dietary, lifestyle and other factors impact bone health (12, 13), in general there are two main reasons for the decline of bone mass. The skeletal system grows rapidly postnatally and through puberty and peak bone mass is attained by mid to late 20s (14). Both men and women gradually loss bone mass as they age (15) and the rate of loss varies by anatomical site (16). In addition to aging, loss of sex hormones and in particular estrogen (E2) contribute to skeletal homeostasis (5, 17, 18).

Sex hormones increase during puberty and are maintained during reproductive age. While testosterone (T) decreases linearly with age in men, women experience a sharp decline in E2 at menopause. Menopause, is the cessation of ovarian function, is one of the leading causes of primary osteoporosis. Early studies suggested that E2 directly regulates OC (19–22) and OB (23, 24) and its loss results in long lived OC and impaired OB leading to uncoupled bone resorption (25). Accordingly, PMOP has been traditionally regarded as an endocrinal, E2 deficiency mediated disease. While epidemiological observation suggest that E2 loss is responsible for osteoporosis in both sexes, the mechanism in males remains unclear. The role of estrogen and androgens on the bone have been extensively reviewed previously (25–27). In the next section, we will focus on the role of the immune system in the pathogenesis of PMOP.



The Crosstalk Between the Bone and the Immune System

In the past few decades, evidence has emerged supporting the notion that E2 loss promotes persistent inflammation that promote osteoporosis and perhaps other comorbidities. The mechanistic studies for linking E2 loss at menopause and activation of the T cells has come from ovariectomy (OVX) of rodents and key outcomes have been validated in human studies. In this section, we highlight recent advances in our understanding on how T cells and proinflammatory cytokines, namely TNFα and IL-17A, contribute to the pathogenesis of PMOP (Figure 1).




Figure 1 | Balance between immunogenic and tolergenic states is linked with resorptive and osteogenic states of the bone. Chronic inflammation may be derived by increases in effector T-cells (TEFF) and effector memory T-cells (TEM). Bone is very sensitive to TNFα and IL-17A produced by T-cells. Estrogen (E2) prevents the conversion of TM to TEM. Tolerogenic T-cells (i.e., TREG and TcREG) promote bone formation through direct and indirect mechanisms. All Figures were created with (BioRender.com).




Inflammation Tips the Balance in Favor of Bone Resorption Through Osteoclasts

Takayanagi et al. were the first to report the bone-immune cross talk, demonstrating that T-cell produced IFN-γ can inhibit RANKL signaling during OC differentiation (28). Because Th1 are major producers of IFN-γ, inflammatory bone loss was thought as a Th1 mediated pathology. It was later demonstrated that Th17 cells are key drivers of bone erosion (29) and IL-17A is a potent promoter of bone destruction, particularly in the context of autoimmune pathologies (30–32). TNFα has also been shown to directly act on OC and its precursors in synergy with RANKL to promote osteoclastogenesis (33–36). Bone appears to be sensitive to T-cell derived cytokines even at distal anatomical sites. For instance, decline in bone mass is observed in patients with chronic HIV (37, 38), Hepatitis B and C (39) infections. Hepatic viruses also affect conversion of vitamin D3 to the metabolically active form calcitriol because they infect hepatocytes and affect calcium absorption in addition to increased IL-17A production by T-cells (40, 41). Increased prevalence of fracture are also observed in patients with rheumatoid arthritis (RA), inflammatory bowel disease (IBD) and chronic obstructive pulmonary disease (COPD) (42–45). The local cytokine milieu can contextually promote or protect against bone loss and the mechanism for how TNFα and IL-17A favor bone resorption via OC have been reviewed extensively (46, 47).

In the past decade, several studies showed that the immune system and inflammation play a critical pathogenic role in uncoupled bone loss in the context of E2 loss (30, 48–52). OVX of sexually mature mice that were T-cell deficient showed decreased bone loss, demonstrating that T-cells are required for promoting bone resorption (53–57). Recently, our lab has described a new pathway where E2 loss leads to chronic low-grade production of the proinflammatory cytokines TNFα and IL-17 by converting memory T-cells (TM) to effector TM (TEM). We showed that there us increased levels of IL-7 and IL-15. Both these cytokines are produced by bone marrow dendritic cells (BMDCs). E2 induces Fas ligand and apoptosis of BMDC and also TM. In the absence of E2, the BMDC become long-lived, which leads to higher IL-7 and IL-15 and to antigen-independent activation of a subset of TM to produce TNFα and IL-17A (58) (Figure 2). The canonical activation of TM and subsequent conversion to TEM are antigen-dependent (59), thus the activation observed by E2-loss does not follow the established paradigm. OVX of IL15RαΔT-cells mice, where TM cannot convert into TEM, did not result in bone loss (58). Our results uncovered another aspect of how E2 is anti-inflammatory, as it maintains TM homeostasis and limits their conversion to TEM in the absence of antigen.




Figure 2 | Estrogen (E2) regulates bone marrow resident memory T-cells (TBRM) homeostasis and E2 loss promotes conversion of TBRM to TEM. TM migrate to and take up long-term residence in the bone marrow. Left panel: Bone marrow resident dendritic cells (BMDC) secrete IL-7, IL-15 or both to promote survival of TM. In E2 replete females, BMDC have a short lifespan because E2 induces FasL in the BMDC. In addition, IL-15 induces Fas in proliferating TM in response to IL-7 and IL-15 thus maintain a homeostatic pool of TBRM. Right: In absence of E2, Fas ligand (FasL) is no longer induced leading to increased lifespans of BMDC and high concentrations of IL-7 and IL-15. In the presence of high IL-7 and IL-15 and absence of FasL, all TM proliferate and a subset (~5 to 10%) produce TNFα and IL-17A, which then promotes bone resorption and also limits bone formation.



The gut microbiome (GMB) plays an important role in regulating bone mass. A number of studies have shown an association between GBM and bone health in both animal models (60, 61) and in humans (13). Germfree (GF) mice have increased bone mass compared to conventionally raised (CONV-R) mice, and restoration of GBM normalized bone mass in GF mice (62). E2 loss increases gut permeability (63–65), which leads to increased priming and activation of inflammation in the gut mucosa, leading to the generation Th17 cells (66). GF mice do not lose bone post-OVX, and probiotics can prevent OVX-induced bone loss (67, 68). Recent studies have suggested GMB produce microbial metabolites that have regulatory function on distal organs, including the bone. GMB derived butyrate, polyamines and short-chain fatty acids have been shown to induce regulatory T cell (TREG) generation in the colon and be able to directly regulate the BRU (69–71). Thus, there appear to be several mechanisms by which GMB modulate bone health: first, GMB produce metabolites that directly modulate bone mass. Second GBM induce Th17 cell to promote bone loss or TREG to limit bone loss. Finally, GBM not only induce Th17 cells but many of these effector T-cells become TM. A subset of TM migrate to the bone marrow to become bone marrow resident TM (72). Thus prior exposures of pathogens and commensals are encoded in the TM. This may explain (at the population level) why only about half of postmenopausal women develop osteoporosis. Women who have more exposure to Th17 inducing microbes through their life would have a larger pool of TM that convert to TEM that produce IL-17 and TNFα postmenopause.



How Does Inflammation or Resolution of Inflammation Regulate Bone Mass?

The field has primarily focused on the effect of inflammation on OC as discussed above. How inflammation restrains bone formation is less well studied. Under coupled bone remodeling conditions, the increase in resorption is accompanied by recruitment of mesenchymal stromal cells (MSC) and their conversion to OB. However, in the presence of inflammatory cytokine (i.e., TNFα, IL-17 and IL-1β) this process appears to be impaired. Thus, bone formation lags behind bone resorption. Next, we discuss how proinflammatory cytokines effects the osteolineage.

Early in vitro culture studies showed that TNFα inhibited MSC to OB transition by regulating RUNX2 expression, a master transcription factor that commits MSC into osteogenic pathway. TNFα also targets Osterix (OSX; SP7) expression, a key transcription necessary for osteoblast maturation (73–75). Osteoblastogenesis is sensitive to glucose levels (76) and OB differentiation is regulated via mTOR pathway (77–80). While not clearly established in OB, there is precedence that TNFα regulates cellular metabolism in adipocytes and muscles cells (81–83). Since these three cell types all originate from MSC via different developmental pathway, it is likely that TNFα targets mTOR complexes in OB to alter cellular metabolism. Indeed, in vitro evidence demonstrated that TNFα can modulate autophagy and apoptosis via NF-κB signaling in OB (84–86) both of which are controlled by mTOR. While these results are controversial, there are reports indicating that IL-17A is able to affect MSC to OB differentiation as well as mature OB function and is summarized in a recent review (47). Understanding the effects of TNFα and IL-17A on OB will provide further insight into the imbalance between bone resorption and bone formation.

The effect of inflammation on Ocy is largely unknown. Ocy are regulators of bone homeostasis (87). Ocy produce RANKL that predominantly regulates osteoclastogenesis during remodeling (88, 89). In the presence of TNFα a much lower concentration of RANKL is needed to initiate osteoclastogenesis (90). Ablation of RANKL in Ocy via Dmp1-Cre protected against vertebral bone loss (91). TNFα and IL-17A can target Ocy to produce RANKL and thus contribute to increased resorption (92, 93). Furthermore, IL-17A can target Ocy to increase osteogenic differentiation of MSC in cooperation with OB (94). All evidence taken together, suggest that Ocy are at the center of BRU balance and regulate bone resorption and formation according to biological needs. OVX induced Ocy apoptosis (95) possibly via TNFα, IL-17A or both, suggesting that inflammation regulates bone health not just through OC or OB. Interestingly during lactation, where there is E2 loss triggers the same BMDC induced uncoupled bone resorption as OVX, Ocy have been shown to undergo a process called osteocytic osteolysis that promotes bone resorption to release calcium from cortical bone (96). Further investigation is need to understand the role Ocy play in PMOP.

It is clear that the skeletal system is exquisitely sensitive to chronic inflammation suggesting that the skeletal system is “a canary in the coal mine” – a sensor of overall persistent inflammatory burden. All currently available data is consistent with the observation that PMOP is mediated by inflammation. Specifically, E2 loss induces the conversion of bone marrow resident TM to TEM that secrete TNFα and IL-17A. These cytokines promote osteoclastogenesis and bone resorption and most likely also limit bone formation. However, the effect of TNFα and IL-17A on MSC, mature OB or Ocy is much less well understood. Future therapies for the treatment of PMOP should also address the underlying inflammation, which we will discuss in the following section.




Therapeutic Interventions

A number of therapies have been developed to treat osteoporosis in postmenopausal women. The traditional therapies fall into two classes: anti-resorptive and bone anabolics. Each has been used independently and in some clinical trials also used in combination.


Antiresorptive

The most commonly prescribed medication for osteoporosis are antiresorptives, notably bisphosphonates and denosumab. It has been reported that antiresorptives can interact with the immune system. Bisphosphonates have been shown to boost B-cell function and promote humoral immunity (97). Denosumab has been associated with increased risks of infection (98) and more recently, being investigated for oncology alongside immune checkpoint inhibitors (99). One drawback with this class of medications are potential severe adverse effects. Osteonecrosis of the jaw (ONJ) is observed in 1-3% of patients on anti-resorptive therapies with certain predisposing factors (i.e., after tooth extraction or in people with type 2 diabetes) (100–102). Atypical femoral fractures have also been reported in patients on bisphosphonates (103) while denosumab discontinuation have been associated with higher risk of vertebral fractures (104). Another disadvantage of anti-resorptive treatment is that there is a specific window where they are most effective. In addition, inhibition of bone resorption prevents bone remodeling and repair leading to effete bone that fractures from minimal trauma (105). As a result, while the patient may maintain BMD, it does not reflect that whether they have improved bone quality.



Anabolics

The second class of therapies are bone anabolics. A commonly used bone anabolic is teriparatide, derived from parathyroid hormone (PTH) (106). More recently romosozumab that targets sclerostin (product of the SOST gene) (107) has been approved as a bone anabolic biologic. Neutralization of sclerostin increases OB numbers and simultaneously suppresses bone resorption thus promoting bone formation. However, due to adaptive changes in bone and potential adverse effects with prolonged use, bone anabolic therapies are limited in their use (108–110), particularly in special populations (111). Antiresorptive therapies (RANKL blockade or bisphosphonates) in postmenopausal women did not increase bone mass in the SHOTZ clinical trial (112, 113) indicating that deficit in OB activity remains. Remarkably, while bone anabolic therapy improve bone mineral density, bone microarchitecture did not improve unless both antiresorptive and anabolic agents were combined (114–116). These results suggest that efficacy is obtained by using both antiresorptive (brakes on OC) and anabolics as accelerator. Since sclerostin is primarily (but not exclusively) produced by Ocy, the action and mechanism of action on Ocy remains to be understood.

All current therapies target the cells of the BRU, either to suppress resorption or to promote bone formation. Furthermore, the current therapies have shortcomings and adverse effects with prolonged use necessitating drug holidays (117).



Immunomodulatory Options

Therapeutic option that target the immune system has recently gained interested as treatment option for PMOP. Given that a number of inflammatory conditions lead to bone destruction, inhibition of specific cytokine signaling have also been used to disrupt the cell-cell signaling and to protect against bone destruction. Blockade of TNFα (118) and IL-17A (119) in mice have shown to prevent OVX-induced bone loss. Etanercept (anti-TNFα) have been used to treat PMOP patients and showed decreases in serum markers of bone resorption (120), which warrant further investigation whether it is safer and better than current therapies (121). A recent study showed that neutralization of IL-17A induces compensatory increase of other Th17 cytokines, including IL-17F, IL-22 and GM-CSF (122). While secukinumab (anti-IL-17A) has not been evaluated for the treatment of osteoporosis, this finding highlights the complex nature of targeting cytokines in preventing bone loss.

Probiotic supplementation can be considered as an immunomodulatory therapy, given the role of GMB in regulating bone health as mentioned in this review. Bone loss in OVX mice can be prevented with supplementation of probiotics (68). While randomized controlled trial were conducted (123) and showed reduction in bone loss in particular with Lactobacillus reuteri (124), these results should be interpreted with caution and further studies are needed to evaluate the benefits of probiotics.

Our laboratory discovered that OC are antigen presenting cells during bone resorption that express DLL4, CD200 and MHC I and induce naïve CD8+ T cells to become FoxP3+ regulatory T cells (TcREG) (Figure 3). TcREG express Eomes and T-bet, have increased the surface expression of CD25 and CTLA-4, and produce IFN-γ and IL-10 (125, 126). Bone resorbing OC induce TcREG which in turn suppress bone resorption, forming a negative feedback loop (127). TcREG are also immunosuppressive in addition to regulating OC (128). Both in vivo induction by low dose pulsed RANKL (pRANKL) and adoptive transfer of ex vivo generated TcREG suppressed bone resorption, TNFα and IL-17A levels and promoted bone formation (129) to ameliorate osteoporosis in OVX mice. In unpublished studies, IL-10 directly regulate OB at the gene expression level and OVX of IL-10 deficient mice were unresponsive to the anabolic effects of pRANKL. However, TcREG retained its ability to inhibit TNFα production in TEM. Induction of TcREG has two facets: first, regulatory T-cells promote a tolerogenic environment by reducing the overall inflammatory burden; second, induction of regulatory T-cells is not expected to immunocompromise the host, unlike targeting inflammatory cytokines with antibodies (i.e., TNF blockade) or by JAK inhibitors. Targeting inflammatory cytokines represses both chronic and acute inflammation and thus increases risk of opportunistic infections. In contrast, inducing antigen-specific regulatory T-cells can precisely target chronic inflammation. Furthermore, while cytokine blockade may slow disease progression, regulatory T-cells promote resolution of inflammation to restore immune homeostasis (130–132). Taken together, our observations indicate that the immune system plays a fundamental role in modulating bone homeostasis, able to tip the balance either in favor of uncoupled bone resorption or bone formation.




Figure 3 | Osteoclasts induce tolerogenic TcREG. This figure summarizes how OC induce TcREG to promote restore homeostasis under inflammatory conditions. OC use three signals: antigen-loaded MHC I that ligates TCR on CD8 T-cells, CD200 (a costimulation molecule that activates NF-κB) and the Notch ligand DLL4 that engages Notch1 and Notch4 on the T-cells. TNFα and/or IL-17A downregulate DLL4 expression on OC. Treatment with pRANKL leads to increased expression DLL4. TcREG secrete IFN-γ that suppress osteoclastogenesis by degrading TRAF6 and also suppress resorption by mature OC. TcREG also secrete IL-10, which is required for the bone anabolic activity but not resolution of inflammation. IL-10 may also target Ocy to improve cortical bone mass. Resolution of inflammation appears to be mediated by CTLA4 expressed on TcREG.






Conclusion and Perspectives

In this review we highlighted how TM have emerged to be at the center of the pathophysiology of PMOP. These results demonstrate that E2 loss promotes inflammation leading to the acute phase bone erosion. We also underscore that none of the currently approved therapies for PMOP target inflammation but were intended to act directly on the BRU. The therapies also underscore that increasing bone mass may not be sufficient to reduce risk of fractures. How the proinflammatory cytokines TNFα, IL-17A and IL-1β leads to increased OC differentiation and increased resorption are well understood. In contrast, we do not have a similar level of understanding on the action of inflammation on OB and Ocy. We also highlighted how resolution of inflammation leads to increased bone formation. Additional studies are needed to understand the mechanism and the targets. In this context, better therapies will emerge from efforts to understand how Ocy sense bone quality and promote the repair process to produce bone that is resilient and less likely to fail. The correlation between bone mass (primarily by mineralization) to improving bone quality, with improved biomechanical properties needs to be further defined. Research in current decade is likely to provide new insights and mechanisms into the crosstalk. Revealing the mechanistic details on immune regulation on bone homeostasis will provide exciting new targets for therapies.
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Increasing evidence in recent years has suggested that regulatory B cells (Bregs) are one of the crucial modulators in various inflammatory disease conditions. However, no study to date has investigated the significance of Bregs in modulating osteoclastogenesis. To the best of our knowledge, in the present study, we for the first time examined the anti-osteoclastogenic potential of Bregs under in vitro conditions and observed that Bregs suppress RANKL-induced osteoclastogenesis in a dose-dependent manner. We further elucidated the mechanism behind the observed suppression of osteoclasts differentiation via Bregs. Our results clearly suggested that the observed anti-osteoclastogenic property of Bregs is mediated via the production of IL-10 cytokine. Next, we explored whether Bregs have any role in mediating inflammatory bone loss under post-menopausal osteoporotic conditions in ovx mice. Remarkably, our in vivo data clearly suggest that the frequencies of both CD19+IL-10+ Bregs and CD19+CD1dhiCD5+IL-10+ “B10” Bregs were significantly reduced in case of osteoporotic mice model. Moreover, we also found a significant reduction in serum IL-10 cytokine levels in osteoporotic mice, thereby further supporting our observations. Taken together, the present study for the first time establishes the direct role of regulatory B cells in modulating osteoclastogenesis in vitro. Further, our in vivo data suggest that modulations in the percentage of Bregs population along with its reduced potential to produce IL-10 might further exacerbate the observed bone loss in ovx mice.
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Introduction

B cells are classically characterized by their potential to produce and secrete antibodies. They also function as antigen-presenting cells (APCs) and secrete several immunomodulatory cytokines. Nevertheless, B cells with immunosuppressive functions, called Regulatory B cells or “Bregs”, have also been reported. It is known that the microenvironment plays a crucial role in directing the development and differentiation of Bregs (1, 2). It has also been observed that antigen and B cell receptor (BCR) signaling are crucial for the development of Bregs. In the presence of toll-like receptor (TLR) ligands, such as lipopolysaccharide (LPS), CpG, and CD40L, the development of Bregs can be optimized (3, 4). These Bregs exhibit the ability to regulate various disease conditions including inflammatory bone loss diseases such as rheumatoid arthritis (RA), collagen-induced arthritis (CIA), etc. (5, 6). Bregs via the production of interleukin (IL)-10, IL-35, and transforming growth factor (TGF)-β suppress several immunopathologies by barring the expansion of various immune cells, including T lymphocytes (7). Given that IL-10 producing B cells play a crucial role in immune regulation, Tedder et al. defined a subset of Bregs named “B10 cells” whose anti-inflammatory potential is only attributable to the production of IL-10 cytokine in various disease models such as cancer, autoimmune diseases, and infectious diseases. The co-expression of CD1d and CD5 has later been utilized to characterize splenic B10 cells to inhibit the progression of inflammation upon stimulation for 5h with LPS, phorbol 12-myristate 13-acetate (PMA), ionomycin, and monensin under ex vivo conditions (8, 9). Various studies demonstrated that the adoptive transfer of splenic B10 cells dampened the autoimmune reactions in several models of experimental autoimmune encephalitis (EAE), CIA, intestinal inflammation, and systemic lupus erythematosus (SLE) (5, 10–12). Thus, multiple studies in both humans and mice highlighted that Bregs suppress inflammatory reactions via IL-10 cytokine.

Osteoporosis is a systemic skeletal disease that is mainly characterized by deterioration of bone tissue and low bone mass. Various factors act synergistically to enhance the likelihood of developing osteoporosis viz. age, sex, hormonal imbalance, dietary factors, and the immune system. Accumulating evidence has supported the theory that bone destruction observed in osteoporosis caused by osteoclasts is due to impairment or loss of homeostatic balance of inflammatory and anti-inflammatory cells viz. Th17 and Tregs (13, 14). Various studies proposed that CD4+Foxp3+ Treg cells via secretion of IL-10 cytokine suppress osteoclastogenesis and thus bone resorption (13–16). It has also been reported that numerical defect in the Tregs population along with its efficacy to produce IL-10 cytokine results in the development of various inflammatory bone loss conditions, including osteoporosis. IL-10 is thus not just a signature cytokine for Bregs but also a potent modulator of the immune response that further contributes to the maintenance of bone health via inhibition of osteoclast-mediated bone resorption (17). Interestingly, a study reported that Breg cells mediate their immunosuppressive functions by inducing differentiation of naïve T cells into Tregs (18). Nevertheless, the role of Bregs and their secretory cytokines on the differentiation of osteoclasts has not been investigated to date. With the growing involvement of the immune system in the pathology of osteoporosis, our group has recently coined the term “Immunoporosis” that emphasizes the specific role of immune cells in osteoporosis (19).

In the present study, we report that under in vitro conditions, IL-10 producing Bregs inhibit the differentiation of osteoclasts. In addition, we also report that the frequencies of Bregs (CD19+IL-10+ and CD19+CD1dhiCD5+IL-10+ “B10 cells”) are significantly reduced in both bone marrow and spleen in ovariectomy-induced post-menopausal osteoporotic mice model. Altogether our results suggest that numerical defects in Bregs along with its inability to secrete IL-10 cytokine might be a contributing factor towards the establishment of pro-inflammatory conditions in the case of postmenopausal osteoporosis. In summary, our results for the first time explore the “Immunoporotic” role of Bregs in bone health.



Materials and Methods


Reagents and Antibodies

The following antibodies/kits were obtained from eBiosciences (USA): PerCp-Cy5.5 Anti-Mouse-CD19 (1D3) (45-0193-82), PE-Cy7 Anti-Mouse-CD5 (53-7.3) (25-0051-81), APC Anti-Mouse-CD1d (1B1) (17-0011-82), Foxp3/Transcription factor staining buffer (0-5523-00), and RBC lysis buffer (00-4300-54). FITC Anti-Mouse-IL-10 (JES5-16E3) (505005) was purchased from Biolegend (USA). InVivoMAb anti-mouse IL-10 antibody (BE0049) and InVivoMAb Rat IgG1 isotype control were purchased from BioXcell (USA). Protein transport inhibitor cocktail and the Mouse TNF-α (560478) ELISA kit were procured from BD (USA). The following ELISA kits were brought from R&D and Elabscience: Mouse IL-10 (M1000B) (E-EL-M0046) and Mouse IL-17 (M1700). PMA, Ionomycin, LPS (Escherichia coli serotype 0111: B4), FITC-Phalloidin (P5282), DAPI, and Acid phosphatase leukocyte (TRAP) kit (387A) were procured from Sigma-Aldrich (USA). Macrophage-colony stimulating factor (M-CSF) (300-25) and Receptor activator of nuclear factor κB-ligand (sRANKL) (310-01) were procured from PeproTech (USA). α-Minimal essential media (MEM) and RPMI-1640 were obtained from Gibco (Thermo Fisher Scientific, USA).



B Cell Purification and Activation

Splenic B cells from C57BL/6 mice were purified by magnetic separation according to the manufacturer’s instructions. Briefly, after RBC lysis, the resulting cells were subjected to a biotinylated mouse B cell enrichment cocktail (BD, USA) and incubated for 20-30 min at 4°C. Labeled cells were then washed carefully with washing buffer and incubated with streptavidin particles plus-DM for 30 min at 4°C. Further, cells underwent magnetic separation using a cell separation magnet, and a negative fraction comprised of resulting B cells was assessed for purity (>95%) by flow cytometric analysis. Purified B cells (>95%) were then cultured in 24-well plates (2 X 106) in 1ml/well in the presence and absence of LPS (10 ug/ml) for different time periods (5h and 24h) at 37°C in 5% humidified CO2 incubator. At the end of incubation, LPS induced Bregs were harvested and washed thrice with 1X PBS containing 2% fetal bovine serum (FBS), especially to remove the traces of LPS before co-culturing with bone marrow cells (BMCs) for osteoclasts differentiation.



Co-Culture of Bregs With BMCs for Osteoclastogenesis

Generation of osteoclasts from mouse BMCs was performed as previously described (16). Briefly, BMCs were harvested from femur and tibiae of 8–10 wks old mice and RBC lysis was performed with 1X RBC lysis buffer. After RBC lysis, cells were cultured overnight in T-25 flask in endotoxin-free α-MEM media supplemented with 10% heat-inactivated FBS and M-CSF (35 ng/ml). On the following day, non-adherent cells (BMCs) (1 X 106 cells/well) were collected and co-cultured with either Bregs or non-activated B cells (1X105-1X106 cells/well) in 24 well plate in different ratios (10:1, 5:1 and 1:1) in the presence of M-CSF (30 ng/ml) and RANKL (100 ng/ml) for 4 days. At an interval of 2 days, media was replenished with fresh media supplemented with M-CSF and RANKL factors. After 4 days of incubation, tartrate-resistant acid phosphatase (TRAP) staining was performed.

For the transwell experimental setup, transwell chambers with 8 µM pore size membranes were employed to physically separate Bregs or B cells from BMCs. Bregs or B cells were seeded in the upper chamber and BMCs in the lower chamber at different cell ratios. After 4 days of incubation, cells were processed for evaluating osteoclastogenesis via TRAP staining.

For the IL-10 neutralization experimental setup, neutralizing monoclonal antibody against IL-10 (10 ug/ml) was added in the cocultures of BMCs and Bregs at a 1:1 ratio in the presence of M-CSF (30 ng/ml) and RANKL (100 ng/ml). Isotype control for anti-IL-10 was also added in the control group. After 4 days of incubation, cells were processed for evaluating osteoclastogenesis via either TRAP staining or F-actin ring formation assay (described later).



Tartrate Resistant Acid Phosphatase (TRAP) Staining

For evaluating the generation of mature multinucleated osteoclasts TRAP staining was performed according to the manufacturer’s instructions. Briefly, at the end of incubation cells were washed thrice with 1X PBS and fixed with a fixative solution comprised of citrate, acetone, and 3.7% formaldehyde for 10 min at 37°C. After washing twice with 1X PBS, fixed cells were stained for TRAP at 37°C in dark for 5–15 min. Multinucleated TRAP-positive cells with ≥ 3 nuclei were considered as mature osteoclasts. TRAP-positive multinucleated cells were further counted and imaged using an inverted microscope (ECLIPSE, TS100, Nikon). The area of TRAP-positive cells was quantified with the help of Image J software (NIH, USA).



F-Actin Ring Formation Assay

F-actin ring formation assay was performed as described previously (16). Briefly, Bregs and BMCs were co-cultured on glass coverslips in a 12-well plate, and after 4 days of incubation, cells were processed for F-actin ring staining. At the end of incubation, after washing cells twice with 1X PBS, cells were fixed with 4% paraformaldehyde (PFA) for 20 min and permeabilized with 0.1% triton X-100 for 5 min. Furthermore, to block non-specific binding, cells were blocked with 1% BSA for 30 min. After the blocking step, cells were stained with FITC-labelled-phalloidin for 1h at room temperature in dark. Finally, after washing nuclei were stained with DAPI (10 ug/ml) and incubated for 5 min in the dark. Subsequently, after mounting slides were observed under an immunofluorescence microscope (Imager.Z2, Zeiss) for F-actin ring formation at 10X magnification.



Flow Cytometric Analysis

Cells were harvested and stained with antibodies specific to Bregs. For analysis of intracellular IL-10 cytokine by B cells, isolated splenocytes or purified B cells were resuspended in RPMI-1640 complete media comprised of 10% FBS and 0.1% mercaptoethanol (ME) at a density of 2 X 106 cells/ml in 24-well plates. Cells were then activated with LPS (10 ug/ml), PMA (50 ng/ml, Sigma Aldrich), Ionomycin (500 ng/ml, Sigma Aldrich), and a protein transport inhibitor cocktail (BD, USA) for 5h. For surface marker staining, cells were first incubated with anti-CD19-PerCP-Cy5.5, anti-CD5-PE-Cy7, and anti-CD1d-APC and incubated for 30 min in dark on ice. After washing, cells were fixed and permeabilized with 1X fixation-permeabilization-buffer for 30 min on ice in dark. Further, cells were stained with anti-IL-10-FITC for 45 min. After washing, cells were acquired on either BD FACS-AriaIII or BD-LSRFortessa (USA). Flowjo-10 (TreeStar, USA) software was used to analyze the samples, and gating strategy was done as per previously defined protocols.



Post-Menopausal Osteoporotic Mice Model

All in vivo experiments were carried out in 8-10 wks old female C57BL/6 mice. All the mice were housed under specific pathogen-free conditions at the animal facility of All India Institute of Medical Sciences (AIIMS), New-Delhi-India. Following groups were taken for the present study viz. sham (control) and ovariectomized (ovx) (n=6/grp). A healthy control group (sham) was subjected to sham surgery. In the ovx group, mice were exposed to bilateral-ovariectomy after anesthetizing them with ketamine (100-150 mg/kg) and xylazine (5-16 mg/kg) intraperitoneally. Both the groups were maintained on a 12-h light/dark cycle in polycarbonate cages and fed with sterilized food and autoclaved water ad-libitum. At the end of the experiment (6 wks), mice were euthanized by carbon dioxide asphyxiation, and blood, bones, and lymphoid tissues were harvested for further analysis. All the procedures were performed in accordance with the principles, the recommendation, and after the due approval of protocol submitted to the Institutional Animal Ethics Committee of AIIMS, New Delhi, India (85/IAEC-1/2018 and 196/IAEC-1/2019).



Scanning Electron Microscopy (SEM)

SEM was performed for scanning the surface of the femur cortical region of bones (13). Briefly, for 2-3 days bone samples were stored in 1%-Triton-X-100, and, later on, bones were transferred in 1X PBS buffer till the analysis was carried out. After the preparation of bone slices, samples were dried and sputter coating was performed. Subsequently, bones were scanned and imaged using Quanta 200 FEG SEM. SEM images were digitally photographed at 50,000 X magnification to capture the best cortical region of bones. The SEM images were further analyzed through MATLAB software (Mathworks, Natick, MA, USA).



Micro-Computed Tomography (µ-CT) and Bone Mineral Density (BMD) Measurements

µ-CT scanning and BMD analysis were performed as described previously (13, 14). Briefly, after placing all the samples at the correct orientation, scanning was carried out at 50 kV, 201 mA using a 0.5 mm aluminum filter, and exposure was set to 590 ms. For reconstruction of images NRecon software was used. For trabecular region analysis, ROI was drawn at a total of 100 slices in secondary spongiosa at 1.5 mm from the distal border of growth plates excluding the parts of cortical bone and primary spongiosa. For measuring and calculating the microarchitectural parameters of bone samples CTAn software was employed. Several 3D-histomorphometric indices were obtained such as bone volume/tissue volume ratio (BV/TV); trabecular thickness (Tb. Th); trabecular number (Tb. No.); connectivity density (Conn. Den); trabecular separation (Tb. Sep.); trabecular pattern factor (Tb. Pf.); total cross-sectional area (Tt. Ar.); total cross-sectional perimeter (T. Pm); cortical bone area (Ct. Ar); bone perimeter (B. Pm); and average cortical thickness (Ct. Th). The volume of interest (VOI) of µ-CT scans was used to calculate the BMD of lumbar vertebrae-5 (LV-5), femoral, and tibial bones. BMD was measured by using hydroxyapatite phantom rods of 4 mm diameter with known BMD (0.25 g/cm3 and 0.75 g/cm3) as a calibrator.



Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was carried out for quantitative estimation of the following cytokines viz. IL-10, IL-17, and TNF-α in blood serum using commercially available kits as per the manufacturer’s instructions. Secretion of IL-10 cytokine was also evaluated in the culture supernatants of LPS induced purified B cells and co-cultures of Bregs and BMCs under various conditions. Supernatants were collected and stored at -800C until being measured by ELISA.



Statistical Analysis

Statistical differences between sham and ovx mice groups were assessed by using analysis of variance (ANOVA) with succeeding comparisons via student t-test paired or unpaired as appropriate. We performed an analysis of significance in Sigma Plot (Systat Software, Inc., Germany). All the data values are articulated as Mean ± SEM (n=6). Statistical significance was determined as p ≤ 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001) with respect to the indicated group.




Results


Induction of IL-10 Producing Bregs

In the present study, we made an attempt to dissect the role of Bregs in modulating osteoclastogenesis. To determine whether Bregs possess the potential to modulate osteoclasts differentiation, we first induced Bregs under in vitro conditions. Bregs were thus generated as per established literature (9, 20). Firstly, B cells were purified from splenocytes of mice via negative selection through magnetic beads (Figure 1A). After assessing the purity of isolated B cells (>95%), we stimulated these purified B cells with LPS (10 ug/ml) for different time periods (5h and 24h). Since Bregs have already been reported to express IL-10, we too evaluated the frequency of CD19+IL-10+ Bregs in our study. Our flow cytometric data indicates that the frequency of total IL-10 producing B cells, i.e., CD19+IL-10+ Bregs was significantly enhanced by LPS stimulation in a time-dependent manner in comparison to the control group (p < 0.001) (Figures 1B, C). B10 Bregs with a characteristic phenotype of CD19+CD1dhiCD5+IL-10+ were also significantly enhanced after LPS stimulation with respect to control group (Figure 1D). In addition, our ELISA results also indicate that IL-10 cytokine levels were significantly enhanced in culture supernatant harvested from LPS stimulated Bregs in comparison to the control group (Figure 1E). These results thus clearly indicate towards the successful generation of IL-10 producing Bregs in our culture conditions.




Figure 1 | Induction of IL-10 producing Bregs. (A) Spleen was harvested and processed for negative selection of CD19+ B cells. After estimation of B cells purity (>95 %), cells were stimulated with LPS (10 ug/ml) for different time periods (5h and 24h). (B) Zebra plot depicting the percentages of CD19+IL-10+ in media and LPS after 5h and 24h of stimulation. (C) Line plot showing CD19+IL-10+ B cells after 5h and 24h of LPS stimulation. (D) Zebra plot depicting the percentages of CD19+CD5+CD1dhi B10 cells and histograms depicting IL-10 production by these cells. (E) ELISA results of culture supernatants showing levels of IL-10 cytokine. The above images are indicative of one experiment and similar results were obtained in three independent experiments. The results were evaluated by ANOVA with subsequent comparisons by Student t-test for paired or nonpaired data. Statistical significance was considered as p≤0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) with respect to indicated groups (Mouse Image courtesy: Ms. Leena Sapra).





Bregs Inhibit Differentiation and Functional Activity of Osteoclasts

Next, we wanted to investigate whether Bregs exhibit the potential to suppress osteoclast differentiation from BMCs under in vitro conditions. To confirm this, we co-cultured BMCs with Bregs at different cell ratios (BMC : Bregs:: 10:1, 5:1, and 1:1) in the presence of M-CSF (30 ng/ml) and RANKL (100 ng/ml). After incubation for 4 days, cells were fixed and stained for TRAP to identify differentiated multinucleated osteoclasts (Figure 2A). Interestingly, we observed that BMCs co-cultured with Bregs at different cell ratios showed a significant reduction in osteoclasts differentiation (3-fold), i.e., TRAP-positive osteoclasts (Figures 2B–D). Moreover, area measurement analysis of TRAP-positive multinucleated osteoclasts using Image J software also showed significant reduction (30-folds) in the area of osteoclasts in treated groups (Figure 2E). Thereby, our results clearly demonstrated that Bregs possess the potential to inhibit RANKL induced osteoclastogenesis in a dose-dependent manner.




Figure 2 | Bregs suppress osteoclastogenesis. (A) BMCs and LPS stimulated and non-stimulated B cells were co-cultured in cell culture plate (cell-contact) in the presence of M-CSF (30 ng/ml) and RANKL (100 ng/ml) for 4 days. B cells were induced with LPS (10 ug/ml) for 24h prior to co-cultures. (B) Bregs significantly inhibited the generation of multinucleated osteoclasts in a dose-dependent manner. (C) Graphical representation showing the number of TRAP-positive cells. (D) Bar graphs representing the number of cells with more than three nuclei. (E) Bar graphs representing the area of multinucleated TRAP-positive cells. Control denotes BMCs culture only. The above images are indicative of one experiment and similar results were obtained in three independent experiments. The results were evaluated by ANOVA with subsequent comparisons by Student t-test for paired or nonpaired data. Statistical significance was considered as p ≤ 0.05 (*p ≤ 0.05, **p≤0.01, ***p ≤ 0.001) with respect to indicated groups (Mouse Image courtesy: Ms. Leena Sapra).



Extensive literature suggests that the F-actin ring observed in mature osteoclasts is a characteristic functional phenotype that aids toward the bone-resorbing potential of osteoclasts. Moving ahead, we next asked the question of whether Bregs have the potential to inhibit the functional activity of osteoclasts along with inhibiting their differentiation. In order to examine the same, Bregs and BMCs were co-cultured at different ratios on glass coverslips for 4 days. At the end of the experiment, after fixation and permeabilization, cells were stained for F-actin (FITC-labelled-phalloidin) and nuclei (DAPI). Remarkably, we observed that in comparison to the control group, Bregs significantly suppressed both the number of F-actin rings and the area of F-actin ring in matured osteoclasts (Figures 3A–E). These results of ours thus clearly establish the role of Bregs in significantly impairing not only the differentiation but also the functional capacity of osteoclasts.




Figure 3 | Bregs suppress F-actin formation in osteoclasts. (A) BMCs and Bregs were co-cultured in the presence of M-CSF (30 ng/ml) and RANKL (100 ng/ml) at different ratios for 4 days and at the end of incubation F-actin staining was performed. B cells were stimulated with LPS (10 ug/ml) for 24h prior to co-cultures. (B) F-actin and nuclei were stained with FITC conjugated phalloidin and DAPI respectively. Images were captured in a fluorescence microscope (Imager.Z2 Zeiss microscope) at 10 X magnification. (C) Number of F-actin rings (D) Number of nuclei per osteoclasts (E) Area of F-actin rings. The above images are indicative of one experiment and similar results were obtained in three independent experiments. The results were evaluated by ANOVA with subsequent comparisons by Student t-test for paired or nonpaired data. Statistical significance was considered as p≤0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) with respect to indicated groups (Mouse Image courtesy: Ms. Leena Sapra).





Bregs Inhibits Osteoclast Differentiation via IL-10

To dissect whether the suppressive effect of Bregs is mediated via either a cell-contact-dependent (soluble factors) or cell-contact-independent manner, we co-cultured BMCs and Bregs in trans-wells that prohibit direct cellular interactions. Remarkably, Bregs also significantly inhibited osteoclastogenesis in a dose-dependent manner (5-fold) even in a trans-well setup, thereby clearly establishing the role of soluble factors in mediating inhibitory anti-osteoclastogenic potential of Bregs (Figures 4A–E). These data clearly establish that Bregs inhibit osteoclast differentiation via soluble mediators.




Figure 4 | Bregs suppress osteoclastogenesis via soluble molecules. (A) BMCs and LPS stimulated and non-stimulated B cells were co-cultured in transwell insert in the presence of M-CSF (30 ng/ml) and RANKL (100 ng/ml) for 4 days. B cells were stimulated with LPS (10 ug/ml) for 24h prior to being added to co-cultures. (B) Bregs significantly inhibited the generation of multinucleated osteoclasts in a dose-dependent manner. (C) Graphical representation depicting the number of TRAP-positive cells. (D) Bar graphs representing the number of cells with more than three nuclei. (E) Bar graphs representing the area of multinucleated TRAP-positive cells. Control denotes BMCs culture only. The above images are indicative of one independent experiment and similar results were obtained in three independent experiments. The results were evaluated by ANOVA with subsequent comparisons by Student t-test for paired or nonpaired data. Statistical significance was considered as p≤0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) with respect to indicated groups (Mouse Image courtesy: Ms. Leena Sapra).



Various studies have shown that LPS-induced Bregs mediate their immunosuppressive functions via IL-10 cytokine (20). Also, among various subtypes of Bregs, CD19+CD1dhiCD5+ (B10) Bregs are known to play a crucial role in preventing immunopathogenesis associated with various autoimmune diseases. Thus, it may be possible that the higher expression of IL-10 by these Bregs could contribute towards the inhibition of osteoclastogenesis in our co-cultures. Therefore, to confirm the significance of IL-10 in Bregs mediated suppression of osteoclastogenesis, we next assessed the percentages of total IL-10 producing B cells (CD19+IL-10+) along with B10 Bregs (CD19+CD1dhiCD5+IL-10+) in our LPS induced Bregs via flow cytometric analysis. Intriguingly, we observed that percentages of IL-10 producing Breg populations were significantly enhanced in the LPS induced group with respect to the control group (Figures 5A–H). Importantly, the anti-osteoclastogenic effect of Bregs was further found to be correlated with the significant enhancement in IL-10 cytokine levels in co-cultures supernatants in comparison to the control group (Figure 5I).




Figure 5 | IL-10 producing Bregs inhibits osteoclastogenesis. After 24h of LPS stimulation cells were harvested and evaluated for estimating the expression of markers that may be associated with anti-osteoclastogenic function of B cells. (A) Gating strategy followed for data analysis. (B) Zebra plot depicting the percentages of CD19+IL-10+ Bregs in media and LPS induced Bregs. (C) Graphical representations depicting percentages of CD19+IL-10+ Bregs. (D) MFI of IL-10. (E) Zebra plot highlighting the percentages of CD19+CD1dhiCD5+ (B10) Bregs. (F) Graphical representation of CD19+CD1dhiCD5+ B10 Bregs. (G) Bar graph representing CD19+CD1dhiCD5+IL-10+ B10 Breg (H) MFI of IL-10 on CD19+CD1dhiCD5+. (I) ELISA results of supernatant harvested from co-cultures of BMCs and Bregs showing levels of IL-10 cytokine. The above images are indicative of one independent experiment and similar results were obtained in three independent experiments. The results were evaluated by ANOVA with subsequent comparisons by Student t-test for paired or nonpaired data. Statistical significance was considered as p≤0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) with respect to indicated groups.



To confirm whether the observed inhibitory effects of Bregs on osteoclastogenesis are mediated by IL-10 alone, we next performed an IL-10 neutralization assay. For the same, we employed anti-IL-10 MAb (10 ug/ml) to neutralize the anti-osteoclastogenic potential of Bregs in BMCs and Bregs cell co-cultures. Excitingly, we observed that anti-IL-10 significantly abolished the anti-osteoclastogenic potential of Bregs. Isotype control for anti-IL-10 was also set up to confirm these results (Figures 6A–D). Altogether, our results for the first time establish the direct role of Bregs in inhibiting in vitro osteoclastogenesis in an IL-10-dependent manner.




Figure 6 | Bregs inhibit osteoclastogenesis in an IL-10 dependent manner. Osteoclastogenesis was evaluated after neutralization of IL-10 cytokine with antibodies against IL-10 in BMCs and Bregs co-cultures. (A) BMCs and LPS stimulated B cells were co-cultured (1:1) in 24 well plates in the presence of M-CSF (30 ng/ml) and RANKL (100 ng/ml) along with the presence or absence of α-IL10 & isotype control for 4 days. (B) Graphical representation of the number of cells with more than three nuclei and area of multinucleated TRAP-positive cells. (C) F-actin and nuclei were stained with FITC conjugated phalloidin and DAPI respectively. (D) Number of F-actin rings, Number of nuclei per osteoclasts, and Area of F-actin rings. The above images are indicative of one experiment and similar results were obtained in three independent experiments. The results were evaluated by ANOVA with subsequent comparisons by Student t-test for paired or nonpaired data. Statistical significance was considered as p≤0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) with respect to indicated groups.





Successful Development of Postmenopausal Osteoporotic Mice Model

Next, to investigate the likely contribution of regulatory B cells in modulating bone health under normal and osteoporotic conditions, we firstly developed and authenticated a postmenopausal osteoporotic mice model, a prime requirement for our study. For accomplishing the same, female C57BL/6 mice were divided into two groups viz. sham and ovx. At the end of the experiment, blood serum was analyzed for estradiol levels, and bones were harvested for assessing the effect of estrogen deficiency on bone loss (Figure 7A). Our results clearly indicated a significant reduction in estradiol levels from 29 pg/ml (sham) to 9 pg/ml (3-fold) in the ovx group (p < 0.01) (Figure 7B).




Figure 7 | Development of postmenopausal osteoporotic mice model. (A) Experimental layout followed for in vivo study. (B) Estrogen level was estimated in blood serum of the sham and ovx mice groups. Mice were sacrificed at the end of the experiment and cortical bones of both the groups were collected for SEM analysis. (C) 2D SEM images. (D) MATLAB analysis of SEM images. The above images are indicative of one independent experiment and comparable results were obtained in two different independent experiments with n=6 mice/group/experiment. The results were evaluated by ANOVA with subsequent comparisons by Student t-test for paired or non-paired data. Values are reported as mean ± SEM. Similar results were obtained in two different independent experiments with n=6. Statistical significance was considered as p≤0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) with respect to indicated Sham group. (Mouse Image courtesy: Ms. Leena Sapra).



After the successful development of a postmenopausal osteoporotic mice model, we next investigated the effect of estrogen loss on bone resorption and bone histomorphometric parameters. Scanning electron microscopy (SEM) and micro-computed tomography (µ-CT) analysis (a gold standard for determining bone health) were next performed. SEM analysis of cortical region (femoral bone) demonstrated an enhanced number of lacunae or resorption pits in the ovx group with respect to the control group (Figure 7C). To further analyze the SEM 2D-images in a statistical manner, we performed MATLAB (matrix-laboratory) analysis to determine the correlation between bone mass and bone loss in both groups. The MATLAB analysis specifies the degree of homogeneity where a red color indicates higher correlation values (high bone mass), and blue symbolizes lower correlation values (more bone loss). Outcomes of MATLAB analysis clearly showed that the ovx group has lesser correlation values or higher bone loss in the ovx group in comparison to the sham group (Figure 7D).

Moving ahead, we next authenticated the successful development of osteoporotic conditions in our model via µ-CT analysis. As lumbar-vertebrae-5 (LV-5) is one of the peculiar regions to diagnose osteoporotic conditions (16). Therefore, we analyzed the effect of estrogen deficiency on the LV-5 trabecular region along with the trabecular region of femoral and tibial bones. Interestingly, µ-CT data revealed that estrogen deficiency significantly impaired the micro-architecture of LV-5, femoral, and tibial bones in the ovx group in comparison to the sham group (Figure 8A). Moreover, an ameliorated bone loss condition in the ovx group is further supported by significantly reduced bone mineral density (BMD) in the ovx group with respect to sham group (Figure 8B). The quantitative analysis of trabecular and cortical bones which provides an overview of the utmost fundamental histomorphometric indices that were derived from bone micro-architecture 3D images is shown in Table 1. Altogether, our results clearly established the successful development of the postmenopausal osteoporotic mice model.




Figure 8 | Micro-CT analysis of trabecular and cortical regions of Lumbar Vertebrae-5 (LV-5), Femoral and Tibial bones. (A) 3D micro-CT reconstructions of LV-5 trabecular region, Femur trabecular region, Tibia trabecular, Femur cortical, and Tibia cortical regions of the sham and ovx groups. (B) Graphical representations of Bone Mineral Density (BMD) of LV-5 trabecular region, Femur trabecular region, Tibia trabecular, Femur cortical, and Tibia cortical regions of the sham and ovx groups. The results were evaluated by ANOVA with subsequent comparisons by Student t-test for paired or non-paired data. Values are reported as mean ± SEM. Similar results were obtained in two different independent experiments with n=6. Statistical significance was considered as p≤0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) with respect to indicated Sham group.




Table 1 | Bone Histomorphometric Parameters in Ovx mice.





Bregs Play an Important Role in Ameliorating Ovariectomy-Induced Bone Loss

Estrogen-deficiency-induced bone loss is mediated by various factors viz. immunological, biochemical, etc. Also, the role of cytokine imbalance in regulating bone health is well established. Results from our lab (13, 14) along with others have reported significantly reduced levels of osteoprotective cytokine IL-10 along with higher levels of osteoclastogenic cytokines viz. IL-17 and TNF-α under ovx conditions (Figures 9A, B). Extensive literature suggests that the major source of IL-10 is immune cells. Recently, several studies have reported that apart from Tregs, Bregs are also a major source of IL-10 under physiological conditions (6, 21). Therefore, a strong possibility exists that the observed reduction of IL-10 levels under osteoporotic conditions may not be primarily due to dysregulation of Tregs alone. Based on these studies we strongly believe and propose that alteration in the Bregs population could also be one of the major contributing factors for observed significant reduction in IL-10 levels observed under ovx conditions. Thus, we next asked the question: are the observed significantly reduced levels of IL-10 in ovx mice due to dysregulation of the Bregs population? We thus analyzed the frequency of Bregs in both the BM (prime site of osteoclastogenesis) and spleen (main site of Bregs induction) in mice. Interestingly, the frequencies of total IL-10 producing B cells, i.e., CD19+IL-10+ cells were significantly reduced in the ovx group in comparison to the control group (p < 0.01) in both BM and spleen (Figures 10A–C). Notably, the population of “B10” Bregs, i.e., CD19+CD1dhiCD5+IL-10+ were also observed to be significantly reduced in both BM and spleen of the ovx group in comparison to th sham group (p < 0.05) (Figures 10D–H). Taken together, our results clearly point towards a crucial role of Bregs in modulating bone loss under postmenopausal osteoporotic conditions.




Figure 9 | Osteoclastogenic and anti-osteoclastogenic cytokine levels in ovx mice. Cytokines were analyzed in serum samples of mice by ELISA. (A) Levels of IL-10 cytokine. (B) Levels of IL-17 and TNF-α cytokines in the sham and ovx groups. The results were evaluated by using ANOVA with subsequent comparisons by Student t-test for paired or non-paired data, as appropriate. Values are expressed as mean ± SEM (n=6) and similar results were obtained in two independent experiments. Statistical significance was defined as p≤0.05, *p ≤ 0.05, **p < 0.01 ***p≤0.001 with respect to indicated mice group.






Figure 10 | Ovariectomy results in modulation of Bregs population in vivo. Cells from Bone Marrow (BM) and spleen of the sham and ovx groups were harvested and analyzed by flow cytometry for the percentage of Breg (A) Zebra plot depicting percentages of CD19+IL-10+ B cells in BM and spleen of sham and ovx. (B) Bar graph representing percentages CD19+IL-10+ Bregs in sham and ovx. (C) Bar graphs representing the MFI of IL-10 in BM and spleen. (D) Zebra plot depicting percentages of CD19+CD1dhiCD5+ B10 cells in BM and spleen. (E) Histograms representing IL-10 cytokine levels in the sham and ovx groups. (F) Graphical representation of CD19+CD1dhiCD5+ Bregs in sham and ovx mice. (G) Graphical representation of the percentage of CD19+CD1dhiCD5+IL-10+ B10 cells in sham and ovx mice. (H) Graphical representation of MFI of IL-10 in sham and ovx. The results were evaluated by using ANOVA with subsequent comparisons by Student t-test for paired or non-paired data, as appropriate. Values are expressed as mean ± SEM (n=6) and similar results were obtained in two independent experiments. Statistical significance was defined as p≤0.05, *p ≤ 0.05, **p < 0.01 ***p ≤ 0.001 with respect to indicated mice group.






Discussion

Studies from our lab along with others have highlighted the relevance of the immune system in maintaining bone health under both physiological and osteoporotic conditions (13, 19, 22, 23). These studies laid the foundation for the importance of the immune system in osteoporosis, i.e., “Immunoporosis” (19). Various studies demonstrated that the homeostatic balance between anti-inflammatory (Tregs) and inflammatory (Th17) cells is of utmost importance in various diseases including osteoporosis (13, 16, 24). Apart from Tregs, there are also other regulatory lymphocytes with established immunosuppressive functions. Most important among these are the recently discovered “Bregs”.

Bregs with immunoregulatory potential have been observed in several disease models of autoimmunity, such as RA, SLE, experimental autoimmune hepatitis (EAH), etc. (6, 21, 25). Bregs perform their regulatory functions via secreting soluble cytokines (viz. IL-10) or expressing membrane-bound surface molecules (TGF-β). Nevertheless, the primary regulatory mechanism of Bregs is based on the immunoregulatory cytokine IL-10. Multiple studies demonstrated that IL-10 is an anti-osteoclastogenic cytokine that maintains bone health by inhibiting osteoclastogenesis (26, 27). Moreover, the significance of IL-10 is further highlighted in IL-10 deficient mice in which all the hallmarks of osteoporosis i.e. decreased bone mass, enhanced mechanical fragility, and reduced bone formation was observed (28). Moreover, Tregs via secreting IL-10 and other cytokines viz. IL-4 along with membrane-bound receptors, such as cytotoxic T lymphocyte antigen (CTLA)-4 abrogates osteoclastogenesis (15). IL-10 is a pivotal immunomodulator in infectious diseases, autoimmune disorders, inflammatory bone loss conditions including osteoporosis, but no study to date has ever investigated the significance of IL-10 secreting Bregs in regulating bone health in both in vitro and in vivo conditions. Multiple studies suggested that Bregs mediate its immunosuppressive functions by promoting the differentiation of naïve CD4+ T cells into Tregs (29, 30). Importantly, a study also suggested that even in the absence of Tregs, Bregs suppressed arthritis thereby highlighting towards the independent function of Bregs (31).

IL-10 is an established regulatory molecule of Bregs; but the expression of IL-10 cytokine is quite low in resting B cells, thus to enhance the expression of IL-10, in vitro stimulation of B cells is required. A study reported by Yang et al. (32), demonstrated that LPS stimulation for 24h leads to enhancement of IL-10 producing Bregs (32). Thus, we chose this particular method for the generation of Bregs in our experiments. Next, we activated purified B cells (>95%) with LPS for different time periods (5h and 24h) and, in consistence with previously reported studies, we too observed a time-dependent induction of IL-10 producing Bregs. Moving ahead in our study, we were further interested in investigating the role of Bregs in modulating RANKL induced osteoclastogenesis under in vitro conditions. Excitingly, we observed that Bregs inhibited the differentiation of osteoclasts from BMCs in a dose-dependent manner. Also, our in vitro data suggested that Bregs exhibit the potential of suppressing F-actin ring formation in osteoclasts: a vital characteristic phenotype of mature osteoclasts responsible for their functional activity (bone resorption). We were further keen to know whether the observed suppression of osteoclastogenesis by Bregs is cytokine dependent (soluble factors) or requires cell-to-cell contact. Thus, we employed a trans-well system for our cultures and observed that the anti-osteoclastogenic potential of Bregs is primarily mediated by soluble factors. In addition to this, both our ELISA results (co-culture supernatant) along with flow cytometric data of cells harvested from the co-cultures of BMCs and Bregs clearly establish the role of IL-10 secreting Bregs in suppressing osteoclastogenesis. Moreover, our anti-IL-10 neutralizing antibody experiment clearly showed restoration of osteoclastogenesis in BMCs even in the presence of Bregs, thereby establishing the role of IL-10 in Bregs mediated regulation of osteoclastogenesis. Altogether, these findings of ours for the first time establish the direct role of Bregs in inhibiting osteoclastogenesis under in vitro conditions.

A study reported in 2013 by the Flores et al. group demonstrated that numerical defects or profound reduction in frequencies of Bregs as a major causative factor for RA in humans (6). In the beginning of 2020, our group also highlighted the probable contribution of IL-10 producing regulatory B cells in the case of osteoporosis and found that IL-10 producing Bregs are significantly reduced in the post-menopausal osteoporotic mice model (unpublished data) (1). As is consistent with our data, recently, one study also suggested that Bregs exhibit osteoprotective potential in case of post-menopausal osteoporosis as adoptive transfer of IL-10 producing Bregs into ovx-mice-reduced bone deterioration (33). In line with these findings, our present study, reports the modulation of IL-10 secreting Bregs not only in the spleen but also in BM, the prime site of osteoclastogenesis. Furthermore, our in vivo flow cytometric data clearly indicates a numerical defect in both CD19+IL-10+ Bregs and CD19+CD1dhiCD5+IL-10+ “B10” cells in both BM and spleen (main site of Bregs generation). Furthermore, our serum cytokine data corroborate our flow cytometric data with significant reduction of IL-10 levels in osteoporotic group with respect to control group.

Taken together, our present study for the first time establishes that Bregs exhibits anti-osteoclastogenic potential in vitro. Moreover, reduction in Bregs number observed in vivo may also be one of the prime contributing factors towards inflammatory bone loss observed in the postmenopausal osteoporotic mice model. These results thus provide novel insight into Bregs biology in the context of osteoporosis (Figure 11). Moreover, apart from these Bregs populations (viz. CD19+IL-10+ and CD19+CD1dhiCD5+IL-10+ Bregs), we also observed that other Bregs populations with characteristic phenotypes of CD19+FOXP3+ Bregs and CD19+CD11b+ Bregs were also found to be decreased in the case of an osteoporotic mice model (unpublished observation). Thus, further studies are need of the hour to fully dissect and establish the role of various populations of Bregs in post-menopausal osteoporotic conditions, which would thereby lead to future employment of Bregs-based cellular therapy in ameliorating inflammatory bone loss observed in osteoporosis.




Figure 11 | Summary of results. (A) Regulatory B cells inhibit RANKL induced osteoclastogenesis under in vitro conditions via IL-10 cytokine. (B) Our in vivo data suggest that modulation of the Bregs population (both bone marrow and spleen) along with its reduced potential to produce IL-10 ameliorates inflammatory bone loss observed under postmenopausal conditions in ovx mice (Image illustrated using Medical Art https://smart.servier.com/).
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Objective

Autoantibodies are detected in most patients with rheumatoid arthritis (RA) and can be of the IgM, IgG or IgA subclass. Correlations between IgA autoantibodies and more severe disease activity have been previously reported, but the functional role of IgA autoantibodies in the pathogenesis of RA is ill understood. In this study, we explored the effect of IgA immune complexes on osteoclast mediated bone resorption.



Methods

Anti-citrullinated peptide antibody (ACPA) and anti-carbamylated protein (anti-CarP) antibody levels of the IgA and IgG isotype and rheumatoid factor (RF) IgA were determined in synovial fluid (SF) of RA patients. Monocytes, neutrophils, and osteoclasts were stimulated with precipitated immune complexes from SF of RA patients or IgA- and IgG-coated beads. Activation was determined by neutrophil extracellular trap (NET) release, cytokine secretion, and bone resorption.



Results

NET formation by neutrophils was enhanced by SF immune complexes compared to immune complexes from healthy or RA serum. Monocytes stimulated with isolated SF immune complexes released IL-6 and IL-8, which correlated with the levels of ACPA IgA levels in SF. Osteoclasts cultured in the presence of supernatant of IgA-activated monocytes resorbed significantly more bone compared to osteoclasts that were cultured in supernatant of IgG-activated monocytes (p=0.0233). Osteoclasts expressed the Fc receptor for IgA (FcαRI; CD89) and Fc gamma receptors. IgA-activated osteoclasts however produced significantly increased levels of IL-6 (p<0.0001) and IL-8 (p=0.0007) compared to IgG-activated osteoclasts. Both IL-6 (p=0.03) and IL-8 (p=0.0054) significantly enhanced bone resorption by osteoclasts.



Conclusion

IgA autoantibodies induce release of IL-6 and IL-8 by immune cells as well as osteoclasts, which enhances bone resorption by osteoclasts. We anticipate that this will result in more severe disease activity in RA patients. Targeting IgA-FcαRI interactions therefore represents a promising novel therapeutic strategy for RA patients with IgA autoantibodies.
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Introduction

Rheumatoid arthritis (RA) is a heterogeneous chronic inflammatory disease that is mainly characterized by swelling and pain in the joints. Approximately 0.5-1% of the population is affected and the incidence in women is higher compared to men. Distinct clinical phenotypes of RA can develop, which are thought to be a consequence of interactions between genetic and environmental factors (1). Autoantibodies often appear long before any signs of joint inflammation emerge (2–5). The majority of RA patients develop antibodies against the Fc region of IgG (rheumatoid factor; RF). However, RF autoantibodies can also be found in patients with other rheumatic diseases and in non-rheumatic patients. Only IgM RF (and not IgG RF) is used in serological tests for RA. Antibodies against post-translationally modified proteins including anti-citrullinated protein antibodies (ACPAs) and anti-carbamylated protein (anti-CarP) antibodies are highly specific. ACPAs can be locally produced by plasma cells in joints of RA patients and are detected in sera of up to 70% of RA patients (6). They recognize citrullinated proteins or peptides, which can be found throughout the body including cartilage and bone. Anti-CarP antibodies are detected in sera of 45% of RA patients and recognize carbamylated proteins (7).

Currently, presence of ACPA and RF in serum are the most commonly used diagnostic markers for RA. Tested antibodies are predominantly of the IgG and IgM isotype. RF, ACPA and anti-CarP antibodies have been associated with bone loss in patients with established RA, suggesting a pathogenic role (3, 7, 8). Notably, bone loss has also been reported in ACPA-positive individuals who did not have joint inflammation, suggesting an adverse effect of ACPA on bone (9).

Bone remodeling is a process in which osteoblasts generate new bone and osteoclasts resorb bone to maintain bone homeostasis. This balance is lost in RA patients (10). Osteoclasts are large multinucleated cells, which form by fusion of mononuclear progenitors from the CD14+ monocyte/macrophage lineage. Differentiation, survival and activity of osteoclasts depends on the presence of receptor activator of NF-κB ligand (RANK-L) and macrophage colony-stimulating factor (M-CSF) (11). Osteoclasts and their precursors express RANK, which interacts with RANK-L. The formation of osteoclasts is enhanced in an inflammatory environment by several cytokines, including interleukin (IL)-1β, IL-6, IL-8 and, in low doses by transforming growth factor (TGF)-β, which triggers RANK expression on osteoclast precursors (12, 13). Increased levels of these cytokines have been found in synovial fluid of RA patients and have been reported to contribute to RA disease activity (14). These cytokines can be produced by inflammatory cells in the joint, such as monocytes and macrophages. Additionally, neutrophils are abundantly present and have been reported to express RANK-L. Their contribution in osteoclast activation is however debated (15, 16). In the presence of autoantibodies neutrophils can form NETs and contribute to tissue damage by releasing their granule content (17).

Interestingly, neutrophils are particularly potently activated by IgA antibodies (18). Although they are not routinely tested in RA, more attention has been payed to IgA autoantibodies in RA in the last decade. A considerable proportion (~30%) of RA patients is negative for ACPA IgG and RF IgM (19). About one third of ACPA IgG and/or RF IgM seronegative patients had IgA autoantibody levels in their sera (RF, ACPA or anti-CarP) (3, 7, 19, 20). Several studies have reported a correlation between the amount of IgA and disease severity in RA patients (21). Elevated levels of serum RF IgA were associated with extra-articular manifestations in RA patients and worse disease outcome (22, 23). Moreover, patients having erosions in the bones of their hands had higher serum levels of RF IgA (24). Similarly, presence of anti-CarP IgA was associated with more severe disease (7). Nonetheless, the role of IgA autoantibodies on bone erosion is currently unknown. In this study we investigated the effect of IgA complexes and immune complexes isolated from synovial fluid of RA patients on bone resorption.



Materials and Methods


Patients

Synovial fluid from the knee (n=26) and serum (n=20) of RA patients was anonymously collected during their visit to the rheumatology department at the Leiden University Medical Center or the Amsterdam University Medical Center. Patients gave their written informed consent in accordance with the guidelines of the Medial Ethical Committee of the Leiden University Medical Center (reference no. B15.003) or the Amsterdam University Medical Center (reference no. 2013.234).



Precipitation of Immune Complexes from Synovial Fluid and Serum

Synovial fluids or sera were centrifuged at 3300xg for 5 minutes before use. Supernatants were mixed with an equal volume of 10% PEG6000 (Sigma Aldrich, St. Louis, MO) and incubated overnight at 4°C. Precipitates were collected after centrifugation for 10 minutes at 9500xg and resuspended in phosphate buffered saline (PBS; B.Braun, Melsungen, Germany) to the original volume of the synovial fluid/serum.



Serum Collection and Isolation of Human Monocytes and PMN

Serum was collected from healthy donors. Monocytes and polymorphonuclear leukocytes (PMNs) were isolated from peripheral blood obtained from healthy donors or from buffy coats (Sanquin, Amsterdam, The Netherlands). Monocytes were isolated using MACS CD14 MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) according the manufacturer’s protocol. In brief, peripheral blood mononuclear cells (PBMCs) and PMNs were collected after Lymphoprep (Axis-Shield, Oslo, Norway) density gradient centrifugation. PBMCs were washed in PBS and incubated with MACS CD14 MicroBeads after which CD14+ monocytes were isolated. Erythrocytes present in the PMN fraction were lysed with ammonium chloride buffer (155mM NH4Cl, 10mM KHCO3 and 0.11mM EDTA). Cells were resuspended in RPMI 1640 (Gibco BRL, Paisley, UK) supplemented with 1% heat-inactivated fetal calf serum (FCS), glutamine and antibiotics. PMN were incubated for 30 minutes (37°C, 5% CO2) prior to use.



Coating of Beads With BSA, IgA or IgG

Latex beads (carboxylate-modified polystyrene, green fluorescent (1.0 μm); Sigma Aldrich) were washed with sterile 2-(N-morpholino) ethanesulfonic (MES) buffer (30 mM, pH 6.1) and resuspended in MES buffer with 2 mg/ml endotoxin free bovine serum albumin (BSA) (Akron Biotech, Boca Raton, FL), human serum IgA (Cappel, MP Biomedicals, Santa Ana, CA) or human serum IgG (Sigma Aldrich) in the presence of N-(3-Dimethylaminopropyl)-N’-acid ethylcarbodimide hydrochlorid (Sigma Aldrich) and incubated overnight at room temperature in an overhead shaker. Beads were resuspended in sterile PBS containing 0.5% BSA.



Monocyte Stimulation With Immune Complexes

CD14+ monocytes (2x106/ml) were stimulated for 24 hours with BSA-, IgA-, or IgG coated beads in an effector target (ET) ratio of 1:100. Alternatively, 1x105 monocytes were stimulated for 24 hours with 10, 20 or 40 μl of immune complexes isolated from synovial fluid of RA patients. Supernatants were harvested and stored at -20°C.



NETs Release After Stimulation With Immune Complexes

PMNs (1x105) were incubated in RPMI with 1% FCS in black 96 well plates (FLUORTRAC 200, Greiner Bio-One) with 10 μl precipitated immune complexes from synovial fluid or serum from RA patients or healthy controls for 3 hours at 37°C. Release of extracellular DNA was detected by adding nucleic acid label SYTOX green (2,5 μg/ml; Invitrogen Life Technologies). Optical density was measured using a fluorimeter (FLUOstar/POLARstar BMG Labtech GmbH, Offenburg, Germany) at 480nm excitation and 520nm emission.



Dectection of Nuclei, αVβ3 & Fc Receptors on Osteoclasts

Isolated CD14+ monocytes (2x106/ml) were resuspended in minimum essential medium, α modification (α-MEM) (Gibco BRL), supplemented with 10% FCS, 25 ng/ml M-CSF (ImmunoTools, Friesoythe, Germany), and 50 ng/ml RANKL (BioLegend, San Diego, CA). Cells were seeded in 3 well ibidi slides (removable chamber) (Ibidi, Gräfelfing, Germany) for microscopy imaging or 48 well plates for flow cytometry analysis and cultured for 7 days at 37°C, 5% CO2. Medium was changed twice weekly. Tartrate-resistant acid phosphatase (TRAcP) activity in osteoclasts on ibidi slides was measured with the leukocyte acid phosphatase kit 386A (Sigma Aldrich) according to the manufacturer’s instruction and as previously described (25) with slight modifications. Cells were washed with PBS, fixed using 1% paraformaldehyde (PFA) for 10 minutes, washed with MilliQ and incubated with 1 mM tartrate solution for 60 minutes at 37°C. Cells were stained with anti-human CD14-AF488 (Clone HCD14, Biolegend), anti-human CD51/CD61-APC (αVβ3, Clone 23C6, Miltenyi Biotec), and anti-human CD89-PE-Cy7 (Clone A59, Biolegend) for 1 hour at room temperature. Nuclei and cell membranes were stained with 4′,6-diamidino-2-phenylindole (DAPI) and Wheat germ agglutinin (WGA)-AF488 (both ThermoFisher, Waltham, MA), respectively. Osteoclasts were visualized with microscopy (Leica DM6000, Leica, Wetzlar, Germany).

For flow cytometry analysis osteoclasts were detached from the 48 wells plates detached by scraping after 7 day culture. Cells were washed in PBS and stained with fixable viability dye eFluor506 (ThermoFisher) for 20 minutes on ice after which cells were blocked in 5% PBSA for 30 minutes. Cells were stained with anti-human CD14-AF488 (Clone HCD14, Biolegend) and anti-human CD51/CD61-APC (Clone 23C6, Miltenyi Biotec) for 30 minutes on ice. To investigate Fc receptor expression, cells were stained with anti-human CD14-AF488 combined with anti-human CD89-PE-Cy7 (Clone A59, Biolegend), anti-human CD16-APC-eFluor780 (Clone 3G8, ThermoFisher), anti-human CD32-PE-Cy7 (Clone 6C4, ThermoFisher) or anti-human CD64-APC (Clone 10.1, ThermoFisher) for 30 minutes on ice. To determine the number of nuclei, cells were stained with 5 μg/ml Hoechst 33342 (ThermoFisher) for 20 minutes at room temperature. Integrin and Fc receptor expression was analyzed with flow cytometry (LSRFortessa™ X-20, BD Biosciences). Data was processed in FlowJo version 10.6.2. (Tree Star, Inc., Ashland, OR).



Bone Resorption Assay

Bovine cortical bone was cut in slices of 0.5 mm thick and cut to fit in 96 well plates. Bone slices were sonicated, washed with PBS and incubated in α-MEM (Gibco BRL) for 30 minutes at 37°C after which 0.5x106 CD14+ monocytes resuspended in α-MEM supplemented with 10% FCS, 25 ng/ml M-CSF (ImmunoTools) and 50 ng/ml RANKL (BioLegend) were seeded in 96 well plates for 21 days. Supernatant of unstimulated monocytes or monocytes that had been stimulated with BSA-, IgA-, or IgG-coated beads for 24 hours was added (1:1) when indicated. Supernatants and medium were replaced twice weekly and when indicated, medium was supplemented with 25 ng/ml IL-6 (ImmunoTools), 10 ng/ml IL-8 or 5 ng/ml TNF-α (both Peprotech, Rocky Hill, NJ). After 21 days bone slices were stored in water (4°C) and bone resorption was visualized as previously described (26). In brief, bone slices were sonicated for 30 minutes in 10% NH4OH, washed in distilled water, shortly dried on filter paper and transferred to new wells containing water saturated aluminium potassium sulfate dodecahydrate (Merck Millipore, Burlington, MA) for 10 minutes. Bone slices were washed twice in distilled water, after which they were washed once under a strong current of distilled water and dried between filter paper. Bone slices were stained with Coomassie brilliant blue solution (PhastGel® blue R, PlusOne Coomassie tablets, Pharmacia, Uppsala Sweden) for 1 minute, and dried between filter paper. Bone resorption pits were visualized with an inverted microscope (Nikon TE-300, Nikon, Tokyo, Japan) and quantified with Image J version 1.49v.



Purification and Stimulation of CD14 Negative Osteoclasts

Generated osteoclasts (7 day culture) were scraped from 48 well plates and incubated with MACS CD14 MicroBeads human (Miltenyi Biotec) according the manufacturer’s instruction. The flow through containing CD14 negative cells was collected. To confirm purity of CD14 negative cells, cells were washed in 0.5% PBSA, blocked in 5% PBSA for 30 minutes on ice and stained with anti-human CD14-AF488 (Clone HCD14, Cat#325610, Biolegend) for 30 minutes on ice. Cells were measured with flow cytometry (LSRFortessa™ X-20, BD Biosciences) and data was analyzed with FlowJo version 10.6.2 (Tree Star, Inc.). CD14 negative cells were resuspended in α-MEM supplemented with 10% FCS, 25 ng/ml M-CSF (ImmunoTools) and 50 ng/ml RANKL (BioLegend) and plated in 48 well plates for 24 hours. Medium was refreshed and cells were stimulated with 5 μl of BSA-, IgA-, or IgG-coated beads or 40 μl of immune complexes isolated from synovial fluid of RA patients for 24 hours, after which supernatants were collected and stored at -20°C. To determine the morphology of the sorted osteoclasts, TRAcP activity was measured and nuclei were stained with DAPI as described above.



IL-6 and IL-8 ELISA

Levels of IL-6 and IL-8 were measured with enzyme-linked immunosorbent assay (ELISA) following the manufacturer’s protocol (Human uncoated ELISA kits, Invitrogen, ThermoFisher).



Anti-Citrullinated Protein Antibody (ACPA) ELISA

ACPA IgA and IgG levels were determined in synovial fluids of RA patients according to the protocol previously described (20) with minor adaptations. Microtiter ELISA plates (Nunc MaxiSorp™ flat-bottom plates; ThermoFisher) were coated with 50 μl of 1 μg/ml streptavidin (ThermoFisher) and incubated overnight at 4°C after which 50 μl of 1 μg/ml biotinylated CCP2-cittruline or CCP2-arginine (kindly provided by Dr. J.W. Drijfhout, Department of Immunohematology and Blood Transfusion (Leiden University Medical Center)) was added for 1 hour at RT. Synovial fluid (1:10 diluted) was added for 1 hour at 37°C. Wells were washed and incubated with F(ab’)2 goat anti-human IgA-HRP (1:4000, ThermoFisher) or F(ab’)2 goat anti-human IgG-HRP (1:4000, ThermoFisher) for 1 hour at 37°C. Fifty μl of 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate was added after which the reaction was stopped with 50 μl of sulfuric acid (10% H2SO4). Absorbance was measured with a microplate reader (Bio-Rad, Berkeley, CA) at 450nm.



Anti-Carbamylated Protein (anti-CarP) Antibody ELISA

Anti-Carp IgA and IgG were determined in synovial fluids of RA patients according to protocols previously described (7) with minor adaptations. Microtiter ELISA plates (ThermoFisher) were coated with 50 μl of 10 μg/ml carbamylated bovine serum albumin (Ca-BSA) or non-modified BSA and incubated overnight at 4°C after which wells were blocked with 1% PBSA for 6 hours at 4°C. Synovial fluid (1:10 diluted) was added for 1 hour overnight at 4°C. Wells were washed and incubated with F(ab’)2 goat anti-human IgA-HRP (1:4000, ThermoFisher) or F(ab’)2 goat anti-human IgG-HRP (1:4000, ThermoFisher) for 1 hour at 37°C. Fifty μl of TMB substrate was added after which the reaction was stopped with 50 μl of 10% H2SO4. Absorbance was measured with a microplate reader (Bio-Rad, Berkeley, CA) at 450nm.



Rheumatoid Factor (RF) Antibody ELISA

RF IgA levels were determined in synovial fluid of RA patients. Microtiter ELISA plates (ThermoFisher) were coated with 50 μl of 50 μg/ml human serum IgG (Sigma Aldrich) and incubated overnight at 4°C after which wells were blocked with 1% PBSA for 1h at 37°C. Synovial fluid (1:10 diluted) was added for 1 hour at 37°C. Wells were washed and incubated with F(ab’)2 goat anti-human IgA-HRP (1:4000, ThermoFisher) for 1 hour at 37°C. Fifty μl of TMB substrate was added after which the reaction was stopped with 50 μl of 10% H2SO4. Absorbance was measured with a microplate reader (Bio-Rad, Berkeley, CA) at 450nm.



Statistical Analysis

Statistical analysis were performed with GraphPad Prism version 8.2.1 (GraphPad, San Diego, CA). Statistical differences were determined with unpaired Student two-tailed t tests (two groups) or one-way ANOVA (more than two groups) for normally distributed data. Mann-Whitney U tests (two groups) or Kruskall-Wallis tests (more than two groups) were applied to not normally distributed data. Correlations were determined with nonparametric Spearman correlation coefficients. P values <0.05 were considered statistically significant.




Results


Autoantibodies in Synovial Fluid Induce Immune Cell Activation

To investigate whether local autoantibodies have a potential pathogenic role in RA, we first determined ACPA and anti-CarP IgA and IgG levels in synovial fluid of 26 RA patients (Figure 1A). Since we previously demonstrated that RF IgA levels were significantly elevated in RA patients (27), we therefore additionally determined RF IgA in this study. Both IgA and IgG autoantibody levels showed great inter-patient variation. For every patient a profile of IgA and IgG autoantibodies present in their synovial fluid was created (Figure 1B).




Figure 1 | IgA and IgG autoantibody levels in synovial fluid of RA patients (A) left panel; ACPA, anti-CarP and RF IgA levels and right panel; ACPA and anti-CarP IgG levels in synovial fluid of RA patients (expressed as OD value). Dotted lines represent blanc OD values of each independent ELISA. (B) Synovial fluid profile of ACPA, anti-CarP and RF IgA and IgG levels of 26 RA patients [# IgG levels not determined]. AU, arbitrary units.



When neutrophils were stimulated with immune complexes isolated from synovial fluid of RA patients they formed NETs (Figure 2A). The level of NET formation varied greatly between samples. Immune complexes isolated from serum of either healthy controls or RA patients did not induced NET release (Figure 2A), which may have been due to lower concentrations of complexes in serum compared to SF. Of note, concentration of immune complexes in sera and SF of RA patients could not be determined due to limited patient material. NET release induced by SF immune complexes significantly positively correlated with ACPA IgA, ACPA IgG and anti-CarP IgG levels present in SF (Supplementary Figures 1A, B). Neither anti-CarP IgA nor RF IgA levels in SF correlated with NET release (Supplementary Figures 1B, C).




Figure 2 | Cytokine release after synovial fluid immune complex stimulation correlates with IgA autoantibody levels in synovial fluid. (A) NET release by neutrophils stimulated with immune complexes isolated from healthy control (HC) serum, rheumatoid arthritis (RA) serum or synovial fluid of RA patients (RA SF). Dotted line represents unstimulated neutrophils. (B, C) Monocyte (B) IL-6 and (C) IL-8 release (pooled data from 2 independent experiments) after stimulation with immune complexes isolated from RA SF. Dotted lines represent unstimulated monocytes. (D) Correlation between immune complex-induced monocyte IL-6 release with ACPA IgA levels. (E) Correlations between monocyte IL-8 release induced by immune complexes isolated from RA SF with (left) ACPA IgA levels, (middle) ACPA IgG levels or (right) RF IgA levels Average cytokine release is displayed (n=2). Data was analyzed using two way ANOVA with Bonferroni post-hoc or using the Spearman correlation coefficient; ***p ≤ 0.001, ****p ≤ 0.0001.



Next, monocytes were activated with immune complexes isolated from synovial fluid of RA patients and IL-6 production was determined (Figure 2B). Monocytes were not stimulated with immune complexes isolated from serum of RA patients as neutrophils were not activated by serum immune complexes. Addition of a higher volume of SF immune complexes to monocytes resulted in increased IL-6 release. Furthermore, monocyte IL-8 production after stimulation with 40 μl of immune complexes was enhanced compared to unstimulated monocytes (Figure 2C) and positively correlated with IL-6 release (p=0.0003) (Supplementary Figure 2A). Immune complexes are large aggregates of autoantibodies and contain multiple antibody isotypes. ACPA IgA levels significantly correlated (p=0.0197) with monocyte IL-6 release induced by these immune complexes (Figure 2D). Anti-CarP IgA and RF IgA followed a similar trend, but did not significantly correlate with IL-6 release (Supplementary Figure 2B). Neither ACPA nor anti-CarP IgG autoantibodies correlated with IL-6 release (Supplementary Figure 2C). Significant positive correlations between ACPA IgA (p=0.0011), ACPA IgG (p=0.0397) and RF IgA (p=0.0015) with monocyte IL-8 release induced by synovial fluid immune complexes were found (Figure 2E). While anti-CarP IgA and anti-CarP IgG did not significantly correlate with monocyte IL-8 release (Supplementary Figure 2D).



Osteoclasts formation and activity

In vitro generated osteoclasts (OCs) are defined as large multinucleated cells, which express the enzyme tartrate-resistant acid phosphatase (TRAcP) and can resorb bone (28). When osteoclasts mature, CD14 expression is lost and the expression of TRAcP increases (29, 30). We generated multinucleated cells by culturing CD14+ monocytes for 7 days in the presence of M-CSF and RANK-L which expressed TRAcP (Figure 3A). We defined osteoclasts as multinucleated CD14 negative cells with at least 3 nuclei and expressing high levels of TRAcP and αVβ3. The αVβ3 integrin enables the osteoclast to connect to the bone matrix (31). Not all multinucleated cells differentiated into osteoclasts as TRAcP and the αVβ3 integrin were absent. These cells were likely multinucleated giant cells of macrophage origin. Since TGF-β is an important modulator of osteoclasts, we analyzed whether TGF-β influenced osteoclast formation. Addition of TGF-β to the 7 day culture resulted in formation of larger OCs with increased TRAcP expression (Figure 3A). Moreover, presence of TGF-β resulted in the formation of more CD14- cells (~80%) compared to absence of TGF-β (~20%) (Figure 3B). Approximately 19% of the CD14- population was classified as mature osteoclasts as they contained 3 or more nuclei (Figure 3C). The formed OCs expressed high levels of the αVβ3 integrin independently of TGF-β presence (Figure 3D).




Figure 3 | Enhanced osteoclast formation and activity in presence of TGF-β. (A) Osteoclast TRAcP expression (purple) in presence of M-CSF and RANK-L (upper left panel) and in presence of M-CSF, RANK-L and TGF-β (lower left panel) after 7 days culture. [Blue (DAPI) = nuclei, green (WGA) = cell membrane]. (B) CD14 expression on osteoclasts in absence (upper panel) or presence of TGF-β (lower panel) after 7 days culture. (C) Number of nuclei present in CD14- (upper panel) and CD14+ (lower panel) cells after 7 days of culture in presence of M-CSF and RANK-L. (D) Expression of αVβ3 on formed osteoclasts in absence (blue (top) histogram) or presence of TGF-β (red (second) histogram) after 7 days culture. Residing CD14+ cells (black histogram) and non-stained cells (dotted histogram) served as controls. (E) Bone resorption by human osteoclasts after 21 days in presence of M-CSF and RANK-L (left panel) or M-CSF, RANK-L and TGF-β (right panel) (representative of n=2 experiments). (F) Quantification of bone resorption by osteoclasts in absence of TGF-β (white bar) or presence of TGF-β (grey bar) presented as area in μm2 bone resorption. Data was analyzed using unpaired student’s two-tailed T test; *p ≤ 0.05.



OCs cultured on bone slices for 21 days in presence of M-CSF and RANK-L resorbed bone as visualized by formed bone resorption pits and tracks (Figure 3E, left panel). Presence of TGF-β significantly increased bone resorption by OCs (Figure 3E, right panel). OCs in absence of TGF-β resorbed ~5000 μm2 bone, while OCs in presence of TGF-β resorbed significantly more bone (~15000 μm2) (p=0.0445) (Figure 3F).



IgA Activated Monocytes Induce Osteoclast-Mediated Bone Resorption

Supernatant of (activated) monocytes was added to osteoclasts which were plated on bone slices to study its effect on bone resorption. Unstimulated and BSA-activated monocytes supernatant served as control conditions and only induced little bone resorption by osteoclasts (respectively ~3300 μm2 and ~7300 μm2) as visualized by dark bone resorption pits (Figure 4A). Supernatant of monocytes that had been activated with IgA complexes enhanced osteoclast induced bone resorption compared to supernatant of IgG-activated monocytes (Figure 4A). OCs in presence of supernatant of IgA-activated monocytes resorbed on average ~15000 μm2 of the bone slices, while supernatant of IgG-activated monocytes only induced resorption of ~2600 μm2 bone by OCs (p=0.0233) (Figure 4B).




Figure 4 | Significantly enhanced bone resorption in presence of supernatant of IgA-activated monocytes. (A) Bone resorption by osteoclasts in the presence of supernatant of unstimulated monocytes (upper left panel), BSA-stimulated monocytes (upper right panel), IgG-activated monocytes (lower left panel), or IgA-activated monocytes (lower right panel). (B) Quantification of bone resorption (area in um2) induced by osteoclasts in presence of supernatant of unstimulated monocytes (white bar), BSA-activated monocytes (light grey bar), IgA-activated monocytes (dark grey bar) or IgG-activated monocytes (black bar). Data was analyzed using one way ANOVA with Tukey post-hoc; *p ≤ 0.05.





Osteoclasts Express FcαRI and Are Activated by IgA

Next, we questioned whether presence of IgA autoantibodies also directly affects osteoclast activation. Human osteoclasts expressed intermediated levels CD16 (FcγRIII), CD64 (FcγRIII), CD89 (FcαRI), and low levels of CD32 (FcγRII) (Figure 5A, upper panels). Subsequently, CD89 expression on multinuclear CD14-αvβ3+ osteoclasts was confirmed with microscopy (Figure 5B). Remaining CD14+ cells expressed high levels of CD16, CD32 and CD89, and intermediate levels of CD64 (Figure 5A, lower panels).




Figure 5 | Osteoclasts are activated by IgA immune complexes. (A) Expression of CD16, CD32, CD64 and CD89 on CD14 negative OCs (upper panels; dark grey histograms) and remaining CD14+ cells (middle panels; light grey histograms) compared to no stain (lower panels; dotted black line histograms). (B) CD89 expression on CD14-αVβ3+ OCs. [White (DAPI) = nuclei, blue = CD14, red = αVβ3, green = CD89]. (C, D) IL-8 (C) and IL-6 (D) release by OCs stimulated with immune complexes isolated from synovial fluid of RA patients. (E, F) IL-8 (E) and IL-6 (F) release by unstimulated OCs (white bar) and after stimulation with BSA- (light grey bar), IgA- (dark grey bar) or IgG- (black bar) coated beads. (G) Quantification of bone resorption by OCs in presence of M-CSF and RANK-L (unstim, white bar) and added cytokines IL-6 (25 ng/ml, light grey bar) or IL-8 (10 ng/ml, dark grey bar). Data was analyzed using one way ANOVA with Tukey post-hoc; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.



To investigate the effect of IgA-FcαRI interactions on the bone resorptive capacity of osteoclasts, we separated CD14 negative osteoclasts from the remaining CD14 positive cells. Of the sorted osteoclasts >80% was alive and >95% was CD14 negative (Supplementary Figure 3A). The majority of sorted OC were multinucleated and express TRAcP (Supplementary Figure 3B). OCs activated with immune complexes isolated from synovial fluid of RA patients produced IL-8 (Figure 5C). However, similar levels of IL-8 were released by unstimulated osteoclasts. Production of IL-6 by osteoclasts after stimulation with SF immune complexes varied a lot between samples, but was not produced by unstimulated osteoclasts (Figure 5D). To investigate whether cytokine production was mediated by IgA or IgG, we stimulated OCs with IgA-, or IgG-coated beads. IgA-activated OCs produced significantly higher levels of IL-8 compared to unstimulated, BSA or IgG-activated OCs (Figure 5E). IL-6 was only produced by OCs after IgA activation (Figure 5F). Bone resorptive capacity of osteoclasts was significantly enhanced in the presence of IL-8 (p=0.0054) or IL-6 (p=0.03) (Figure 5G). These results support previous findings that IgA autoantibody levels in RA patients correlate with increased bone resorption. We now show that this can be a direct consequence of IgA-mediated activation of osteoclasts through the enhanced release of IL-8 and IL-6.




Discussion

Bone remodeling in RA patients is disturbed, resulting in bone loss and eventually loss of function (10). In this study we demonstrated that IgA enhanced bone resorption through cytokines released by immune cells and by activating osteoclasts through FcαRI crosslinking. Our results show that IgA has a significant effect on bone resorption and in this way is likely responsible for worse pathology in RA patients.

The exact process of bone remodeling in RA patients is incompletely understood. It has been reported that multinucleated cells that express typical osteoclast lineage markers including TRAcP and cathepsin K are found at sites of bone erosion in RA patients (32). Multiple in vivo studies with osteoclast deficient mice support the critical role of osteoclasts in bone loss (33, 34). Bone loss in RA patients was strongly associated with presence of ACPA or anti-CarP antibodies (7, 35–37). In contrast to our results, it was shown that bone resorption was enhanced by ACPA IgG containing immune complexes in vitro (38). Increased numbers of bone resorbing cells were responsible for this enhanced bone resorption and was also observed in presence of non-ACPA IgG containing immune complexes (38). Presence of ACPA IgA or IgG and anti-CarP antibodies in sera were predictive for the development of RA (3, 7, 39), whereas only ACPA-IgA levels were associated with more active disease (40).

Next to osteoclasts, inflammatory cells present in the joint can indirectly contribute to bone resorption. Neutrophils are the most abundant immune cells present in the inflamed joint and can get highly activated by IgA and IgG resulting in the formation of NETs (18, 41). NET release was induced by immune complexes isolated from synovial fluid of RA patients. Variations in the abundancy of NET formation is likely due to different levels of autoantibodies in SF, influencing the level of neutrophil activation. NET release was not induced by immune complexes derived from serum, which may be due to less presence of immune complexes compared to synovial fluid. NETs can contribute to the autoimmune profile of RA patients, as myeloperoxidase can convert thiocyanate into cyanate, which is essential for carbamylation (42). Previously it was shown that NET formation was significantly increased in neutrophils stimulated with synovial fluid containing ACPAs compared to stimulation with ACPA-negative synovial fluids (43). Similarly we reported positive correlations between NET release and ACPA IgA and IgG levels. NETs may further contribute to the pathogenesis of RA as source of citrullinated autoantigens. In complex with ACPAs they can enhance the production of pro-inflammatory cytokines IL-6 and IL-8 by local (immune) cells (41). Recently a humanized anti-ACPA therapeutic antibody was described to inhibit NET formation by human neutrophils activated with SF of gout patients (44), supporting the importance of this autoantibody in the pathology of RA as well.

Deposition of immune complexes is a common pathogenic feature of several autoimmune diseases, including RA (45). Immune complexes containing antibodies against altered proteins are suggested to initiate a state of non-resolving inflammation in the synovial cavity, followed by RF containing immune complexes reactive to these initial immune complexes (46). However, in animal models it has been shown that immune complexes do not have to be specific against altered proteins to be able to initiate synovitis (47). In the synovium immune complexes can augment inflammation through complement activation (48), Fc receptor engagement (49), toll-like receptor binding (50), and stromal cell activation (51). Furthermore, ACPA containing immune complexes are suggested to be recognized by membrane epitopes (e.g. citrullinated vimentin) expressed by osteoclasts which promotes osteoclastogenesis (38). The glycosylation status of autoantibodies present in immune complexes, such as ACPA sialylation, additionally enhances the capacity to promote inflammation (52). We showed that incubation of monocytes stimulated with SF immune complexes resulted in the production of IL-6 and IL-8. The variable levels of cytokine release can be explained by the different levels of autoantibodies present in the immune complexes. IL-8 is an important chemokine for neutrophils (53) and positively correlated with the amount of infiltrated neutrophils in the inflamed synovium of RA patients (43). IL-8 levels produced by monocytes correlated with both IgA and IgG autoantibodies. These results are supported by previous work from our lab demonstrating that IL-8 is produced by monocytes after IgA or IgG activation (own unpublished data). Interestingly, osteoclasts produced significantly elevated levels of IL-6 and IL-8 after stimulation with SF complexes. The direct effect of IgA autoantibodies on osteoclast activity by blocking of FcαRI could not be formally determined, as FcαRI is continuously internalized and re-expressed. Blocking FcαRI during long term culture of osteoclasts is therefore not feasible. Nonetheless, only stimulation of osteoclasts with IgA-, but not IgG complexes resulted in enhanced production of IL-6 and IL-8, supporting that IgA autoantibodies in SF were responsible for the observed IL-6 and IL-8 production.

IL-8 after IgA, compared to IgG activation. Human CD14+ osteoclasts are described to express multiple Fc gamma receptors (54) and autoantibodies can bind osteoclasts specifically, thereby promoting osteolytic function in vitro (38). In this study we focused on CD14 negative osteoclasts, as the most mature bone resorbing cells (29), which have intermediate expression of FcγRI, FcγRIII, FcαRI, and low expression of FcγRII compared to CD14+ mononuclear cells.

IgG autoantibodies were described to enhance the production of osteoclastogenic factors, including IL-6, IL-8, TNF-α and IL-1β by monocytes and macrophages (13, 49). However, IgA-activation of monocytes induced higher levels of pro-inflammatory cytokines compared to IgG-activation (own unpublished data). Synovial fluid levels of IL-8 and IL-6 were significantly elevated in patients with high ACPA levels in their synovial fluid (43). ACPA-induced differentiation of osteoclasts was inhibited in vitro by a neutralizing IL-8 antibody. Furthermore, in vivo IL-8 inhibition reversed ACPA-induced bone loss in mice (55), supporting the importance of IL-8 in the pathology of RA in ACPA positive patients.

IL-6 production by monocytes only positively correlated with levels of ACPA IgA, but not ACPA IgG. These results are in line with previous work showing IL-6 release by monocytes upon IgA, but not IgG activation (own unpublished data). Similarly, osteoclasts only produced IL-6 after IgA activation. IL-6 significantly increased bone resorption by osteoclasts. In vitro, IL-6 was shown to enhance osteoclastogenesis through activation of RANKL on osteocytes and osteoblasts (56, 57). In vivo, IL-6 was necessary for inducing osteoclast activity and bone resorption (58, 59). Several clinical trials have shown the potential of the human anti-IL-6 blocking antibody tocilizumab in treating RA patients (60–62).

In conclusion, we propose that IgA-FcαRI interactions on both infiltrated immune cells in the synovium and osteoclasts have an essential role in the pathogenesis of RA (Figure 6). IL-6 production after IgA activation of monocytes and osteoclasts can contribute to osteoclast formation, activity and their bone resorptive capacity. Elevated IL-8 production after IgA stimulation of monocytes and osteoclasts can contribute to the infiltration of neutrophils, thereby promoting an inflammatory environment. Furthermore it promotes osteoclast activity resulting in increased bone resorption. We anticipate that targeting IgA-FcαRI interactions is a promising therapeutic strategy to diminish bone resorption in RA patients.




Figure 6 | Mechanism of direct and indirect IgA-mediated osteoclast activation. In the inflamed joints of RA patients’ immune complexes consisting of IgA autoantibodies are present. Infiltrated neutrophils can form neutrophil extracellular traps (NETs) when activated with IgA-containing immune complexes. Monocytes activated with IgA-containing immune complexes produce high levels of IL-6 and IL-8 and enhance the bone resorptive capacity of osteoclasts. IgA-containing immune complexes can also directly target osteoclasts which express the Fc receptor for IgA (FcαRI). After IgA activation osteoclasts secrete IL-8 and IL-6, which are osteoclastogenic cytokines known to contribute to the formation of osteoclasts. Furthermore, IL-8 contributes to the chemoattraction and infiltration of neutrophils thereby enhancing the pro-inflammatory environment in the inflamed synovium of RA patients. Osteoclast secreted IL-8 could therefore both lead to auto stimulation and attraction of neutrophils to the inflamed area. [Created with BioRender.com].
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Butyrophilins, which are members of the extended B7 family of immunoregulators structurally related to the B7 family, have diverse functions on immune cells as co-stimulatory and co-inhibitory molecules. Despite recent advances in the understanding on butyrophilins’ role on adaptive immune cells during infectious or autoimmune diseases, nothing is known about their role in bone homeostasis. Here, we analyzed the role of one specific butyrophilin, namely Btn2a2, as we have recently shown that Btn2a2 is expressed on the monocyte/macrophage lineage that also gives rise to bone degrading osteoclasts. We found that expression of Btn2a2 on monocytes and pre-osteoclasts is upregulated by the receptor activator of nuclear factor κ-B ligand (RANKL), an essential protein required for osteoclast formation. Interestingly, in Btn2a2-deficient osteoclasts, typical osteoclast marker genes (Nfatc1, cathepsin K, TRAP, and RANK) were downregulated following RANKL stimulation. In vitro osteoclast assays resulted in decreased TRAP positive osteoclast numbers in Btn2a2-deficient cells. However, Btn2a2-deficient osteoclasts revealed abnormal fusion processes shown by their increased size. In vivo steady state µCT and histological analysis of bone architecture in complete Btn2a2-deficient mice showed differences in bone parameters further highlighting the fine-tuning effect of BTN2a2. Moreover, in rheumatoid arthritis patients and experimental arthritis, we detected significantly decreased serum levels of the secreted soluble Btn2a2 protein. Taken together, we identified the involvement of the immunomodulatory molecule Btn2a2 in osteoclast differentiation with potential future implications in basic and translational osteoimmunology.
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Introduction

Bone loss and musculoskeletal diseases are playing an increasingly important role in medicine (1). Bone is a living organ that is subject to constant change in the form of remodeling processes (2). Bone homeostasis is determined by the activity of osteoclasts (OC) that break down bone matrix and osteoblasts that synthesize bone matrix. Disturbance in this homeostasis can lead to systemic or local bone loss and the development of osteoporosis and bone erosions, respectively (3, 4). Monocyte-colony-stimulating factor (M-CSF) and the receptor activator of NF-κB Ligand (RANKL) are of primary importance for OC differentiation. M-CSF is primarily secreted by osteoblasts (5), and RANKL is mainly synthesized by osteocytes in the context of bone homeostasis, but many other cells such as osteoblasts and T cells can do so as well. Various signal cascades were identified that are triggered by the RANK-RANKL interaction and that induce osteoclast activity and survival such as the inhibitor of NF-kB kinase (IKK), c-jun n-terminal kinase (JNK), p38, or tyrosine kinase SRC (C-Src), Nuclear factor of activated T-cells, cytoplasmic 1 (Nfatc1), the osteoclast-associated receptors (OSCAR) or epidermal growth factor receptors (EGFR) (6–10). Surface receptors that modulate osteoclast activity and regulate such intracellular signaling pathways are of particular interest in bone biology as their manipulation affects bone homeostasis.

Butyrophilins (BTN) comprise a group of transmembrane proteins belonging to the immunoglobulin superfamily. Due to their very similar structure, BTN are seen as members of the B7 protein family. Only 5 proteins of the family have been detected in both humans and mice (11). Members of the protein family are associated with immunological processes such as the activation of B and T cells and are also expressed on immune cells (12–17). Even if the role of BTN proteins in the immune response is not dominant, they could be one of many factors that, e.g. through mutation, that favor the development of inflammatory disease (18–20). The protein Btn2a2 is particularly expressed on thymic epithelial cells and antigen-presenting cells such as dendritic cells, monocytes, and B cells. In recent years, the contribution of Btn2a2 in the context of T-cell activation has been highlighted (13, 21), and in a mouse model with Btn2a2-deficient animals, it was shown that its main function is a negative co-stimulatory effect on T-cell activation (22).

T cells play a special role in osteoclastogenesis, osteoclast activity and recruitment (23). RANKL is expressed on certain T helper cells (Th), Th17 cells, and some of their cytokines, like IL-17, promote osteoclast differentiation (24). In addition, other downstream effector cytokines such as IL-6 and TNF-alpha induce osteoclasts and promote recruitment of osteoclast precursor cells (25). On the other hand, it was shown that regulatory T cells (Treg) can suppress the differentiation of osteoclasts (26) (27). The RANK receptor and its ligand RANKL are also found in various structures of the immune system such as the thymus (28), the lymph nodes (29), or the microfold cells of the intestine (30). Based on the role of T cells in osteoclast differentiation and the effect of Btn2a2 on T cell costimulation we considered to investigate the influence of Btn2a2 on bone homoeostasis. In our data, we can show that Btn2a2 is involved in the differentiation and fusion processes of bone degrading OC.



Material and Methods


Mice

Btn2a2-/- mice and wild-type littermates were housed and experiments were conducted under specific pathogen-free conditions and housed in a room at 23 ± 2°C, with 50 ± 10% humidity and a 12hour light/dark. Btn2a2–/– mice were generated by the Wellcome Trust Sanger Institute (Cambridge). Mice were allowed free access to water and regular rodent chow. All of the protocols for animal experiments were approved by the local ethics authorities of the Regierung von Unterfranken.



Cell Culture

Bone marrow-derived monocytes (BMMs) were isolated and differentiated into Osteoclast precursors (OCP) and mature Osteoclasts (OC) as previously described with modifications indicated (31). Briefly, bone marrow of 8-14-week-old Btn2a2-/- mice and their littermate controls was isolated by flushing femoral and humeral diaphyseal bones. Cells were seeded into 10 cm petri dishes and cultured overnight in complete medium (αMEM, supplemented with 10% L929 conditioned medium, 10% fetal calf serum (FCS) and 1% penicillin/streptomycin). After 24h 2 x 105 cells/well were seeded into 96-well culture plates and grown for 4 days in complete medium containing 50 ng/ml RANKL (R&D Systems, Wiesbaden-Nordenstadt, Germany), unless otherwise stated. Medium was replenished after 72h. Osteoclast differentiation was evaluated by staining fixed cells for TRAP using Leukocyte Acid Phosphatase Kit (Sigma-Aldrich, Taufkirchen, Germany), according to the manufacturer’s instructions.



Osteoclast Assay

BMMs from Btn2a2-/- and littermate control mice were isolated and differentiated in osteoclast precursors (OCP) and mature osteoclasts (OC) as described previously (31). The TRAP stain of the differentiated and grown OC was performed 5 days after the isolation. Images were taken by Keyence BZ-X710 in 12 sections per well and got joined digitally to create an image of the complete well. Digital measurement technique (Adobe Photoshop®) was used to quantify osteoclast growth on in vitro images. TRAP-positive, multinucleated OC (with 3 or more nuclei) were designated and counted as OC. The contours of those OC were outlined and the enclosed area was calculated with Adobe Photoshop®.



In-Vitro Scratch Assay

For horizontal migration analysis BMMs from Btn2a2-/- and littermate control mice were seeded into 10 cm petri dishes and cultured overnight in complete medium. After 24h, 137.5 × 105 cells/well were seeded into a 35 mm 2-well culture insert (ibidi) in complete medium containing 50 ng/ml RANKL (R&D Systems, Wiesbaden-Nordenstadt, Germany) for additional 12h allowing cells to adhere and spread on the substrate. Subsequently, the culture insert was removed and cells were washed five times with growth medium to remove floating cells. Cells were allowed to migrate back into the scratched area for 24h and counted.



Bone Resorption Assay

The mineral resorption activity of osteoclasts was conducted using 24-well Corning Osteo Assay Surface Plates (Sigma-Aldrich). BMMs were seeded at a density of 8 × 105 cells/well in complete medium supplemented with RANKL (50 ng/ml) and cultured for 5 days, with medium exchange after 96h. After removing cells with deionized water, resorption pit formation was visualized by von Kossa staining and the resorptive area was quantified using ImageJ (National Institutes of Health, Bethesda, MD, USA).



RT-PCR Analysis

Samples were lysed with TriFast™ (Peqlab) and RNA was isolated following the instructions of the manufacturer. cDNA was generated using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems™) and analyzed using SYBR® Select Master Mix (Thermo Fisher Scientific) on a QuantStudio™ 6 Flex Real-Time PCR Instrument (Thermo Fisher Scientific). Gene expression results were expressed as arbitrary units relative to expression of the house keeping gene Glycerinaldehyd-3-phosphat-Dehydrogenase (GAPDH), unless indicated otherwise. Primer sequences are as follows; 

GAPDH: 5’-GGGTGTGAACCACGAGAAAT-3’ and 5’-CCTTCCACAATGCCAAAGTT-3’,

Btn2a2: 5’-ATGACCAGGCAACCATGAAGC-3’ and 5’-TCATAGGGGTCTCTCCACA-3’,

RANK: 5’-GCCCAGTCTCATCGTTCTGC-3’ and 5’-GCAAGCATCATTGACCCAATTC-3’,

OPN: 5’-TCCTTAGACTCACCGCTCTT-3’ and 5’-TCTCCTTGCGCCACAGAATG-3’,

Cathepsin K: 5’-AGGGCCAACTCAAGAAGAAAACT-3’ and 5’-TGCCATAGCCCACCACCAACACT-3’,

TRAP: 5’-GGCCGGCCACTACCCCATCT-3’ and 5’-CACCGTAGCCACAAGCAGGACTCT-3’,

C-SRC: 5’-CGTGGCTGTCACCAAGGACCC-3’ and 5’-TGGTGCTTTCCCGCACGAGG-3’,

Nfatc1: 5’-CGGCGCAAGTACAGTCTCAATGGCG-3’ and 5’-GGATGGTGTGGGTGAGTGGT-3’, 

ATP6v0d2: 5’-TCAGATCTCTTCAAGGCTGTGCTG-3’ and 5’-GTGCCAAATGAGTTCAGAGTGATG-3’, 

Dcstamp: 5’-TTTGCCGCTGTGGACTATCTGC-3’ and 5’-GCAGAATCATGGACGACTCCTTG-3’, 

Ocstamp: 5’-TTGCTCCTGTCCTACAGTGC3-3’ and 5’-GCCCTCAGTAACACAGCTCA-3’, 

Csf1r: 5’-TGGATGCCTGTGAATGGCTCTG-3’ and 5’-GTGGGTGTCATTCCAAACCTGC-3’, 

Cd44: 5’-TGGATCCGAATTAGCTGGAC-3’ and 5’-AGCTTTTTCTTCTGCCCACA-3’,

cfos: 5’-CTCTGGGAAGCCAAGGTC-3’ and 5’-CGAAGGGAACGGAATAAG-3’.



Transcriptome Analysis of Osteoblasts

For transcriptome profiling of primary osteoblasts public RNA-seq data (32) was obtained from the sequence read archive (SRA, BioProject accession: PRJNA648106). Transcript-level abundances were quantified using Salmon (v1.3.0) (33) using the reference transcriptome GRCm39 from ensemble database. Differential expression analysis was performed with DESeq2 (v1.28.1) (34) with default parameters.



Micro-Computed Tomography Analysis (µCT)

For μCT imaging, 12-week old male Btn2a2-/- and littermate controls were used. µCT imaging was performed using the cone-beam Desktop Micro Computer Tomograph “μCT 40” (SCANCO Medical AG, Bruettisellen, Switzerland). The settings were optimized for calcified tissue visualization at 55 kVp with a current of 145 μA and 200 ms integration time for 500 projections/180°. For the segmentation of 3D-Volumes, an isotropic voxel size of 8.4 μm and an evaluation script with adjusted greyscale thresholds of the operating system “Open VMS” (SCANCO Medical) were used.



Histology

For histological analysis, tibial bones were fixed in Histofix (Roth) for 12h and decalcified in EDTA (Sigma-Aldrich). Serial paraffin sections (2 μm) were stained for H&E and tartrate resistant acid phosphatase (TRAP) using a Leukocyte Acid Phosphatase Kit (Sigma) according as to the manufacturer’s instructions. Undecalcified bones were embedded in methacrylate and 5µm section were cut. Toluidine blue staining was performed for quantification of osteoblasts. Osteoclast and osteoblast numbers were quantified using a microscope (Nikon) equipped with a digital camera and an image analysis system for performing histomorphometry (Osteomeasure; OsteoMetrics).



Flow Cytometry

Single-cell suspensions of whole bone marrow were incubated on ice with conjugated antibodies in PBS containing 2% FCS and 5 mM EDTA (Merck). Dead cells were excluded with Fixable Aqua Dead Cell Stain (Thermo Fisher Scientific). For detection of the progenitor populations granulocyte-macrophage progenitors (GMP), common myeloid progenitors (CMP) and megakaryocyte erythrocyte progenitors (MEP), cells were stained with fluorochrome-conjugated anti-lineage (CD3, clone 17A2; Ly-6G, clone M1/70; CD11b, clone RB6-8C5; CD45R(B220), clone RA3-6B2; Ter-119, clone Ter-119, cat. #133311, Biolegend), anti-CD117 (clone 2B8, Biolegend), anti-CD127 (clone A7R34, Biolegend), anti-Ly6A/E (clone D7, Biolegend), anti-CD16/32 (clone 93, Biolegend) and anti-CD34 (clone RAM34, BD). Flow cytometry analysis was performed on the cytoflex platform (Beckman Coulter) and analyzed with FLowJo v.10 software (TreeStar).



Measurement of Serum Cytokines and Serum Btn2a2

Serum levels of osteocalcin (Nordic Bioscience), C-terminal telopeptide α1 chain of type I collagen (CTX-I) (RatLaps; Nordic Bioscience), and Btn2a2 (MyBioSource) were measured by enzyme-linked immunosorbent assay according to the manufacturer’s instructions.



Collagen-Induced Arthritis (CIA)

CIA was induced in 8-week-old female DBA/1J mice by s.c. injection of 100 μl containing 0,25 mg chicken type II collagen (CII; Chondrex, Redmond, WA) in complete Freund adjuvant (CFA; Difco Laboratory, Detroit, MI), and 5 mg/mL killed Mycobacterium tuberculosis (H37Ra) at the base of the tail. Mice were re-challenged after 21 days by intradermal immunization at the base of the tail with this emulsion. Serum samples were collected at day 30 post injection.



Statistical Analysis

Data are expressed as mean ± s.e.m. unless otherwise indicated in the figure legends. Analysis was performed using Student’s t-test, single comparison, or analysis of variance (ANOVA) test for multiple comparisons (one-way or two-way ANOVA followed by Tukey’s or Bonferroni’s multiple comparisons test, respectively). All experiments were conducted at least two times. P-values smaller than 0.05 were considered significant and are shown as p<0.05 (*), p<0.01 (**) p<0.001 (***), or p<0.0001 (****). Graph generation and statistical analyses were performed using the Prism version 8 software (GraphPad, La Jolla, CA) or R.




Results


Btn2a2 Expression Is Up Regulated During Osteoclast Formation

To test our hypothesis of a connection between Btn2a2 expression and osteoclast (OC) differentiation, we analyzed the expression of Btn2a2 in osteoclast progenitor cells (OCP) after addition of RANKL. We observed that expression of Btn2a2 in OCP from wild-type mice is upregulated during the process of osteoclastogenesis, with a peak 4 days after stimulation with RANKL and M-CSF to OCP (Figure 1A). No expression of Btn2a2 was detected in OC from Btn2a2-/- mice 2, 4, and 6 days after RANKL addition. At day 2 Btn2a2 expression in wild-type and in mice heterozygous for Btn2a2 (Btn2a2+/-) was low and increased at day 4 with an intermediate Btn2a2 expression detected in Btn2a2+/- mice, while at 6 days after RANKL addition expression of Btn2a2 could not be detected (Figure 1A). Interestingly we found that the up-regulation of Btn2a2 expression occurs in a dose-dependent manner with a plateau being reached with the addition of 25 ng/ml RANKL (Figure 1B), thus proving that Btn2a2 expression is dependent on RANKL stimulation and thereby indicating that it is involved in the process of OC differentiation. Analyzing published data from primary osteoblast during differentiation (32) revealed no expression of Btn2a2 (Supplementary Figures 2B, C), indicating that the role of Btn2a2 in bone homeostasis is restricted to effects on osteoclasts.




Figure 1 | Btn2a2  is  regulated  during  osteoclastogenesis in  a  RANKL-dependent manner. (A) Btn2a2 expression was analyzed  by quantitative RT-PCR at days 2, 4 and 6 during osteoclast  assay from Btn2a2-/- , Btn2a2+/-, and wild-type littermate controls. Relative expression values normalized to the housekeeping gene GAPDH are shown. (B) Quantita­ tive RT-PCR for determination  of relative  mRNA levels of Btn2a2 normalized on GAPDH, after 2 hours  stimulation  of osteoclast  precursors with indicated  RANKL concentrations. Data are representative of 2 independent experiments, with 3 mice per group. Significance was assessed using one- (B) or two-way ANOVA (A) and Bonferroni's post-hoc test. Data are shown as means± SEM. *P < 0.05; **P < 0.01. ****P < 0.0001.





Loss of Btn2a2 Reduces Expression of Marker Genes Driving OC Formation

To further investigate the role of Btn2a2 in the osteoclast differentiation, we analyzed the expression of markers involved in OC proliferation, differentiation, activation and fusion in OC derived from Btn2a2-/- mice compared to wild-type littermate controls. We observed that lack of Btn2a2 leads to significantly different expression of analyzed markers of OC during osteoclastogenesis (Figure 2). 72h and 94h following RANKL stimulation. RANK and OPN expression of Btn2a2-/- OC were significantly lower than expression measured in wild-type OC (Figures 2A, B). Cathepsin K expression was significantly decreased in Btn2a2-/- OC after 94h (Figure 2C), as well as DC-Stamp and OC-Stamp expression (Figures 2D, E). TRAP expression was reduced as well though not significantly in Btn2a2-/- OC compared to wild-type OC (Figure 2F), while c-Src, NFATc1, cfos, Csf1r, CD44, and ATPv0d2 expression remained unchanged (Figures 2G–L). These data further underline the connection between bone homeostasis and Btn2a2 expression in OC.




Figure 2 | Btn2a2-/- Osteoclasis  reveal  altered  expression  of  OC-specific transcriptional  signature  during osteoclastogenesis. (A–L) Expression  of osteoclast-related genes in wild-type and Btn2a2' osteoclasts after stimulation of osteoclast precursors with RANKL (50 ng/ml)for the indicated time points. Relative expression values normalized to the housekeeping gene GAPDH are shown. Data are representative of two Independent experiments, with 3 mice per group. Significance was assessed using two-way ANOVAand Bonferroni's post-hoc  test. Data are shown as means :t SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****p < 0.0001.





Loss of Btn2a2 Leads to a Reduced Number of Bone Degrading Osteoclasts

Since we observed a clear difference in expression of differentiation and activation markers of Btn2a2-/- OC compared to wild-type OC, we investigated if these changes in OC marker gene expression is relevant for the differentiation of OC. When analyzing OC differentiation assays we observed that the overall number of OC formed of progenitor cells after addition of M-CSF and RANKL was significantly reduced in Btn2a2-/- mice, with an intermediate number of OC formed from Btn2a2+/- OCP (Figure 3A) thereby reflecting the results of decreased expression of OC marker genes relevant for OC formation. Interestingly, while displaying overall less OC in the assays with Btn2a2-/- OCP, we observed significantly higher numbers of OC with more than 20 nuclei in Btn2a2-/- compared to wild-type OC with an intermediate phenotype in Btn2a2+/- OC (Figures 3B–D). These data clearly indicate that Btn2a2 favors formation of OC in vitro and that loss of Btn2a2 also leads to an abnormal fusion process. In contrast, we did not observe abnormalities in the BM compartment of Btn2a2-/- mice compared to their wild-type counterparts as analyzed by flow cytometry for the frequencies of granulocyte-macrophage progenitors (GMP), common myeloid progenitors (CMP) and megakaryocyte erythrocyte progenitors (MEP) (Figure 3E). In addition, no defects in migratory behavior of Btn2a2-/- OC compared to wild-type OC was detected (Figure 3F) as well as no difference in in vitro resorption capacity (Figure 3G) and no differences in resorbed surface per OC was observed (Figure 3H).




Figure 3 | Loss of Btn22 leds to reduced numbers of bone degrading osteoclasts. (A) quantification of the number of multinucleated TRAP+ osteoclasts from Wild-type, Btn2a2+/- and Btn2a2-/-mice after osteoclast assay. (B) Trap staining of Wild-type and Btn2a2-/-  osteoclasts at day 5 of osteoclast assay and (C) quantification of the number of multinucleated TRAP+ osteoclasts by their number of nuclei. (D) violin plots displaying area of multinucleated TRAP+ osteoclasts at day 5 of osteoclast assay of wild-type Btn2a2+/- and Btn2a2-/- mice with each dot representing one osteoclast. (E) Flow cytometric analysis of bone marrow progeni­tor cells of wild-type and Btn2a2-/-  mice. (F) OCP migration abilityof  wild-type and Btn2a2-/- OCPs was assessed in vitro. Quantification of migrated cells was performed with images captured after 24 hours. Data are representative of two independent experiments, with 3 mice per group. (G) Analysis of resorption acitvity of Btn2a2-/- and their wild-type liltermates after 5 days of culture. (H) Resorbed area per osteoclast. Data are representative of two independent experiments, with 3-4 mice per group (B, C, E–G) or represent two pooled experiments (A, D, H). Significance was assessed using one-way (A) or two-way ANOVA (C) and Bonferro­ni's post-hoc test or using two-tailed Students t-test. (D) Signifiance was assessed using Krusaii-Wallis test and pairwise comparisons using Wilcoxon rank sum test with Bonferroni's p value adjustments. (B) Scale bar indicates 200 μm. Data are shown as means t SEM. *P < 0.05; **P < 0.01; ****P < 0.0001.





Loss of Btn2a2 Changes Trabecular Bone Architecture In Vivo

Since Btn2a2 is up-regulated in OC after RANKL addition and Btn2a2-/- OC displayed altered expression of differentiation and activation markers that lead to a reduced OC formation and abnormal fusion process, we further investigated if the loss of Btn2a2 has an effect on bone homeostasis in vivo. Therefore, we analyzed bones from wild-type and Btn2a2-/- mice by histology and µCT for differences in bone parameters. Histological analysis of bones from W and Btn2a2-/- mice showed no differences both in numbers of OC per bone perimeter and in OC surface per bone surface (Figures 4A, B). We also did not observe any differences between Btn2a2-/- and wild-type mice in numbers of osteoblasts (Supplementary Figure 2A). However, results obtained from µCT analysis of tibial bones from Btn2a2-/- mice showed a significant increase in trabecular number and a significant decrease in trabecular separation when compared to tibia from wild-type mice, whereas bone volume was not statistically different in Btn2a2-/- mice (Figures 4C, D). This indicates that Btn2a2 may subtly influence the remodeling process of bone homeostasis in vivo. In addition to analyzing bone parameters, we also measured serum levels of C-terminal telopeptide of type 1 collagen (CTX) and osteoprotegerin (OPG) as markers of bone homeostasis in wild-type and in Btn2a2-/- mice. However, CTX and OPG serum levels were unchanged (Figure 4E). Another indication that Btn2a2 could play a role in bone homeostasis comes from measurements of Btn2a2 levels in sera of RA patients as well as from mice with a collagen-induced arthritis (CIA), in which the levels of Btn2a2 were significantly reduced in RA patients and CIA mice compared to normal healthy controls (Figures 4F, G), indicating that Btn2a2 is involved in diseases in which bone homeostasis is affected.




Figure 4 | Loss of Btn2a2 changes bone architecture in vivo. (A) Representative Images of tibiae with TRAP staining of male Btn2a2-/-  mice compared with their wild type littermates at  12 weeks  of age. Scale bar indicates 200 μm. (B) Histomorphometric analysis of the number of osteoclasts per bone  perimeter (N.OC/B.Pm) and the osteoclast surface per bone surface (OC.surtace/B.surtace). (C) μCT images of the skeletal phenotype of male Btn2a2-/- mice and their wild-type littermates at 12 weeks of age. Scale bar indicates 1 mm. (D) μCT analysis of trabecular bone parameters of tibial bone including bone volume to trabecular volume (BV/TV), trabecular thickness (Tb.Th.), trabecular number (Tb number), and trabecular separation (Tb.Sp.). (E) Serum levels of CTX-1  and OPG from Btn2a2-/- mice and wild-type littermates at 12 weeks of age were measured by ELISA. (F) BTN2A2 serum levels from RA patients and healthy controls. (G) Btn2a2 serum levels from CIA mice compared to healthy controls at day 30 of CIA. Significance was assessed using Student's t-test. Date are shown as means ± SEM. *P < 0.05; **P < 0.01; ****p < 0.0001.






Discussion

Osteoclast (OC) differentiation and activation is a multistep process that is critically regulated by RANKL (35, 36). Although RANKL is the main driver of OC differentiation, a number of additional factors have been revealed to be necessary for osteoclastogenesis and a multitude of hormones and cytokines modulate osteoclast formation (37–41). Herein, we show that RANKL induces the expression of the co-stimulatory molecule Btn2a2 in OC. To our knowledge, this is the first observation that Btn2a2 is expressed in OC upon RANKL stimulation and its dose dependent increase in expression indicates that it is involved in the process of OC formation. OC formation includes a series of regulatory steps, including differentiation, activation, migration, as well as their fusion into mature multinucleated OCs that subsequently initiate osteoclastic bone resorption (42, 43). To further investigate the role of Btn2a2 in these processes, we made use of a loss of function model for Btn2a2 and analyzed expression of known, essential marker genes involved in OC formation. We observed that OC deficient for Btn2a2-/- showed decreased expression in RANK, OPN, and cathepsin K, DC-Stamp, and OC-Stamp. RANK is critical for the OC formation and activation, it binds RANKL thereby activating signaling pathways in OC including the members of the TNF receptor activating factor (TRAF) family (44). OPN is one of the most abundant non-collagenous proteins in bone and is an important regulator of inflammation and biomineralization and regulates bone cell adhesion, osteoclast function, and matrix mineralization (45). However, mice lacking OPN show normal development and bone structure but display altered OC formation in vitro (46).TRAP is able to degrade skeletal phosphoproteins and is secreted by the OC during bone resorption and secretion correlates with resorptive behavior (47, 48). Cathepsin K is the major mediator of osteoclastic bone resorption (49). Upon differentiation and fusion, OC produce increasing amounts of cathepsin K, and this appears to be regulated by RANKL (50). Down-regulation of these marker genes in Btn2a2-/- progenitor cells suggests a functional defect of OC, further underlining a role of this molecule in the process of OC formation. And indeed, when analyzing OC formation assays, we observed that in those assays in which myeloid progenitors from Btn2a2-/- mice were stimulated with M-CSF and RANKL, significantly less OC were formed compared to assays using wild-type myeloid progenitors. With reduced Cathepsin K expression in Btn2a2-/- OC, we would expect less bone resorption by Btn2a2-/- OC compared to wild-type OC. However, we did not observe difference in resorption capacity between wild-type and Btn2a2-/- OC. This discrepancy could be due to the formation of giant OC in Btn2a2-/-, which may compensate the overall lower capacity of resorption. Moreover, although Btn2a2-/- OC seem to be bigger, we observed in total more OC in wild-type compared to Btn2a2-/- mice, which also explains an unchanged BV/TV between wild-type and Btn2a2-/- conditions.

Interestingly, when using Btn2a2-/- monocytes, the number of very large OC (more than 20 nuclei) was significantly increased in comparison to wild-type conditions, pointing to an abnormal fusion process of OC in Btn2a2-/- mice. Since we observed giant OC in Btn2a2-/-, we analyzed fusion markers of OC to detect a possible defect in the fusion process. We observed significantly reduced expression of DC-Stamp and OC-Stamp in Btn2a2-/- OC, which seems contradictory to an expected enhanced fusion rate of Btn2a2-/- OC. This may be explained by other proteins that play a role in fusion. Little is known about OC fusion, which is a property of mature osteoclasts and is required for osteoclasts to resorb bone. A number of molecular mediators were reported to be important for osteoclast fusion (51–55). Nevertheless, the complete sequence of events leading from stimulation of osteoclastogenesis by RANKL to formation of large osteoclasts capable of bone destruction is incompletely understood. In a recent study, it has been shown that OC fission into osteomorphs and can recycle back into OC during RANKL-stimulated bone resorption (56), and since loss of Btn2a2 leads to reduced RANK expression, a decrease in RANK-RANKL signaling could lead to a reduction of recycling and fission events and therefore to the development of bigger OC. More research needs to be done on investigating the role of Btn2a2 in the fusion events of OC and it could be that recycling from osteomorphs is not possible in Btn2a2-/- OC (56, 57). In order to reveal the role of Btn2a2 in the fusion process of OC, further investigations need to be done, by analyzing expression levels of known fusion genes and the process of fission into osteomorphs and fusion back to OC in Btn2a2-/-.

In vivo, Btn2a2-/- mice showed differences in trabecular architecture with significantly reduced separation of trabecula and increased trabecula numbers but no differences in bone volume per total volume were observed. The loss of Btn2a2 in the complete knockout mice therefore resulted in an altered bone architecture without a change in total bone mass. From the clear effects in OC from wild-type and Btn2a2-/- mice in vitro one would expect that in the Btn2a2-/- mice there is less bone degradation due to impaired OC differentiation, however, the formation of giant OC in Btn2a2-/- cells may counteract this effect in vivo, since these giant OC may be able to absorb more bone due to the increased bone surface they can cover.

Moreover, since the work presented here has been conducted in complete Btn2a2-/- mice, other effects of Btn2a2 may have masked the effects on bone homeostasis. Both resorption and formation of bone are tightly coupled processes, and the role of Btn2a2 on other cells needs to be taken into account. A possible role of Bn2a2 on osteoblast function is not known at present. In addition to osteoblasts, T and B lymphocytes are also known to influence the formation and activation of OC.

T cells express RANKL and thereby activated T cells may induce osteoclastogenesis (58), however major T cell cytokines such as IFNg, IL-4 and IL-10 are inhibitory to in vitro osteoclastogenesis (23, 59). Regulatory T cells (Treg) have been shown to suppress OC formation and protect from local and systemic bone destruction in arthritis (27, 60, 61). Btn2a2 binds to activated T cells and inhibits activation (13), and Btn2a2 induces Foxp3 expression and a regulatory phenotype in T Lymphocytes (21). As mentioned, loss of Btn2a2 results in a skewed T cell response towards a reduced Treg response (22). Activated T lymphocytes supporting osteoclast formation (58) and reduced Treg numbers in Btn2a2-/- may have an influence on OC differentiation and function in vivo. Thus, the effects of T cells on the formation of OC is dependent on a balance between their positive and negative factors. Also other cell types than osteoblasts and T- and B lymphocytes influence OC formation. It has been shown, that ILC2 can suppress OC formation (62, 63) and in our own unpublished work we detected Btn2a2 expression in ILC2 with significant immunomodulatory consequences.

In summary, our data point to a role of Btn2a2 in the differentiation of OC as well as its fusion process highlighting the role of T cell molecules on bone homeostasis.
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Osteoporosis or porous bone disorder is the result of an imbalance in an otherwise highly balanced physiological process known as ‘bone remodeling’. The immune system is intricately involved in bone physiology as well as pathologies. Inflammatory diseases are often correlated with osteoporosis. Inflammatory mediators such as reactive oxygen species (ROS), and pro-inflammatory cytokines and chemokines directly or indirectly act on the bone cells and play a role in the pathogenesis of osteoporosis. Recently, Srivastava et al. (Srivastava RK, Dar HY, Mishra PK. Immunoporosis: Immunology of Osteoporosis-Role of T Cells. Frontiers in immunology. 2018;9:657) have coined the term “immunoporosis” to emphasize the role of immune cells in the pathology of osteoporosis. Accumulated pieces of evidence suggest both innate and adaptive immune cells contribute to osteoporosis. However, innate cells are the major effectors of inflammation. They sense various triggers to inflammation such as pathogen-associated molecular patterns (PAMPs), damage-associated molecular patterns (DAMPs), cellular stress, etc., thus producing pro-inflammatory mediators that play a critical role in the pathogenesis of osteoporosis. In this review, we have discussed the role of the innate immune cells in great detail and divided these cells into different sections in a systemic manner. In the beginning, we talked about cells of the myeloid lineage, including macrophages, monocytes, and dendritic cells. This group of cells explicitly influences the skeletal system by the action of production of pro-inflammatory cytokines and can transdifferentiate into osteoclast. Other cells of the myeloid lineage, such as neutrophils, eosinophils, and mast cells, largely impact osteoporosis via the production of pro-inflammatory cytokines. Further, we talked about the cells of the lymphoid lineage, including natural killer cells and innate lymphoid cells, which share innate-like properties and play a role in osteoporosis. In addition to various innate immune cells, we also discussed the impact of classical pro-inflammatory cytokines on osteoporosis. We also highlighted the studies regarding the impact of physiological and metabolic changes in the body, which results in chronic inflammatory conditions such as ageing, ultimately triggering osteoporosis.
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Introduction

A typical bone is composed of collagen, matrix proteins, calcium hydroxyapatite crystals, and cellular components. Different cellular components of a bone are osteoblasts (OBs), osteoclasts (OCs), osteocytes (OYs), stromal cells, mesenchymal stem cells (MSCs), hematopoietic stem cells (HSCs), etc. Among these, OBs and OCs play a major role in maintenance. OBs are of mesenchymal origin and have bone anabolic activity. They produce type-I collagen, matrix proteins (e.g., osteonectin and osteocalcin) to help calcium deposition in the form of calcium hydroxyapatite crystals. On the other hand, OCs, giant multinucleated cells of HSCs origin, demineralize the bone by releasing substances like hydrochloric acid and proteolytic enzymes, thus keep in check the anabolic activity of OBs (1). The antagonistic activity of OBs and OCs results in continuous formation and resorption of bone, a process called bone remodeling, which is necessary for maintaining calcium levels in the blood. Bone remodeling occurs in several specific spaces in the bone called bone remodeling compartments (BRC) (2). In a healthy bone, the bone homeostasis is regulated by sophisticated coordination among components of BRC’s through RANK (receptor activator of nuclear factor-κB), RANKL (ligand for a RANK receptor), and OPG (osteoprotegerin) interactions. OPG is a decoy receptor of RANKL. RANKL secreted by OBs interacts with RANK and triggers differentiation of precursor-osteoclast into bigger multinucleated active OCs. However, to keep bone resorption in check, OBs also secrete OPG, which competitively inhibits RANKL-RANK interaction (1–3). Any imbalance in the homeostasis can lead to bone anomalies such as osteopenia, osteoporosis, osteopetrosis, etc. In osteoporosis, there is an increase in the activity of osteoclast, leading to net bone loss (Figure 1).




Figure 1 | An imbalance in a dynamic equilibrium of bone remodeling leads to osteoporosis. Bone homeostasis is maintained by an equal amount of bone formation, and bone resorption carried out by osteoblast (OB) and osteoclast (OC). Under the influence of various mediators and cellular components, the equilibrium shifts towards greater bone resorption due to exacerbated osteoclast activity. This leads to a decrease in bone mineral density and causes osteoporosis.



Many different health conditions and medical procedures are correlated with osteoporosis, such as endocrine disorders (e.g., hyperparathyroidism, diabetes, premature menopause and low levels of testosterone and estrogen in men and women respectively, etc.), autoimmune disorders (e.g., rheumatoid arthritis or RA, lupus, multiple sclerosis, etc.), prostate cancer, thalassemia, liver dysfunction, organ transplant, etc. (4). Not only disease conditions, the later phase of life, aging, is also correlated with osteoporosis (1). During aging, epigenetic-metabolic changes in physiology drive chronic inflammation in the body resulting in osteoporosis (5). Hence, a diverse array of factors seems to be involved as the causative agents of osteoporosis. Though initially, it was thought that hormonal imbalance was the leading cause of osteoporosis, later in the 1970s, the role of the immune system first came to light (6, 7). Researchers observed that supernatant from the human PBMCs increased osteoclastic activity in fetal rat bone culture (6). In the past two decades, even more promising reports have emerged indicating firm involvement of immune cells in bone remodeling (8, 9). Age-driven changes in the status of immune cells explain the presence of chronic inflammation resulting in osteoporosis (10). The study of this intricate relationship between the immune system and skeletal system led to the establishment of a new field called “osteoimmunology” (11). Recently, Srivastava et al. have coined the term “immunoporosis” to emphasize the role of immune cells as a cause of osteoporosis (12). Another review by the same group has summarized the role of innate and adaptive immune cells in osteoporosis (13). In this review, we focus on the role of the innate immune cells in osteoporosis in a more detailed manner.

Cells of innate immunity are known to act immediately to various challenges to the body and cause ‘inflammation’, which has been observed as one of the major triggers of various bone disorders (13–15). According to a recent hypothesis published, inflammatory cell death, ‘pyroptosis’ of osteoblast, is critical in osteoporosis (16). Various signals that induce inflammation in the body include exogenous signals, such as PAMPs (Pathogen Associated Molecular Patterns) or endogenous signals, DAMPs (Death/Damage Associated Molecular Pattern), which abruptly challenge the immune system and results in acute inflammatory diseases. In addition, metabolic changes, tissue malfunctions or prolonged infections usually result in chronic inflammatory diseases. Therefore, inflammatory mediators produced in such cases play a key role in the co-morbidity of osteoporosis (17–20). ‘Focal infection theory’ is an old concept that assumes the foci of infection could cause systemic inflammatory diseases (as observed in periodontitis, psoriatic arthritis), resulting in osteoporosis (19, 20).

Innate immune cells are major producers of pro-inflammatory mediators. However, some of them share a common developmental niche with skeletal cells. Various reports suggest that the immune system is highly linked to the skeletal system and actively involved in the manifestation of the disease. In addition to the major producers of pro-inflammatory mediators, macrophages, monocytes, and DCs can act as precursors of osteoclasts (21, 22). Apart from macrophages, monocytes and DCs, other pro-inflammatory innate immune cells of myeloid origin, contribute to osteoporosis are neutrophils, eosinophils and mast cells (23–25). Innate cells of lymphoid lineage, such as NK cells and innate lymphoid cells (ILCs), also contribute to the manifestation of osteoporosis, majorly as producers of pro-inflammatory mediators (26, 27). Among the pro-inflammatory mediators that play a major role in osteoporosis, IL-6, TNF-α, IFN-γ, IL-1β, and ROS are worth mentioning. In this review, we will discuss the role and contribution of different types of innate immune cells and inflammatory mediators in osteoporosis (Tables 1 and 2).


Table 1 | Function of different innate immune cell types and their role in osteoimmunology.




Table 2 | The role of classical pro-inflammatory cytokines in osteoimmunology.





Cells of the Myeloid Lineage


Macrophages

Macrophages, one of the most potent inflammatory cells also act as the major sentinel cells. They are present in the tissues and can readily sense infection by various pathogens like bacteria, viruses, parasites, etc., and provide a defense to the host system. They have the potential for phagocytosis as well as the induction of inflammatory responses. This ability comes from the presence of a broad range of pattern recognition receptors (PRRs) such as toll-like receptors (TLRs), nod-like receptors (NLRs), etc., as well as scavenger receptors (SRs) (57). Similar sets of PRRs have been reported to modulate bone metabolism (58–61).

Macrophages are either tissue-resident or differentiated from blood monocytes in response to an inflammatory signal. The tissue-resident macrophages are present in different organs of the body and are known by different names, such as microglia in the brain and kupffer cells in the liver, etc. They are adapted uniquely to their location. The bone also possesses different kinds of macrophage populations: bone marrow macrophages (BMMs), OCs, and osteal macrophages or “osteomacs” (62). Osteal macrophages help in efficient osteoblast mineralization and bone formation (32). Depletion of osteal macrophages shows a decrease in bone mineral density (BMD) (32).

Different tissue microenvironment defines different phenotypes for tissue-resident as well as monocyte-derived macrophages. In addition to inflammation macrophage helps in tissue repair following injury and also maintains tissue homeostasis. To aid these activities (63), they show a great degree of plasticity and hence can undergo a transition between M1 and M2 phenotype depending on the microenvironment  (64). M1 is classically activated macrophages (inflammatory phenotype), and M2 is alternatively activated macrophages (reparative phenotype). Macrophage polarization drives bone remodeling activities. Pro-inflammatory cytokines such as, TNF-α and IL-6 can stimulate M1 polarization, whereas anti-inflammatory cytokines such as, IL-4 and IL-13 can stimulate M2 polarization (65), which are generally associated with bone catabolic and anabolic activities, respectively. However, an exciting study by Huang et al. reported that RANKL-induced M1 polarized macrophages display distinct properties compared to LPS and IFN-γ stimulated M1 macrophages (66). In a pathological scenario, it was observed that RANKL-induced M1 macrophages induce bone formation and help in increasing the osteogenic ability of MSC by increasing the expression of osteogenic genes such as OPN, RUNX2, etc., while LPS and IFN-γ induced M1 macrophages shows bone destructive activity (66).

Numerous studies suggested a role of M2 macrophages in osteogenesis. Two groups have demonstrated that M2 polarized macrophages can stimulate MSCs, the precursor of OB cells, into mature OBs and increase bone mineralization in vitro (29, 30). Further, it has been observed that the co-culture of pre-osteoblastic cells with macrophage increased the osteogenic ability of pro-osteoblastic cells, and this attribute was enhanced by macrophage transition from M1 to M2 type (67). Based on this observation, it was suggested that a transient inflammatory phase is crucial for enhanced bone formation.

M1 macrophage serves as a precursor of osteoclast (28). Researchers had observed that the osteo-inductive mediators, such as bone morphogenetic protein (BMP) 2 and 6, were reduced when macrophages were stimulated by a known M1-phenotype inducer (68). M1 inducer, such as LPS induces a massive production of pro-inflammatory cytokines and triggers osteoclastogenesis in RANKL-dependent or -independent manner leading to bone destruction (Figure 2A) (21). Multinucleation of macrophages is driven by RANKL-dependent or -independent signaling pathways that bring about the changes essential for multinucleated osteoclast differentiation and formation (68–70). One of the necessary and key changes observed in macrophage to osteoclast differentiation is the changes in energy metabolism. A report using RAW 264.7 murine macrophage cell line and bone marrow-derived macrophages (BMDMs) suggested that lysine promotes M1 & M2 activation, whereas tyrosine and phenylalanine have opposite effects (71). Another report indicated that differentiated osteoclasts are rich in lysine degrading proteins and show enhanced biosynthesis of tyrosine and phenylalanine (72). These two reports suggested that inhibition of polarization of macrophage enhances osteoclast differentiation. Additionally, there is an increase in mitochondrial biogenesis in RANKL-induced osteoclastogenesis (73). Consequently, the increase in oxidative phosphorylation allows increasing bone resorption by osteoclasts. In another report, it is observed that there is an increase in GLUT1 and other glycolytic enzymes during osteoclast differentiation (73). Both glycolysis and oxidative phosphorylation thus play an important role in osteoclastogenesis. Recent evidence suggested that glucose transporter expression depends on RANKL (74). It explains why macrophage to osteoclast differentiation and bone resorption is associated with an increase in energy metabolism (75).




Figure 2 | Monocytes (Mo), macrophages (Mφ), and dendritic cells (DCs) can be directly involved in bone resorption by differentiating into osteoclast (OC). (A) Both M1 and M2 subtypes of Mφ differentiate into OCs in presence of RANKL & M-CSF or RANKL respectively. Estrogen inhibits RANKL-mediated M2 differentiation to OCs. (B) Upregulation of ANAX2 & CCR3 help circulating Mo in trans-endothelial migration and recruitment to the bone remodeling site, where Mo to OC differentiation happens either in the presence of RANKL & M-CSF or TNF-α and IL-6. (C) DCs can transdifferentiate into OCs in presence of RANKL & M-CSF or IL-17. Further, immune interaction between CD4+ T-cells and DCs can form OCs in a RANKL/RANK-dependent manner.



A study suggested that, M1/M2 macrophage ratio increases in the bone-marrow of ovariectomized (OVX) osteoporotic mice. In the absence of estrogen, M2 macrophages differentiate into osteoclast upon stimulation with RANKL (Figure 2A) (31). Thus, estrogen protects M2 macrophages from RANKL stimulation. Therefore, M1/M2 ratio and estrogen are related to the pathogenesis of postmenopausal osteoporosis.

It is well accepted that macrophages play an essential role in the pathogenesis of inflammatory disease rheumatoid arthritis (RA) by producing pro-inflammatory cytokines like TNF-α, IL-1β, IL-6 that can drive osteoclastogenesis and bone destruction. Similar contributions by macrophages were also observed in osteoarthritis (OA) and peri-implant osteolysis (76). The role of macrophages in RA and OA has been elaborately discussed in other reviews (77, 78).

Inhibitor studies have helped to elucidate the signaling pathways involved in the RANKL-mediated osteoclastogenesis. Researchers have observed that a Chinese herb, Bergapten inhibits RANKL-induced osteoclastogenesis by suppressing the degradation of IκBα (inhibitor of NF-κB) (79). IκBα keep NF-κB in the cytoplasm by binding to it; degradation of IκB is necessary for translocation of NF-κB to the nucleus and perform its functions. Researchers have also observed that Bergapten attenuates JNK phosphorylation (79). Icariin (ICA) inhibits RANKL-induced osteoclast formation by downregulating signaling mediator TRAF6 (adaptor molecule associated with RANK complex) and further affecting the NF-κB pathway (80). Additionally, it was also observed that ICA inhibits ERK phosphorylation which subsequently leads to a decrease in NFATc expression, which is also a crucial transcription factor for osteoclastogenesis (80). Sappanone A was shown to inhibit RANKL-induced osteoclastogenesis by inhibiting the phosphorylation of AKT and subsequently suppressing the activation of NFATc1 and other osteoclastogenic markers (81). It is interesting to note that RANKL stimulation induces activation of all the three major MAPKs (ERK, JNK, p38); however, only the p38 signaling pathway plays a crucial role in RANKL-mediated differentiation of macrophage to OCs (82). So far no natural inhibitors have been found to inhibit p38 signaling pathway in osteoclastogenesis.

(82, 84)With aging macrophages show an array of dysfunction, including defect in autophagy, morphological changes, and dysregulation of pro-inflammatory cytokine production resulting in age-related altered immune function (10, 83). A study shows significant increase in M1-polarised macrophages in aged mice (84). Aged macrophage shows amplified production of inflammatory mediators (85, 86). Therefore, in macrophage from older people displays an activated phenotype and increased basal level inflammation (86). It is also reported that macrophage polarization dysfunction is related to impaired bone healing in aged mice and rat populations (86–88). Altogether, macrophage dysregulation contributes to a chronic low-grade inflammation during aging, called Inflammaging, which often correlates with osteoporosis.

Apart from inflammatory responses, recent studies have recognized new regulatory mechanisms of macrophages in osteoporosis. A microarray study on RANKL and CSF1 treated vs. non-treated BMMs identified differentially expressed circular RNAs (circRNAs) and found that circRNA_28313 was significantly induced in treated cells. Further, it was observed that knockdown of circRNA_28313 significantly inhibited macrophage differentiation to OCs in vitro and OVX-induced bone resorption in vivo in mice. Bioinformatic analyses revealed that mir-195a microRNA interacts with 3’UTR of CSF1 in non-treated cells (89). However, circRNA_28313 relieves miR-195a-mediated suppression on CSF1 via acting as a competing endogenous RNA (ceRNA), modulating the osteoclast differentiation in BMM cells (89). Another miRNA, miR-128, regulates osteoclastogenesis of BMMs through miR-128/SIRT1/NF-kB signaling axis (90). The overexpression or inhibition of miR-128 can increase or decrease macrophage-derived OCs (90). Further reports suggested that miR-506-3p can selectively inhibit NFATc1 in RANKL-induced activated BMMs in rats and minimize the release of bone resorption enzymes (91). The heterogeneity and plasticity of macrophages make them a critical player in bone homeostasis. A more in-depth study is required to understand the role of macrophages in immunoporosis. Modulation of macrophage phenotype could be a potential therapeutic target in dealing with osteoporosis.



Monocytes

Monocytes constitute 10% of total leukocytes in humans and 2-4% in mice (92). The precursors of monocyte arise from HSC in the bone marrow and finally undergo subsequent differentiation to become a committed monocyte progenitor (cMoP) (92). Similar to macrophages, monocytes also exist as different subsets exhibiting different phenotypes and functions. Different subsets of monocyte show distinct functions during steady-state and inflammation. The inflammatory monocytes show high levels of C-C chemokine receptor 2 (CCR2) and low levels of CXC3 chemokine receptor 1 (CX3CR1), whereas the patrolling monocytes show the reverse expression (93). Their recruitment to the inflammatory site is predominantly CCR2 dependent (94). Traditionally, it is considered that monocyte extravasate from blood vessels to the site of inflammation and differentiates into macrophages or dendritic cells, and contributes to the inflammatory process and repair (95). However, a study demonstrated that CCR2-expressing pro-inflammatory monocyte transitioned into CX3CR1-expressing reparative monocyte (96). However, Jakubzick et al., in their study, reported that monocytes can retain their markers or their identity without differentiating into macrophages and DCs while moving through tissues (97). These studies suggest that the monocyte can participate in the inflammatory process directly apart from acting as precursors only. Accordingly, circulating monocyte plays some crucial role by serving as osteoclast precursor and participating in bone remodeling by producing cytokines (33, 34). Recent reports indicate that erythromyeloid progenitor-derived monocytes (EMP-monocyte) also contribute to this pool of circulating monocytes apart from major contributor HSCs-monocytes (98–100). Interestingly, EMP-monocytes, which reside in the adult spleen postnatally, transmigrate to the bone marrow where they differentiate into functional OCs along with HSCs derived OCs and helps in bone repair in fracture scenarios (98). Similar to macrophages, monocytes also undergo metabolic changes like, increase in glucose uptake, oxidative phosphorylation etc. during differentiating into osteoclast (101). Different environmental cues drive different metabolic changes and as a result, monocyte responds differently. The three phenotypic forms of circulating monocyte in human peripheral blood are Classical (CD14++ CD16-), intermediate (CD14++ CD16+), and non-classical (CD14+CD16++), which differentiate into osteoclast with different order of resorbing ability, that is, normal, high, and non-absorbing, respectively (75). Reports suggest that non classical human monocyte expresses respiratory chain metabolism whereas classical monocyte depends on carbohydrate metabolism and primed more towards anaerobic energy production (102).

In an infection scenario, intermediate monocytes take the lead to become high bone absorbing osteoclast and may result in bone weakening (74), indicating monocytes could also play a critical role in bone disorders (75). Researchers have made some observations towards it. The Association of monocyte with post-menopausal osteoporosis in Caucasian women was shown by Zhang et al. (29, 102, 103). Network-based proteomics analysis of peripheral blood monocytes (PBM) showed significant downregulation of proteins encoded by four genes, namely, LOC654188, PPIA, TAGLN2, YWHAB whereas, upregulation of proteins encoded by three genes, namely LMNB1, ANXA2P2, ANXA2, in extremely low- versus high-BMD subjects (103). Proteomics analysis of PBM of low-BMD subjects showed upregulation of the ANXA2 protein (104). Cellular studies revealed that ANXA2 is important in monocyte migration across the endothelial barrier. Thus, the elevation of ANXA2 probably stimulates the higher migration rate of monocyte from blood to the bone tissue and then differentiate to OCs and contribute to bone-resorbing activity (Figure 2B) (104).

Additionally, a microarray study on circulating monocytes in humans suggested that three genes, CCR3 (C-C chemokine receptor type 3), HDC (histidine decarboxylase, a histamine synthesis enzyme), and GCR (glucocorticoid receptor), might contribute to bone metabolism and homeostasis. These three genes are found to be upregulated in subjects with low BMD (105). These genes mediate monocyte chemotaxis, which can lead to monocyte infiltration in bone tissue, histamine production, which induces local inflammation and can mediate OC formation, and glucocorticoid sensitivity which promotes OC formation (105). In vivo gene expression profiling in human monocyte suggested upregulation of STAT1 and IFN pathway genes in low BMD groups (106). Based on additional observations, the researchers proposed that probably in peripheral blood, IFN-mediated by STAT1 stimulates circulating monocytes to produce cytokines (such as IL-1, TNF, CXCL10, and IL-15) that increase the bone resorption function of osteoclast. Daswani et al. provided further insight into monocyte proteomics, which revealed the involvement of phosphorylated heat-shock protein 27 (HSP27) in low BMD subjects (107). They have observed elevation of total phosphorylated HSP27 (pHSP27) in monocyte of low BMD subjects and validated that pHSP27, not a chemoattractant itself but acts as an actin reorganizer, facilitating migration (107). As Hsp27 inhibits stress-induced apoptosis, and since osteoclast formation involves ROS generation, the anti-apoptotic activity of pHSP27 may foster monocyte survival and hence more precursor for osteoclastogenesis (107). Transcriptome study identified the downregulation of two apoptosis-inducing genes, death-associated protein 6 (DAXX) and polo-like kinase 3 (PLK3), in low BMD subjects (108). This report supported the fact that due to monocyte survival, more precursors are available to augment osteoclastogenesis and hence osteoporosis.

It was observed that the SBDS gene, which is responsible for the disease SDS (Shwachman-Diamond Syndrome showing skeletal defects), plays a role in monocyte migration and fusion before osteoclastogenesis (109). Sbds mutant showed a decrease in Rac2 (GTPase required in cytoskeletal remodeling for migration) and RANKL-mediated DC-STAMP (required for fusion of osteoclast precursor) levels. This fusion defect reduces osteoclastogenesis. Reduced osteoclastogenesis expects osteopetrosis phenotype. Surprisingly, SDS patients show an osteoporotic phenotype. The potential explanation for this phenomenon is that since a reduced number of TRAP-positive multinucleated OCs are still present, there is no complete uncoupling of bone remodeling homeostasis, which probably triggers a shift of MSCs towards adipocyte cell lineage instead of osteoblast. Other observations supporting this phenomenon have been reported earlier by the same group (110).



Dendritic Cells

Dendritic cells are majorly antigen-presenting cells (APCs) endowed with abilities to activate the adaptive immune response. They express high levels of MHC class II and co-stimulatory molecules such as CD80 and CD86 which are required for antigen presentation. DCs are distributed throughout the body and survey for external and internal dangers using a broad range of PRRs such as TLRs, CLRs, NLRs, etc. Dendritic cells can be divided into three subgroups: plasmacytoid DCs (pDCs) derived from lymphoid progenitors, classical or conventional DCs (cDCs) derived from both lymphoid or myeloid progenitors, and monocyte-derived DCs (moDCs). pDCs function against viral infections by secreting type I IFNs (111). In addition to pDCs, cDCs and moDCs play a role in providing defense against other microbes.

However, the profound effect of DCs on bone metabolism has been widely recognized recently. DCs contribute to inflammation-mediated osteoclastogenesis and take part in inflammatory bone disease. Using an in vivo model, Maitra et al. reported the osteolytic potential of DCs (112). They observed that dendritic cells recruit to bone inflammatory sites and participate in bone resorption (112). In addition, DCs can activate T-cells by acting as APCs, and the activated T-cells produce cytokines and soluble factors that drive bone remodeling (113). It was also observed that DCs directly interact with T-cells to form aggregates which play a role in bone pathologies like synovitis and periodontitis (114, 115). In a recent study, the role of DCs in manifesting osteoporosis in OVX mice was reported (116). Estrogen is known to regulate the number of DCs that express IL-7 and IL-15. In the absence of estrogen, the DCs sustains for long and express more IL-7 and IL-15, which, together, induces a subset of memory T-cell to produce IL-17A and TNF-α in an antigen-independent manner. The cytokines so produced drive inflammation-mediated bone loss (116). There are also reports suggesting a more direct role of DCs in osteoclastogenesis. It has been observed that the DCs can potentially trans-differentiate and fuse to form OCs, and this fusion is faster and efficient than monocyte fusion. There is downregulation in the expression of 3997 genes for differentiation from monocytes to OCs, while there is upregulation in the expression of 3821 genes. However, when immature dendritic cells differentiate into OCs, there is downregulation of only 2107 genes and upregulation of 1966 genes suggesting that DCs are more closely related to osteoclast than monocytes (117). The newly formed OCs can summon more DCs by inducing chemotaxis of DCs, and the OC-DC loop continues to increase bone destruction (117).

Studies showed that DCs can trans-differentiate to OCs in the presence of RANKL and macrophage colony-stimulating factor (M-CSF) (Figure 2C) (35, 118). Another study suggested that activated DCs (bone-marrow-derived and splenic CD11c+ cells) upon interaction with T helper-cells (CD4+ T cells or Th) can develop into functional OCs (TRAP+CT-R+cathepsin-k+) in RANKL/RANK-dependent manner (Figure 2C) (119). In a report, Th17 cells were shown to play a role in the trans-differentiation of DC to OCs (120). It has been observed in RA patients that inflammatory milieu can recruit Th17 cells, which produce a huge amount of IL-17 to stimulate RANKL production by bone stromal cells and promotes nuclear fusion of immature DCs via IL-17R (IL-17 receptor) (Figure 2C) (117). T-cells not only augment trans-differentiation of DCs to OCs but also can inhibit it by producing cytokines like IFN-γ. T-cell-derived IFN-γ can inhibit RANKL signaling by blocking TRAF6 to inhibit osteoclast maturation and activation (8). Hence, T-cells could act as a balance switch in mediating DC-OC trans-differentiation. Moreover, in specific conditions, DCs are known to produce TGF-β which is a potent anti-osteoporotic molecule (121–123). This indicates a potential alternative role of DCs in osteoporosis. A more in-depth study is required to understand the full potential of DCs in the induction of immunoporosis.



Neutrophils

Neutrophils are the polymorphonuclear (PMN) phagocytic cells and the first leukocyte to be recruited at the site of inflammation (124). They make up 40-60% of leukocytes in the human blood. Neutrophils contain different granules, which are a source of several anti-microbial molecules. They continuously monitor for microbial infections and kill the pathogen by various mechanisms that include phagocytosis, production of ROS, and molecules like granzyme-B and perforins (125, 126). In addition, neutrophils also exhibit a unique strategy of immobilizing and killing microorganisms by extruding a meshwork of chromatin fibers covered with granule-derived antimicrobial peptides and enzymes. These are called neutrophils extracellular traps (NET), and the mode of killing is termed as NETosis (127).

Current research has emphasized the diverse role of neutrophils beyond killing pathogens. Neutrophils respond to different signals in the inflammatory milieu by producing cytokines and chemokines, which can regulate inflammation and other pro-inflammatory cells (128, 129). In contradiction to the old belief as short-lived innate effector cells, recent evidence suggested the role of neutrophils in regulating adaptive immune response (130). Thus, neutrophils interact with both innate and adaptive arms of the immune system and differentially respond depending on the context.

Neutrophils are also involved in the pathophysiology of various diseases, including inflammation-mediated bone loss (131). Moreover, neutrophils can produce chemokines and recruit pro-osteoporotic cells such as Th17 (12, 131). A strong correlation was indicated between an increase in RANKL positive neutrophils with inflammatory disease conditions and a decrease in BMD (23). A report demonstrated that neutrophils from the blood of a healthy individual express membrane-associated RANKL (mRANKL) while RANK expression depends on IL-4 and TNF-α stimulation (Figure 3A) (132). Interestingly, it was observed that synovial fluid (SF) neutrophils from RA patients express both mRANKL and RANK and also secrete OPG (131, 132). This observation that inflammatory neutrophils impetuously express RANK whereas healthy blood neutrophils express only after stimulation gives an insight into the involvement of neutrophils in bone remodeling. The evidence of inflammatory neutrophils expressing RANK could be related partly to acquiring a dendritic cell phenotype and further activating T-cells in RA condition (133). A study reported that mRANKL of TLR4-activated neutrophils induce osteoclastic bone resorption (Figure 3A) (36). The mRANKL of activated neutrophils act on both OCs and their mononuclear precursors, converting them into mature and functional OCs that contribute to bone resorption. Interestingly, they have demonstrated that the membrane fraction of activated neutrophils can augment the osteoclastogenic effect but not the culture supernatant, suggesting the importance of the involvement of mRANKL (22, 36). Another study reported that there is an increase in RANKL positive neutrophil in the blood of chronic obstructive pulmonary disease (COPD) patients compared to smokers and healthy controls, and it is related to low BMD (24).




Figure 3 | Neutrophils and mast cells are involved in bone resorption by producing factors that can drive osteoclastogenesis. (A) Activated neutrophils, either stimulated with TLR agonist or derived from patients with inflammatory disease, such as, from SF (synovial fluid) of RA (rheumatoid arthritis) patient, express higher membrane bound RANKL (mRANKL) and act on OC precursors or mononuclear cells to form mature and functional OCs, resulting in bone resorption. (B) Mast cells derived from SF of arthritic patient produces mediators like histamine, TNF-α, IL-6 that drive osteoclastogenesis and further bone resorption.



Neutrophils can augment bone loss; however, some reports suggested that neutrophils play a to reduce bone loss by maintaining a homeostatic condition. The defective neutrophil recruitment in leukocyte adhesion deficiency type I (LAD-I) disorder results in IL-17 driven inflammatory bone loss (134). There is a defect in the expression or function of β2 integrin or related adhesion molecule in LAD-I disorder. Due to this defect, there is an impairment in neutrophil extravasation to the inflammatory site. The absence of neutrophils results in unrestrained production of IL-23 from macrophages, which in turn triggers IL-17 production from T-cells and can drive IL-17-mediated inflammatory bone loss. Another report supported the role of neutrophils in preventing inflammation-mediated bone loss. Gif1 is a molecule in HSC development, and a defect in Gif1 causes severe neutropenia (135). This condition can induce osteoporosis depending on pathogen load and systemic inflammation (135). Hence, neutrophils can be a very critical player in the regulation and manifestation of osteoporosis.



Eosinophils

Eosinophils are known to be involved in the pathogenesis of various allergic and inflammatory diseases (136). However, recently reported association of Vitamin D (VD) deficiency with an increased number of blood eosinophils indicates potential role of eosinophils in bone biology. Moreover, VD, which is a well-known osteoprotective molecule, decreases production of IgE as well as, release of peroxidase from eosinophil and while increases the production of the osteoprotective cytokine IL-10 (37, 137, 138). Eosinophils play a role in the manifestation of various inflammatory diseases (138), including chronic obstructive pulmonary disease (COPD), eosinophilic esophagitis (EoE), etc. (139, 140). Literature indicates a strong correlation between COPD and osteoporosis (141). However, the reason identified for the co-morbidity of osteoporosis is the use of a steroid-based treatment regime. Steroid-based treatments are frequently used to manage symptoms in COPD and EoE. Although, the role of eosinophils with steroid-induced osteoporosis is under scrutiny and not fully understood yet (141, 142).

Eosinophils carry out allergic responses by producing inflammatory mediators such as ROS, cysteinyl leukotrienes, and various cytokines and chemokines (143). Transcription factors such as NF-κB mounts such allergic inflammatory responses. However, such transcription factors can also induce osteoclastogenesis in an inflammatory condition. Interestingly, eosinophils are the source of IL-31 in an inflammatory skin condition called Bullous pemphigoid (BP) (144). IL-31 is a pro-inflammatory cytokine that serves as a biomarker for allergic disease. It is involved in the regulation of cell proliferation and tissue remodeling (145). It is reported to be involved in the regulation of the transcription factors and cytokines that are associated with osteoporosis. It is also observed that there is an increase in serum IL-31 level in post-menopausal women with a decrease in BMD, correlating with age (38). Association of eosinophil with IL-31 suggests that eosinophil may play a role in the manifestation of osteoporosis in an exacerbated allergic and autoimmune inflammatory disease condition. However, more studies are required to understand the contribution of eosinophil towards osteoporosis.



Mast Cells

Mast cells are the tissue-resident immune cells that originated from pluripotent progenitor cells of bone marrow. Mast cell progenitors migrate into the tissue, where they differentiate and mature (146). Though they are best known for fostering allergic responses, they are also involved in numerous physiological functions and pathophysiology of various diseases (147). Mast cells are the first cells to respond to invading foreign entities as they are present at the tissue boundaries. They can be activated by PAMPs via PRRs such as TLRs or complement systems. Mast cells store a wide variety of preformed inflammatory mediators, including histamine, TNF-α, IL-6 as well as proteases in their secretory granules (148). As these inflammatory mediators are known to regulate bone homeostasis and involved in pathogenesis of various bone disorders, mast cells could be a probable candidate associated with bone disorder. Indeed, few reports suggested that there was increase in number of mast cells in the patient with reduced bone density and associated with post-menopausal osteoporosis (149, 150). Experimental evidences suggested that in OVX-induced estrogen depletion there was an increase in numbers of mast cells as well as osteoclasts (151, 152). These observations indicated that mast cells probably promote osteoclast formation in estrogen-deficient conditions. Treatment with calcium and promethazine (a blocker of the histamine H1 receptor) to post-menopausal women helped increase BMD in comparison to calcium alone. The observation that H1 receptor blocking resulted in the termination of osteoclast formation by mast cell supernatant suggested that the histamine, one of the main preformed mediators of mast cell, has a role in the reduction of BMD (153). Other reports indicated that estrogen affects mast cells and the release of its mediators, suggesting estrogen has an inhibitory effect on the osteoclast-inducing potential of mast cells (148). However, there are contradicting reports which indicated that estrogen could induce degranulation of mast cells since estrogen did not stimulate degranulation in ERα (estrogen receptor) knockout mice (154).

Mast cells have been suggested to be involved in the RA disease condition. Similar to other immune cells, mast cells are also abundantly found in inflamed synovial joints of RA patients. Mast cell mediators such as histamine and tryptase were found to be increased in SF (39, 40). Mast cells also contribute to the inflammatory milieu of SF as activated mast cells can produce mediators like TNF-α, IL-6, etc., which have the ability to induce osteoclastogenesis (Figure 3B). Even increased levels of RANKL found in the synovial tissue of RA patients could be contributed by mast cells as activated mast cells secrete RANKL (155). In a mice model of CIA (collagen-induced arthritis), reduction in T-cell numbers (both CD4+ and CD8+) along with reduced IFN-γ and IL-17 were observed upon depletion of mast cells (156). This indicated that mast cells might be involved in regulating T-cell expansion and Th1 and Th17 polarization, which is further involved in T-cell-driven arthritis. Various reports suggested that mast cells also play a role in OA. This could be due to mast cell-driven increased pro-inflammatory responses. An increase in the number of mast cells, as well as histamine or tryptase levels, were observed in SF of OA patients (157–159). It has been observed that in OA, mast cells are activated via IgE/FcϵRI receptor axis (158). Another report showed that synovial mast cells from OA patients produce TNF-α upon stimulation via high-affinity receptor of IgG (160). The link between mast cells and bone was also exemplified by the presence of mast cells during fracture healing. A gradual increase in mast cell numbers was observed in periosteal fracture callus, followed by a decrease during callus remodeling (161). The highest number of mast cells was also found in the vicinity of OCs and bone resorption sites during callus remodeling, indicating that mast cells could be involved in regulating osteoclast activity (162). Further investigation is required to understand the mechanism of action of mast cells in the physiology of bone turnover and bone disorders.




Cells of the Lymphoid Lineage


NK Cells

Natural killer (NK) cells are developed from HSCs in the bone marrow. However, recent evidence suggested that they can also develop and mature in secondary lymphoid tissues (SLTs) and show some adaptive features such as memory generation (163). In the 1970s, NK cells were described as large granular lymphocytes with the ability of “natural cytotoxicity” against various tumor cells. In recent times, it is now appreciated that apart from cytotoxicity against tumor cells, it is also capable of showing cytotoxicity against virus-infected and stressed cells (164, 165). NK cell surveillance system consists of various cell surface activating and inhibitory receptors that help identify and kill target cells (166). Additionally, they can perform antibody-mediated cell cytotoxicity (ADCC), making it a potent effector cell of the humoral response. They also exhibit cytokine-producing effector function. Upon engagement with target cells, they can secrete various pro-inflammatory cytokines and chemokines and, thus, regulate other immune cells’ functionality by modulating the local milieu (167). NK cells also play a crucial role in maintaining homeostasis and immunoregulation via control of T-cells activity.

Since NK cells are well poised to carry out inflammatory processes and cytotoxicity, they are involved in the manifestation of inflammatory diseases. There are reports which displayed the presence of NK cells in inflamed synovial tissues at an early stage of RA (168, 169). Such NK cells express M-CSF and RANKL, potent activators of osteoclastogenesis (Figure 4A). These molecules are further upregulated by IL-15, which is abundantly present in the synovium of RA patients (170). Soderstrom et al. showed that NK cells from SF of RA patients trigger efficient formation OCs from monocyte (Figure 4A) (26). They had also demonstrated that OCs formed from monocyte when co-cultured with NK cells were capable of eroding bone in the presence of IL-15 but not in the absence of it (26). In the CIA mice model, many synovial NK cells express RANKL suggesting the role of NK cells in bone erosion, and it was observed that depletion of NK cells prevents bone erosion in CIA.




Figure 4 | Innate cells from lymphoid lineages, such as Natural killer (NK) cells and Innate lymphoid cells (ILCs) can contribute to bone resorption. (A) IL-15 activated NK cells can induce OC lysis and inhibits bone resorption. However, co-culture of NK cells with monocytes (Mo) triggers bone resorption in presence of IL-15. Further, NK cell-mediated production of RANKL & M-CSF can drive osteoclastogenesis. (B) ILC1 produces RANKL and is associated with periodontitis. (C) ILC2 produces GM-CSF and is associated with arthritis. (D) ILC3 produces IL-17A & IL-22 and is associated with psoriatic arthritis.



A study suggested that IL-15 activated NK cells can kill OCs (Figure 4A). In the presence of IL-15, it seems that NK cells’ action is contradictory to the report mentioned above (171). IL-15 upregulate leucocyte function-associated antigen-1 (LFA-1) and DNAX accessory molecule-1 (DNAM-1) on NK cells. These are ligands of ICAM-1 and CD155 (PVR) receptors, respectively. These receptors are present on OCs, and they are essential for their development, function, and interaction with stromal cells (172). Receptor blocking studies between OCs and NK cells has displayed restoration of bone resorption. Thus, IL-15 activated NK cells kill OC via LFA-1 and DNAM-1 (171). Therefore, NK cell-mediated inhibition of osteoclast is contact-dependent, although IL-15-activated NK cells produce soluble factors like IFN-γ that can be anti-osteoclastogenic. Thus, NK cells can control or augment osteoporosis depending on the tissue microenvironment. More in-depth study is required to understand the NK cell-mediated regulation of bone remodeling and osteoporosis.



ILCs

Innate lymphoid-like cells or ILCs are the heterogeneous populations of cells that arise from the lymphoid lineage (173). Although they lack antigen-specific receptors, upon tissue damage or pathogen invasion, they can sense changes in the local milieu by cytokine receptors and modulate subsequent antigen-specific lymphocyte responses. ILCs are mainly tissue-resident cells, especially present at the mucosal surface of the intestine and lungs (174). Based on cytokine signature and transcription factors, ILCs can be divided into four groups: ILC1, ILC2, ILC3, and regulatory ILC (ILCreg). ILC1 functions highly overlap with NK cells as both produce IFN-γ, enhancing the ability of macrophages and DCs to remove intracellular pathogens. ILC2s are the innate counterpart of Th2 cells that produce IL-5 and IL-13 and helps in the expulsion of helminths. Notably, type-2 cytokines produced by ILC2s have tissue repair and anti-inflammatory function post-infection (175, 176). ILC3s are the innate counterpart of Th17 cells as they produce IL-17 and IL-22 in response to IL-1β and IL-23. IL-22 can stimulate the secretion of anti-microbial peptides from intestinal cells and provides a barrier in the intestine, whereas IL-17 induces granulopoiesis (177, 178). IL-17 also drives inflammatory response by recruiting cells to the site of inflammation (179).

There are key evidences that suggested the involvement of ILCs in inflammatory bone diseases such as spondylarthritis (SA) (180). It is reported that there is an enrichment in the number of ILC3s in SF of patients with psoriatic arthritis (181). Enrichment of ILC3 is also found in the gut, in the peripheral blood, bone marrow, and SF of patients with ankylosing spondylitis. A recent study has shown that CCR6 positive ILC3s (ILC3CCR6+) are enriched in inflamed joints of CIA mice and RA patients and show high IL-17A and IL-22 in arthritic mice (Figure 4D) (27). These reports suggested a critical role of ILC3s in the development of all these diseases, probably due to their highly pro-inflammatory nature.

Hirota et al. have reported that GM-CSF-producing ILC2s have a pathogenic role in augmenting arthritis (Figure 4C) (41). However, recent studies demonstrated the protective role of ILC2s. They can reduce inflammatory arthritis and prevents bone loss in mice (182). Another study by Omata et al. supported the immune-regulatory role of ILC2s (183). IL-4 and IL-13 secretion from ILC2 trigger STAT6 activation in myeloid cells, resulting in suppression of OC formation, thus preventing OVX-induced bone loss (183). Therefore, ILC2s exert regulatory function on bone homeostasis by impairing osteoclastogenesis. Additionally, ILC2s can have a regulatory effect on bone via Treg cells, which are inhibitors of OC formation.

ILC1s are known contributors of IFN-γ and are enriched in many chronic inflammatory diseases. ILC1 is the more predominant ILCs in SF of RA patients (180). ILC1 is the primary subtype of ILCs in gingivitis and periodontitis, and they express RANKL (Figure 4B) (42). More descriptive studies on ILC1s expressing RANKL are required to understand their role in bone remodeling.

Recently, a study has recognized a new subset of IL-10 producing ILCs named regulatory ILCs (ILCreg). These are Lin-CD45+CD127+ IL-10+ cells and are mostly present in gut tissue (184). In inflammatory conditions, ILCreg can be stimulated in the intestine and acts on other ILCs such as ILC1 and ILC3 to suppress their activation via IL-10. Additionally, ILCreg can also produce TGF-β that acts in an autocrine manner for its expansion in inflammatory conditions. Interestingly, IL-10 is a potent anti-inflammatory cytokine that can downregulate the synthesis of pro-inflammatory cytokines such as IL-6, TNF-α, etc., preventing inflammatory-driven osteoclastogenesis and bone resorption (185). Since ILCreg produces IL-10 and suppresses intestinal inflammation, it may also play a role in suppressing inflammatory bone loss. The role of TGF-β in osteoclastogenesis is very complex and controversial, but TGF-β enhances osteoblast proliferation and survival (186). Thus, TGF-β produced by ILCreg may enhance bone formation. Moreover, detailed studies are required to understand the contribution of ILCreg in the suppression of inflammatory disease conditions such as osteoporosis.




Inflammatory Mediators and Osteoporosis

Some of the key pro-inflammatory mediators secreted by innate immune cells are IL-6, TNF-α, IL-1β, ROS, and IFN-γ (1–3, 187, 188).

IL-6 is prominently involved in osteoporosis. An increase in IL-6 in the body induces an increase in osteoclastogenesis via the induction of RANKL production from osteoblasts (43). IL-6 upregulates S1PR2 [Sphingosine-1-phosphate (S1P)] receptor on the surface of osteoclast precursor and helps in its transmigration from the bone marrow to the blood and thus play a crucial role in the hallmark systemic bone loss (44). Moreover, two of the inflammatory chemokines CXCL8 and CCL20, enhance osteoblast-induced osteoclastic activity via IL-6 production (189).

TNF-α is an important molecule in osteoporotic disorders, especially in post-menopausal osteoporosis (190–193). It acts as pro-osteoporotic either by acting as pro-osteoclastogenic or by impairing osteoblast function. It directly acts on macrophages to increase RANK expression and acts on stromal cells to increase RANKL production (45). TNF-α triggers osteoclastogenesis by synergistically acting with RANKL and M-CSF via NF-κB and PI3k/AKT pathway (193). This intensifies the osteoclastic activity by many folds comparing RANKL alone (193). Moreover, another report suggests that TNF-α priming sensitizes M-CSF-induced M2 macrophages to pro-inflammatory M1 macrophage polarization in RelB dependent manner, resulting in expanding osteoclast precursor pool with higher osteoclastic potential (47). TNF-α also induces sclerostin (SOST) expression, which triggers RANKL expression in osteocytes and further enhances osteoclastogenesis (46). Together with IL-6, TNF-α can actively cause osteoclastogenesis independent of RANKL (194).

TNF-α acts as anti-osteogenic by inhibiting differentiation, proliferation, and activities of osteoblast. It upregulates CHIP-ubiquitin ligase protein, which results in the degradation of osterix (pro-osteoblastic transcription factor) (48). TNF-α also inhibits expression of BMP-induced ‘special AT-rich sequence binding protein 2’ (SATB2), which is another pro-osteoblastic transcription factor, by triggering NF-κB binding to SATB2 promoter (49). Further, TNF-α induces upregulation of purinoreceptor P2Y2 through ERK and JNK signaling pathways and hinder the differentiation of MSCs (48, 50). The Canonical WNT/β-catenin pathway is known to regulate bone homeostasis and development. Both IL-6 and TNF-α hamper the pro-osteoblastic WNT/β-catenin pathway by upregulating its antagonists, Dickkopf-related protein 1 (DKK1) and SOST, which prevent osteoblast differentiation (46, 195).

IFN-γ, a type-II interferon, affects later phases of maturation of osteoclasts. An active osteoclast must fuse to form a functional multinucleated osteoclast. This fusion is aided by a transmembrane protein called DC-STAMP, which is expressed by IFN-γ-induced-transcription factors NFATc1 and c-FOS (51). Moreover, IFN-γ-induced upregulation of MHC-II on APCs helps in T-Cell activation. The activated T-Cells produce more TNF-α and RANKL, which further help in the differentiation and maturation of OCs (51).

IL-1β, another highly pro-inflammatory cytokine, promotes RANKL dependent osteoclast differentiation via activation of transcription factors NF-κB and AP-1. IL-1β also increases CCR7, which promotes osteoclast migration and activation (52). IL-1β is a prerequisite for the C5a (complement protein)-induced osteoclast activation (53, 54). IL-1β has also been reported to enhance proteolytic enzymes like plasminogen, collagenases, and cathepsin-B, which break down bone matrix proteins resulting in bone loss (55). In addition, it has also been shown to downregulate osteoblastic activities by inhibiting alkaline phosphatase (ALP), which is required for bone mineralization and collagen synthesis activities via modulating STATs and SMAD pathways (56).

Reactive oxygen species or ROS, especially hydrogen peroxide and superoxide ions, has been recently shown critical in osteoclast development. ROS has been shown to increase osteoclastic activities and bone loss (196). It has been reported to induce apoptosis in osteoblasts. ROS-activated FOXOs, a subclass of forkhead proteins involved in cell cycle arrest, hinders the WNT/β-catenin pathway in MSCs, thus impairs osteoblastogenesis (197). Moreover, ROS is critical in maintaining body homeostasis, it would be interesting to understand more about the role of ROS in context of osteoporosis.



Conclusion and Future Perspective

Bone is a complex and dynamic tissue. Bone health depends on multiple factors like diet, age, hormonal, and the inflammatory status of the body. In addition to these factors, osteoporosis is also correlated with age-driven complications in the senile population. A considerable impact of aging has been reported on the immune system and associated pathologies (1, 5). Macrophages, which are the major contributor to initiation and resolution of inflammation, sense the age-related metabolic epigenetic changes and with a constitutive change to M1-type play a major role in ‘Inflammaging’: chronic low-grade inflammation in aged people (10, 83). Thus, our immune system is capable of sensing different stimulus as well as different phases of life and results in pathologies like osteoporosis.

In the past 20 years, the field of osteoimmunology allowed us to appreciate the underlying mechanisms of different bone pathologies by integrating the knowledge from the immune system and bone biology. Such studies have provided new insights into how both the system functions in a concerted manner to carry out a complex process of bone modeling and remodeling. The advent of the new field of “immunoporosis” emphasizes the role of immune system players in the pathophysiology of osteoporosis. As discussed in the review, several innate immune cells have emerged as key regulators of immunoporosis. These innate immune cells modulate osteoporosis by producing several pro-inflammatory mediators and via modulation of cells important for causing osteoporosis largely by affecting the RANK/RANKL/OPG axis. Net bone destructive activity of osteoclasts seemingly is the decisive factor manifesting in bone status. Moreover, the fact that OCs and some major innate immune cells share a common origin as well as developmental niche, allow them to carry various overlapping features such as expression of common array of PRRs, production of various pro-inflammatory cytokines and their receptors, creating an efficient nexus of information between skeletal and immune system. That is how immune system senses the physiological status of the body and controls the skeletal system. Therefore, research towards this can allow us to find more therapeutic molecular targets to tackle osteoporosis. In addition to the innate immune cells discussed above, inflammation-mediated by intestinal epithelial cells, B1 cells, γδ T cells could play an important role in osteoporosis, and further study on these cells could be intriguing.

Additionally, in the past few years, there has been increasing evidence linking gut microbiota with bone health. It is now known that the gut controls several inflammatory diseases by the cross-talk between the innate immune cells and gut-microbiota (198, 199). Further, studying the cross talk between gut microbiota and ILCs and intestinal cells could be important in immunoporosis and of great clinical value.
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Aseptic prosthetic loosening and periprosthetic joint infections (PJI) are among the most frequent complications after total knee/hip joint arthroplasty (TJA). Current research efforts focus on understanding the involvement of the immune system in these frequent complications. Different immune cell types have already been implicated in aseptic prosthetic loosening and PJI. The aim of this study was to systematically analyze aspirates from knee and hip joints, evaluating the qualitative and quantitative composition of soluble immunoregulatory markers, with a focus on co-inhibitory and co-stimulatory markers. It has been shown that these molecules play important roles in immune regulation in cancer and chronic infectious diseases, but they have not been investigated in the context of joint replacement. For this purpose, aspirates from control joints (i.e., native joints without implanted prostheses), joints with TJA (no signs of infection or aseptic loosening), joints with aseptic implant failure (AIF; i.e., aseptic loosening), and joints with PJI were collected. Fourteen soluble immunoregulatory markers were assessed using bead-based multiplex assays. In this study, it could be shown that the concentrations of the analyzed immunoregulatory molecules vary between control, TJA, AIF, and PJI joints. Comparing TJA patients to CO patients, sCD80 was significantly elevated. The marker sBTLA was significantly elevated in AIF joints compared to TJA joints. In addition, a significant difference for eight markers could be shown when comparing the AIF and CO groups (sCD27, sCTLA-4, sCD137, sCD80, sCD28, sTIM-3, sPD-1, sBTLA). A significant difference was also reached for nine soluble markers when the PJI and CO groups were compared (sLAG-3, sCTLA-4, sCD27, sCD80, sCD28, sTIM-3, sPD-1, IDO, sBTLA). In summary, the analyzed immunoregulatory markers could be useful for diagnostic purposes as well as to develop new therapeutic approaches for AIF and PJI.
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Introduction

In recent years, the continuously aging population and associated age-related morbidity have led to a marked increase in the number of implanted joint endoprostheses (1–3). As a result, an increase in consequent complications has been observed (2). These primarily include aseptic prosthetic loosening (referred to in this study as aseptic implant failure (AIF)) and peri-implant fractures, and also prosthetic joint infections (PJI), which can lead to septic prosthetic loosening (4–6). These typical complications can lead to significant limitations in daily activities due to pain, immobility, and chronic infections (7).

Current research efforts focus on understanding the immune system involvement, both qualitatively and quantitatively, in these frequent complications. Specific cell types of the immune system have been implicated in AIF (aseptic loosening) and PJI. As important mediators of osteolysis, macrophages play a significant role in the former complication (5, 8).

A new field of intensive research is the regulation of the immune system by immunoregulatory molecules, with a particular focus on so-called checkpoint molecules. These checkpoint molecules play an important role in immune regulation in cancer and chronic infectious diseases (9–12). At first, it was assumed that the main cells that are influenced by these molecules are T cells (10, 13–15). It is now known that these immunoregulatory markers also regulate other immune cells, such as macrophages, monocytes, and B cells (16, 17). Checkpoint molecules can be classified into co-stimulatory and co-inhibitory molecules. Co-stimulatory molecules, such as cluster of differentiation 27 (CD27), CD28, and glucocorticoid-induced TNFR-related protein (GITR), enhance the T cell response, while co-inhibitory molecules, such as programmed cell death protein 1 (PD-1) or cytotoxic T-lymphocyte-associated protein 4 (CLTA-4), reduce it (10, 18–20). Recently, soluble forms of checkpoint molecules, such as sPD-1 (soluble PD-1), sPD-L2 (soluble PD-L2), and sCTLA-4 (soluble CTLA-4) were found (21). Their role is not yet understood but first studies have shown that these soluble forms of checkpoint molecules can be involved in positive or negative immune regulation. Furthermore, the development, prognosis, and treatment of cancer (lung, gastric or renal cell cancer) and infectious diseases (hepatitis B) may be affected by changes in the plasma levels of soluble immune markers (22–25).

A recent PubMed query showed that there has not yet been a systematic evaluation of the associations between the concentrations of soluble immunoregulatory molecules and joint implant-associated complications.

Differentiation between aseptic and septic joint inflammation is difficult. Neither clinical nor biochemical markers can distinguish abacterial from bacterial joint inflammation, despite assessment of markers obtained from clinical examinations, blood and joint aspirate analyses, and microbiological and histological tissue analyses (26). For example, a negative bacterial result in a joint aspirate does not reliably exclude a bacterial infection (27, 28). Currently, different scoring systems are used to diagnose a PJI. MSIS criteria, for example, consist of several major and minor parameters. Based on this scoring system, a PJI is diagnosed when one out of two major criteria (two microorganism-positive cultures indicating the same pathogen; sinus tract communicating with the prosthesis) or three out of five minor criteria are fulfilled (CRP >10 mg/L; joint aspirate: leukocytes >3000 cells/μL, neutrophils >85%; single microorganism-positive tissue/aspirate sample; positive histology).

It is crucial to diagnose PJI early, differentiating septic from aseptic implant loosening so that specific therapy can be initiated at an early stage (29). If inflammation is treated inadequately, irreversible joint damage can occur, such as cartilage destruction with subsequent arthrosis and ankylosis (30). These changes can lead to functional loss of the affected joint and thus to permanent disabilities that affect everyday life. If the PJI progresses, the “ultima ratio” is amputation of the affected limb to save the patient’s life (31, 32).

The aim of this study was to systematically analyze aspirates from knee and hip joints, evaluating the qualitative and quantitative composition of soluble immunoregulatory markers for evaluating their potential as disease markers. For this purpose, aspirates from control (CO) joints (i.e., native joints without implanted prostheses), joints with total joint arthroplasty (TJA, i.e., fixed prostheses), joints with aseptic implant failure (AIF; i.e., aseptic loosening), and joints with periprosthetic joint infection (PJI) were evaluated and compared. The working hypothesis was that the qualitative and quantitative composition of soluble immunoregulatory molecules exhibits specific variations in aspirates from control, TJA, AIF, and PJI joints. Furthermore, one or more biomarkers may be specific for AIF or PJI. The identification of such biomarkers could lead to a better understanding of the pathomechanisms and new diagnostic and therapeutic approaches.



Material and Methods


Study Population

Consecutive patients (n = 99) treated between 2016 and 2019 at the Clinic for Orthopedics and Trauma Surgery of the University Hospital Bonn, Germany, were recruited. The patients were aged 18–100 years and had undergone synovial fluid aspiration for diagnostic or therapeutic purposes. Patients with sepsis or extra-articular infection were excluded. The included patients were divided into four groups: control (CO) patients with native joints (no prosthesis and no signs of infection); patients with fixed TJA (no signs of infection or aseptic loosening); patients with AIF (i.e., aseptic loosening); and patients with PJI. The ethics committee of the University of Bonn, Germany, approved the study, which was conducted according to the approved guidelines and the Helsinki Declaration.



Classification

The classification developed by the Musculoskeletal Infection Society (MSIS) was used to identify patients with PJI. PJI was diagnosed when one major criterion (out of two major criteria) or three minor criteria (out of five minor criteria) were fulfilled. The major criteria are two microorganism-positive cultures (based on aspirate/tissue samples), indicating the same pathogen and sinus tract communicating with the prosthesis. The minor criteria are CRP >10 mg/L, leukocytes >3000 cells/μL of joint aspirate, neutrophils >85% in joint aspirate, single microorganism-positive tissue/aspirate sample, and positive histology. The diagnosis of AIF (aseptic loosening) was determined based on the MSIS criteria, clinical examination, and radiological signs.



Data Collection

Data were collected on patient gender, age, BMI, and comorbidities (Table 1). In addition, laboratory results such as serum C-reactive protein (CRP), preoperative blood leukocyte counts, joint aspirate cell counts, intraoperative findings, sonication microbiology, and histopathology results were obtained from the medical records. All data were recorded in Microsoft Excel (Microsoft Corporation, Redmond, WA, USA).


Table 1 | Patient characteristics (n = 99).





Aspirate Sample Collection

Preoperative or intraoperative hip or knee joint aspirates had previously been obtained during diagnostic or therapeutic procedures, and the material not used for clinical diagnostics was utilized in this study. Each synovial fluid sample was centrifuged at 1200 rpm for 10 min (Centrifuge 5810 R; Eppendorf AG, Hamburg, Germany) to remove the cellular components. The resulting supernatant was transferred in 0.5-mL aliquots and stored at -80°C.



Bead-Based Multiplex Assays

Various soluble cytokines were measured using Immuno-Oncology Checkpoint 14-plex ProcartaPlex™ bead-based assays (ThermoFisher, Waltham, MA, USA) according to the manufacturer’s instructions. The detected soluble targets were: B- and T-lymphocyte attenuator (BTLA), glucocorticoid-induced TNFR-related protein (GITR), herpesvirus entry mediator (HVEM), indolamin-2,3-dioxygenase (IDO), lymphocyte-activation gene 3 (LAG-3), programmed cell death protein 1 (PD-1), programmed cell death 1 ligand 1 (PD-L1), programmed cell death 1 ligand 2 (PD-L2), T-cell immunoglobulin and mucin-domain containing-3 (TIM-3), cluster of differentiation 28 (CD28), CD80, CD137, CD27, and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). All samples were immediately thawed before conducting the assay. The wells were prewetted with 10 μL reading buffer and the antibody-labelled magnetic beads were vortexed for 30 s. Next, 12.5 μL of the beads was added to each well. After washing the wells, 12.5 μL of samples (or standards provided with the assay kit) was added to the beads in the wells and incubated in the dark for 120 min at room temperature, with shaking. The beads were then washed twice. Next, 6.25 μL detection antibody mixture was added to each well and incubated in the dark for another 30 min, with shaking. After washing the beads, 12.5 μL streptavidin-phycoerythrin (PE) was added to the wells and the beads were again incubated in the dark for 30 min, with shaking. Following another washing step, the beads were resuspended in 50 μL reading buffer for 5 min, with shaking. Finally, data were acquired using a Flexmap 3D® system (Luminex Corporation, Austin, TX, USA). The raw data were transferred to a Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) table for further analysis.



Statistical Analysis

SPSS version 27 (IBM Corp., Armonk, NY, USA) was used for statistical analysis. The Kolmogorov–Smirnova test was performed to assess normality. The Kruskal-Wallis test was used to evaluate the statistical significance of the differences among the four groups. The Dunn’s Test was performed as post-hoc-test. The level of significance was set at p < 0.05 (* < 0.05, ** < 0.01, *** < 0.001). Descriptive statistics were calculated using GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA). All results are presented using boxplots showing the median and interquartile range (IQR).




Results

The qualitative and quantitative composition of soluble immunoregulatory markers, focusing on co-inhibitory and co-stimulatory markers, was evaluated. Aspirates from control joints, joints with fixed TJA (no signs of infection or aseptic loosening), joints with AIF (aseptic loosening), and joints with PJI were compared.

Patient information is presented in Table 1. The overall male-to-female ratio was 2:3. The control patients were younger (mean age 48 years) than the patients with TJA (mean age 65 years) and the patients with periprosthetic complications (AIF: mean age 72 years, PJI: mean age 71 years). Furthermore, the control patients had a lower BMI (26 kg/m2) than the patients in the other three cohorts (TJA: 33 kg/m2, AIF: 32 kg/m2, PJI: 33 kg/m2). Preoperative routine blood analysis showed an increased level of CRP for PJI patients (92 mg/dl), and 44% of the PJI patients had diabetes mellitus.

Table 2 shows the mean concentrations of the 14 soluble immunoregulatory markers from hip and knee aspirates (based on bead-based multiplex assays) in each of the four groups. Overall, the control patients tended to have the lowest mean concentrations of immunoregulatory markers. TJA patients tended to have higher mean concentrations than control patients, while AIF patients tended to have higher concentrations than TJA patients. For many markers, the highest mean concentration was found in PJI patients, though sBTLA, sCD80, and sCD27 were higher in AIF patients than PJI patients (Table 2).


Table 2 | Mean concentrations according to bead-based multiplex assays.



Figure 1 shows boxplots of the data regarding all 14 immunoregulatory markers, expressed as the median and interquartile range (IQR). In general, the lowest median concentrations of the markers were found in the control patients, whereas the highest were found in either AIF patients (sPD-1, sPD-L1, sPD-L2, sBTLA, sCD80, and sCD137) or PJI patients (sCTLA-4, sTIM-3, sLAG-3, sHVEM, IDO, sCD28, sCD27, and sGITR).




Figure 1 | Boxplots of the analyzed immunoregulatory markers. Boxplots show the median and interquartile range for each marker. Concentrations are given in pg/ml or ng/ml. In general, the control (CO) patients tended to have the lowest concentrations, whereas the highest concentrations were measured in AIF (sPD-1, sPD-L1, sPD-L2, sBTLA, sCD80, and sCD137) or PJI (sCTLA-4, sTIM-3, sLAG-3, sHVEM, IDO, sCD28, sCD27, and sGITR) patients. CO, control group; TJA, total joint arthroplasty; AIF, aseptic implant failure; PJI, periprosthetic joint infection; s, soluble; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; PD-1, programmed cell death protein 1; PD-L1, programmed cell death 1 ligand 1; PD-L2, programmed cell death 1 ligand 2; TIM-3, T-cell immunoglobulin and mucin-domain containing-3; LAG-3, lymphocyte-activation gene 3; BTLA, B- and T-lymphocyte attenuator; HVEM, herpesvirus entry mediator; IDO, indolamin-2,3-dioxygenase; GITR, glucocorticoid-induced TNFR-related protein; CD, cluster of differentiation. *p < 0.05, **p < 0.01, ***p < 0.001.



Regarding the results of the Kruskal-Wallis test, TJA patients tended to have higher concentrations than control patients, with significant levels being reached for the co-stimulatory marker sCD80 (p = 0.015) (Figure 1). In addition, the majority of the concentrations were also significantly higher in AIF patients than in control patients, with sCD28, sCD80, and sBTLA reaching a significance of p < 0.01 (Figure 1). Moreover, differences in concentrations between the PJI and control groups were significant, with sCTLA-4, IDO, sCD28, and sCD80 reaching a significance of p < 0.001 (Figure 1).

As shown in Table 2, the mean concentrations of all immunoregulatory markers were higher in AIF patients than in TJA patients, except for sCD137 (TJA: 11892.73 pg/ml, AIF: 10649.00 pg/ml). For example, the mean concentration of the co-inhibitory markers PD-1 was 171.75 pg/ml in AIF patients and only 120.61 pg/ml in TJA patients. Regarding the results of the Kruskal-Wallis test concerning the median concentrations, significantly higher levels were found in AIF patients compared to TJA patients for sBTLA (p = 0.036) (Figure 1).

Additionally, the mean concentrations of all 14 immunoregulatory markers (sCTLA-4, sPD-1, sPD-L1, sPD-L2, sTIM-3, sLAG-3, sBTLA, sHVEM, IDO, sCD28, sCD80, sCD27, sGITR, and sCD137) were higher in PJI patients compared to TJA patients. Kruskal-Wallis tests analyzing the median concentrations showed that sCTLA-4 and IDO reached a significance of p < 0.001 (Figure 1).

The mean concentrations in PJI patients were generally higher than in AIF patients (Table 2). However, AIF patients had higher levels of sBTLA, sCD80, and sCD27 compared to PJI patients. Investigating the median concentrations, no significant differences could be detected (Figure 1).

Additionally, we performed supplemental analyses to compare the marker concentrations of hip aspirates in comparison to knee aspirates. No significant trends could be seen, except for sLAG-3 in the PJI group (Supplementary Table 1). We also investigated whether diabetes mellitus (DM) had an influence on the investigated markers. In this study, only patients with a DM type II were found. When comparing DM patients with non-DM patients, we could not detect any significant difference (Supplementary Table 2). Interesting was the fact that the majority of patients with DM were in the PJI group. Similarly, also no significant difference could be found when comparing patients with and without rheumatoid arthritis (RA) (Supplementary Table 3).

In summary, the concentrations of the measured immunoregulatory markers differed between control (native), TJA, AIF, and PJI joints. The lowest levels were generally found in control joints, followed by TJA joints. Higher concentrations were generally found in AIF joints and the highest concentrations were generally found in PJI joints.



Discussion

According to Wengler et al., the number of primary hip arthroplasties in Germany increased by 10.9% to 155,300 per year between 2005 and 2011 (33). During the same period, primary knee arthroplasty procedures increased by 21.6% to 152,500 per year (33).

One complication of endoprosthesis is aseptic joint inflammation, which can lead to AIF (aseptic implant failure). Another complication is septic joint inflammation caused by a bacterial infection (PJI), which can lead to septic prosthetic loosening. Wooley et al. reported that aseptic prosthetic loosening occurs in 20–25% of endoprosthetic implants (34), and approximately 1–2% of primary implants become infected, according to Trampuz et al. (2). These complications play significant roles in routine clinical practice, as patients experience severe reductions in quality of life, and the costs of treatment burden the healthcare system (2, 35, 36).

The variations in human immune responses related to joint endoprostheses, AIF, and PJI are not yet fully understood. This study presents an analysis of various soluble immunoregulatory markers (focusing on checkpoint molecules) in joint aspirates obtained during diagnostic or therapeutic procedures.

Checkpoint molecules play an essential role in modulating immune cells (11, 18). They are best known for regulating T cells, though it is now recognized that other immune cells, such as macrophages and monocytes, are also controlled by these molecules (16, 17). T cells are part of the adaptive immune system, i.e., the acquired immune response that acts against specific pathogens. Antigen-presenting cells present previously phagocytosed antigens via the major histocompatibility complex (MHC) (37, 38). The MHC binds to the T cell receptor on T cells, which activates them (38–40). Parry et al. found that MHC-dependent antigen presentation alone is not sufficient for T cell activation. A second immunoregulatory signal, a so-called checkpoint molecule, is necessary (41, 42). These molecules either have activating (i.e., co-stimulatory) or inhibiting (i.e., co-inhibitory) effects. Co-stimulatory markers promote T cell activation, proliferation, and differentiation; co-inhibitory markers inhibit T cell functioning and activation (43–45).

In tumors and various chronic infectious diseases, checkpoint molecules play important roles in regulating the immune response (10, 18). For example, in these diseases, PD-1 is upregulated. This results in the inhibition of immune cell activity so that pathological cells can hide from the immune system (46). This finding has already been applied in tumor therapy. For example, anti-PD-1 antibodies are used to treat melanomas and non-small cell lung cancer (11, 47).

Recently, soluble forms of checkpoint molecules were also found. In contrast to checkpoint molecules on the cell surface, they are less well studied and their role in immune regulation is not well understood. They can be generated via expression of the soluble form or by the cleavage of membrane-bound proteins by immune cells or tumor cells (21, 48, 49). There are no robust data for the correlation between the concentration of the soluble markers in synovial fluid or serum with their expression on the surface of immune cells. However, it is assumed that the stronger the surface expression of the markers, the greater the number of soluble markers found in synovial fluid.

In this study, we found that the mean concentrations of soluble immunoregulatory markers were generally lowest in control joints, TJA joints generally had lower concentrations than AIF joints, and PJI joints tended to have the highest concentrations, while sCD27, sBTLA, and sCD80 were the exceptions.

Our study revealed a significant difference for sCD80 comparing the CO and TJA groups, with higher mean concentrations in the TJA group. sCD80 is expressed by monocytes and B cells and is generated by alternative splicing (49). Whereas Kakoulidou et al. found an inhibitory effect on lymphocyte reactions and T cell proliferation, various other studies could describe an enhancement of T cell proliferation and IFN-γ production (21, 49–52). Furthermore, Haile et al. showed that a soluble form of CD80, CD80-Fc, was more effective in preventing the coinhibitory effect of the PD-1/PD-L1 pathway and in restoring T cell activation in comparison to blocking either PD-1 or PD-L1 with antibodies (52). Overlaying this finding with our data, the increased concentration of sCD80 in the TJA group compared to the CO group supports the idea that the prosthesis might activate the local immune system in the joint.

CD80 is expressed by macrophages, which are known to play an important role in aseptic loosening. Particles abraded from the prosthesis activate macrophages and promote osteoclast differentiation (53). This leads to local bone loss, which, in turn, can lead to aseptic loosening of the implant. In our data set, AIF patients showed a higher mean concentration of sCD80 than any other group and reached a statistical significance of < 0.001 when comparing AIF patients with the CO group. These findings suggest a role of macrophages and sCD80 in aseptic loosening. Furthermore, these data also suggest that blocking sCD80 to reduce an activation of the immune system activation could be a possible therapeutic option.

Another interesting soluble checkpoint molecule in our study is sCTLA-4. This marker presented the highest mean concentration in the PJI group and reached a significance < 0.001 when comparing the PJI and CO groups. sCTLA-4 is released by Treg cells, monocytes and immature DCs (48). Higher levels were found during immune activation and in different autoimmune and inflammatory diseases such as lupus, autoimmune thyroiditis, myasthenia gravis, and celiac disease (54–57). Furthermore, in different tumors a high level of sCTLA-4 was associated with a poor prognosis (58, 59). It could be shown that sCTLA-4, similarly to CTLA-4, inhibits T cells. Blocking sCTLA-4 led to elevated levels of cytokines, especially IFN-γ (21, 60). In contrast, other studies found that sCTLA-4 inhibits the inhibitory effect of CTLA-4 on T cells (61, 62). One possible explanation for these contradictory findings might be that the effects of sCTLA-4 depend on the activation status of the involved cells. Whereas sCTLA-4 might inhibit the CD80-CD28 interaction on resting cells, it may inhibit the CD80-CTLA-4 interaction on activated T cells, thereby preventing the inhibition of T cells. In PJI, inhibitory effects on T cells might promote the persistence of the infection. Thus, blocking sCTLA-4 may possibly lead to T cell activation and proliferation and represent a possible therapy.

Based on our data, sCD28 could also be another therapeutic avenue. However, not much is known about this molecule in the current literature. sCD28 is expressed by T cells and increased in autoimmune diseases such as lupus, Sjögren’s syndrome, allergic asthma and SLE (63–65). There are, however, as yet no data regarding its mechanism of action.

Our analysis of sBTLA found a significant difference between the AIF with TJA group (p = 0.036). Gorgulho et al. could show a positive correlation of sBTLA and BTLA expression on the cell surface (66). Soluble BTLA is increased in sepsis (67, 68). Dong et al. and Bian et al. showed that sBTLA correlated with a poor prognosis in HCC and pancreatic adenocarcinoma (69, 70). Furthermore, it correlated with the risk of death in clear cell renal cell carcinoma patients (22). There are different hypotheses how sBTLA could regulate the immune system. One possibility is that sBTLA could competitively bind HVEM on antigen presenting cells. On the other hand, it’s plausible that sBTLA mimics the inhibitory effect of sCTLA-4 (66). Thinking along this line, the elevated sBTLA in our study could regulate the immune system activation in aseptic loosening. Therefore, targeting this molecule might be useful in the therapy of AIF.

Differentiation between aseptic and septic loosening (which are related to AIF and PJI, respectively) is a big problem in everyday clinical practice; currently, neither clinical nor laboratory parameters can be used to clearly differentiate them (26). Various diagnostic tools, such as the MSIS criteria, are currently being used to diagnose PJI (2, 71). However, there is still no proper gold standard for diagnosis. The distinction between aseptic and septic joint inflammation is vital for subsequent treatment. In cases of AIF, the aseptically loosened prostheses can generally be immediately exchanged. PJI must typically be addressed several times (31). For the patient, PJI also means taking antibiotics and experiencing chronic health complaints (31). Comparing the mean concentration of the PJI and AIF group in this study, the PJI group showed higher levels. However, using the Kruskal-Wallis test, no significant difference between the two groups could be shown. Therefore, it could not be found a useful biomarker to differ a PJI from an AIF.

As mentioned earlier, PJI is usually a chronic infection. The role of immunoregulatory markers has already been investigated multiple times in other chronic diseases (9, 10, 72). In chronic infectious diseases such as HIV or HCV infections, co-inhibitory molecules, e.g., PD-1, show increased concentration (73, 74). Based on previous findings and the current findings, the assumption arises that these co-inhibitory markers play an important role in the immune response during PJI. By inhibiting the immune system, they pave the way for chronic disease. The infection persists within the joint and is not effectively resolved. Targeted blocking of these co-inhibitory markers using antibodies might neutralize the inhibition of the immune system. The infection may then be better addressed by the subsequent increased immune response and thus, satisfactorily treated.

However, one important next step for better diagnostic and therapeutic approaches utilizing the biology of soluble checkpoint inhibitors is not only a better understanding of their expression and mechanism of action but also how reproducible they are across different patient cohorts with differences in age, medication, site of surgery or comorbidities.

To address a potential influence of the site of surgery, we compared the level of checkpoint molecules of hip aspirates in comparison to knee aspirates. No significant trends could be found, except for sLAG-3 in the PJI group. If such an effect can be confirmed in a larger cohort, this would open up a very interesting discussion about differences of the local immunological microenvironment and how this could be used for targeted therapy.

As mentioned before, other comorbidities also need to be investigated in more detail. In this study, 10 patients out of 99 patients presented a RA. Previous publications could show that the levels of soluble immune checkpoints, such as sCD28, sCTLA-4, sCD80, and sPD-1 were higher in RA patients compared to patients without RA (75, 76). In our study, there was no significant difference between patients with and without RA. It is possible that the effect of an implanted protheses, aseptic loosening or PJI on the immune system might influence the expression profile of checkpoint molecules and disguise the influence of the RA. However, the value of this subgroup analysis is very limited due to the few numbers of RA patients. A significantly larger cohort is needed to allow for sufficient statistical power to perform meaningful statistics on the effect of RA. We also investigated whether DM type 2 had an influence on the investigated markers but could not find significant differences. It is noteworthy that most patients with DM type 2 were in the PJI group. This could be explained by the fact that patients with DM type 2 are prone to infections, especially periprosthetic joint infections (77, 78). In addition, DM type 2 is associated with obesity in the context of the metabolic syndrome and patients with a higher BMI have a higher risk for infections (77–79). These subgroup analyses imply that checkpoint molecules are not or only slightly influenced by the site of surgery, RA or DM type 2; however, such analyses have to be repeated in larger (multi-center) studies to clearly verify the comparability of patient groups.

Future studies should continue to investigate the roles of soluble immunoregulatory markers in aseptic and septic joint inflammation. There is hope that this could result in new diagnostic and therapeutic approaches for aseptic and septic joint inflammation. Targeted inhibition of particular markers with antibodies may also influence the chronic course of PJI and result in successful eradication of the infection.

In summary, this study demonstrates that the concentrations of the analyzed immunoregulatory molecules varied between control, TJA, AIF, and PJI joints. Ultimately, this study suggests that immunoregulatory markers, such as sBTLA (AIF vs. TJA) or sCD28 and sCTLA-4 (PJI vs. TJA), could be useful for diagnostic purposes as well as to develop new therapeutic approaches for AIF and PJI.
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Tissue engineering approaches using progenitor cells such as mesenchymal stromal cells (MSCs) represent a promising strategy to regenerate bone. Previous work has demonstrated the potential of chondrogenically primed human MSCs to recapitulate the process of endochondral ossification and form mature bone in vivo, using immunodeficient xenogeneic models. To further the translation of such MSC-based approaches, additional investigation is required to understand the impact of interactions between human MSC constructs and host immune cells upon the success of MSC-mediated bone formation. Although human MSCs are considered hypoimmunogenic, the potential of chondrogenically primed human MSCs to induce immunogenic responses in vivo, as well as the efficacy of MSC-mediated ectopic bone formation in the presence of fully competent immune system, requires further elucidation. Therefore, the aim of this study was to investigate the capacity of chondrogenically primed human MSC constructs to persist and undergo the process of endochondral ossification in an immune competent xenogeneic model. Chondrogenically differentiated human MSC pellets were subcutaneously implanted to wild-type BALB/c mice and retrieved at 2 and 12 weeks post-implantation. The percentages of CD4+ and CD8+ T cells, B cells, and classical/non-classical monocyte subsets were not altered in the peripheral blood of mice that received chondrogenic MSC constructs compared to sham-operated controls at 2 weeks post-surgery. However, MSC-implanted mice had significantly higher levels of serum total IgG compared to sham-operated mice at this timepoint. Flow cytometric analysis of retrieved MSC constructs identified the presence of T cells and macrophages at 2 and 12 weeks post-implantation, with low levels of immune cell infiltration to implanted MSC constructs detected by CD45 and CD3 immunohistochemical staining. Despite the presence of immune cells in the tissue, MSC constructs persisted in vivo and were not degraded/resorbed. Furthermore, constructs became mineralised, with longitudinal micro-computed tomography imaging revealing an increase in mineralised tissue volume from 4 weeks post-implantation until the experimental endpoint at 12 weeks. These findings indicate that chondrogenically differentiated human MSC pellets can persist and undergo early stages of endochondral ossification following subcutaneous implantation in an immunocompetent xenogeneic model. This scaffold-free model may be further extrapolated to provide mechanistic insight to osteoimmunological processes regulating bone regeneration and homeostasis.
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Introduction

Tissue engineering approaches using progenitor cells, such as mesenchymal stromal cells (MSCs), represent a promising strategy to generate bone graft substitutes for the repair of bone defects (1, 2). Previous work has highlighted the potential of chondrogenically primed human MSCs to recapitulate the natural process of endochondral ossification and form mature bone in vivo, following subcutaneous implantation in immunodeficient animal models after 8 to 12 weeks (3–8). Implantation of chondrogenic MSC constructs in immunodeficient animals is known to lead to the maturation of hypertrophic cartilage, followed by blood vessel invasion, remodelling of the cartilaginous template, and eventual conversion to bone (3, 4, 9). In these studies, chondrogenically primed MSC constructs were found to form a bone ossicle containing a bone marrow cavity with evidence of vascularisation, indicating full integration with the host (4). Upon translation of an MSC-based approach for large bone defect repair to the patient, potential interactions between MSC constructs and immune cells of the host may be key in determining the success of MSC-mediated bone formation (10). Therefore, new models of bone formation, such as humanised or immune-competent mouse models, that are more relevant to the clinical situation with regard to osteoimmunology are required. Human MSCs are considered to be hypoimmunogenic (11), with chondrogenically primed human MSCs previously shown to not induce immunogenic responses in vitro (12, 13). However, the potential of chondrogenically primed human MSCs to induce immunogenic responses in vivo, as well as the efficacy of MSC-mediated ectopic bone formation in the presence of fully competent immune system, requires further elucidation.

MSCs are considered to have low immunogenic properties due to their low expression of Major Histocompatibility Complex (MHC) class I, and a lack of MHC class II and other costimulatory molecules required for recognition by immune cells of the host (11, 14). Additionally, MSCs have been shown to have an immunomodulatory capacity towards cells of both the innate (15, 16) and adaptive immune system (17–19). Undifferentiated human MSCs have been previously shown to suppress immune responses in xenogeneic models utilising immunocompetent mice (20). However, current reports on the potential of chondrogenically differentiated MSCs to modulate host immune responses are conflicting. Some authors claim that chondrogenically primed human MSCs retain their immunosuppressive properties and can modulate allogeneic T cell proliferation (11, 12), dendritic cell (DC) maturation (13), and natural killer (NK)-mediated cytotoxicity (21) in vitro. On the other hand, others have reported immunogenic reactions when co-culturing chondrogenically differentiated MSCs with allogeneic peripheral blood mononuclear cells (PBMCs) (22). In addition, Chen et al. showed an increase in DC maturation and T cell proliferation when co-culturing chondrogenically primed rat-derived MSCs with human PBMCs in vitro (23). In light of these findings, the potential of chondrogenically differentiated human MSCs to persist and form bone in vivo in the presence of the host immune system in a xenogeneic model remains unclear.

Given the central role played by the immune system during the natural process of bone homeostasis (24) and fracture healing (25, 26), additional investigation of the potential interaction between chondrogenically primed human MSCs and the immune system of an immune competent host may further our current understanding of these mechanisms (27). Also, increasing interest in the potential ability to use allogeneic cells in various regenerative medicine approaches further necessitates the development of new models of bone formation encompassing a functional immune system. Hence, the aim of this study was to determine to what extent chondrogenically primed human MSC constructs elicit host immune responses, persist, and recapitulate the process of endochondral ossification following subcutaneous implantation in an immune competent xenogeneic model.



Materials and Methods


Isolation and Expansion of Human MSCs

Human MSCs were isolated from surplus iliac crest bone chip material harvested from paediatric patients undergoing alveolar bone graft surgery (Donor 1: female, <18 years old; donor 2: female, 10 years old; donor 3: male, 10 years old). All human samples were obtained with the approval of the Erasmus University Medical Center Medical Research Ethics Committee (MEC-2014-16). Written consent was not required in accordance with institutional guidelines for the use of waste surgical material, and an opt-out option was available. Iliac crest bone chips were washed with expansion medium composed of Minimum Essential Medium (MEM)-α (containing nucleosides) supplemented with heat inactivated 10% v/v foetal bovine serum (FBS), 1.5 µg/ml fungizone, 50 µg/ml gentamicin (all Thermo Fisher Scientific, Waltham, MA, USA), 25 µg/ml L-ascorbic acid 2-phosphate (Sigma-Aldrich, St. Louis, MO, USA), and 1 ng/ml fibroblast growth factor-2 (Instruchemie, Delfzijl, Netherlands), and the resulting cell suspension was seeded in T75 flasks. Cells were washed twice with phosphate buffered saline (Thermo Fisher Scientific) supplemented with 2% v/v heat inactivated FBS 24 h following seeding to remove non-adherent cells. MSCs were cultured at 37°C and 5% carbon dioxide under humidified conditions, with expansion medium refreshed every 3–4 days. MSCs were subcultured upon reaching 80–90% confluency using 0.25% w/v trypsin-EDTA (Thermo Fisher Scientific) and reseeded at a cell density of 2,300 cells/cm2. MSCs were used at passage 3 for chondrogenic pellet cultures.



Chondrogenic Differentiation of MSCs

For chondrogenic differentiation, 2 × 105 MSCs were suspended in 500 µl of chondrogenic differentiation medium composed of high glucose Dulbecco’s Modified Eagle Medium supplemented with 1.5 µg/ml fungizone, 50 µg/ml gentamicin, 1 mM sodium pyruvate (All Thermo Fisher Scientific), 1% v/v Insulin-Transferrin-Selenous acid (ITS™+ Premix, Corning, Bedford, MA, USA), 40 µg/ml proline (Sigma-Aldrich), 25 µg/ml L-ascorbic acid 2-phosphate, 100 nM Dexamethasone (Sigma-Aldrich), and 10 ng/ml transforming growth factor-β3 (R&D systems, Minneapolis, MN, USA). The cell suspension was added to 15 ml conical polypropylene tubes (VWR, Radnor, PA, USA) and centrifuged at 300 g for 8 min to facilitate pellet formation. Chondrogenic MSC pellets were cultured at 37°C and 5% carbon dioxide in a humidified atmosphere, and culture medium was refreshed every 3–4 days for 21 days. Chondrogenic differentiation of MSCs in vitro following 21 days of culture was confirmed histologically by thionine staining (Supplementary Figure S1).



Subcutaneous Implantation Model

Animal experiments were conducted with the approval of the Animal Ethical Committee of the Erasmus University Medical Center (Licence number AVD101002015114, work protocol number 15-114-101). Male BALB/c mice (BALB/cAnNCr, 8–9 weeks old, 24.6 ± 2.2g; Charles River Laboratories, Wilmington, MA, USA) were housed in groups of three under a standard 12 h light-dark cycle with water and standard chow ad libitum. Mice were anaesthetised with 3% isoflurane, 0.8 L/min O2 (Pharmachemie BV, Haarlem, Netherlands), and 0.05 mg/kg buprenorphine (Temgesic, RB Pharmaceuticals Limited, Slought, UK) was injected subcutaneously 30 min prior to the procedure as analgesic. Four incisions were made dorsally, bilateral at the level of shoulders and hips, and four subcutaneous pockets were created. Three MSC pellets were implanted per subcutaneous pocket, with pellets of one MSC donor implanted per mouse. At 2 and 12 weeks post-implantation, peripheral blood was harvested for flow cytometric analysis by cardiac puncture of mice under general anaesthesia at each experimental time point. Mice were euthanised by cervical dislocation, and MSC constructs were retrieved for histological and flow cytometric analysis. As a reference point to compare early endochondral ossification in immunodeficient mice, tissue sections resulting from a separate study were included in the present study for histological evaluation of MSC-mediated endochondral ossification after 4 weeks in vivo. In this separate study (conducted with the approval of the Animal Ethical Committee of the Erasmus University Medical Center, licence number AVD101002015114 and work protocol, number 18-6166-01), male BALB/c nude mice (CAnN.Cg-Foxn1nu/Crl, 8 weeks old; Charles River Laboratories) were subcutaneously implanted with human MSC pellets from one donor as already described. Mice were euthanised by cervical dislocation, and MSC constructs were retrieved for histological analysis at 4 weeks post-implantation.



Flow Cytometric Analysis (Peripheral Blood and Pellet Digest)

One hundred µl of whole blood was centrifuged at 400 g for 5 min, following which the serum was removed and replaced with an equal volume of PBS. Diluted blood was subsequently stained for CD19 and CD138 to identify B cells, CD3, CD4 and CD8 for T cells, and CD11b, CD115, Ly6G, Ly6C, and CD62L for monocyte subsets (Table 1). Staining with a Via-probe™ (T cells, B cells; BD Biosciences, San Jose, CA, USA) or LIVE/DEAD™ Fixable Dead Cell Stain (Macrophages; Thermo Fisher Scientific) was included for dead cell exclusion. Blood was stained for 10 min and subsequently lysed for 10 mins with 3 ml of FACS Lysis Solution (BD Biosciences) in the dark and washed twice with FACSFlow buffer (BD Biosciences). Samples were resuspended in FACSFlow buffer and stored at 4°C prior to analysis. For analysis of immune cell subsets within MSC constructs, retrieved pellets were subjected to enzymatic digestion. MSC pellets were incubated with 3 mg/ml collagenase A (Sigma-Aldrich) and 1.5 mg DNase I (Sigma-Aldrich) in RPMI-1640 media (Thermo Fisher Scientific) containing 5% FBS, at 37°C for 90 min. Following incubation, the resulting cell suspension was filtered through a 100 µm cell strainer and pelleted by centrifugation at 400 g for 5 min. Cells were washed and resuspended in FACSFlow buffer and stained for the expression of CD3, CD4, and CD8 for the identification of T cells, and F4/80, CD11b, CD86, CD206, CD163 for macrophages (Table 2). Staining with Via-probe™ (T cells; BD Biosciences) or LIVE/DEAD™ Fixable Dead Cell Stain (Macrophages; Thermo Fisher Scientific) was performed to facilitate the exclusion of dead cells. Cells were incubated in the dark at 4°C for 30 min, washed with FACSFLow buffer, and fixed with 2% paraformaldehyde (Sigma-Aldrich) in PBS. Finally, samples were washed twice with FACSFlow buffer and stored at 4°C prior to analysis. All samples were analysed using a BD FACS Canto II cytometer (BD, Franklin Lakes, NJ, USA), and data were analysed using FlowJo software version 10.0.7 (FlowJo LLC, Ashland, OR, USA). The gating strategies applied for flow cytometric analysis are presented in Supplementary Figures S2 and S3.


Table 1 | Panel of antibodies used to detect T and B cell responses by flow cytometry.




Table 2 | Panel of antibodies used to detect monocyte and macrophage responses by flow cytometry.





Histological Analysis

In vitro chondrogenically differentiated MSC pellets were fixed for 2 h in 4% formaldehyde (BoomLab, Meppel, Netherlands). A fixation period of 2 h was previously determined to be adequate for the fixation of MSC pellets that were chondrogenically primed in vitro for 21 days (17, 28). Due to the potential of chondrogenically primed MSC pellets to form mineralised tissue following subcutaneous implantation in vivo (28), MSC pellets that were retrieved from mice at 2 and 12 weeks post-implantation were fixed for 24 h in 4% formaldehyde to ensure adequate fixation, and subsequently decalcified for 10 days in 10% w/v ethylenediaminetetraacetic acid (Sigma-Aldrich) in deionised water. Following embedding in paraffin, sections of 6 µm thickness were cut from all samples. Sections from in vitro chondrogenically differentiated MSC pellets were deparaffinised and stained with thionine as described previously (29). Sections of MSC pellets retrieved from mice were deparaffinised, and staining with haematoxylin and eosin (H&E) was performed as previously described (28).

For human specific Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) staining, antigen retrieval was achieved by heat-induced epitope retrieval (HIER) in citrate buffer (10 mM tri-sodium citrate dihydrate, 0.05% Tween 20; pH 6.0; Sigma-Aldrich) for 25 min at 95°C. Slides were then rinsed with Tris-buffered saline (TBS; 50 mM Tris-HCl pH 7.5, 150 mM NaCl; Sigma-Aldrich)/0.025% v/v Triton X-100 (Sigma-Aldrich), and sections pre-incubated with 10% v/v normal goat serum (NGS; Southern Biotech, Birmingham, USA) in TBS/1% w/v bovine serum albumin (BSA; Sigma-Aldrich) + 1% w/v Elk milk powder (Campina, Amersfoort, Netherlands) for 60 min. Following the blocking of non-specific binding sites, sections were incubated with a primary antibody against human GAPDH (Rabbit monoclonal; Abcam, Cambridge UK, ab128915; 0.2 µg/ml) or rabbit IgG (Dako, Glostrup, Denmark, X0903) in TBS/1% w/v BSA for 1 h at room temperature. Next, sections were incubated with a biotinylated anti-rabbit Ig link (Biogenex, Fremont, CA, USA, HK-326-UR; 2% v/v) followed by a streptavidin-alkaline phosphatase label (Biogenex, HK-321-UK; 2% v/v), and staining was visualised by Neu Fuchsin substrate (Chroma, Köngen, Germany). Slides were mounted with VectaMount (Vector Laboratories, Burlingame, CA, USA).

For CD3 staining, antigen retrieval was performed by HIER in Tris-EDTA buffer (10 mM Tris Base, 1 mM EDTA Solution, 0.05% Tween 20; pH 9.0; Sigma-Andrich) at 95°C for 20 min. Sections were rinsed with phosphate buffered saline (PBS; Sigma-Aldrich) and pre-incubated with 10% v/v NGS in PBS/1% w/v BSA/1% w/v Elk milk powder for 60 min. Next, sections were incubated with a primary antibody against CD3 (Rabbit monoclonal, Abcam, ab16669; 1:100) or rabbit IgG in PBS/1% w/v BSA for 1 h. Sections were incubated with a biotinylated anti-rabbit Ig link (2% v/v) followed by a streptavidin-alkaline phosphatase label (2% v/v), and staining was visualised by Neu Fuchsin substrate. Slides were mounted with VectaMount.

For CD45 staining, antigen retrieval was achieved by HIER in citrate buffer for 25 min at 95°C. Following rinsing with PBS, sections were pre-incubated with 5% v/v rabbit serum (Jackson ImmunoResearch laboratories, PA, USA) and 5% v/v mouse serum (Jackson ImmunoResearch laboratories) in PBS/1% w/v BSA/1% w/v Elk milk powder for 30 min. Sections were then incubated with a primary antibody against CD45 (Rat monoclonal; Biolegend, San Diego, CA, USA, 103101; 1 µg/ml) or rat IgG2a (eBioscience, San Diego, CA, USA, 14432182) in PBS/1% w/v BSA/1% w/v Elk milk powder for 1 h. Endogenous peroxidase was blocked with 1% v/v H2O2 (Sigma-Aldrich) in PBS, and sections were incubated with a biotinylated rabbit anti-rat IgG antibody (Vector Laboratories, BA-4000; 6 µg/ml) in PBS/1% w/v BSA with 5% v/v Mouse/5% v/v human serum (CLB, Netherlands) for 30 min. Next, sections were incubated with a streptavidin-peroxidase label (Biogenex, HK-320-UK; 2% v/v) and staining visualised using a DAB substrate solution (0.05% DAB, 0.015% v/v H2O2, 0.01M PBS, pH 7.2; Sigma-Aldrich). Finally, sections were dehydrated and slides mounted with Depex (Merck, Darmstadt, Germany).



Micro-Computed Tomography Imaging

Micro-Computed Tomography (µCT) scanning was performed every 2 weeks starting from week 4 post-implantation up to week 12, at the Applied Molecular Imaging Erasmus MC facility using the Quantum-GX2 (Perkin-Elmer, Groningen, Netherlands). Scanning was performed using a 30 mm field of view for 4 min (90 kV/160 uA), voxel size of 72 µm, and X ray filter Cu 0,06 mm + Al 0,5 mm. An automated reconstruction utilising the Quantum-GX2 software was performed after imaging. Scans were quantified using two phantoms with a known mineral density (0.25 and 0.75 g/cm3), under the same scan conditions. Bone mineralisation was assessed using the software Analyze 11.0 (AnalyzeDirect, Overland Park, KS, USA).



Total IgG ELISA Analysis

Levels of IgG in the sera of MSC-implanted and sham-operated mice were quantified utilising a commercially available mouse total IgG ELISA kit (Thermo Fisher Scientific) according to manufacturer’s instructions.



Statistical Analyses

Analyses were performed using IBM SPSS version 24 (IBM, Armonk, NY, USA). For the comparison of sham-operated and MSC-implanted mice at 2 weeks post-implantation, normality testing was performed using a Shapiro-Wilk test and data analysed using an independent T test. Analysis of repeated measures data was performed using a linear mixed model with Bonferroni post-correction. Values are plotted as the mean +/− the standard deviation (SD), and a p value <0.05 was considered to be statistically significant. N=6 MSC-implanted mice per experimental time point, with four subcutaneous pockets per mouse and N=3 human MSC donors. N=3 mice per sham-operated group.




Results


Chondrogenically Differentiated Human MSC Pellets Do Not Induce Systemic Monocyte and T Cell–Mediated Immune Responses Following Subcutaneous Implantation in Immune Competent Mice

In order to determine the potential of chondrogenically differentiated MSCs to initiate systemic innate or adaptive immune responses which may lead to acute rejection of implanted constructs, peripheral blood levels of monocyte subsets, T cells, and B cells were analysed following MSC pellet implantation. The distribution of classical, intermediate, and non-classical monocyte subsets in the blood of MSC-implanted mice did not significantly differ compared to sham-operated control mice at 2 weeks post-implantation (Figure 1A). Furthermore, the percentage of circulating CD3+ T cells (Figure 1B), as well as the ratio of CD4+ to CD8+ T (Figure 1C) cells in the peripheral blood of MSC-implanted mice, did not significantly differ compared to sham-operated control mice at this time point. Levels of CD19+CD138+ B cells present in the peripheral blood were also not altered in response to the subcutaneous implantation of chondrogenically differentiated MSC pellets at 2 weeks post-implantation (Figure 1D). The proportion of T cell subsets and B cells present in the peripheral blood of mice at 12 weeks post-implantation was in line with levels observed in the blood of MSC-implanted and sham-operated mice at 2 weeks post-implantation (Figures 1B–D). However, serum concentrations of total IgG were significantly higher in MSC-implanted mice compared to control animals at 2 weeks (Figure 1E; p=0.001). Interestingly, serum levels of total IgG of mice at 12 weeks post-implantation were lower than concentrations detected in the serum of MSC-implanted mice at 2 weeks (363.60 ± 80.67 µg/ml vs 451.27 ± 64.03 µg/ml at week 2), although still higher than levels detected in sham-operated control mice (206.29 ± 48.21 µg/ml; Figure 1D).




Figure 1 | Subcutaneous implantation of chondrogenically differentiated human MSC pellets does not alter the percentage of innate or adaptive immune cell subsets systemically. Proportion of monocyte subsets present in peripheral blood of implanted mice compared to sham-operated controls at 2 weeks, as determined by flow cytometry (A). CD3+ (B) and CD4+/CD8+ T cells (C), and B cells (D) present in the peripheral blood of sham-operated control and MSC-implanted mice at 2 and 12 weeks, as determined by flow cytometry. (E) Total serum IgG levels of human MSC-implanted mice compared to sham-operated controls at 2 weeks post-implantation, and levels detected at 12 weeks post-MSC implantation. Data represent mean ± standard deviation, n=3 sham-operated mice and n=6 for MSC-implanted mice. N=5 MSC-implanted mice for B cell analysis at 12 weeks post-implantation, due to loss of blood sample during handling. ***p = 0.001, ns, not significant, data analysed using an independent T test. Filled symbols of MSC-implanted groups represent different MSC donors.





Chondrogenically Differentiated MSC Constructs Persist With Cells of the Innate and Adaptive Immune System Present at 2 Weeks Post-Subcutaneous Implantation

Chondrogenically differentiated human MSC constructs were found to persist at 2 weeks post-implantation, with the presence of human cells within the construct detected by human-specific GAPDH immunohistochemical staining (Figure 2A). Furthermore, the majority of cells within the core of retrieved MSC pellets were human GAPDH+. Expression of CD45 was detected within adjacent tissue surrounding MSC constructs as well as the border of MSC pellets, with no staining observed within the cartilaginous matrix of retrieved pellets. Similarly, expression of CD3 as determined by immunohistochemistry was primarily localised to the periphery of MSC constructs and surrounding tissue, with a similar pattern of staining localisation observed in constructs of all three MSC donors. No immune cell infiltrate indicative of rejection was observed. Flow cytometric analysis of MSC constructs that were retrieved with a surrounding layer of subcutaneous tissue attached to pellets confirmed the presence of CD3+ T cells and additionally identified the presence of CD4+ and CD8+ T cell subsets, as well as F4/80+ macrophages within tissue digests (Figure 2B).




Figure 2 | Chondrogenically differentiated MSC pellets persist with cells of the innate and adaptive immune system present at 2 weeks post-subcutaneous implantation. (A) H&E, human specific GAPDH, CD45 and CD3 immunohistochemical staining of human MSC constructs retrieved at 2 weeks post-implantation. Images are representative of three individual mice and three human MSC donors; black arrowheads indicate positive staining. (B) Detection of T cells (CD3+, CD4+, CD8+) and macrophages (CD11b+F4/80+) within digested MSC constructs retrieved at 2 weeks post-implantation. Data represent mean ± standard deviation, n=6 mice and n=3 human MSC donors (two constructs per donor).





No Signs of Pellet Rection Are Observed in MSC Pellets at 12 Weeks Post-Implantation

Chondrogenically differentiated human MSC constructs had the capacity to survive in an immune-competent xenogeneic host following 12 weeks of subcutaneous implantation and were not associated with dense immune cell infiltration (Figure 3). Human GAPDH+ cells were observed in all samples, highlighting the persistence of human cells at 12 weeks post-implantation (Figure 3). The presence of CD45+ cells within the constructs, as detected by immunohistochemical staining, was mainly localised to the periphery of pellets, with some expression detected within the matrix. Additionally, a low number of CD3+ cells was observed throughout the constructs by immunohistochemistry, with CD3 expression primarily detected at the MSC pellet margin and surrounding subcutaneous tissue. In accordance with histological analysis, a low percentage of CD3+ T cells (Figure 3B; 3.32% of total cells ± 1.18%) were detected within digested constructs by flow cytometry, with lower levels of CD3+ T cells observed in comparison with digested constructs analysed at 2 weeks post-implantation (Figure 2B; 10.48 ± 2.84%). Furthermore, CD11b+F4/80+ macrophages were also detected by flow cytometry within tissue digests at 12 weeks (Figure 3B; 9.78 ± 6.74%), at levels comparable with constructs retrieved at 2 weeks post-implantation (Figure 2B; 6.91 ± 3.48%).




Figure 3 | Innate and adaptive immune cell subsets are present at the site of human MSC constructs following 12 weeks of subcutaneous implantation. (A) Human specific GAPDH, CD45 and CD3 immunohistochemical staining of MSC constructs retrieved at 12 weeks post-implantation. Images are representative of three individual mice and three human MSC donors; black arrowheads indicate positive staining. (B) Detection of T cells (CD3+) and macrophages (CD11b+F4/80+) within digested MSC constructs retrieved at 12 weeks post-implantation. Data represent mean ± standard deviation, n=6 mice and n=3 human MSC donors (two constructs per donor).





Chondrogenically Primed MSCs Generate Mineralised Constructs That Persist After 12 Weeks in an Immune Competent Animal Model

Upon retrieval of the constructs after 12 weeks of implantation, haematoxylin and eosin staining revealed a chondrogenic structure with abundant extracellular matrix (Figure 4A). This staining further revealed some differences across donors in their levels of chondrogenesis, with an altered appearance of the cartilage extracellular matrix observed in some of the samples, indicating active remodelling, consistent with ongoing endochondral ossification. For comparison, Supplementary Figure S4 demonstrates the degree of bone formation in an immune compromised mouse after only 4 weeks in vivo. Furthermore, calcified cartilage was observed in all samples. Mineralisation of constructs was observed by µCT scans from 4 weeks post-implantation in all donors (Figure 4B), increasing in volume in all donors every 2 weeks up to week 12 (Figure 4C, Supplementary Figure S5).




Figure 4 | Chondrogenically differentiated human MSC constructs persist and become mineralised at 12 weeks post-implantation. (A) Representative images of H&E staining of three individual mice and three MSC donors. (B) Representative images by µCT showing mineralised tissue volume and (C) quantification. Data represent mean ± standard deviation, with n=6 mice and n=3 human MSC donors (eight constructs per donor). Each datapoint represents one MSC construct, with four MSC constructs implanted per mouse and symbols representing different MSC donors. CC= calcified cartilage. **p < 0.01, ***p ≤ 0.001.






Discussion

The use of human MSCs for bone regeneration has been previously studied in immune deficient mouse models. In order to further determine the underlying mechanisms governing the process of MSC-mediated ectopic bone formation, as well as other mechanisms in bone-related diseases and development, new models of bone formation in a functioning immune system are required. In this context, we sought to determine the potential of human chondrogenically differentiated MSCs to persist and recapitulate endochondral bone formation in the presence of a xenogeneic immune system. Our findings indicate that the proportion of monocyte subsets, CD4+ and CD8+ T cells, and CD19+CD138+ B cells are not altered systemically following 2 weeks of implantation of human MSC-derived chondrogenic constructs, and highlight prolonged persistence of MSC-derived pellets until 12 weeks following implantation. These pellets are mineralised at 4 weeks, and progress along the endochondral ossification pathway, albeit at a slower rate than is usual in immunocompromised animals (3, 7), having not formed the marrow cavity by 12 weeks. These findings highlight the potential of immunocompetent xenogeneic models as a tool to assay human MSC-mediated tissue formation and examine the role of host immune responses during this process.

Previously it has been shown that systemic infusion of undifferentiated human MSCs to immune competent mice can suppress innate and adaptive immune responses in inflammatory disease models (30–32). Such studies have demonstrated the potential of xenogeneic models as a useful tool to investigate the immune suppressive activity of human MSCs (20). Although MSCs are considered hypoimmunogenic, they have been reported to have the potential to generate immune responses following in vivo implantation in animal models (33, 34). Additionally, it has been proposed that host rejection of MSCs may be determined by the balance between their immunosuppressive and immunogenic activity (35). Reports to date on the potential of differentiated human MSCs to evade host immune responses and survive in an immunocompetent xenogeneic model have not fully determined the suitability of this model system to examine MSC-mediated tissue formation. The findings of our study highlight prolonged persistence and low immune cell infiltration of chondrogenically differentiated human MSC pellets in immune competent mice, which are in line with previous findings demonstrating the capacity of human MSCs to retain their immunosuppressive activity following chondrogenic priming (11–13). Interestingly, the dense extracellular matrix of intact cartilage has been previously postulated to play a role in providing protection against the recognition of chondrocytes by the host immune system following allogeneic transplantation (36–38). However, in contrast to our results with chondrogenically primed human MSCs, the xenotransplantation of cartilage explants has been reported to result in chronic rejection and destruction of implanted grafts (39, 40). Additional investigation at later time points is required to determine potential immune responses towards human MSC constructs following further tissue remodelling and vascularisation. Niemeyer et al. have previously reported decreased survival of osteogenically differentiated MSCs seeded on mineralised collagen scaffolds, following 8 weeks of subcutaneous implantation in immunocompetent xenogeneic hosts (41). Furthermore, higher levels of macrophage and T cell infiltration of osteogenic-MSC seeded biomaterial scaffolds were also observed in this study in comparison to implanted scaffolds containing undifferentiated MSCs (41). In contrast to our findings, Longoni et al. have observed local innate and adaptive immune cell responses following the implantation of chondrogenically differentiated human MSCs embedded in a collagen carrier to the site of a critical-sized femoral defect in immunocompetent rats (42). However, in a similar manner to the present study, mineralised tissue volumes were observed by 12 weeks post-human MSC implantation which were comparable to the size of implanted constructs, although no full bridging of the defect was observed in this model (42). Further investigation is required to determine whether these observed differences in immunogenic responses of chondrogenically differentiated human MSCs may be attributable to the ectopic versus orthotopic implantation sites, as well as the use of a biomaterial.

In addition to their potential to modulate cell-mediated immune processes (14, 16, 43), MSCs may also alter humoral immune responses following implantation in the host. Allogeneic undifferentiated MSCs have been reported to induce the formation of allo-antibodies in various immune competent animal models (44–46), highlighting the capacity of MSCs to stimulate an active humoral response. In the present study, although we did not observe expansion of circulating CD19+CD138+ B cells at 2 weeks post-implantation of chondrogenically differentiated human MSC constructs, the concentration of total IgG in the sera of MSC implanted mice was increased compared to sham-operated control animals. Interestingly, Longoni and colleagues have detected the production of anti-human antibodies following implantation of chondrogenically primed human MSCs in a rat femur defect model (42). Although we found human MSC constructs to persist and remain intact following 12 weeks of subcutaneous implantation, further investigation is required to fully confirm a lack of long-term systemic effects and antibody-mediated destruction of subcutaneously implanted human MSC constructs in immune competent mice. Furthermore, we did not evaluate local humoral immune responses at the site of implanted MSC constructs, which is a limitation of our study. Future studies performing an in-depth analysis of humoral immune responses locally at the site of implanted human MSC constructs, as well as systemically, are required to further develop the present findings. Additionally, the long-term presence of implanted chondrogenically primed MSC constructs and the potential of the dense extracellular matrix to protect such constructs against immune rejection requires further investigation. Interestingly, a low percentage of circulating CD8+ T cells were detected in the peripheral blood of both sham-operated and MSC-implanted mice at both experimental time points in our study. BALB/c mice have been previously reported to have a higher predominance of circulating CD4+ versus CD8+ T cells compared to other mouse strains (47, 48), and T cell subsets distribution may fluctuate with ageing (49). However, whether such factors may have contributed to the low levels of circulating CD8+ T cells observed in our study also requires additional investigation.

Previous work investigating ectopic endochondral bone formation by chondrogenically primed human MSCs has implemented the use of immunodeficient athymic mouse models and demonstrated the formation of a bone ossicle containing a bone marrow cavity by 8 weeks following subcutaneous implantation (3). In the presence of a fully functional host immune system, we have observed the initiation and progression of mineralisation by chondrogenically differentiated MSC pellets during the 12-week period following subcutaneous implantation, recapitulating early phases during the process of endochondral ossification. This progression of cartilage calcification and mineralisation, which we have observed, is known to precede bone and marrow cavity formation during MSC-mediated endochondral bone formation in immunodeficient animals (3, 28). However, in the present study the progression of this process appears to be slower compared with immune compromised mice, given that previous studies have observed the progression of chondrogenically primed MSCs towards a hypertrophic phenotype and onset of mineralisation at 4 weeks post-implantation in immunodeficient animals (50). In a separate unpublished dataset, we have also observed a comparable degree of cartilage matrix remodelling at 4 weeks post-implantation of chondrogenically differentiated human MSC pellets in immunodeficient BALB/c nude mice (Supplementary Figure S4), which is known to progress to form bone and bone marrow at 12 weeks post-implantation (3, 28). This data further corroborate our present findings suggesting delayed but ongoing MSC-mediated endochondral ossification in an immunocompetent xenogeneic model. However, we cannot rule out that the bone formation process is proceeding at a normal rate in the presence of a complete immune system and it is simply accelerated in immune compromised animals. Future experiments should take a later time point as the endpoint (16+ weeks) to confirm that complete endochondral ossification occurs in these animals. Interestingly, athymic mice have been previously reported to have elevated natural killer cell and macrophage activity levels compared to their wild-type counterparts (51, 52). Furthermore, recombination activating gene 1 knockout mice, which lack an adaptive immune system, have been reported to have accelerated endochondral ossification and remodelling during fracture healing compared to wild-type mice (53). In addition, El Khassawna and colleagues have identified a critical role of T and B cells in the regulation of mineralisation, matrix formation, and subsequent quality of bone formed during fracture healing (54), highlighting the importance of experimental models encompassing a complete immune system to examine bone formation processes. Whether the differences in immune system composition between immunocompetent and immunodeficient mouse models may potentially play a role in determining the rate of extracellular matrix remodelling and progression of MSC-mediated endochondral bone formation requires further elucidation. Additionally, further investigation is required to determine the impact of a potential foreign body reaction following the subcutaneous implantation of human chondrogenically primed MSC pellets, which may also influence MSC-mediated endochondral bone formation (55).

In conclusion, the findings of the present study indicate that chondrogenically differentiated human MSC pellets can persist, eliciting only a minor immune response and undergo the early stages of endochondral ossification following subcutaneous implantation in an immunocompetent xenogeneic model. However, the nature of the differences in the speed of the endochondral ossification process in an immune competent scenario, compared with immunodeficient mouse models, needs to be further investigated. This scaffold-free model may be further extrapolated to provide mechanistic insight into the underlying mechanisms by which the immune system might influence the process of MSC-mediated endochondral ossification.
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Supplementary Figure S1 | Chondrogenic differentiation of human MSC donors in vitro. Thionine staining indicates GAG deposition following 21 days of culture in the presence of TGF- β3 (10 ng/ml).

Supplementary Figure S2 | Flow cytometric gating strategy for T and B cell analysis. Representative plots showing the gating strategy applied to detect T and B cells in peripheral blood (A), and T cells in digested MSC constructs retrieved following subcutaneous implantation (B).

Supplementary Figure S3 | Flow cytometric gating strategy for monocyte and macrophage analysis. Representative plots showing the gating strategy applied to detect peripheral blood monocyte subsets (A), and macrophages in digested MSC-constructs retrieved following subcutaneous implantation (B).

Supplementary Figure S4 | Cartilage matrix remodelling at 4 weeks post-implantation of chondrogenically primed human MSCs pellets in immunodeficient mice. Representative image of H&E staining of human MSC pellets retrieved at 4 weeks following subcutaneous implantation in an immunodeficient BALB/c nude mouse. Scale bar = 250 µm.

Supplementary Figure S5 | Representative image by µCT at 12 weeks following MSC implantation showing mineralised tissue volume at all four MSC implantation sites.
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The bone marrow microenvironment is composed primarily of immune and stromal cells that play important roles in fracture healing. Although immune cells have been identified in mouse bone marrow, variations in their numbers and type during the fracture healing process remain poorly defined. In this study, single-cell RNA sequencing was used to identify immune cells in fracture tissues, including neutrophils, monocytes, T cells, B cells, and plasma cells. The number of B cells decreased significantly in the early stage of fracture healing. Furthermore, B cells in mice fracture models decreased significantly during the epiphyseal phase and then gradually returned to normal during the epiphyseal transformation phase of fracture healing. The B-cell pattern was opposite to that of bone formation and resorption activities. Notably, B-cell–derived exosomes inhibited bone homeostasis in fracture healing. In humans, a decrease in the number of B cells during the epiphyseal phase stimulated fracture healing. Then, as the numbers of osteoblasts increased during the callus reconstruction stage, the number of B cells gradually recovered, which reduced additional bone regeneration. Thus, B cells are key regulators of fracture healing and inhibit excessive bone regeneration by producing multiple osteoblast inhibitors.
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Introduction

Bone fractures are the most common bone traumatic diseases worldwide (1). Severe multiple fractures caused by car accident or fall injury are usually accompanied by delayed healing and even nonunion (2). Fracture healing is directly regulated by the function and number of osteoblasts and osteoclasts (3, 4). However, numerous risk factors affect bone repair, including age, infection, malnutrition, distribution of blood vessels, activation of immune response, and inappropriate fracture fixation (5, 6). In the initial inflammatory stage, necrotic tissues are removed, and specific immune cells create a suitable bone marrow microenvironment for fracture healing. Notably, the immune system is suppressed by fracture, and an increase in T regulatory cells inhibits active adaptive immune responses (7). Furthermore, mesenchymal stem cells maintain a hypoimmunogenic state, revealing that immune cells can inhibit fracture healing (8). However, the effects of immune cells on fracture healing have yet to be fully determined.

Several cytokines or other factors are essential for B cell development, including the receptor activators of NF-κB ligand (RANKL), OPG, IL-7, and CXCL-12, which are secreted by bone marrow stromal cells or osteoblasts (9, 10). Furthermore, B cells themselves can secret RANKL, suggesting that B cells can affect the differentiation of osteoclasts (11). In fact, mice lacking RANKL in B lymphocytes are partially protected from bone loss associated with ovariectomy. However, in mice with conditional knockout of RANKL in T lymphocytes, there is no effect on such bone loss (11). Moreover, B cells can inhibit bone formation in rheumatoid arthritis by suppressing osteoblast differentiation (12), which reveals that B cells have an important role in osteoimmunology. However, owing to the complexity of the bone marrow microenvironment in fracture healing, the effect of B cells on fracture healing remains unclear.

Single-cell RNA sequencing (scRNA-seq) has recently revolutionized study of the bone marrow microenvironment (13). With this approach, individual single cells can be clustered by transcriptome analysis rather than by surface markers. Furthermore, numerous cell types can be characterized between control and case samples, which helps to comprehensively understand the heterogeneity of diseases, including cancers, inflammation, and infection, among others (14, 15). During fracture healing, multiple cell types are involved in the bone marrow microenvironment, including immune cells, endothelial cells, hematopoietic stem cells, bone marrow stromal cells, osteoblasts, and osteoclasts (16). Therefore, to understand the mechanism for delayed fracture healing and bone nonunion, the developmental pseudotime trajectory needs to be constructed and cell–cell interactions determined.

In this study, the focus was on the roles of B cells in fracture healing. The scRNA-seq revealed fewer B cells in a patient with old fracture tissues than in one with fresh fracture tissues. Therefore, a mice fracture model was generated, and scRNA-seq showed that B cells decreased during the epiphyseal phase and increased during the callus reconstruction stage. Exosomes derived from B cells (BC-Exos) affected bone homeostasis in vitro by promoting osteoclastic bone resorption and inhibiting osteoblastic bone formation. Furthermore, osteogenic activity was inhibited in vivo in mice injected with BC-Exos. Thus, these results reveal that B cells and BC-Exos have important regulatory roles in fracture healing.



Materials and Methods


Preparation of Human Fracture Tissues

Following surgical resection, samples from human fracture tissues were collected from two patients with femur fractures in Shanghai Changhai Hospital, Second Military Medical University. The approval for this clinical study was provided by the Committees of Clinical Ethics of Shanghai Changhai Hospital, Second Military Medical University. Informed consent was obtained from the patients.



Mice

All animal experiments were undertaken in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals and with the approval of the Scientific Investigation Board of Second Military Medical University (Shanghai, China). C57BL/6 mice (6 to 8 weeks old) were obtained from Shanghai SLAC Laboratory Animal Co., Ltd. All mice were housed at the animal center of the Second Military Medical University.

For construction of mice fracture models, briefly, after anesthesia and surgical site sterilization, we first cut the skin, fascia, and muscle tissues to expose the femur and patella. Then, we construct transverse femoral fractures by pendulum saw. A Kirschner wire with a diameter of 0.5 mm was then inserted into the bone marrow space to stabilize the fracture. Then, we placed muscle over the osteotomy site and stitched with absorbable sutures prior to closing the skin with wound clips.

For delivery of B Cell Exosomes in vivo, 100μl exosomes in 0.1 ml saline buffer was locally injected into tail vein once every 3 days for 2 weeks.



Isolation of Bone Tissues

To obtain bone and bone marrow cells for scRNA-seq, bone fracture tissues (including bone and bone marrow) were dissected from patients, transported to the research facility, and then placed in DMEM (4.5 g/L, Gibco, USA). The bone fracture tissues were cut into small fragments and digested with 0.2 mg/ml collagenase II (Invitrogen) for 2 h at 37°C. After digestion, the cells were filtered through a 70-μm strainer (Corning) into a collection tube. Erythrocytes were lysed in ACK-lysis buffer (Sigma) for 5 min. Following centrifugation at 1,000 rpm at 4°C for 8 min, the supernatant was decanted and discarded. For further experiments, cells were resuspended in PBS (Gibco) and filtered through a 70-μm strainer on ice.



Cell Culture

BaF cells were cultured in RPMI-1640 (Hyclone, USA), containing 10% FBS (Thermo, USA), 10 ng/ml IL-3 (PeproTech, USA), and 1% penicillin–streptomycin (Thermo) at 37°C in a 5% CO2 humidified incubator.

To induce osteoblast differentiation, BMSC cells were seeded in a 12-well plate with osteogenic differentiation complete medium (including osteogenic differentiation basal medium, 175 ml; osteogenic differentiation fetal bovine serum, 20 ml; penicillin-streptomycin, 2 ml; glutamine, 2 ml; ascorbate, 400 μl; β-glycerophosphate, 2 ml; and dexamethasone, 20 μl) (Cyagen), which was changed every 3 days. At day 21, the cells were stained with Alizarin red (pH 5.5) to analyze osteogenic differentiation.

For osteoclast differentiation, mouse bone marrow monocytes isolated from femurs and tibias were seeded at 1 × 106 cells per well in a 24-well plate. The cells were cultured in DMEM (4.5 g/L, Gibco) supplemented with 10% FBS (Thermo), 50 ng/ml M-CSF (PeproTech, USA), and 1% penicillin–streptomycin (Thermo) for 3 days at 37°C in a 5% CO2 humidified incubator. Nonadherent cells were discarded, and the adherent cells were cultured in DMEM (4.5 g/L, Gibco) supplemented with 10% FBS (Thermo), 50 ng/ml M-CSF (PeproTech), 100 ng/ml soluble RANKL (PeproTech), and 1% penicillin–streptomycin (Thermo) for 5 days. The medium was changed every 3 days. At day 8, the cells were stained with TRAP using a commercial kit according to the manufacturer’s instructions (Sigma) (17).



Isolation of B Cell Exosomes

The exosomes of B cells were extracted as previously described (18). Briefly, BaF cells were cultured in complete medium containing EV-free FBS (BI) for 24 h. Then, the supernatant containing BC-Exos was centrifuged at 2,000 rpm for 30 min to eliminate dead cells and cellular debris. The supernatant containing the cell-free culture media was transferred to a new tube, and 0.5 volumes of the Total Exosome were added.

The culture media and an isolation reagent (Thermo) were mixed by vortexing or by pipetting up and down until a homogenous solution was obtained. The solution was incubated at 2°C to 8°C overnight. After incubation, the samples were centrifuged at 10,000×g for 1 h at 2°C to 8°C. The supernatant was aspirated and discarded, and exosomes were contained in the pellet at the bottom of the tube. The pellet was resuspended in 1× PBS. Protein content of BC-Exos was determined by using a BCA Protein Assay Kit (Thermo Fisher Scientific, USA).



Characterization of B Cell Exosomes

The morphology of BC-Exos was observed with a transmission electron microscope (Hitachi, Japan). The size distribution of BC-Exos was determined using a Nanosizer™ (Malvern Instruments) (18). The expression of surface markers (CD9, CD63) on BC-Exos was identified with Western blot (WB).



Immunofluorescence Staining

Fresh bone tissues dissected from mice fracture models were fixed in 4% paraformaldehyde overnight. Tissues were decalcified with 0.5 M EDTA with constant shaking, and then, bone tissues were embedded in OCT (Sakura). Bone sections, 6 μm, were stained with antibodies B220 (1:100, Abcam) and osteocalcin (1:100, Abcam). Then, secondary antibodies conjugated with fluorescence (1:100, Jackson) were used, and nuclei were counterstained with DAPI. Bone tissues were observed under a confocal microscope.



Reverse-Transcription Quantitative PCR

Total RNA from cultured cells was prepared using TRIzol reagent (Thermo) and then reverse-transcribed into cDNA with a cDNA reverse-transcription kit (Applied Biosystems, USA). Reverse-transcription quantitative PCR (RT-qPCR) was performed with an ABI Prism 7900 HT Sequence detection system (Applied Biosystems). The primer sequences used in the RT-qPCR were as follow: Alp: forward, 5′-CCA ACT CTT TTG TGC CAG AGA-3′; reverse, 5′-GGC TAC ATT GGT GTT GAG CTT TT-3′; BGLAP: forward, 5′-CTG ACC TCA CAG ATG CCA AGC-3′; reverse, 5′-TGG TCT GAT AGC TCG TCA CAA G-3′; Ctsk: forward, 5′-CTC GGC GTT TAA TTT GGG AGA-3′; reverse, 5′-TCG AGA GGG AGG TAT TCT GAG T-3′; and TRAF-6: forward, 5′-AAG GTG GTG GCG TTA TAC TGC-3′; reverse, 5′-CTG GCA CAG CGG ATG TGA G-3′ (4).



μCT Analysis

Femur samples were dissected from mice and analyzed through micro-CT machine (Quantum GX, PE). We performed micro-CT scans under the same conditions: voltage 120 kV, current 60 mA, spatial resolution 10 mm, scanning 1000 continuous sections. Then the data was collected and analyzed automatically to analyze the number of trabecular bones (Tb.N), trabecular bone thickness (Tb.Th), trabecular bone space (Tb.Sp), bone volume fraction (BV/TV), and other indicators.



Single-Cell RNA Sequencing Experiment

The transcriptomic information of single cells was captured by using the BD Rhapsody system. Single-cell capture was achieved by random distribution of a single-cell suspension across >200,000 microwells through a limited dilution approach (13), Which fracture tissues were dissected and cut into small pieces. Then, they were digested by 3 mg/ml protease (thermo, usa) for 60 minutes and 2 mg/ml collagenase P (thermo, USA) for 2 to 3 h. Beads with oligonucleotide bar codes were added to saturation so that a bead was paired with a cell in a microwell. Cell-lysis buffer was added to hybridize poly-adenylated RNA molecules to the beads. Beads were collected into a single tube for reverse transcription. After cDNA synthesis, each cDNA molecule was tagged on the 5′ end (that is, the 3′ end of a mRNA transcript) with a unique molecular identifier (UMI) and cell label indicating its cell of origin. Whole transcriptome libraries were prepared using the BD Rhapsody single-cell whole-transcriptome amplification workflow. In brief, second-strand cDNA was synthesized, followed by ligation of the WTA adaptor for universal amplification. Eighteen cycles of PCR amplified the adaptor-ligated cDNA products. Sequencing libraries were prepared using random priming PCR of the whole-transcriptome amplification products to enrich the 3′ end of the transcripts linked with the cell label and UMI. Sequencing libraries were quantified using a High Sensitivity DNA chip (Agilent) on a Bioanalyzer 2200 in a Qubit High Sensitivity DNA assay (Thermo Fisher Scientific). The library for each sample was sequenced by HiSeq Xten (Illumina) in a 150-bp paired-end run.



Cell Normalization

The Seurat (v 3.0) [https://satijalab.org/seurat/] package was applied according to the cell raw counts calculated by UMI-Tools for cell normalization and cell filtering considering the MT percentage (20% MT expression) and minimum (200) and maximum (5,000) gene numbers. Seurat regression was based on the MT and UMI counts for batch effector removal to achieve scaled data. PCA and t-SNE analysis were used to reduce the dimensions of the highly variable genes (13).



Cell Clusters and Subclusters

Clusters were identified by a graph-based and k-mean-based clustering approach implemented by the FindCluster function in Seurat [https://satijalab.org/seurat/]. The Wilcox t-test was used in the FindAllMarkers function in Seurat to discover the marker genes of each cluster.



Cell Communication

To enable a systematic analysis of cell–cell communication molecules, cell communication analysis was based on the CellPhoneDB (19), a public repository of ligands, receptors, and their interactions. The membrane, secreted, and peripheral proteins of a cluster at different time points were annotated. Significant mean and cell communication significance (p < 0.05) were calculated based on the interaction and the normalized cell matrix achieved by Seurat normalization.



Pseudotime Analysis

In the Seurat package including clustering and cell marker identification, Monocle2 (20) was used for pseudotime analysis. The state of cell processing was analyzed, and single cells were placed in a cluster along a trajectory according to a biological process, such as cell differentiation, by taking advantage of an individual cell’s asynchronous progression in those processes.



Single-Cell RNA Statistical Analysis

To obtain clean data, fastp with default parameters was used to filter the adaptor sequences and remove the low-quality reads. UMI-Tools was used in the Single Cell Transcriptome Analysis to identify the cell bar code white list. To obtain the UMI counts of each sample, UMI-based clean data were mapped to the mouse genome (Ensemble v 92) using STAR (21) mapping with customized parameters from the UMI-Tools standard pipeline (22). To minimize the sample batch, down-sample analysis was applied among samples sequenced according to the mean reads per cell of each sample to finally achieve a cell expression table with sample bar codes. Cells that contained over 200 expressed genes and mitochondria UMI rate below 20% passed the cell quality filtering. Mitochondria genes were removed from the expression table but were used for cell expression regression in order to avoid the effects of the cell status on the clustering and marker analyses of each cluster.

The Seurat package (v 2.3.4, https://satijalab.org/seurat/) was used for cell normalization and regression based on the expression table according to the UMI counts of each sample and percent of mitochondria rate to obtain the scaled data. PCA was conducted based on the scaled data with all highly variable genes, and the top eight principals were used for t-SNE construction. A graph-based cluster method was used to acquire the unsupervised cell cluster results on the basis of the top eight principals. The marker genes were calculated by the FindAllMarkers function with the Wilcox rank-sum test algorithm under the following criteria: logFC > 0.25; p < 0.05; min. pct. > 0.1. To identify the cell type detailed, osteoblast and osteoclast cells were selected for re-tSNE analysis, graph-based clustering, and marker analysis.



Statistical Analyses

Data are presented as the mean ± standard deviation (SD). Two-tailed Student’s t-test was used to compare means between two groups, and one-way ANOVA was used to compare means between multiple groups. GraphPad Prism Software was used for statistical analyses, with significance at *p < 0.05 and **p < 0.01.



Data Availability

Single-cell RNA-seq data are available at GEO (Gene Expression Omnibus) under accession numbers GSE142786 and GSE132884.




Results


Single-Cell Profiling of Human Fracture Tissue Cells

To isolate human fracture tissue cells at different stages following fracture, fresh fracture tissues (control, less than 5 days) and old fracture tissues (case, more than 30 days) were obtained from two patients that had hip replacement surgery (Figure 1A). In total, 9,976 individual cells associated with fracture were sequenced, of which 9,339 were retained after rigorous filtration for subsequent analysis.




Figure 1 | Single-cell profiling of human fracture tissue cells. (A) Schematic of the experimental strategy. (B) t-SNE visualization of human fracture tissue cells. (C) Heat map of the scaled expression of differentially expressed genes for each cluster in human fracture tissue cells. (D) Dot plots showing the expression of markers for each cell cluster in human fracture tissue cells. (E) t-SNE visualization for old fracture patient (case, red) and fresh fracture patient (control, green).



To investigate the cell populations that played key roles in fracture healing, 13 cell clusters were identified with t-distributed stochastic neighbor embedding (t-SNE) (Figures 1B, C), including six neutrophil clusters (expressing CSF3R, ELANE, FCGR3B, MKI67, MPO, MS4A3, and OLR1), two early erythrocyte clusters (expressing GYPA, HBA1, and HBB), two T cell clusters (expressing CD3D, CD3E, CD3G, CD4, CD8, and NKG7), one B cell cluster (expressing CD22, CD79A, and MS4A1), one plasma cell cluster (expressing CD79A, IGHG1, and IGKC), and one monocyte cluster (expressing CD1C, HLA-DRA, ITGAM, and S100A9). Representative markers for neutrophils, early erythrocytes, T cells, B cells, plasma cells, and monocytes were identified (Figure 1D).

To investigate differences in the cell populations between fresh and old fracture patients, the cell clusters of the two groups were compared in t-SNE (Figure 1E). There were many differences in the amount of B cells. The B cells in the bone marrow microenvironment can affect the differentiation of osteoblasts and osteoclasts (23, 24). Moreover, scRNA-seq showed little or no difference in the numbers of the other immune cells (Figures S1, S2), including monocytes, neutrophils, and T cells. Therefore, the focus was on the roles of B cells in fracture healing.



B Cells in Human Fracture Tissues

To investigate the roles of B cells in fracture healing, five populations of B cells in human fracture tissues were defined: pDC cells (expressing CLEC4C), pro-B cells (expressing HLA-DRA and CD74), mature B cells (expressing CD23 and CD24), and plasma cells (including P1 and P2, expressing J-chain). Then, the relationships between B cells and fracture healing were analyzed to identify distinctive cluster markers (Figures 2A, B). Furthermore, the ratios among different cells were calculated, and the numbers and proportions of B cells in the case group were less than those in the control group (Figure 2C, Table 1). However, the pseudotime trajectory axis indicated that the B cell constitution in each period in the case group was comparable with that in the control group (Figure 2D), suggesting that all B cell subsets decreased in the stages of hematoma and osteophyte formation. Collectively, the results indicated that B cells decreased significantly in the old fracture, which might affect fracture healing.


Table 1 | The number of immune cells in the case group and the control group.






Figure 2 | B cells in human fracture tissue. (A) t-SNE visualization of B cell subpopulations in human fracture tissues. (B) Dot plots showing the expression of markers for each cell cluster in the B cell cluster. (C) Monocle2 pseudotime trajectory of the differentiation of B cells in human fracture tissues. (D) Composition and proportion of cells in case and control groups.





B Cells in Mice Fracture Models

To further investigate the role of B cells in fracture healing in vivo, mice fracture models were generated, and cells within 0.5 mm of the fracture were isolated at different stages (control group and on days 3, 7, and 14) (Figure 3). The B cells cluster was reclustered into six subclusters (Figure 4A), including T2B and T1B cells, immature B cells (B1 and B2), and B1b cells (B1b1 and B1b2), and the differentially expressed genes (DEGs) in the six subclusters were identified (Figure 4B). Consistent with the results in patients, the pseudotime trajectory axis indicated that the fewest B cells occurred in the callus formation stage, compared with those in the other stage of fracture healing and the normal bone marrow microenvironment (Figure 4C, Tables 2, 3). By contrast, the callus healing stage had the most B cells. Furthermore, the bone formation and bone resorption activities in the mice fracture models were the most active in the osteophyte formation stage (day 7), compared with those processes in the other stage of fracture healing. However, in the osteophyte healing stage (day 14), bone formation and resorption activities decreased (Figure 4D). These results indicated that the decrease in B cells promoted osteoblast and osteoclast differentiation during callus formation, whereas the increase during callus healing inhibited osteoblast and osteoclast differentiation.




Figure 3 | Schematic of the working hypothesis. B cells are consumed to the lowest level via inflammation during the hematoma stage, which promotes the recruitment of mesenchymal stem cells (MSCs) into osteogenic differentiation and angiogenesis. During the osteophyte formation stage, osteoblasts promote the maturation of B cells, which then inhibit the differentiation of osteoblasts and the abnormal proliferation of osteophytes. B cells can also promote the differentiation of osteoclasts and allow the body to enter the osteophyte healing stage. During osteophyte healing, osteoblasts and vascular endothelial cells decrease because of cytokines secreted by B cells, which then gradually return to normal levels. To summarize, B cells are a key regulator of fracture healing and inhibit excessive bone regeneration by producing multiple osteoblast inhibitors.






Figure 4 | B cells in fracture models in mice. (A) t-SNE visualization of B cell subpopulations in mice fracture models. (B) Dot plots showing the expression of markers for each cell cluster in the B cell cluster. (C) Monocle2 pseudotime trajectory of the differentiation of B cells in mice fracture models. (D) Composition and proportion of B cells in the different periods in mice fracture models (control, day 0; hematoma stage, day 3; osteophyte formation stage, day 7; osteophyte healing stage, day 14). (E) Heat map of the scaled expression of differentially expressed genes related to fracture healing in the different periods in mice fracture models. (F) GO enrichment analysis of differentially expressed genes in the different periods in mice fracture models. (G) Cell phone communications between B cells and osteoblasts and osteoclasts. (H) Representative immunostaining images of B220 in B cells (red) and osteocalcin in osteoblasts (OCN, green). Scale bar: 100 μm.




Table 2 | The number of B cells in the case group and the control group.




Table 3 | The number of B cells in the control, Day 3, Day 7, Day 14 groups.



Moreover, DEGs related to osteogenesis were highly expressed during callus formation (Figure 4E). Gene Ontology analysis demonstrated that the set of DEGs in the osteophyte healing stage was involved in bone development and ossification (Figure 4F). Cell phone communication also showed that B cells regulated the differentiation of osteoblasts, osteoclasts (Figure 4G, Figure S4). Immunofluorescence further verified the changes in the numbers and percentages of B cells during fracture healing (Figure 4H) and showed the fewest B cells occurred on day 7. Thus, the scRNA-seq revealed that B cells might play an important role in fracture healing.



B Cell Exosomes Inhibited Osteoblast Differentiation and Promoted Osteoclast Formation In Vitro

To investigate the role of B cells in skeletal biology, whether B cells could affect osteoblasts or osteoclasts was determined. BMSCs or BMMs were co-cultured with BaF cells in a transwell system, and osteoclastic differentiation increased and osteogenic differentiation decreased when co-cultured with B cells (Figure 5A). Then, the exosomes derived from BaF cells (BC-Exos) were extracted and characterized. The BC-Exos had a cup-like morphology ranging from 70 to 150 nm (Figures S3A, S3B) and expressed CD63 and CD9 with Western blot analysis (Figure S3C).




Figure 5 | B cell exosomes (BC-Exos) inhibit osteoblast differentiation and promote osteoclast formation in vitro. (A) Representative images of TRAP-stained osteoclasts (top) and Alizarin red S-stained osteoblasts (bottom). Scale bar: 100 μm. (B) Representative images of TRAP-stained osteoclasts treated with different concentrations of BC-Exos. Scale bar: 100 μm. (C) Quantitative analysis of the cells of TRAP-stained osteoclasts in (B) (*p < 0.05, **p < 0.01). (D) Reverse-transcription qPCR (RT-qPCR) of the relative levels of Ctsk (left) and TRAF-6 (right) mRNA expression in osteoclasts in (B). (E) RT-qPCR of the relative levels of Bglap (left) and ALP (right) mRNA expression in BMSCs at day 21. Data are reported as the mean ± SD of three independent experiments. (F) Representative images of Alizarin red S staining in osteoblasts at day 21. Scale bar: 100 μm.



To confirm the role of BC-Exos in bone homeostasis in vitro, mouse bone marrow monocytes were treated with BC-Exos or an equal volume of PBS. Osteoclastic differentiation increased as the concentration of BC-Exos increased (Figures 5B, C). Furthermore, Osteoclast differentiation marker genes Ctsk and DC-STAMP mRNA expression levels were upregulated by BC-Exos, compared with their negative controls at day 7 (Figure 5D). Moreover, pre-osteoblast MC3T3-E1 cells were also treated with BC-Exos or an equal volume of PBS in vitro. Osteoblast maturation marker genes BGLAP and Alp mRNA expression levels were downregulated by BC-Exos at day 21 (Figure 5E). Consistent with the results of BGLAP and Alp expression, mineral deposition in BC-Exos-treated cells decreased, compared with that in the negative control in pre-osteoblast MC3T3-E1 cells (Figure 5F). Thus, these data suggested that BC-Exos inhibited osteoblast differentiation and promoted osteoclast formation in vitro.



B Cell Exosomes Inhibited Bone Formation In Vivo

To determine the role of BC-Exos in vivo, BC-Exos or an equal volume of PBS was injected into the tail vein of 8-week-old male mice twice per week for eight weeks. Microcomputed tomography (μ-CT) showed significantly lower trabecular bone volume, trabecular number, and trabecular thickness and higher trabecular separation in mice injected with BC-Exos than in their controls (Figures 6A, B).




Figure 6 | B cell exosomes (BC-Exos) inhibit bone formation in vivo. (A) Representative microcomputed tomography images in femora from BC-Exos mice and their controls (n = 7 per group). Scale bar: 100 μm. (B) Quantitative microcomputed tomography analysis of trabecular bone microarchitecture in femora of BC-Exos mice and their controls. BV/TV, trabecular bone volume per tissue volume; Tb. Th, trabecular thickness; Tb. Sp, trabecular separation; Tb. N, trabecular number (n = 7 per group). *p < 0.05.






Discussion

In this study, immune cells in the bone marrow microenvironment were investigated at single-cell resolution in different stages of fracture healing. There were fewer B cells in old fracture tissues than in fresh fracture tissues. In addition, the callus formation stage had the fewest B cells, in contrast to the callus healing stage with the most. These results suggest that B cells have an important role in fracture healing. The B cell exosomes were characterized. Furthermore, B cell exosomes inhibited osteoblast differentiation and promoted osteoclast formation in vitro, and when injected in mice, osteogenic activity decreased significantly. In conclusion, B cell exosomes could regulate osteoblast and osteoclast differentiation and this might be used as a nano-medicine to treat diseases such as fractures or osteoporosis.

B cells are involved in the pathogenesis of rheumatic diseases, including rheumatoid arthritis, Vasculitis (25), and multiple sclerosis (26, 27), which are related to anti-neutrophil cytoplasmic antibodies through B cell intrinsic, antibody-mediated (28), and T cell-dependent mechanisms (29). Furthermore, dysregulated B cell expression of RANKL and OPG correlates with loss of bone mineral density in HIV infection (30). However, the relations between B cells and fracture-related disease remain unclear. In this study, B cells were confirmed as regulators of fracture healing. In the early stage of callus formation, differentiation of osteoblasts and osteoclasts increased with a decrease in the number of B cells. During the callus healing stage, excessive osteoblast differentiation was inhibited with increasing numbers of B cells, which implied that that changes in the number of B cells in the bone marrow microenvironment might cause bone loss. Furthermore, Btk has been reported to regulate osteoclast differentiation by RANK and ITAM signals, which congenital defect can cause an arrest in B cell development and immunodeficiency (31).This indicated that it might lead to insufficient RANK signal which in turn leads to a decrease in the differentiation of osteoclasts or osteoblasts. In our study, we found that B cell exosomes could regulate osteoblast and osteoclast differentiation, which can be used as a nanomedicine to treat fractures or osteoporosis. Therefore, this work should stimulate future works to investigate the correlation between bone formation and B cell development, which could lead to potential new therapeutic targets.

Single-cell RNA sequencing has recently revolutionized study of the bone marrow microenvironment and its related diseases (32, 33). The heterogeneity of pathogenic T-helper 17 cells was determined by combining scRNA-seq and mouse experimental autoimmune encephalomyelitis models (34). In addition, scRNA-seq was used to analyze tumor-infiltrating T cells and revealed exhaustion programs in human metastatic melanoma (35). However, research that combines scRNA-seq with exosomes remains rare. In this study, MC3T3-E1 cells or BMMs were treated with BC-Exos based on scRNA-seq results. The BC-Exos inhibited osteoblast differentiation and promoted osteoclast formation in vitro, and thus, these results expanded the application of single-cell technology. Furthermore, the interactions between different cells in the bone marrow microenvironment were identified via cell phone bioinformatics analysis, which helped to understand the importance of those interactions. These results also provide a basis to increase understanding for the safe use of exosomes in the targeted delivery of biological nanomaterials.
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concentration of CRP and leukocytes. CO, control group; TJA, total joint arthroplasty; AlF, aseptic implant failure; PJI, periprosthetic joint infection; BMI, body mass index; CRP, C-reactive protein.
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sPD-L1
sPD-L2
sTIM-3
sLAG-3
sBTLA
sHVEM
IDO
sCD28
sCD80
sCD27
sGITR
sCD137

CO (pg/mi)

59.33 + 16.92
32.77 £ 16.32
15.31 + 6.60
9113.77 + 2417. 93
6534.31 + 7563.27
168.15 + 67.58
594.92 + 199.10
13.31 + 13.31
38.46 + 16.09
200.58 + 167.92
238.23 £ 66.18
5610.28 + 2444.59
59.08 + 24.95
1832.83 + 606.11

TJA (pg/ml)

22252 + 73.29
120.61 + 35.10
40.83 + 19.62
8808.78 + 1953.44
8435.04 + 931.20
208.61 + 49.94
2220.57 + 1125.36
140.00 + 458.79
171.04 + 83.37
1956.35 + 764.85
1661.00 + 450.41
10570.39 + 2774.63
55.61 + 21.63
11892.73 + 3469.32

AIF (pg/ml)

236.29 + 33.73
171.75 £ 28.99
92.38 + 21.37
165616.71 + 1977.11
10649.71 + 743.64
276.38 + 46.48
4053.50 + 818.41
541.00 + 2064.83
67517 +291.29
3300.63 + 663.01
1911.00 = 195.57
34988.13 + 8975.34
70.79 + 15.44
10649.00 + 3051.80

PJI (pg/ml)

450.03 = 58.53
253.74 = 59.44
289.92 = 116.94
15966.54 + 1948.67
11032.33 + 805.93
319.69 = 38.40
3716.62 + 674.90
896.97 + 437.64
1892.77 + 519.09
4547.46 = 717.21
1671.92 + 184.79
32088.36 + 5436.80
175.97 + 46.54
14389.70 + 8378.15

Concentrations (pg/ml) of 14 immunoregulatory markers in hip and knee joint aspirates in each of the four groups are expressed as mean + standard deviation. The highest values in each
row are indicated in bold and the lowest values in italic. CO, control group; TJA, total joint arthroplasty; AlF, aseptic implant failure; PJI, periprosthetic joint infection; s, soluble; CTLA-4,
cytotoxic T-lymphocyte-associated protein 4; PD-1, programmed cell death protein 1; PD-L1, programmed cell death 1 ligand 1; PD-L2, programmed cell death 1 ligand 2; TIM-3, T-cell
immunoglobulin and mucin-domain containing-3; LAG-3, lymphocyte-activation gene 3; BTLA, B- and T-lymphocyte attenuator; HVEM, herpesvirus entry mediator; IDO, indolamin-2,3-
dioxygenase; GITR, glucocorticoid-induced TNFR-related protein; CD, cluster of differentiation.
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Pro-inflammatory Cellular sources Role in bone biology
cytokines

IL-6 OBs, OCs, Stromal cells, OYs, DCs, ILCs RANK-L mediated OCs activation, OCs transmigration (43, 44)
Macrophages, etc.

TNF-a Osteoblast, T cells, B cells, macrophages, Increases RANK expression on the macrophage (45), increases RANKL production by the
monocytes, NK cells, efc. stromal cell (45), induces sclerostin in OYs (46), expand OCP pool (47), inhibiting differentiation,

proliferation, and activities of osteoblast (48-50), degradation of osterix (48), inhibits
differentiation of MSCs (50)

IFN-y T cells, NK cells, B cells, ILC1, Neutrophils, Fusion of OCs, T cell activation (51)
Monocytes, Macrophages, MSCs, etc.
IL-1B Osteoblast, T cells, B cells, Macrophages, etc.  OCs migration and activation (52-54) Plasminogen cathepsin-B and collagenase secretion (55),

Downregulation ALP (56)
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Cell type

Macrophage

Monocyte
Dendritic
cell
Neutrophils
Eosinophils
Mast cell

NK cell

ILCs

Physiological role

Inflammation,
phagocytosis, tissue repair

Inflammation

Inflammation, antigen
presentation
Inflammation,
phagocytosis
Inflammation, allergic
response

Allergic response,
inflammation

Cellular cytotoxicity,
ADCC, inflammation
Tissue homeostasis,
regulation of innate and
adaptive immunity

Role in bone biology

M1 macrophage promotes bone resorption via osteoclastogenesis (21, 28); M2 macrophage majorly promotes bone
formation by stimulating differentiation of precursor cells into mature OBs (29, 30). However, in the absence of estrogen M2
macrophages can get differentiated in OCs (31).

Osteal macrophages help in efficient bone mineralization (32).

Serves as a precursor to OCs, macrophages, and DCs (33).

Helps in the recruitment of immune cells to the bone remodeling sites by producing chemokines (34).

Can transdifferentiate to osteoclasts in the inflammatory milieu (35).

Promotes bone resorption by increased expression of mRANKL (36).

Found to be increased in number in vitamin D deficiency (37); Source of IL-31 and IL-31 found to be associated in
postmenopausal osteoporosis (38)
Triggers osteoclastogenesis by producing pro-inflammatory mediators such as, histamine, TNF-o. & IL-6 (39, 40).

Promotes osteoclastogenesis by producing RANKL & MCSF (26).

Coculture with monocyte in the presence of IL-15 also promotes osteoclast formation (26).

Different subtypes of ILCs produce various factors like RANKL, GMCSF, IL-17 which are involved in multiple bone disorders
(27, 41, 42).
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Bone Parameters Sham Ovx

LV5

BV/TV (%) 92.07 +2.84 60.87 +6.62*
Tb. Th (mm) 0.06 + 0.001 0.04 +0.001*
Tb. No (mm’™) 11.8 + 0.86 2.49 + 0.08"
Conn. Den (mm®) 183.05 + 43 89.66 + 6.1

Tb. Sp. (mm) 0.01 +0.00 0.27 + 0.003**
Tb. Pf (mm™) 18.4 +0.22 29.7 + 0.64*
Femur Trabecular

BV/TV (%) 60.93 + 3.21 8.24 +1.18™
Tb. Th (mm) 0.068 + 0.005 0.04+ 0.003*
Tb. No (mm™) 136+ 0.8 1.44 £ 0.18™
Conn. Den (mm®) 207 +29.6 58.4 + 6.02**
Tb. Sp. (mm) 0.07 +0.01 0.66 + 0.03"
Tb. Pf (mm™) 11.12+ 1.54 26.11 + 0.80™
Tibia Trabecular

BV/TV (%) 88.93 + 0.09 5.23 £ 0.15"™*
Tb. Th (mm) 0.07 + 0.001 0.05 + 0.0006**
Tb. No (mm™) 13.1+0.45 1.1+ 015
Conn. Den (mm™®) 60.24 + 3.88 2479 + 0.95™
Tb. Sp. (mm) 0.04 + 0.002 0.53 + 0.01"**
Tb. Pf (mm™") 16.14 +1.01 26.43 + 0.78"
Femur Cortical

Tt. Ar (mm?) 2.22 +0.05 15+ 019"
T. Pm (mm) 5.69 + 0.09 4.95 + 0.06"
Ct. Ar (mm?) 0.85 + 0.007 0.63 + 0.04*
B. Pm (mm) 10.33 £ 0.17 8.95 +0.15%
Ct. Th (mm) 0.17 = 0.001 0.12 £ 0.01*
Tibia Cortical

Tt. Ar (mm?) 1.46 +0.012 1.23 + 0.02"
T. Pm (mm) 7.4+0.79 5.7 +0.25
Ct. Ar (mm?) 0.70 £ 0.012 0.58 + 0.02*
B. Pm (mm) 104 £ 0.2 9.06 + 0.25*
Ct. Th (mm) 0.15 + 0.001 0.11 +£0.004**

BV/TV, Bone volume/tissue volume ratio; Tb. Th, trabecular thickness; Tb. No., trabecular
number; Conn. Den, connectivity density; Tb. Sep., trabecular separation; Tb. Pf.,
trabecularpattern factor; Tt. Ar., total cross-sectional area; T. Pm, total cross-sectional
perimeter; Ct. Ar, cortical bone area; B. Pm, bone perimeter; Ct. Th, average cortical
thickness. The results were evaluated by ANOVA with subsequent comparisons by
Student t-test for paired or nonpaired data. Values are reported as mean + SEM.
Similar results were obtained in two different independent experiments with n=6.
Statistical significance was considered as p<0.05 (*p < 0.05, *'p < 0.01, *p < 0.001)
with respect to indicated Sham group.

Histomorphometric indices of LV-5 trabecular, femur trabecular, tibia trabecular, femur
cortical, and tibia cortical of the sham and ovx mice groups.
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Reference Species Macrophage Sub- Clusters Associated Associated Location in Additional
subset populations | identified disease or surface marker or Synovium information
clinical state gene expression
(52) Human SC-M1: - - 1 leukocyte-rich Mass cytometry: Not specified -
IL-137°, NR4A2P® RA CD11C+ CD38+
HBEGF™® RNA-seq: CD14+
PLAURP® |CD11C+++ CD38+++
| RGS2°® ATF3™®
SC-M2: - - | leukocyte-rich Mass cytometry: Not specified Possibly equivalent
MerTKPo® RA CD11C- to mouse resident
HTRA1{Po® 10A RNA-seq: CD14+ macrophage
CD11C+ CD38- populations.
SC-M3: - - Marginally 1 OA - Not specified Possibly equivalent to
CD14P% C1QA™*® mouse resident
MARCOP*® macrophage
populations.
SC-M4: - - 1 leukocyte-rich Mass cytometry: Not specified
LYBEP®® IFITM3P® RA CD11C+ CD38+
IFIGs SPP1Pos
(53) Human MerTKP® TREM2P°® | TREM2P°® | 1 Healthy donors - MerTKP®® TREM2°®® cells Gene expression
CD206° FOLR2P°® | TimD4P® 1 RA remission form a neat lining layer in suggests a role for
ch163Ma" | Active RA healthy and RA remission | microbe, apoptotic cell
|Treatment naive synovium. The cells are and oxysterol
dispersed in active RA. clearance as well as
TREM2"" macrophages restraining
are homologs of mouse inflammation.
TREM2P® CX3CR1°%° TREM2" cells
lining layer cells. express tight junctional
protein genes
suggesting barrier
functions.
TREM2°% 1 Healthy -
1 RA remission
1 UPA
1 Active RA
FOLR2"" D2°** | Similar proportions - Not specified Possible eqivalent to
TREM2™9 in healthy and RA mouse M-CSF-driven
tissues. in situ precursors of
resident
macrophages.
LYVE{Pes 1 Healthy - Localised to lining layer | Express genes related
1 RA remission in healthy and remission | to collagen tumover,
1 Active RA RA. Localised round antiprotease enzymes,
| Treatment naive sublining layer blood coagulation factors and
vessels in active RA. regulators of VEGF.
ICAM1P°® | Similar proportions - Not specified High expression of
in healthy and RA proinflammatory
tissues. Gytokine genes e.g.,
TNF.
iMerTK"ag CD206™9|  HLAM" ISG15°°° 1 Active RA - Not specified -
CD48P* - " . . S
CLEC10AP® | Similar proportions - Exclusively located in Enriched in antigen-
in healthy and RA the sublining layer, presentation pathway
tissues identified by located adjacent to genes, DC markers
SCRNA-seq, but TREM2P°® macrophages and transcription
flow cytometry in all samples. factors suggesting this
suggests increases is a tissue-resident
in active RA. antigen presenting
population. Has high
HBEGF expression,
shown to promote
fibroblast invasiveness.
CD48Pos S100A12°% 1 Active RA - Located in Abundance of
1 Treatment naive sublining layer alarmins acting as
chemoattractants
for neutrophils and
monocyte/fibroblast
production of TNF
and IL-6.
SPpP{Pes 1 Active RA - Located in Osteopontin is highly
1 Treatment naive sublining layer expressed in this
LRA remission cluster and has
proinflammatory and
bone reabsorbing
properties.
(51) Mouse CD45+ CD11b+ - - Spatial location SC-RNA-seq: Membrane-forming Express tight junctional
Ly6G+ and morphology TREM2P°® lining macrophages proteins eg., ZO-1,
CX3CR1P* alter upon VSIG4Ps located between claudin-5 and JAM-1.
lining macrophages inflammatory Sparc®®® synovial capillary
arthritis onset network and
| intra-articular space.

CD45+ CD11b+ MHCIPo® - - SC-RNA-seq: Located within Prolferate to contribute
Ly6G+ H2-EB1P°® synovial interstitium to the pool of
CX3CR1"9 H2-AB1P*® CX3CR1P*® lining
interstitial macrophages.

macrophages RELM-0°* - - SC-RNA-seq: Proliferation is
MRC1P*° CD163* "
CCL8™* COLT™ efencd dung
arthritis onset.
AQP1PO - - SC-RNA-seq:

FXYD2® LYVE1P*®






OPS/images/fimmu.2021.687551/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.687551/fimmu-12-687551-g001.jpg





OPS/images/fimmu.2021.665208/table1.jpg
Parameters NTGN=8

Weight (g) 349 + 101
Serum glucose (mmol/L) 14.7 +2.25
Triglycerides (mmol/L) 1.93 +0.87
Cholesterol (mmol/L) 2.99 + 0.98
LDL (mmol/L) 0.37 +0.09
HDL (mmol/L) 1.75 +0.36

B27N=6

248 +50.0
11.8+1.67
1.00 + 0.46
1.65+0.29
0.28 +0.11
1.04 +0.25

p-value

0.046
0.031
0.036
0.007
0.032
0.002

NTG, non-transgenic rat; B27, HLA-B27 transgenic rat; LDL, low-density lipoprotein;
HDL, high-density lipoprotein. Data are represented as mean + SD.
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Parameters NTGN=8 B27N=5 p-value
Hematocrit (%) 47.6 + 4.37 41.4 = 3.50 0.025
Hemoglobin (g/dl) 14.8 + 2.68 14.2 +2.87 0.787
MCV (fl) 53.4 + 1.98 50.4 + 2.07 0.029
MCH (pg) 16.6 + 2.00 16.4 + 0.55 0.813
MCHC (g/dl) 31.4 +3.82 32.4+1.34 0.567
Erythrocytes (10° #/mm?d) 88.9 +6.99 81.3+9.08 0.117
Leucocytes (10° #/mm?) 4,22 + 2,50 11.6 = 1.35 <0.001
Neutrophils (103 #/mm3) 1.60 +1.30 20.6 +15.4 0.053
Eosinophils (#/mms3) 26.5 = 27.1 115 £ 13.7 <0.001
Basophils (#/mmg) 225+ 485 24.6 +55.0 0.944
Lymphocytes (102 #/mm3) 2.36 £ 1.26 3.52 + 0.96 0.109
Monocytes (#/mm3) 59.3 + 56.3 425 + 241 0.002
Platelets (10° #/mm?) 7.10 £ 1.31 9.60 = 1.06 0.006

NTG, non-transgenic rat; B27, HLA-B27 transgenic rat; MCV, mean corpuscular volume;
MCH, mean corpuscular hemoglobin; MCHC,: mean corpuscular hemoglobin content.

Data are represented as mean + SD.
Bold values mean they are statistically significant.
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Antibody Clone Fluorochrome Company

Monocyte analysis panel

Anti-mouse/human CD11b M1/70 PerCP-Cy5.5 BioLegend, San Diego, CA, USA
Anti-mouse CD115 AFS98 PE BioLegend, San Diego, CA, USA
Anti-mouse Ly6C HK1.4 FITC BioLegend, San Diego, CA, USA
Anti-mouse CD62L MEL-14 APC BioLegend, San Diego, CA, USA
Anti-mouse Ly6G 1A8 PE-Cy7 BioLegend, San Diego, CA, USA
Macrophage analysis panel

Anti-mouse F4/80 B™M8 FITC BioLegend, San Diego, CA, USA
Anti-mouse/human CD11b M1/70 PerCP-Cy5.5 BioLegend, San Diego, CA, USA
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Antibody

CD19
CD138
CD3
CD4
CD8a

Clone

6D5
281-2
17A2
RPA-T4
53-6.7

Fluorochrome

APC-Cy7
APC
FITC
V450
PE-Cy7

Company

BioLegend, San Diego, CA, USA

BD Biosciences, San Jose, CA, USA
Thermo Fisher Scientific, Waltham, MA, USA
BD Biosciences, San Jose, CA, USA

BD Biosciences, San Jose, CA, USA
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