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Abstract

:

Bone homeostasis, based on a tight balance between bone formation and bone degradation, is affected by infection. On one hand, some invading pathogens are capable of directly colonizing the bone, leading to its destruction. On the other hand, immune mediators produced in response to infection may dysregulate the deposition of mineral matrix by osteoblasts and/or the resorption of bone by osteoclasts. Therefore, bone loss pathologies may develop in response to infection, and their detection and treatment are challenging. Possible biomarkers of impaired bone metabolism during chronic infection need to be identified to improve the diagnosis and management of infection-associated osteopenia. Further understanding of the impact of infections on bone metabolism is imperative for the early detection, prevention, and/or reversion of bone loss. Here, we review the mechanisms responsible for bone loss as a direct and/or indirect consequence of infection.
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1. Introduction


Invading pathogens such as bacteria, viruses, and parasites are capable of colonizing several tissues within the human body, namely the bone, eliciting an immune response in the majority of immune competent individuals. Indeed, there is some evidence that viruses such as hepatitis B and C viruses and human immunodeficiency virus disrupt bone metabolism causing bone loss [1,2,3,4,5,6]. On the other hand, bacteria such as Borrelia burgdorferi, Mycobacterium tuberculosis, and Staphylococcus aureus are causative agents of osteomyelitis and subsequently lead to bone destruction [7,8,9]. While some pathogens may colonize the bone cells triggering bone degradation, the production of pro-inflammatory mediators such as cytokines and growth factors may also be responsible for the dysregulation of bone homeostasis, namely in situations such as sepsis [10]. Hence, bone loss in response to infection may occur either directly due to the colonization of bone by microorganisms or indirectly due to immunopathology. Here, we address the cellular and molecular mechanisms responsible for reduced bone mass during infection.



Bone immunopathology is related to the production of immune mediators that are sensed by bone cells, altering their physiology. Along these lines, it is conceivable that the aggressions to bone homeostasis induced by infection have either to reach a high magnitude or to be kept constant throughout a long period of time so as to induce a detectable phenotype or clinical manifestation. These characteristics are more similar with the alterations observed during chronic inflammatory diseases. Chronic inflammatory diseases enclose a wide range of disorders in the immune system caused by the uncontrolled immune response to the self (autoimmunity); a persistent or difficult to eradicate pathogen; or even by a mix of the former situations. While some of the mechanisms involved in autoimmunity and bone pathologies have been well studied/characterized in pathologies such as rheumatoid arthritis [11], the mechanisms responsible for bone pathology induced by chronic bacterial infection have not been analyzed. Yet, there is a substantial overlap between the immune mediators produced during autoimmunity and chronic infection. In the present review, we also focus on the role of immune mediators produced in response to bacterial infection that may impact the physiology of bone-related cellular components. Therefore, we aim to identify the known direct and indirect cellular and molecular pathways involved in the interactions between microorganisms and bone cells. This will be interesting for basic sciences researchers who study several aspects of infection and immunopathology as their in vivo infection models could also be used to highlight other alterations in bone metabolism during infection. The clinical management of bone infections such as antibiotics regimens and/or surgical debridement of the infected bones and prothesis implantations are out of the scope of the present review. Nevertheless, before addressing the impact of infection in bone metabolism, it is key to understand the pathways of bone formation and degradation as well as the mechanisms regulating these pathways, which are covered in the second section of the present manuscript. Then, the mechanisms responsible for bone loss during infection are discussed in Section 3 and Section 4.




2. Bone Structure and Metabolism


The bone is a type of specialized, strong, and rigid connective tissue and is a major component of the musculoskeletal system. These characteristics allow the terrestrial locomotion by providing support and protection to the body. Yet, it is a very dynamic tissue, being highly vascularized and populated with high numbers of cells compared to other tissues in the body. Together, these features enable its adaptation to changing mechanical loads and its regeneration following injury.



Anatomically, the bone is usually described at the macroscopic and the microscopic levels. Macroscopically, most of the long bones of mammals are divided into compact and trabecular bones (Figure 1a). The former is dense, while the latter is spongy and honeycombed by large bone marrow cavities, where the hematopoietic and fat tissues are stored. The boundary between the hematopoietic tissues within the bone cavities and the bone itself is denominated endosteum (Figure 1b), which contains bone forming cells and their progenitors and is important for calcium homeostasis. On the other hand, lining the external bone surface (except in articular surfaces and regions of attachments of tendons and ligaments) is the periosteum (Figure 1b). This zone is rich in collagen fibers and important for appositional growth during fetal development and for fracture healing during adult life. While the endosteum lines both the trabecular and compact bones, the periosteum only exists in the outer surface of compact bone. Besides their different aspects, compact and trabecular bones have different functions and localizations: the compact bone is present mostly in the diaphysis, providing thickness and strength in bending, whereas in the epiphysis, abundant trabecular bones provide strength in compression (Figure 1a). Furthermore, the two types of bone play distinct roles during growth: compact bone is responsible for appositional growth and trabecular bone for the longitudinal growth [12].



Zooming in on the microstructure of the bone, this specialized connective tissue is composed by specialized cells meshed within an extracellular matrix rich in water, type I collagen, and hydroxyapatite. The cellular components of the bone may be grouped into two interconnected arms: the cells responsible for bone deposition—the osteoblasts—and the cells capable of degrading the mineral matrix—the osteoclasts (Figure 1b) [12]. Besides the two main cell types, a special subtype of macrophages expressing CD169, the osteomacs, reside nearby the bone surfaces, supporting osteoblast maturation and function under homeostatic or regenerative conditions [13,14,15,16,17,18].



An adequately balanced bone mass is maintained by a tight regulation and crosstalk between the cells forming and degrading the bone. Therefore, any alteration in the physiology of one cell type, besides altering their own physiology, will dysregulate the action of the other type. In this section, we discuss the main types of bone cells and their cross-regulation.



2.1. Bone Forming Cells: Osteoblasts and Their Progenitors


Osteoblasts are bone-forming cells layering the surfaces of growing or remodeling bone, in close contact with other bone cells (Figure 1b). These cells are derived from mesenchymal stem cells (MSC) residing in bone marrow and other connective tissues, and their main function is to synthetize, secrete, and deposit the extracellular matrix of the bone. MSC have the multipotency to generate osteoblasts (bone forming cells), adipocytes (fat cells), and chondrocytes (cartilage cells), meanwhile guiding the maintenance and differentiation of hematopoietic stem and progenitor cells [19,20,21,22]. The commitment of MSC to the osteoblastic lineage is thought to be a stepwise process generating progenitors with an increasing degree of lineage commitment and less potency to generate the other lineages [23,24]. These alterations in potency are translated into the differential expression of transcription factors and gene networks as well as the expression of surface markers [25,26,27], namely the upregulation of the transcription factors Runx2 and Osterix. These transcription factors control the expression of bone-matrix-related genes such as collagen type I alpha 1, sialoprotein, osteopontin, and fibronectin [28]. Additionally, the crosstalk between MSC-derived mature cells seems to regulate the MSC differentiation and lineage choice, in order to maintain an adequate balance of bone and fat mass [29]. Of note, recent evidence from in vitro studies suggests that the level of inflammation in the bone marrow environment may also influence the differentiation potential of MSC [30], which could affect the ability of these cells to regenerate bone.



Osteoblasts produce collagens fibers, osteocalcin and osteonectin, which are important players in bone formation. Osteocalcin binds hydroxyapatite and calcium, being fundamental for bone mineralization and a marker for new bone formation. Osteonectin also binds to hydroxyapatite but also to collagen fibers. Osteoblasts also express the ligand for the receptor activator of nuclear factor kappa-B (RANKL), which binds to the receptor activator of nuclear factor kappa-B (RANK) expressed on the surface of osteoclasts and their progenitors or to osteoprotegerin (OPG), a decoy receptor (see below) (Figure 2). In order to produce new bone, osteoblasts secrete osteocalcin and release alkaline phosphatase and pyrophosphatase, overall increasing the local concentration of calcium and phosphate in the newly forming osteoid, initiating the formation of mineral crystals. Once the newly forming osteoid becomes mineralized, osteoblasts become entrapped within the bone matrix, becoming osteocytes. Osteocytes are mature bone cells and lack the capacity to deposit new bone matrix but have several cellular projections that contact with the other bone cells, regulating their physiology (Figure 1b).




2.2. Bone Degrading Cells: Osteoclasts


The destruction of bone is accomplished by osteoclasts that are large, multinucleated cells with hematopoietic origin. The classical pathway of osteoclast development in adult bone marrow consist in the differentiation of hematopoietic stem cells (HSC) into myeloid restricted progenitors, the common myeloid progenitors (CMP) that in turn originate monocytes and macrophages. The latter, when stimulated with macrophage-colony stimulating factor (M-CSF) and RANKL form osteoclast progenitors (OCP), which upon further stimulation with RANKL and the occurrence of fusion events originate osteoclasts. Osteoclasts are characterized by the expression of tartrate-resistant acid phosphatase (TRAP), cathepsin K, calcitonin receptor, and αvβ3-integrin [28]. A recent report has challenged this view by demonstrating the embryonical origin of osteoclasts from erythro-myeloid progenitors and the postnatal maintenance of these long-lived cells by the iterative fusion of circulating monocytes with pre-existing osteoclasts [31].



In order to dissolve the mineral matrix, osteoclasts contain several mitochondria and acid phosphatases-rich lysosomes. The latter are transported along a vast microtubule array to the ruffle border of the cell that faces the resorption bay, followed by the secretion of protons by v-ATPases that locally acidifies the environment, causing the resorption of bone minerals such as calcium carbonates and calcium phosphates [32]. This process is coupled with the secretion of cathepsin K and collagenase leading to the dissolution of the organic component of the bone [12].




2.3. Crosstalk between Bone Formation and Degradation


Osteoclasts and osteoblasts have opposing functions: the first degrade the bone and the latter form new bone. Nevertheless, both cell types work together in a concerted manner. A delicate and highly regulated interplay between the functions of these two cell types is required in order to maintain a balanced bone mass, thus, preventing the development of osteoporosis (bone mass deficit) or osteopetrosis (excess of bone mass). The crosstalk between bone formation and degradation is summarized in Figure 2.



Under homeostatic conditions, osteoblasts secrete M-CSF, which binds to its receptor on the surface of myeloid cells and osteoclast progenitors. M-CSF promotes the proliferation and survival of osteoclast progenitors [33]. Simultaneously, osteoblasts secrete RANKL that may either bind to the RANK receptor at the surface of osteoclast progenitors or be sequestered by the decoy receptor OPG. Osteoblasts also secrete OPG, whose binding to RANKL, sequesters the latter, inhibiting osteoclastogenesis [34,35]. Together M-CSF and RANKL promote the survival and differentiation of osteoclast progenitors and consequently bone resorption [36]. Therefore, both the enhancement and the inhibition of the differentiation of osteoclasts and their progenitors are controlled by osteoblasts [37].



Not only osteoblasts control osteoclastogenesis. The terminally differentiated bone cells, the osteocytes, are also involved in the crosstalk between bone forming and bone degrading cells by sensing the mechanical load and secreting factors like prostaglandins, ATP, RANKL and Wnt1 proteins that modulate osteoblastogenesis and osteoclastogenesis. The Wnt pathway is fundamental for bone density by acting on osteoblasts and osteocytes [38,39]. Overall, the tight regulation between the different cell types allows bone remodeling.



The process of bone remodeling is fundamental for the healing and response to stress alterations in the bone mass [40]. Besides the soluble mediators discussed before, it is controlled by cell-cell and cell-extracellular matrix interactions [41,42].



The bone is responsible for the storage of calcium and phosphates that are fundamental for several biological processes. Dysregulation in bone homeostasis will affect the metabolism of these minerals and, thus, it is not surprising that bone homeostasis is also regulated by hormones such as the parathyroid hormone (PTH), calcitonin, and mediators such as vitamin D that control the balance of calcium and phosphate in the body.



PTH is secreted in response to systemic hypocalcemia (reduced circulating calcium levels) and according to the mode of secretion may differentially affect bone homeostasis. Persistent PTH secretion drives osteolysis followed by bone resorption. On the other hand, intermittent secretion of PTH initially leads to osteolysis and increased activity of osteoclasts, which in turn will stimulate osteoblast proliferation leading to new bone formation [43,44].



Vitamin D may also directly influence bone metabolism as bone-related cells, namely osteoblasts and their progenitors, express the vitamin D receptor. Indeed, MSC differentiate towards the osteoblast lineage upon stimulation with vitamin D. Furthermore, the synthesis and secretion of osteocalcin, osteopontin, and RANKL by osteoblasts are also regulated by the aforementioned vitamin [43].



Finally, calcitonin, a hormone secreted under hypercalcemia, transiently opposes the actions of PTH in osteoclasts and directly inhibits osteoclast function, thus promoting bone formation. The direct effect of calcitonin on osteoclasts is mediated by the signaling through the calcitonin receptor on the cell surface, which blocks the formation of membrane invaginations and active proton secretion, leading the cell into a quiescent state. Furthermore, calcitonin also arrests osteoclast differentiation at immature stages [43].



Amongst the hormones controlling bone homeostasis are estrogens. Estrogens induce the expression of the Fas ligand (FasL) in osteoclasts and concomitantly apoptosis, thus, decreasing osteoclasts numbers and activity. Thus, deficiency in estrogen either by genetic manipulation of laboratory animal models or in post-menopausal or ovariectomized women correlates with decreased bone mass [45,46]. On the other hand, endogenous glucocorticoids increase the production of RANKL and decrease that of OPG. In this way, they increase the levels of RANKL available for osteoclasts, thus promoting bone resorption [47].



Several other factors control bone metabolism. On the bone formation promoting side, fibroblast growth factors (FGF) 2 and 18 promote MSC differentiation into osteoblasts [48]. Bone morphogenetic proteins (BMP) are released by osteoclasts and act on osteoblasts and chondrocytes as bone deposition promotors [49].





3. Bacterial Osteomyelitis


Osteomyelitis is a difficult to treat bone infection in which an invading microorganism colonizes one or several regions of the bone (marrow, cortex, periosteum). This colonization causes a local inflammatory response that leads to the progressive destruction of the bone (Figure 3) [50,51]. Usually, these infections occur following bone trauma or when a high pathogen burden or foreign bodies are present in the body [52,53]. The microorganisms reach the bone through different routes: (1) hematogenous spread usually to the vertebrae in adults or long bones in children; (2) dissemination from a contiguous site after surgery or bone trauma, commonly to the sternum; (3) secondary infection, due to concomitant vascular insufficiency or neuropathy, namely foot infections in diabetic patients.



Several classifications can be applied to osteomyelitis. One of them uses the anatomical site of infection, dividing the infection into vertebral osteomyelitis, long bones osteomyelitis, sternal osteomyelitis, foot osteomyelitis, and periprosthetic joint infection. These different types of osteomyelitis differ in the routes of dissemination used by the pathogen to colonize the bone, the age of the patients, and their associated co-morbidities. For instance, foot osteomyelitis is common in diabetic individuals. Vertebral osteomyelitis, due to surgical interventions, is increasingly important, as the number of these infections acquired in the hospital setting is increasing. The hematogenous seeding of long bones in children when ineffectively treated may progress to chronic osteomyelitis, which can recur after an interval of more than 70 years without symptoms [54].



The duration of the infection is also used to classify osteomyelitis: acute osteomyelitis refers to an infection occurring for several days to weeks, whereas an infection progressing for months to years is categorized as chronic osteomyelitis. The latter usually is associated with the persistence of microorganisms and low-grade inflammation, leading to portions of dead bone (sequestrum) and fistulous tracts. On the other hand, acute osteomyelitis is associated with suppurative inflammation, leading to tissue necrosis with the concomitant damage of bone trabeculae and the bone matrix. Counterbalancing the bone loss occurring in the infected areas, periosteal apposition and new bone formation occur [51].



Although each type of bone infection is established differently, the most frequent causative agent is Staphylococcus aureus [9]. Coagulase-negative staphylococci, Gram negative bacilli, mycobacteria, and streptococci are other pathogens involved in osteomyelitis [51].



For a pathogen to colonize the bone, it has to be able to adhere, penetrate, and survive within bone cells. Staphylococci have been shown to use receptors to bind the host fibronectin and integrins, which are expressed either on the bone matrix or by bone forming cells [55,56]. S. aureus has been shown to colonize and persist not only on osteoblasts [57,58] but also in their progenitors, including MSC, and in their downstream mature cell, the osteocytes [59,60,61,62].



The persistence of the bacteria inside bone-forming lineage cells leads to their cell death [63,64], which is caused by virulence factors such as alpha-type phenol/soluble modulins (PSMs) [56,65]. In order to persist within the hypoxic bone microenvironment [66], the adaptation of S. aureus is regulated by the staphylococcal respiratory response (SrrAB) that coordinates the bacterial survival under hypoxia and also virulence and cytotoxicity towards host cells [67]. However, the chronic persistence of S. aureus in the bone is regulated by the staphylococcal global stress regulator SigB, which controls the amount of virulence factors produced in order to escape the immune surveillance, avoiding the formation of abscesses that conduct to the pathogen elimination [68,69]. However, osteoblasts are not inert niches for the invading bacteria, as in vitro studies have pointed to the recognition of unmethylated CpG-DNA through toll like receptor (TLR) 9 and subsequent reactive oxygen species (ROS) production, leading to the killing of intracellular bacteria by oxidative stress [70]. Oxidative stress has a dual role on bone metabolism during infections. On one hand, the production of ROS such as O2−, H2O2 by NADPH oxidase and myeloperoxidase may directly kill the invading pathogen or facilitate the pathogen elimination by other mechanisms [71]. On the other hand, the production of ROS has deleterious effects on bone integrity, causing osteolysis by increasing osteoclast function and decreasing osteoblast differentiation [72]. The production of ROS such as NO and O2− upon RANKL stimulation is important for the normal osteoclast differentiation. Moreover, pro-inflammatory cytokines such as Tumor Necrosis Factor alpha (TNFα) and interleukin 1 beta (IL1 β) enhance ROS production in osteoclast progenitors [73,74], which may also explain the increased osteoclastogenesis observed during inflammatory conditions. In osteoblasts, while basal levels of ROS are required for osteointegration, increased ROS production causes osteoblast apoptosis and decreased bone mass [72]. Therefore, the recognition of S. aureus by osteoblasts and subsequent ROS production may contribute to the immunopathology observed during osteomyelitis and, thus, is partly responsible for the observed osteopenia.



Besides colonizing and persisting in bone forming cells, staphylococci also interact with bone-degrading cells by invading them, which can have three possible outcomes: (1) intracellular bacterial proliferation [75], (2) osteoclast death [65], or (3) enhanced bone resorption [76]. The latter effect may also be potentiated by S. aureus protein A [77] and requires an intact host IL1R signaling pathway [78].



Bacterial osteomyelitis leads to bone loss not only through increased bone erosion but also by hampering bone formation. The decreased bone mass observed during osteomyelitis caused by Borrelia burgdoferi, the pathogen responsible for Lyme Disease, is due to a reduction in the number of osteoblasts in the trabecular bone without increased numbers of osteoclasts or bone degradation [7,79].



For other pathogens, the mechanisms leading to bone loss are not well stablished. Other well-known but rare causative agents of osteomyelitis are both tuberculous and non-tuberculous mycobacteria [8]. Vertebral osteomyelitis is a component of Pott’s disease, an extrapulmonary manifestation of Tuberculosis that often causes bone loss and neurological deficits [80,81]. Regarding non-tuberculous mycobacterial infection, Mycobacterium avium is described as the most frequent etiologic cause of vertebral osteomyelitis [82]. Tuberculous mycobacteria usually reach the bone through the hematogenous route, whereas non-tuberculous mycobacterial species have been described to colonize the bone either by hematogenous dissemination or by local and lymphatic spread from primary infectious sites [8]. The cellular hosts for mycobacteria within the bone environment are poorly described.



Overall, bone loss during osteomyelitis seems to be caused by the interaction of the invading pathogen with the bone cells, and the modulation of the host immune response, allowing the replication and persistence of the bacteria within an avascular environment, where antibiotics are not capable of penetrating.




4. Indirect Effects of Infection on Bone Metabolism


Microorganisms may disrupt bone homeostasis either directly, by infecting bone cells (described above) and/or indirectly through mediators produced by the pathogen and/or by the host. Interestingly, infection is not an absolute requirement for microorganisms to indirectly modulate the bone homeostasis. Commensals in the gut have been shown to induce bone loss by interacting with the immune cells, causing the release of osteoclastogenic cytokines [83]. Additionally, products of the pathogen metabolism may persist within the medullary cavity and elicit an inflammatory response that could disrupt bone homeostasis. For instance, hemozin, a byproduct of hemoglobin metabolism by Plasmadium causes a chronic inflammatory response that is sensed by osteoblasts, resulting in the increased secretion of RANKL and, hence, increased osteoclastogenesis and concomitant bone resorption [84].



The indirect mechanisms of bone metabolism disruption consist mostly of the pathogen’s interaction with the host immune system. However, immune-independent mechanisms also occur, namely, the alteration of vitamin D levels during infection. The impact of the disrupted immune homeostasis on bone metabolism has been well-documented in auto-immune disorders, namely, systemic osteoporosis, psoriatic arthritis, rheumatoid arthritis, and spondyloarthritis [85,86,87].



Usually, these pathologies are accompanied by an exacerbated production of immune modulators that activate osteoclasts, promoting bone resorption [11]. Along these lines, infection also involves the recognition of the invading pathogen and subsequent activation of the innate and adaptative immune system with the production of several inflammatory mediators such as cytokines and growth factors, which, in turn, might activate bone resorption and/or impair bone formation. Indeed, the levels of inflammatory mediators in the host are associated with the degree of bone loss [87]. As the production of immune mediators needs to be sustained in order to have significant effects on bone metabolism, it is expected that the sustained production of inflammatory cytokines during chronic infections might have a higher impact in the bone tissue. Bearing this in mind, the following section will cover potential modulators of bone metabolism during infection.



4.1. Immune Modulators


The immune response mounted to an ongoing infection may be divided into two components: the proinflammatory cytokines such as TNFα and IL1β; and anti-inflammatory cytokines such as IL11 [87,88,89]. These immune modulators are capable of altering bone homeostasis by acting on bone cells. Here, we will summarize the effects of these mediators in bone metabolism.



4.1.1. TNFα


The pro-inflammatory cytokine TNFα is produced mostly by activated T cells and macrophages upon the recognition of the invading pathogen during an ongoing infection. This cytokine leads to an increase in the number of osteoclast precursors within the bone marrow and promotes their proliferation and differentiation, thus, contributing to an increased osteoclast activity [90].



On other hand, the effects of TNFα in osteoblastogenesis are dual, as it can induce or suppress osteoblast formation, depending on the stage of differentiation of the TNFα-sensing cell. At the earliest stages, MSC respond to TNFα with the differentiation towards the osteoblast lineage [91]. When the cytokine is sensed by cells at later differentiation stages, it has an anti-osteoblastogenic effect, inhibiting the osteoblast-specific transcription factor Runx2, thus impairing further differentiation into mature bone forming cells [92].




4.1.2. IL1β


Another proinflammatory cytokine produced in response to an ongoing infection is IL1β. Besides its crucial effects in the immune response, it may also have a role in immunopathology with dual consequences in the bone homeostasis. IL1β signaling induces the upregulation of RANKL expression in osteoblasts, stimulating osteoclastogenesis and bone resorption. Simultaneously, the cytokine also causes increased expression of Wnt antagonists, thus hampering osteoblastogenesis [93,94,95].




4.1.3. IFNγ


Similarly to IL1β, IFNγ is also an important mediator of the immune response to infection but when chronically elevated may have important immunopathological consequences. For instance, IFNγ disturbs hematopoiesis, resulting in the formation of short-lived hematopoietic cells, such as erythrocytes [96,97]. Therefore, an immunopathologic consequence of elevated levels of IFNγ is related with osteoclastogenesis. It has been described as directly anti-osteoclastogenic and indirectly pro-osteoclastogenic [98,99]. In case of infection and inflammation, IFNγ acts as a pro-osteoclastogenic agent leading to an increased bone resorption [100].




4.1.4. IL6 and Related Cytokines


IL6 has also several effects on the body, controlling several processes in the response to infection. In bone metabolism, IL6 strengthens the effects of TNFα and IL1β, through RANKL-mediated signaling pathways, supporting the fusion of osteoclast precursors [101]. Another effect of IL6 is the increased release of endogenous glucocorticoids by the suprarenal glands upon activation of the hypothalamic-pituitary-adrenal axis [87]. Glucocorticoids may then induce bone loss by promoting osteoclastogenesis, via upregulation of RANKL and suppression of OPG production, thus enhancing bone resorption [102,103]. Simultaneously, glucocorticoids inhibit osteoblastogenesis by suppressing the Wnt signaling pathway, thus decreasing bone formation [104]. Furthermore, in vitro stimulation of bone-marrow-derived MSC with TNFα and IFNγ up-regulated the production of IL6 [30], suggesting that a local positive feedback mechanism could enhance osteoclastogenesis and subsequent osteolysis at the expense of new bone formation. Indeed, IL6 signaling in osteoblasts inhibits the formation of 5-alpha dihydrotestosterone (DHT), which is an anabolic hormone important for the formation of new bone tissue. Of note, the inhibition of bone formation by IL6 was reverted by doxycycline [105]. The importance of targeting IL6 levels and/or its signaling as a therapeutic approach gains further importance when considering the evidence that this cytokine induces the osteoblast transition of vascular smooth muscle cells with the calcification of vessels and increased cardiovascular and renal risk [106]. The differential role of IL6 on osteoblast formation and/or differentiation seems to depend on the type of cell receiving the signal, which needs to be further explored.



IL6 belongs to a large family of cytokines that includes IL11. The latter regulates positively and in a direct manner the differentiation of osteoblast from mesenchymal progenitors. IL11 has been demonstrated to activate Wnt signalling, inducing the differentiation of osteoblast progenitors into osteoblasts [107].





4.2. Indirect Modulation of Immune Response


4.2.1. Vitamin D


As mentioned before, vitamin D is a major player in calcium metabolism and consequently in bone mineralization. Another increasingly recognized role of vitamin D is the regulation of both innate and adaptative immunity [108]. Even though vitamin D itself has an impact on bone homeostasis, here, we will focus on the role of vitamin D during infection as an immune modulator and its consequences for bone homeostasis. Vitamin D is hydroxylated in the body, by the enzyme CYP27B1, forming its active form, calcitriol [109]. CYP27B1 expression has been shown to be upregulated during infection by Mycobacterium tuberculosis, the causative agent of tuberculosis, leading to the increased synthesis of calcitriol [108,110]. Calcitriol also promotes the production of the anti-inflammatory cytokines IL4, IL5, and IL10, while decreasing the production of pro-inflammatory cytokines such as IFNγ, IL6, TNFα [111,112]. Moreover, vitamin D is capable of hampering IL1β, thus contributing to tissue preservation, due to the reduction in the immunopathology induced by IL1β [113]. In bone cells, CYP27B1 expression is not regulated by PTH signaling, but by high calcium concentrations. In this way, increased synthesis of vitamin D in the bone enhances bone matrix mineralization [114]. Furthermore, there is evidence that increased circulating levels of vitamin D amplifies the pro-osteoblastogenic effects of insulin growth factor-1 (IGF1) in MSC, promoting osteoblast differentiation [115]. On the other side, vitamin D impairs osteoclast differentiation by decreasing the number of its precursors in bone marrow [116].




4.2.2. PTH


PTH is an important regulator of bone homeostasis, by increasing osteoblast-mediated bone formation. Consequently, its use to revert the decreased osteoblast number and activity during sepsis may be a potential therapeutic intervention to bone loss. Sepsis is a life-threatening condition in which the immune response to an ongoing infection causes a pro-inflammatory storm that is followed by immune suppression. Recently, using a murine model of sepsis, it was found that the osteoblast number and activity were suppressed during sepsis but the administration of PTH rescued bone development [10].




4.2.3. Growth and Differentiation Factors


Transforming growth factor-beta (TGF-β) and bone morphogenetic protein-2 (BMP-2) are important for bone formation during homeostasis [117]. However, their effect in bone metabolism is overcome by IL1β production upon stimulation with lipopolysaccharide (LPS), a component of the bacterial wall [118].



M-CSF is an important inducer of osteoclastogenesis and it is also produced during infection in order to replenish the myeloid cells spent in the fight against the invading pathogen [119]. Indeed, during a chronic inflammatory status such as ankylosing spondylitis and rheumatoid arthritis, M-CSF is produced by stromal cells in the bone marrow in response to TNFα, increasing the numbers of osteoclasts and subsequent osteolysis [120,121,122,123]. Therefore, it is plausible that during infection, direct and indirect mechanisms lead to elevated systemic and/or local level of M-CSF, impacting osteoclastogenesis, with deleterious consequences for bone homeostasis.



Besides TGF-β and M-CSF, other growth factors such as growth differentiation factor 8 (GDF8) have a role in bone metabolism [124]. Further studies are required to understand whether infection affects the production and/or levels of these molecules and the concomitant impact on bone metabolism during infection.



In summary, immune mediators produced during chronic infection may interfere with bone metabolism, mostly creating an imbalance between bone formation and degradation, resulting in bone loss (Figure 4). The effect may be counteracted by endogenous mediators such as vitamin D and PTH which may have useful applications in therapeutic protocols.






5. Conclusions


Bone homeostasis is tightly regulated, and microorganisms such as gut commensals or pathogens have important interactions with bone metabolism. The actions of pathogens in bone metabolism may be both direct and indirect. The direct mechanisms involve the infection of bone-related cells, leading to their death, whereas the indirect mechanisms may involve the production of pro-inflammatory cytokines such as TNFα, IL1β, IL6 and the growth factor M-CSF, which in turn may increase osteoclast formation and activity while impairing the formation of new bone tissue. Endogenous mediators such as vitamin D and PTH counterbalance bone loss, protecting and restoring the bone mass. Further studies are required to identify other mediators that can be protective and restore bone mass. Overall, both direct and indirect mechanisms cause bone loss.



The decreased bone mass due to chronic infection is a relevant aspect of immunopathology and has important consequences to the patient’s quality of life. Therefore, the identification of the molecular and cellular interactions between pathogens and bone cells will lay the groundwork for further investigations and new tools to diagnose and treat bone loss induced by infection, as these are of critical importance in the improvement of the clinical management of these pathologies.







Author Contributions


A.C.G. conceptualized the manuscript. T.C.O. and A.C.G. wrote the manuscript. M.S.G. revised and supervised the work. All authors have read and agreed to the final version of the manuscript.




Funding


This article is a result of the project HEALTH-UNORTE: Setting-up biobanks and regenerative medicine strategies to boost research in cardiovascular, musculoskeletal, neurological, oncological, immunologicalm, and infectious diseases (NORTE-01-0145-FEDER-000039), supported by Norte Portugal Regional Operational Programme (NORTE 2020), under the PORTUGAL 2020 Partnership Agreement, through the European Regional Development Fund (ERDF). A.C.G. is supported by a Junior Investigator Contract under the program CEEIND2017, from Fundação para a Ciência e Tecnologia (Portugal).




Acknowledgments


Figures were created using BioRender.com.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Vikulina, T.; Fan, X.; Yamaguchi, M.; Roser-Page, S.; Zayzafoon, M.; Guidot, D.M.; Ofotokun, I.; Weitzmann, M.N. Alterations in the immuno-skeletal interface drive bone destruction in HIV-1 transgenic rats. Proc. Natl. Acad. Sci. USA 2010, 107, 13848–13853. [Google Scholar] [CrossRef]

	



Titanji, K.; Vunnava, A.; Sheth, A.N.; Delille, C.; Lennox, J.L.; Sanford, S.E.; Foster, A.; Knezevic, A.; Easley, K.A.; Weitzmann, M.N.; et al. Dysregulated B cell expression of RANKL and OPG correlates with loss of bone mineral density in HIV infection. PLoS Pathog. 2014, 10, e1004497. [Google Scholar] [CrossRef]

	



Weitzmann, M.N.; Vikulina, T.; Roser-Page, S.; Yamaguchi, M.; Ofotokun, I. Homeostatic Expansion of CD4+ T Cells Promotes Cortical and Trabecular Bone Loss, Whereas CD8+ T Cells Induce Trabecular Bone Loss Only. J. Infect. Dis. 2017, 216, 1070–1079. [Google Scholar] [CrossRef]

	



Chen, Y.Y.; Fang, W.H.; Wang, C.C.; Kao, T.W.; Chang, Y.W.; Yang, H.F.; Wu, C.J.; Sun, Y.S.; Chen, W.L. Crosssectional Assessment of Bone Mass Density in Adults with Hepatitis B Virus and Hepatitis C Virus Infection. Sci. Rep. 2019, 9, 5069. [Google Scholar] [CrossRef]

	



Min, C.; Bang, W.J.; Kim, M.; Oh, D.J.; Choi, H.G. The association between hepatitis and osteoporosis: A nested case-control study using a national sample cohort. Arch. Osteoporos. 2019, 14, 34. [Google Scholar] [CrossRef]

	



Xie, X.; Huang, R.; Li, X.; Li, N.; Zhang, H.; Xu, S.; Li, D.; Xi, S.; Yang, K. Association between hepatitis B virus infection and risk of osteoporosis: A systematic review and meta-analysis: A protocol for systematic review. Medicine 2020, 99, e19719. [Google Scholar] [CrossRef]

	



Oksi, J.; Mertsola, J.; Reunanen, M.; Marjamaki, M.; Viljanen, M.K. Subacute multiple-site osteomyelitis caused by Borrelia burgdorferi. Clin. Infect. Dis. 1994, 19, 891–896. [Google Scholar] [CrossRef]

	



Hogan, J.I.; Hurtado, R.M.; Nelson, S.B. Mycobacterial Musculoskeletal Infections. Thorac. Surg. Clin. 2019, 29, 85–94. [Google Scholar] [CrossRef]

	



Dudareva, M.; Hotchen, A.J.; Ferguson, J.; Hodgson, S.; Scarborough, M.; Atkins, B.L.; Mcnally, M.A. The microbiology of chronic osteomyelitis: Changes over ten years. J. Infect. 2019, 79, 189–198. [Google Scholar] [CrossRef]

	



Terashima, A.; Okamoto, K.; Nakashima, T.; Akira, S.; Ikuta, K.; Takayanagi, H. Sepsis-Induced Osteoblast Ablation Causes Immunodeficiency. Immunity 2016, 44, 1434–1443. [Google Scholar] [CrossRef]

	



Nevius, E.; Gomes, A.C.; Pereira, J.P. Inflammatory Cell Migration in Rheumatoid Arthritis: A Comprehensive Review. Clin. Rev. Allergy Immunol. 2016, 51, 59–78. [Google Scholar] [CrossRef]

	



Adams, M.A. Fuctional anatomy of the musculoskeletal system. In Gray’s Anatomy: The Anatomical Basis of Clinical Practice, 41st ed.; Standring, S., Wigley, C.B., Eds.; Elsevier: Amsterdam, The Netherlands, 2016; pp. 84–96. [Google Scholar]

	



Chang, W.S.; Kim, J.Y.; Kim, Y.J.; Kim, Y.S.; Lee, J.M.; Azuma, M.; Yagita, H.; Kang, C.Y. Cutting edge: Programmed death-1/programmed death ligand 1 interaction regulates the induction and maintenance of invariant NKT cell anergy. J. Immunol. 2008, 181, 6707–6710. [Google Scholar] [CrossRef]

	



Cho, S.W.; Soki, F.N.; Koh, A.J.; Eber, M.R.; Entezami, P.; Park, S.I.; Van Rooijen, N.; Mccauley, L.K. Osteal macrophages support physiologic skeletal remodeling and anabolic actions of parathyroid hormone in bone. Proc. Natl. Acad. Sci. USA 2014, 111, 1545–1550. [Google Scholar] [CrossRef]

	



Schlundt, C.; El Khassawna, T.; Serra, A.; Dienelt, A.; Wendler, S.; Schell, H.; Van Rooijen, N.; Radbruch, A.; Lucius, R.; Hartmann, S.; et al. Macrophages in bone fracture healing: Their essential role in endochondral ossification. Bone 2018, 106, 78–89. [Google Scholar] [CrossRef]

	



Vi, L.; Baht, G.S.; Whetstone, H.; Ng, A.; Wei, Q.; Poon, R.; Mylvaganam, S.; Grynpas, M.; Alman, B.A. Macrophages promote osteoblastic differentiation in-vivo: Implications in fracture repair and bone homeostasis. J. Bone Miner. Res. 2015, 30, 1090–1102. [Google Scholar] [CrossRef]

	



Alexander, K.A.; Chang, M.K.; Maylin, E.R.; Kohler, T.; Muller, R.; Wu, A.C.; Van Rooijen, N.; Sweet, M.J.; Hume, D.A.; Raggatt, L.J.; et al. Osteal macrophages promote in vivo intramembranous bone healing in a mouse tibial injury model. J. Bone Miner. Res 2011, 26, 1517–1532. [Google Scholar] [CrossRef]

	



Batoon, L.; Millard, S.M.; Wullschleger, M.E.; Preda, C.; Wu, A.C.; Kaur, S.; Tseng, H.W.; Hume, D.A.; Levesque, J.P.; Raggatt, L.J.; et al. CD169(+) macrophages are critical for osteoblast maintenance and promote intramembranous and endochondral ossification during bone repair. Biomaterials 2019, 196, 51–66. [Google Scholar] [CrossRef]

	



Gomes, A.C.; Saraiva, M.; Gomes, M.S. The bone marrow hematopoietic niche and its adaptation to infection. Semin. Cell Dev. Biol. 2020. [Google Scholar] [CrossRef]

	



Cordeiro Gomes, A.; Hara, T.; Lim, V.Y.; Herndler-Brandstetter, D.; Nevius, E.; Sugiyama, T.; Tani-Ichi, S.; Schlenner, S.; Richie, E.; Rodewald, H.R.; et al. Hematopoietic Stem Cell Niches Produce Lineage-Instructive Signals to Control Multipotent Progenitor Differentiation. Immunity 2016, 45, 1219–1231. [Google Scholar] [CrossRef]

	



Zhou, B.O.; Yue, R.; Murphy, M.M.; Peyer, J.G.; Morrison, S.J. Leptin-receptor-expressing mesenchymal stromal cells represent the main source of bone formed by adult bone marrow. Cell Stem. Cell 2014, 15, 154–168. [Google Scholar] [CrossRef]

	



Park, D.; Spencer, J.A.; Koh, B.I.; Kobayashi, T.; Fujisaki, J.; Clemens, T.L.; Lin, C.P.; Kronenberg, H.M.; Scadden, D.T. Endogenous bone marrow MSCs are dynamic, fate-restricted participants in bone maintenance and regeneration. Cell Stem. Cell 2012, 10, 259–272. [Google Scholar] [CrossRef]

	



Chan, C.K.; Seo, E.Y.; Chen, J.Y.; Lo, D.; Mcardle, A.; Sinha, R.; Tevlin, R.; Seita, J.; Vincent-Tompkins, J.; Wearda, T.; et al. Identification and specification of the mouse skeletal stem cell. Cell 2015, 160, 285–298. [Google Scholar] [CrossRef]

	



Worthley, D.L.; Churchill, M.; Compton, J.T.; Tailor, Y.; Rao, M.; Si, Y.; Levin, D.; Schwartz, M.G.; Uygur, A.; Hayakawa, Y.; et al. Gremlin 1 identifies a skeletal stem cell with bone, cartilage, and reticular stromal potential. Cell 2015, 160, 269–284. [Google Scholar] [CrossRef]

	



Ouyang, Z.; Chen, Z.; Ishikawa, M.; Yue, X.; Kawanami, A.; Leahy, P.; Greenfield, E.M.; Murakami, S. Prx1 and 3.2kb Col1a1 promoters target distinct bone cell populations in transgenic mice. Bone 2014, 58, 136–145. [Google Scholar] [CrossRef]

	



Chan, E.A.; Teng, G.; Corbett, E.; Choudhury, K.R.; Bassing, C.H.; Schatz, D.G.; Krangel, M.S. Peripheral subnuclear positioning suppresses Tcrb recombination and segregates Tcrb alleles from RAG2. Proc. Natl. Acad. Sci. USA 2013, 110, E4628–E4637. [Google Scholar] [CrossRef]

	



Modder, U.I.; Roforth, M.M.; Nicks, K.M.; Peterson, J.M.; Mccready, L.K.; Monroe, D.G.; Khosla, S. Characterization of mesenchymal progenitor cells isolated from human bone marrow by negative selection. Bone 2012, 50, 804–810. [Google Scholar] [CrossRef]

	



Fierro, F.A.; Nolta, J.A.; Adamopoulos, I.E. Concise Review: Stem Cells in Osteoimmunology. Stem. Cells 2017, 35, 1461–1467. [Google Scholar] [CrossRef]

	



Pino, A.M.; Rodriguez, J.P. Is fatty acid composition of human bone marrow significant to bone health? Bone 2019, 118, 53–61. [Google Scholar] [CrossRef]

	



Andrzejewska, A.; Catar, R.; Schoon, J.; Qazi, T.H.; Sass, F.A.; Jacobi, D.; Blankenstein, A.; Reinke, S.; Krüger, D.; Streitz, M.; et al. Multi-Parameter Analysis of Biobanked Human Bone Marrow Stromal Cells Shows Little Influence for Donor Age and Mild Comorbidities on Phenotypic and Functional Properties. Front. Immunol. 2019, 10, 2474. [Google Scholar] [CrossRef]

	



Jacome-Galarza, C.E.; Percin, G.I.; Muller, J.T.; Mass, E.; Lazarov, T.; Eitler, J.; Rauner, M.; Yadav, V.K.; Crozet, L.; Bohm, M.; et al. Developmental origin, functional maintenance and genetic rescue of osteoclasts. Nature 2019, 568, 541–545. [Google Scholar] [CrossRef]

	



Hasegawa, T.; Kikuta, J.; Ishii, M. Imaging the Bone-Immune Cell Interaction in Bone Destruction. Front. Immunol. 2019, 10, 596. [Google Scholar] [CrossRef]

	



Tanaka, S.; Takahashi, N.; Udagawa, N.; Tamura, T.; Akatsu, T.; Stanley, E.R.; Kurokawa, T.; Suda, T. Macrophage colony-stimulating factor is indispensable for both proliferation and differentiation of osteoclast progenitors. J. Clin. Investig. 1993, 91, 257–263. [Google Scholar] [CrossRef]

	



Simonet, W.S.; Lacey, D.L.; Dunstan, C.R.; Kelley, M.; Chang, M.S.; Luthy, R.; Nguyen, H.Q.; Wooden, S.; Bennett, L.; Boone, T.; et al. Osteoprotegerin: A novel secreted protein involved in the regulation of bone density. Cell 1997, 89, 309–319. [Google Scholar] [CrossRef]

	



Tsuda, E.; Goto, M.; Mochizuki, S.; Yano, K.; Kobayashi, F.; Morinaga, T.; Higashio, K. Isolation of a novel cytokine from human fibroblasts that specifically inhibits osteoclastogenesis. Biochem. Biophys. Res. Commun. 1997, 234, 137–142. [Google Scholar] [CrossRef]

	



Yang, D.; Wan, Y. Molecular determinants for the polarization of macrophage and osteoclast. Semin. Immunopathol. 2019, 41, 551–563. [Google Scholar] [CrossRef]

	



Adamopoulos, I.E. Inflammation in bone physiology and pathology. Curr. Opin. Rheumatol. 2018, 30, 59–64. [Google Scholar] [CrossRef]

	



Rauch, F. The brains of the bones: How osteocytes use WNT1 to control bone formation. J. Clin. Investig. 2017, 127, 2539–2540. [Google Scholar] [CrossRef]

	



Joeng, K.S.; Lee, Y.C.; Lim, J.; Chen, Y.; Jiang, M.M.; Munivez, E.; Ambrose, C.; Lee, B.H. Osteocyte-specific WNT1 regulates osteoblast function during bone homeostasis. J. Clin. Investig. 2017, 127, 2678–2688. [Google Scholar] [CrossRef]

	



Raggatt, L.J.; Partridge, N.C. Cellular and molecular mechanisms of bone remodeling. J. Biol. Chem. 2010, 285, 25103–25108. [Google Scholar] [CrossRef]

	



Crane, J.L.; Cao, X. Bone marrow mesenchymal stem cells and TGF-beta signaling in bone remodeling. J. Clin. Investig. 2014, 124, 466–472. [Google Scholar] [CrossRef]

	



Plotkin, L.I.; Laird, D.W.; Amedee, J. Role of connexins and pannexins during ontogeny, regeneration, and pathologies of bone. BMC Cell Biol. 2016, 17 (Suppl. 1), 19. [Google Scholar] [CrossRef]

	



Kopic, S.; Geibel, J.P. Gastric acid, calcium absorption, and their impact on bone health. Physiol. Rev. 2013, 93, 189–268. [Google Scholar] [CrossRef]

	



Kraenzlin, M.E.; Meier, C. Parathyroid hormone analogues in the treatment of osteoporosis. Nat. Rev. Endocrinol. 2011, 7, 647–656. [Google Scholar] [CrossRef]

	



Bae, S.; Zeng, S.; Park-Min, K.H. Nuclear receptors in osteoclasts. Curr. Opin. Pharmacol. 2020, 53, 8–17. [Google Scholar] [CrossRef]

	



Nakamura, T.; Imai, Y.; Matsumoto, T.; Sato, S.; Takeuchi, K.; Igarashi, K.; Harada, Y.; Azuma, Y.; Krust, A.; Yamamoto, Y.; et al. Estrogen prevents bone loss via estrogen receptor alpha and induction of Fas ligand in osteoclasts. Cell 2007, 130, 811–823. [Google Scholar] [CrossRef]

	



Piemontese, M.; Xiong, J.; Fujiwara, Y.; Thostenson, J.D.; O’brien, C.A. Cortical bone loss caused by glucocorticoid excess requires RANKL production by osteocytes and is associated with reduced OPG expression in mice. Am. J. Physiol. Endocrinol. Metab. 2016, 311, E587–E593. [Google Scholar] [CrossRef]

	



Downey, M.E.; Holliday, L.S.; Aguirre, J.I.; Wronski, T.J. In vitro and in vivo evidence for stimulation of bone resorption by an EP4 receptor agonist and basic fibroblast growth factor: Implications for their efficacy as bone anabolic agents. Bone 2009, 44, 266–274. [Google Scholar] [CrossRef]

	



Chen, G.; Deng, C.; Li, Y.P. TGF-beta and BMP signaling in osteoblast differentiation and bone formation. Int. J. Biol. Sci. 2012, 8, 272–288. [Google Scholar] [CrossRef]

	



Lew, D.P.; Waldvogel, F.A. Osteomyelitis. N. Engl. J. Med. 1997, 336, 999–1007. [Google Scholar] [CrossRef]

	



Lew, D.P.; Waldvogel, F.A. Osteomyelitis. Lancet 2004, 364, 369–379. [Google Scholar] [CrossRef]

	



Norden, C.W. Lessons learned from animal models of osteomyelitis. Rev. Infect. Dis. 1988, 10, 103–110. [Google Scholar] [CrossRef]

	



Belmatoug, N.; Cremieux, A.C.; Bleton, R.; Volk, A.; Saleh-Mghir, A.; Grossin, M.; Garry, L.; Carbon, C. A new model of experimental prosthetic joint infection due to methicillin-resistant Staphylococcus aureus: A microbiologic, histopathologic, and magnetic resonance imaging characterization. J. Infect. Dis. 1996, 174, 414–417. [Google Scholar] [CrossRef]

	



Zimmerli, W. Osteomyelitis. In Harrison’s Principles of Internal Medicine, 20th ed.; Jameson, J.L., Fauci, A.S., Kasper, D.L., Hauser, S.L., Longo, D.L., Loscalzo, J., Eds.; McGraw-Hill Education: New York, NY, USA, 2018; pp. 944–952. [Google Scholar]

	



Claro, T.; Kavanagh, N.; Foster, T.J.; O’brien, F.J.; Kerrigan, S.W. Staphylococcus epidermidis serine--aspartate repeat protein G (SdrG) binds to osteoblast integrin alpha V beta 3. Microbes Infect. 2015, 17, 395–401. [Google Scholar] [CrossRef]

	



Cassat, J.E.; Hammer, N.D.; Campbell, J.P.; Benson, M.A.; Perrien, D.S.; Mrak, L.N.; Smeltzer, M.S.; Torres, V.J.; Skaar, E.P. A secreted bacterial protease tailors the Staphylococcus aureus virulence repertoire to modulate bone remodeling during osteomyelitis. Cell Host. Microbe. 2013, 13, 759–772. [Google Scholar] [CrossRef]

	



Ellington, J.K.; Reilly, S.S.; Ramp, W.K.; Smeltzer, M.S.; Kellam, J.F.; Hudson, M.C. Mechanisms of Staphylococcus aureus invasion of cultured osteoblasts. Microb. Pathog. 1999, 26, 317–323. [Google Scholar] [CrossRef]

	



Hudson, M.C.; Ramp, W.K.; Nicholson, N.C.; Williams, A.S.; Nousiainen, M.T. Internalization of Staphylococcus aureus by cultured osteoblasts. Microb. Pathog. 1995, 19, 409–419. [Google Scholar] [CrossRef]

	



Josse, J.; Guillaume, C.; Bour, C.; Lemaire, F.; Mongaret, C.; Draux, F.; Velard, F.; Gangloff, S.C. Impact of the Maturation of Human Primary Bone-Forming Cells on Their Behavior in Acute or Persistent Staphylococcus aureus Infection Models. Front. Cell Infect. Microbiol. 2016, 6, 64. [Google Scholar] [CrossRef]

	



Josse, J.; Velard, F.; Mechiche Alami, S.; Brun, V.; Guillaume, C.; Kerdjoudj, H.; Lamkhioued, B.; Gangloff, S.C. Increased internalization of Staphylococcus aureus and cytokine expression in human Wharton’s jelly mesenchymal stem cells. Biomed. Mater. Eng. 2014, 24, 27–35. [Google Scholar] [CrossRef]

	



Reilly, S.S.; Hudson, M.C.; Kellam, J.F.; Ramp, W.K. In vivo internalization of Staphylococcus aureus by embryonic chick osteoblasts. Bone 2000, 26, 63–70. [Google Scholar] [CrossRef]

	



Yang, D.; Wijenayaka, A.R.; Solomon, L.B.; Pederson, S.M.; Findlay, D.M.; Kidd, S.P.; Atkins, G.J. Novel Insights into Staphylococcus aureus Deep Bone Infections: The Involvement of Osteocytes. mBio 2018, 9. [Google Scholar] [CrossRef]

	



Young, A.B.; Cooley, I.D.; Chauhan, V.S.; Marriott, I. Causative agents of osteomyelitis induce death domain-containing TNF-related apoptosis-inducing ligand receptor expression on osteoblasts. Bone 2011, 48, 857–863. [Google Scholar] [CrossRef]

	



Alexander, E.H.; Rivera, F.A.; Marriott, I.; Anguita, J.; Bost, K.L.; Hudson, M.C. Staphylococcus aureus—Induced tumor necrosis factor—Related apoptosis—Inducing ligand expression mediates apoptosis and caspase-8 activation in infected osteoblasts. BMC Microbiol. 2003, 3, 5. [Google Scholar] [CrossRef]

	



Loughran, A.J.; Gaddy, D.; Beenken, K.E.; Meeker, D.G.; Morello, R.; Zhao, H.; Byrum, S.D.; Tackett, A.J.; Cassat, J.E.; Smeltzer, M.S. Impact of sarA and Phenol-Soluble Modulins on the Pathogenesis of Osteomyelitis in Diverse Clinical Isolates of Staphylococcus aureus. Infect. Immun. 2016, 84, 2586–2594. [Google Scholar] [CrossRef]

	



Spencer, J.A.; Ferraro, F.; Roussakis, E.; Klein, A.; Wu, J.; Runnels, J.M.; Zaher, W.; Mortensen, L.J.; Alt, C.; Turcotte, R.; et al. Direct measurement of local oxygen concentration in the bone marrow of live animals. Nature 2014, 508, 269–273. [Google Scholar] [CrossRef]

	



Wilde, A.D.; Snyder, D.J.; Putnam, N.E.; Valentino, M.D.; Hammer, N.D.; Lonergan, Z.R.; Hinger, S.A.; Aysanoa, E.E.; Blanchard, C.; Dunman, P.M.; et al. Bacterial Hypoxic Responses Revealed as Critical Determinants of the Host-Pathogen Outcome by TnSeq Analysis of Staphylococcus aureus Invasive Infection. PLoS Pathog. 2015, 11, e1005341. [Google Scholar] [CrossRef]

	



Tuchscherr, L.; Geraci, J.; Loffler, B. Staphylococcus aureus Regulator Sigma B is Important to Develop Chronic Infections in Hematogenous Murine Osteomyelitis Model. Pathogens 2017, 6, 31. [Google Scholar] [CrossRef]

	



Tuchscherr, L.; Pollath, C.; Siegmund, A.; Deinhardt-Emmer, S.; Hoerr, V.; Svensson, C.M.; Thilo Figge, M.; Monecke, S.; Loffler, B. Clinical S. aureus Isolates Vary in Their Virulence to Promote Adaptation to the Host. Toxins 2019, 11, 135. [Google Scholar] [CrossRef]

	



Mohamed, W.; Domann, E.; Chakraborty, T.; Mannala, G.; Lips, K.S.; Heiss, C.; Schnettler, R.; Alt, V. TLR9 mediates S. aureus killing inside osteoblasts via induction of oxidative stress. BMC Microbiol. 2016, 16, 230. [Google Scholar] [CrossRef]

	



Brandt, S.L.; Putnam, N.E.; Cassat, J.E.; Serezani, C.H. Innate Immunity to Staphylococcus aureus: Evolving Paradigms in Soft Tissue and Invasive Infections. J. Immunol. 2018, 200, 3871–3880. [Google Scholar] [CrossRef]

	



Tao, H.; Ge, G.; Liang, X.; Zhang, W.; Sun, H.; Li, M.; Geng, D. ROS signaling cascades: Dual regulations for osteoclast and osteoblast. Acta Biochim. Biophys. Sin. 2020, gmaa098. [Google Scholar] [CrossRef]

	



Hoffmann, M.H.; Griffiths, H.R. The dual role of reactive oxygen species in autoimmune and inflammatory diseases: Evidence from preclinical models. Free Radic. Biol. Med. 2018, 125, 62–71. [Google Scholar] [CrossRef]

	



Jaitovich, A.; Jourd’heuil, D. A brief overview of nitric oxide and reactive oxygen species signaling in hypoxia-induced pulmonary hypertension. Adv. Exp. Med. Biol. 2017, 967, 71–81. [Google Scholar] [CrossRef]

	



Krauss, J.L.; Roper, P.M.; Ballard, A.; Shih, C.C.; Fitzpatrick, J.A.J.; Cassat, J.E.; Ng, P.Y.; Pavlos, N.J.; Veis, D.J. Staphylococcus aureus Infects Osteoclasts and Replicates Intracellularly. mBio 2019, 10. [Google Scholar] [CrossRef]

	



Trouillet-Assant, S.; Gallet, M.; Nauroy, P.; Rasigade, J.P.; Flammier, S.; Parroche, P.; Marvel, J.; Ferry, T.; Vandenesch, F.; Jurdic, P.; et al. Dual impact of live Staphylococcus aureus on the osteoclast lineage, leading to increased bone resorption. J. Infect. Dis. 2015, 211, 571–581. [Google Scholar] [CrossRef]

	



Mendoza Bertelli, A.; Delpino, M.V.; Lattar, S.; Giai, C.; Llana, M.N.; Sanjuan, N.; Cassat, J.E.; Sordelli, D.; Gomez, M.I. Staphylococcus aureus protein A enhances osteoclastogenesis via TNFR1 and EGFR signaling. Biochim. Biophys. Acta 2016, 1862, 1975–1983. [Google Scholar] [CrossRef]

	



Putnam, N.E.; Fulbright, L.E.; Curry, J.M.; Ford, C.A.; Petronglo, J.R.; Hendrix, A.S.; Cassat, J.E. MyD88 and IL-1R signaling drive antibacterial immunity and osteoclast-driven bone loss during Staphylococcus aureus osteomyelitis. PLoS Pathog. 2019, 15, e1007744. [Google Scholar] [CrossRef]

	



Tang, T.T.; Zhang, L.; Bansal, A.; Grynpas, M.; Moriarty, T.J. The Lyme Disease Pathogen Borrelia burgdorferi Infects Murine Bone and Induces Trabecular Bone Loss. Infect. Immun. 2017, 85. [Google Scholar] [CrossRef]

	



Fuentes Ferrer, M.; Gutierrez Torres, L.; Ayala Ramirez, O.; Rumayor Zarzuelo, M.; Del Prado Gonzalez, N. Tuberculosis of the spine. A systematic review of case series. Int. Orthop. 2012, 36, 221–231. [Google Scholar] [CrossRef]

	



Ali, A.; Musbahi, O.; White, V.L.C.; Montgomery, A.S. Spinal Tuberculosis: A Literature Review. Jbjs Rev. 2019, 7, e9. [Google Scholar] [CrossRef]

	



Kim, C.J.; Kim, U.J.; Kim, H.B.; Park, S.W.; Oh, M.D.; Park, K.H.; Kim, N.J. Vertebral osteomyelitis caused by non-tuberculous mycobacteria: Predisposing conditions and clinical characteristics of six cases and a review of 63 cases in the literature. Infect. Dis. 2016, 48, 509–516. [Google Scholar] [CrossRef]

	



Li, J.Y.; Chassaing, B.; Tyagi, A.M.; Vaccaro, C.; Luo, T.; Adams, J.; Darby, T.M.; Weitzmann, M.N.; Mulle, J.G.; Gewirtz, A.T.; et al. Sex steroid deficiency-associated bone loss is microbiota dependent and prevented by probiotics. J. Clin. Investig. 2016, 126, 2049–2063. [Google Scholar] [CrossRef]

	



Lee, M.S.J.; Maruyama, K.; Fujita, Y.; Konishi, A.; Lelliott, P.M.; Itagaki, S.; Horii, T.; Lin, J.W.; Khan, S.M.; Kuroda, E.; et al. Plasmodium products persist in the bone marrow and promote chronic bone loss. Sci. Immunol. 2017, 2. [Google Scholar] [CrossRef]

	



Raimondo, A.; Lembo, S.; Di Caprio, R.; Donnarumma, G.; Monfrecola, G.; Balato, N.; Ayala, F.; Balato, A. Psoriatic cutaneous inflammation promotes human monocyte differentiation into active osteoclasts, facilitating bone damage. Eur. J. Immunol. 2017, 47, 1062–1074. [Google Scholar] [CrossRef]

	



Stavre, Z.; Upchurch, K.; Kay, J.; Gravallese, E.M. Differential Effects of Inflammation on Bone and Response to Biologics in Rheumatoid Arthritis and Spondyloarthritis. Curr. Rheumatol. Rep. 2016, 18, 72. [Google Scholar] [CrossRef]

	



Redlich, K.; Smolen, J.S. Inflammatory bone loss: Pathogenesis and therapeutic intervention. Nat. Rev. Drug Discov. 2012, 11, 234–250. [Google Scholar] [CrossRef]

	



Schirmer, M.; Kumar, V.; Netea, M.G.; Xavier, R.J. The causes and consequences of variation in human cytokine production in health. Curr. Opin. Immunol. 2018, 54, 50–58. [Google Scholar] [CrossRef]

	



Taherkhani, S.; Suzuki, K.; Castell, L. A Short Overview of Changes in Inflammatory Cytokines and Oxidative Stress in Response to Physical Activity and Antioxidant Supplementation. Antioxidants 2020, 9, 886. [Google Scholar] [CrossRef]

	



Yao, Z.; Li, P.; Zhang, Q.; Schwarz, E.M.; Keng, P.; Arbini, A.; Boyce, B.F.; Xing, L. Tumor necrosis factor-alpha increases circulating osteoclast precursor numbers by promoting their proliferation and differentiation in the bone marrow through up-regulation of c-Fms expression. J. Biol. Chem. 2006, 281, 11846–11855. [Google Scholar] [CrossRef]

	



Hess, K.; Ushmorov, A.; Fiedler, J.; Brenner, R.E.; Wirth, T. TNFalpha promotes osteogenic differentiation of human mesenchymal stem cells by triggering the NF-kappaB signaling pathway. Bone 2009, 45, 367–376. [Google Scholar] [CrossRef]

	



Kaneki, H.; Guo, R.; Chen, D.; Yao, Z.; Schwarz, E.M.; Zhang, Y.E.; Boyce, B.F.; Xing, L. Tumor necrosis factor promotes Runx2 degradation through up-regulation of Smurf1 and Smurf2 in osteoblasts. J. Biol. Chem. 2006, 281, 4326–4333. [Google Scholar] [CrossRef]

	



Jules, J.; Zhang, P.; Ashley, J.W.; Wei, S.; Shi, Z.; Liu, J.; Michalek, S.M.; Feng, X. Molecular basis of requirement of receptor activator of nuclear factor kappaB signaling for interleukin 1-mediated osteoclastogenesis. J. Biol. Chem. 2012, 287, 15728–15738. [Google Scholar] [CrossRef]

	



Wei, S.; Kitaura, H.; Zhou, P.; Ross, F.P.; Teitelbaum, S.L. IL-1 mediates TNF-induced osteoclastogenesis. J. Clin. Investig. 2005, 115, 282–290. [Google Scholar] [CrossRef]

	



Yoshida, Y.; Yamasaki, S.; Oi, K.; Kuranobu, T.; Nojima, T.; Miyaki, S.; Ida, H.; Sugiyama, E. IL-1beta Enhances Wnt Signal by Inhibiting DKK1. Inflammation 2018, 41, 1945–1954. [Google Scholar] [CrossRef]

	



Baldridge, M.T.; King, K.Y.; Boles, N.C.; Weksberg, D.C.; Goodell, M.A. Quiescent haematopoietic stem cells are activated by IFN-gamma in response to chronic infection. Nature 2010, 465, 793–797. [Google Scholar] [CrossRef]

	



Gomes, A.C.; Moreira, A.C.; Silva, T.; Neves, J.V.; Mesquita, G.; Almeida, A.A.; Barreira-Silva, P.; Fernandes, R.; Resende, M.; Appelberg, R.; et al. IFN-gamma-Dependent Reduction of Erythrocyte Life Span Leads to Anemia during Mycobacterial Infection. J. Immunol. 2019, 203, 2485–2496. [Google Scholar] [CrossRef]

	



Xu, Z.; Hurchla, M.A.; Deng, H.; Uluckan, O.; Bu, F.; Berdy, A.; Eagleton, M.C.; Heller, E.A.; Floyd, D.H.; Dirksen, W.P.; et al. Interferon-gamma targets cancer cells and osteoclasts to prevent tumor-associated bone loss and bone metastases. J. Biol. Chem. 2009, 284, 4658–4666. [Google Scholar] [CrossRef]

	



Ji, J.D.; Park-Min, K.H.; Shen, Z.; Fajardo, R.J.; Goldring, S.R.; Mchugh, K.P.; Ivashkiv, L.B. Inhibition of RANK expression and osteoclastogenesis by TLRs and IFN-gamma in human osteoclast precursors. J. Immunol. 2009, 183, 7223–7233. [Google Scholar] [CrossRef]

	



Gao, Y.; Grassi, F.; Ryan, M.R.; Terauchi, M.; Page, K.; Yang, X.; Weitzmann, M.N.; Pacifici, R. IFN-gamma stimulates osteoclast formation and bone loss in vivo via antigen-driven T cell activation. J. Clin. Investig. 2007, 117, 122–132. [Google Scholar] [CrossRef]

	



Wu, Q.; Zhou, X.; Huang, D.; Ji, Y.; Kang, F. IL-6 Enhances Osteocyte-Mediated Osteoclastogenesis by Promoting JAK2 and RANKL Activity In Vitro. Cell Physiol. Biochem. 2017, 41, 1360–1369. [Google Scholar] [CrossRef]

	



Kim, H.J.; Zhao, H.; Kitaura, H.; Bhattacharyya, S.; Brewer, J.A.; Muglia, L.J.; Ross, F.P.; Teitelbaum, S.L. Glucocorticoids suppress bone formation via the osteoclast. J. Clin. Investig. 2006, 116, 2152–2160. [Google Scholar] [CrossRef]

	



Hofbauer, L.C.; Gori, F.; Riggs, B.L.; Lacey, D.L.; Dunstan, C.R.; Spelsberg, T.C.; Khosla, S. Stimulation of osteoprotegerin ligand and inhibition of osteoprotegerin production by glucocorticoids in human osteoblastic lineage cells: Potential paracrine mechanisms of glucocorticoid-induced osteoporosis. Endocrinology 1999, 140, 4382–4389. [Google Scholar] [CrossRef]

	



Hildebrandt, S.; Baschant, U.; Thiele, S.; Tuckermann, J.; Hofbauer, L.C.; Rauner, M. Glucocorticoids suppress Wnt16 expression in osteoblasts in vitro and in vivo. Sci. Rep. 2018, 8, 8711. [Google Scholar] [CrossRef]

	



Tilakaratne, A.; Soory, A. Antioxidant Response of Osteoblasts to Doxycycline in an inflammatory model induced by C-reactive Protein and Interleukin-6. Infect. Disord. Drug Targets 2014, 14, 14–22. [Google Scholar] [CrossRef]

	



Zickler, D.; Luecht, C.; Willy, K.; Chen, L.; Witowski, J.; Girndt, M.; Fiedler, R.; Storr, M.; Kamhieh-Milz, M.; Schoon, J.; et al. Tumour necrosis factor-alpha in uraemic serum promotes osteoblastic transition and calcification of vascular smooth muscle cells via extracellular signal-regulated kinases and activator protein 1/c-FOS-mediated induction of interleukin 6 expression. Nephrol. Dial. Transplant 2018, 33, 574–585. [Google Scholar] [CrossRef]

	



Kido, S.; Kuriwaka-Kido, R.; Imamura, T.; Ito, Y.; Inoue, D.; Matsumoto, T. Mechanical stress induces Interleukin-11 expression to stimulate osteoblast differentiation. Bone 2009, 45, 1125–1132. [Google Scholar] [CrossRef]

	



Soto, J.R.; Anthias, C.; Madrigal, A.; Snowden, J.A. Insights Into the Role of Vitamin D as a Biomarker in Stem Cell Transplantation. Front. Immunol. 2020, 11, 966. [Google Scholar] [CrossRef]

	



Saponaro, F.; Saba, A.; Zucchi, R. An Update on Vitamin D Metabolism. Int. J. Mol. Sci. 2020, 21, 6573. [Google Scholar] [CrossRef]

	



Liu, P.T.; Stenger, S.; Tang, D.H.; Modlin, R.L. Cutting edge: Vitamin D-mediated human antimicrobial activity against Mycobacterium tuberculosis is dependent on the induction of cathelicidin. J. Immunol. 2007, 179, 2060–2063. [Google Scholar] [CrossRef]

	



Colotta, F.; Jansson, B.; Bonelli, F. Modulation of inflammatory and immune responses by vitamin D. J. Autoimmun 2017, 85, 78–97. [Google Scholar] [CrossRef]

	



Zhang, Y.; Leung, D.Y.; Richers, B.N.; Liu, Y.; Remigio, L.K.; Riches, D.W.; Goleva, E. Vitamin D inhibits monocyte/macrophage proinflammatory cytokine production by targeting MAPK phosphatase-1. J. Immunol. 2012, 188, 2127–2135. [Google Scholar] [CrossRef]

	



Takahashi, K.; Nakayama, Y.; Horiuchi, H.; Ohta, T.; Komoriya, K.; Ohmori, H.; Kamimura, T. Human neutrophils express messenger RNA of vitamin D receptor and respond to 1alpha,25-dihydroxyvitamin D3. Immunopharmacol. Immunotoxicol. 2002, 24, 335–347. [Google Scholar] [CrossRef]

	



Van Der Meijden, K.; Van Essen, H.W.; Bloemers, F.W.; Schulten, E.A.; Lips, P.; Bravenboer, N. Regulation of CYP27B1 mRNA Expression in Primary Human Osteoblasts. Calcif. Tissue Int. 2016, 99, 164–173. [Google Scholar] [CrossRef]

	



Zhou, S.; Leboff, M.S.; Glowacki, J. Vitamin D metabolism and action in human bone marrow stromal cells. Endocrinology 2010, 151, 14–22. [Google Scholar] [CrossRef]

	



Shibata, T.; Shira-Ishi, A.; Sato, T.; Masaki, T.; Masuda, A.; Hishiya, A.; Ishikura, N.; Higashi, S.; Uchida, Y.; Saito, M.O.; et al. Vitamin D hormone inhibits osteoclastogenesis in vivo by decreasing the pool of osteoclast precursors in bone marrow. J. Bone Miner. Res. 2002, 17, 622–629. [Google Scholar] [CrossRef]

	



Tachi, K.; Takami, M.; Sato, H.; Mochizuki, A.; Zhao, B.; Miyamoto, Y.; Tsukasaki, H.; Inoue, T.; Shintani, S.; Koike, T.; et al. Enhancement of bone morphogenetic protein-2-induced ectopic bone formation by transforming growth factor-beta1. Tissue Eng. Part A 2011, 17, 597–606. [Google Scholar] [CrossRef]

	



Matsumoto, A.; Takami, M.; Urano, E.; Nakamachi, T.; Yoshimura, K.; Yamada, A.; Suzawa, T.; Miyamoto, Y.; Baba, K.; Kamijo, R. Lipopolysaccharide (LPS) inhibits ectopic bone formation induced by bone morphogenetic protein-2 and TGF-beta1 through IL-1beta production. J. Oral. Biosci. 2020, 62, 44–51. [Google Scholar] [CrossRef]

	



Chiba, Y.; Mizoguchi, I.; Hasegawa, H.; Ohashi, M.; Orii, N.; Nagai, T.; Sugahara, M.; Miyamoto, Y.; Xu, M.; Owaki, T.; et al. Regulation of myelopoiesis by proinflammatory cytokines in infectious diseases. Cell Mol. Life Sci. 2018, 75, 1363–1376. [Google Scholar] [CrossRef]

	



Bischof, R.J.; Zafiropoulos, D.; Hamilton, J.A.; Campbell, I.K. Exacerbation of acute inflammatory arthritis by the colony-stimulating factors CSF-1 and granulocyte macrophage (GM)-CSF: Evidence of macrophage infiltration and local proliferation. Clin. Exp. Immunol. 2000, 119, 361–367. [Google Scholar] [CrossRef]

	



Campbell, I.K.; Rich, M.J.; Bischof, R.J.; Hamilton, J.A. The colony-stimulating factors and collagen-induced arthritis: Exacerbation of disease by M-CSF and G-CSF and requirement for endogenous M-CSF. J. Leukoc. Biol. 2000, 68, 144–150. [Google Scholar]

	



Kitaura, H.; Zhou, P.; Kim, H.J.; Novack, D.V.; Ross, F.P.; Teitelbaum, S.L. M-CSF mediates TNF-induced inflammatory osteolysis. J. Clin. Investig. 2005, 115, 3418–3427. [Google Scholar] [CrossRef]

	



Yang, P.T.; Kasai, H.; Xiao, W.G.; Zhao, L.J.; He, L.M.; Yamashita, A.; Deng, X.W.; Ito, M. Increased expression of macrophage colony-stimulating factor in ankylosing spondylitis and rheumatoid arthritis. Ann. Rheum. Dis. 2006, 65, 1671–1672. [Google Scholar] [CrossRef]

	



Chen, Y.S.; Guo, Q.; Guo, L.J.; Liu, T.; Wu, X.P.; Lin, Z.Y.; He, H.B.; Jiang, T.J. GDF8 inhibits bone formation and promotes bone resorption in mice. Clin. Exp. Pharmacol. Physiol. 2017, 44, 500–508. [Google Scholar] [CrossRef]








[image: Microorganisms 08 01765 g001 550] 





Figure 1. Bone structure and cellular components. (a) Anatomical division and types of bone present in long bones; (b) cellular components of bone and their cellular precursors. Osteoblasts are derived from mesenchymal stem cells and form new bones by the deposition of extracellular and mineral matrix. When osteoblasts become entrapped in the newly formed bone, they mature into osteocytes. Bone degradation is accomplished by large multinucleated cells, the osteoclasts, which have a myeloid origin. 
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Figure 2. The crosstalk between osteoblasts, osteocytes, and osteoclasts maintains an adequate bone mass. The balance between receptor activator of nuclear factor kappa-B ligand (RANKL) and macrophage-colony stimulating factor (M-CSF) controls osteoclastogenesis. Osteoblast and osteocytes produce RANKL that binds to its receptor on the surface of osteoclasts. Simultaneously, osteoblasts secrete osteoprotegerin (OPG), a decoy receptor for RANKL. The production of OPG makes RANKL unavailable for osteoclasts, representing a second layer controlling bone resorption, dependent on osteoblasts. 
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Figure 3. Progression of bacterial osteomyelitis. (a) Pathogens colonize the cortical bone, forming an abscess. (b) The forming abscess increases in size and is surrounded by new bone formation, causing the elevation of the periosteum. (c) The localized infection constricts the vascularization leading to the necrosis of the bone, forming the sequestrum. The sequestrum is surrounded by new bone where a sinus tract will be formed, allowing the drainage of the pus. 
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Figure 4. Indirect effects of infection in the bone. Upon recognition of an invading pathogen, immune cells produce several immune mediators as IL1β, TNFα, and IL6. These three cytokines promote osteoclast maturation and activity, hence favoring bone resorption. IL1β and TNFα further promote bone loss by inhibiting new bone formation. Vitamin D and parathyroid hormone (PTH) counterbalance infection-induced bone loss. The former mediator decreases the production of pro-inflammatory cytokines such as TNFα, IL1β and the latter hormone rescues osteoblast development and, thus, leads to new bone formation. 
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