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Osteomyelitis is a chronic inflammatory bone disease caused by infection of open fractures or post-operative implants. Particularly in patients with open fractures, the risk of osteomyelitis is greatly increased as the soft tissue damage and bacterial infection are often more severe. Staphylococcus aureus, one of the most common pathogens of osteomyelitis, disrupts the immune response through multiple mechanisms, such as biofilm formation, virulence factor secretion, and metabolic pattern alteration, which attenuates the effectiveness of antibiotics and surgical debridement toward osteomyelitis. In osteomyelitis, immune cells such as neutrophils, macrophages and T cells are activated in response to pathogenic bacteria invasion with excessive inflammatory factor secretion, immune checkpoint overexpression, and downregulation of immune pathway transcription factors, which enhances osteoclastogenesis and results in bone destruction. Therefore, the study of the mechanisms of abnormal immunity will be a new breakthrough in the treatment of osteomyelitis.
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1 Introduction

Staphylococcus aureus (S. aureus) is the most common pathogen responsible for osteomyelitis and one of the common pathogens that cause a persistent infection (1). S. aureus disrupts the immune response in immune cells and mediates the balance between osteoclast and osteoblast, ultimately leading to prolonged infection and progressive bone destruction, which results in chronic osteomyelitis (2). S. aureus is now known to mediate chronic infection and bone destruction through the following mechanisms: (1) secretion of virulence factors (Figure 1)—These virulence factors secreted by S. aureus enhance bacterial colonization, subsequently inducing the death of immune cells and altering the immune environment, which leads to immune escape. It has also been shown that these virulence factors are closely associated with abscess formation in osteomyelitis (3, 4); (2) biofilm formation—Vascular damage and oxygen concentration reduction provide a good environment for biofilm formation by S. aureus. A biofilm not only acts as a physical barrier to prevent immune cells from contact with the pathogen (5) but also disables neutrophils to be activated and promotes macrophages to differentiate; (3) altered metabolism—Under infection, immune cells consume more energy, exerting a stronger immune effect, to compete with pathogens, and therefore pathogens alter their metabolism accordingly in order to survive (6, 7); (4) achieving intracellular survival—After engulfment by the immune cell, S. aureus is able to escape from the phagosome, sustain intracellular survival, and initiate intracellular replication (4, 8).




Figure 1 | S. aureus exerts a negative effect on the host immune system. Macrophage migration is mediated by MMP9 and MMP3, and neutrophils are inhibited by virulence factors CHIP and FPRL1. S. aureus escapes the immune effects of neutrophils by biofilm formation, NET formation, and intracellular survival. Different oxygen and nutrient conditions can cause macrophages to differentiate into different cell subtypes and thus have different effects on inflammation. Checkpoints such as CTLA-4, PD-1, LAG-3, and TIM-3 inhibit T cell immune effect. Antibodies ASN-1 and ASN-2 can neutralize virulence factors such as Hla, PVL, and LukED.



Meanwhile, S. aureus penetrates into the cortical bone and infects osteocytes. These infected osteocytes secrete more chemokines such as CCL5, CXCL1, CXCL8, CXCL9, CXCL1, and CXCL11, which activate neutrophils and T lymphocytes, promoting inflammation and bone destruction (9). S. aureus is also able to survive in osteoblasts, causing morphological changes or even cell death therein. Similarly, infected osteoblasts secrete more inflammatory factors to promote immune cell migration and enhance osteoclastogenesis. These osteoclasts increase their nuclear volume by two folds and their cell surface area by four folds, which greatly enhances their ability of bone resorption and ultimately leads to bone destruction (2, 10).

Since S. aureus disrupts the function of immune cells in osteomyelitis, immunotherapy has a great potential role in the treatment of osteomyelitis. The mechanisms of how S. aureus targets on immune cells and new immunotherapies for the treatment of osteomyelitis are currently under investigation. The aim of this review is to provide an overview of the effects of S. aureus on immune cells in innate and adaptive immune during the pathogenesis of osteomyelitis.




2 Innate immunity



2.1 Neutrophils

In general, in the early stages of infection, neutrophils are the first immune cells to respond to bacterial infection and exhibit their immune function at the infectious site. The mechanisms of their immune effects include (1) the production of reactive oxygen species to kill pathogens directly, (2) the production of antimicrobial peptides such as cathelicidin, lysozyme, and azurocidin by intracellular phagosomes, (3) the production of proteases to degrade bacterial proteins such as cathelicidin G, elastase, gelatinase, and collagenase, and (4) the formation of extracellular traps to capture and kill pathogens (11).

However, in S. aureus-infected osteomyelitis, chemotactic migration, activation, and phagocytic killing are disturbed, which inhibits neutrophil extracellular trap (NET) formation and impairs bacteria-killing ability. Neutrophils even undergo changes during infection, which induces tissue destruction and assists the bacteria in surviving and spreading at the infectious site.



2.1.1 Chemotaxis

In the early stages of infection, host cells secrete large amounts of chemokines that recruit neutrophils to the infectious site and exert their bactericidal effects. CHIPs and FPRL1 inhibitory protein (FLIPr) are two virulence factors secreted by S. aureus which affect neutrophils’ chemotaxis function in osteomyelitis. Chemotaxis inhibitory proteins (CHIPs) reduce chemokine production and reduce neutrophil chemotaxis toward the infectious site (12). FLIPr inhibits formyl peptide receptor-like-1 (FPRL1) by decreasing intracellular calcium mobilization and facilitates neutrophil chemotaxis to the infectious site. In this condition, neutrophils are unable to arrive at the infectious site and thus cannot kill pathogens through reactive oxygen species and NETs (13). Thus, the reduced chemotactic capacity of neutrophils leads to a much reduced bactericidal effect of innate immunity. Therefore, targeting CHIPs and FLIPr secreted by S. aureus would be a new strategy to enhance neutrophil chemotaxis.

It has been well known that the life span of neutrophils is prolonged in patients with sepsis or severe bacterial infections (14), and Wagner et al. demonstrated that these prolonged neutrophils still produce superoxide and are equipped phagocytic activity, but their chemotaxis is significantly reduced (15). The team later showed that the neutrophil expression of the activation-related surface receptors including CD14 and CD64 remained upregulated during persistent infection, while the chemoattraction-related adhesion molecule CD62L was reduced, which may explain the lack of neutrophil chemotaxis in persistent infection (16).




2.1.2 Antigen recognition and activation

In general, neutrophil activation depends on the recognition of pathogen surface receptors. Staphylococcal superantigen-like 3 (Ssl3) belongs to the staphylococcal-like protein (Ssls) family and is also a virulence factor secreted by S. aureus, which blocks pathogen recognition by neutrophils and inhibits their activation by competitively binding to Toll-like receptor 2 (TLR2) (17, 18); the virulence factor CHIPs bind competitively to complement C5a, preventing C5a from activating neutrophils after binding to the complement receptor (3). As a response, neutrophils secret inhibitory neutrophil elastase proteinase-3 and cathepsin G to digest CHIPs. However, S. aureus is able to produce extracellular adherence protein (Eap) and Eap homologs (EapH1 and EapH2), which, in turn, inhibit these neutrophil elastases (19). Moreover, during persistent infection, some neutrophils express MHC class II, which is able to present antigen to T cells. It has been demonstrated that such neutrophils in chronic infection have the capacity to present antigen and activate T cells (16).

A distinctive feature of S. aureus in osteomyelitis is the ability to form biofilms on the surface of the implant. Generally, without the shelter of biofilm, planktonic bacteria are quickly recognized and captured by the immune cells. Biofilms are formed when planktonic bacteria adhere to the surface of implants (e.g., internal fixations: plates, screws, etc.) (5). Immature biofilms cannot serve as a perfect barrier and can be penetrated by neutrophils, which are fully activated to perform their immune function. However, once the biofilm is mature, its function as a physical barrier to immune cells is greatly enhanced. Extracellular polymers (EPS) are a major component of biofilms and are the main immunosuppressive effector. EPS impede the recognition of bacteria by shifting the recognition target of neutrophils from the pathogen to itself, thus helping the pathogen to evade the host’s immune response and persist at the infectious site (20, 21). However, extracellular DNA (eDNA), one of the components of EPS, has the ability to activate neutrophils. It is most likely that the activation of neutrophils by eDNA is not dependent on TLR; surface molecules of neutrophils are possibly able to directly sense eDNA in the bacterial microenvironment and are then activated (22). It is clear that this important component of EPS has a completely different effect on immune cells than EPS. However, whether there are other components of EPS that affect immune cell function remains to be investigated in the future.




2.1.3 Phagocytosis and killing

Neutrophils are the first line of defense for innate immunity and are usually involved in the immune response through phagocytosis and internalization, activation of degradative enzymes and cationic peptides in granules, extracellular trap formation, and antigen presentation (16, 23).

Staphylococcal complement inhibitor (SCIN) secreted by S. aureus suppresses neutrophil activation by inhibiting C3 convertase activity, which results in reduced complement C3 production as well as suppressed opsonization and phagocytosis in neutrophils (24, 25). As another virulence factor, Ssls7 inhibits the function of chemotaxis and complements production, pathogen phagocytosis and reactive oxygen species production (26, 27). Besides that, many other virulence factors are also involved in the inhibition of phagocytosis and killing of neutrophils. S. aureus protein A (SpA) inhibits antigen phagocytosis; alpha-type phenol-soluble modulin (PSMα), pantone viren albumin (PVL), albumin GH (LukGH), and gamma hemolysin (Hlg) induce neutrophil lysis and apoptosis and reduce the number of neutrophils (3).

The persistent intracellular survival of S. aureus is a crucial reason why neutrophils cannot play a full role in phagocytosis and killing. S. aureus interferes with the function of the neutrophil phagosome and thus persists in immune cells. The virulence factors superoxide dismutase (SodA and SodM), catalase (KatA), alkyl peroxide reductase (AhpCF), and streptomycin (encoded by crtOPQMN) modulate the cytotoxic effects of ROS, allowing pathogens to persist in the phagosome and preventing their complete elimination (28–30); the virulence factor Hla attenuates ROS-mediated killing by blocking the recruitment of phagosome toward the mitochondria. In recent years, Neumann et al. have found that S. aureus was usually labeled and killed in LC3-positive phagosomes, whereas S. aureus cannot be a target in phagosomes without LC3 modification. Therefore, in osteomyelitis, it is likely that S. aureus survives in the phagosome by interfering with the expression of LC3-modified protein production, and it is necessary to investigate the mechanisms by which S. aureus affects LC3 expression in osteomyelitis; it may be a new strategy to effectively block these pathways and restore the function of the phagosome to kill pathogens (31).




2.1.4 Tissue damage

The formation of extracellular traps is crucial for neutrophils to clear pathogens. NETs are released by neutrophils and are covered with histones, elastase, myeloperoxidase, and cathepsin G (32). The function of NETs is to capture and clear S. aureus at the infectious site at the expense of inducing damage to endothelial cells and other organs (33). Fabrizio Semeraro et al. demonstrated that histone proteins mediated platelet activation through TLR4 and TLR2 to promote blood coagulation and thrombin formation. The researchers proposed that this may be related to platelet-rich microthrombosis in sepsis models. We speculated that it was possible that the histones in NETs also play a key role in the formation of microthrombosis in chronic osteomyelitis, which hinders tissue repair and provides conditions for the growth of S. aureus. Therefore, NETs not only trap pathogens but also play an important role in tissue destruction in chronic osteomyelitis (34).

In summary, S. aureus exerts a series of negative effects on neutrophils to escape immune reactions. Inflammatory factors like IFN-γ, EPS, and NETs are involved in such process, which made all of them become possible therapeutic targets. It is worth noting that virulence factors almost affect the overall process, especially in phagocytosis and killing. Therefore, how to clear virulence factors secreted by S. aureus remains to be investigated.





2.2 Macrophages

The function of macrophages is closely corresponding to the subtype they exhibit. By altering the subtype of macrophages, S. aureus mediates not only chemotaxis and phagocytosis in osteomyelitis but also osteogenesis and bone destruction.



2.2.1 Subtype transition

In the early stages of infection, circulating monocytes are differentiated into macrophages by inflammatory cytokines. M1 macrophage is able to kill pathogens by releasing lysosomal enzymes and promoting inflammation by secreting pro-inflammatory factors. M2 macrophage secretes anti-inflammatory factors to inhibit excessive inflammation and produces platelet-derived growth factor, fibroblast growth factor, etc., to promote tissue repair (35). In chronic osteomyelitis, the interconversion and percentage between the two subtypes of macrophages are abnormal and imbalanced. The persistent presence of M1 macrophages induces an excessive inflammatory response, which may lead to severe tissue destruction. Likewise, the excessive production of M2 macrophages leads to insufficient phagocytosis and cytotoxic effects, biofilm formation, and bacterial resistance (36). It indicates that the mechanisms of macrophage action in chronic osteomyelitis are complex.

The STAT3/STAT6 pathway promotes macrophage polarization toward the M2 phenotype, whereas the STAT1 pathway promotes macrophage differentiation to the M1 phenotype. This suggests that the STAT3/STAT6 pathway negatively mediates the pathogen clearance ability in macrophages, which induces the persistence of osteomyelitis. Furthermore, it has been shown that IL-10 can trigger the STAT3 pathway to suppress the immune response of macrophages. Therefore, targeting this signaling pathway in macrophage may be a new immunoregulatory therapy for treating chronic osteomyelitis (37–39).

The biofilm formed by S. aureus is also able to influence macrophage polarization. When biofilms are not yet formed, the metabolic pattern of host immune cells is mainly based on glycolysis, which is able to participate in macrophage-mediated pro-inflammatory responses and contribute to the conversion of macrophages to the M1 phenotype. In contrast, when biofilms are formed, bacterial populations are significantly higher; thus, glucose and nutrients in the microenvironment are barren. Inefficient energy-producing pathways force host immune cells to choose oxidative phosphorylation to support macrophage conversion to M2 phenotype to repair damaged tissues (40, 41). Therefore, targeting mature biofilms formed by S. aureus may be a new strategy to modulate the excessive inflammatory response and tissue destruction caused by an imbalance in the ratio of M1 and M2 phenotypes of macrophages in osteomyelitis.




2.2.2 Chemotaxis

Like neutrophils, macrophages are recruited by chemokines and leave the circulation to the infectious sites. In chronic osteomyelitis, macrophage migration is regulated by the NF-κB/TWIST1 signaling pathway. NF-κB induces the upregulation of TWIST1 expression to enhance macrophages polarized to M1 phenotype and migrate to the infectious site (36). In addition, TWIST1 induced the expression of MMP9 and MMP3, which can also promote macrophage migration (42).




2.2.3 Phagocytosis and killing

Macrophages exert their immune effects mainly through pathogen phagocytosis. Macrophages are regulated by the PI3K/Akt-Beclin signaling pathway when they exert phagocytosis and killing under osteomyelitis conditions.

The PI3K/Akt-Beclin signaling pathway regulates macrophage autophagy, pathogen phagocytosis, and NF-kB-mediated inflammatory responses in S. aureus osteomyelitis. Recently, studies have shown that the PI3K inhibitors inhibited macrophage autophagy and impaired the phagocytosis of S. aureus. Meanwhile, when Beclin1 was knocked out and autophagy was inhibited, the NF-κB signaling pathway was activated, and a significant increase in inflammatory factors, such as TNF-α and IL-1β, can be detected in macrophages (43). It is clear that PI3K/Akt-Beclin positively regulates macrophage autophagy and phagocytosis and negatively regulates NF-κB-mediated TNF-α and IL-1β production in macrophages.

Obviously, some signaling pathways and relative transcription factors play key roles in macrophage differentiation, chemotaxis, and phagocytosis. It is important for us to explain the relationship among these signaling pathways, S. aureus, and macrophages. Mediating these pathways may become a new therapy in osteomyelitis treatment.




2.2.4 Bone and macrophage

Bone formation, a dynamic process, is mediated by osteoblast-mediated bone formation and osteoclast-mediated bone resorption (20). Many studies have shown that macrophages were involved in bone formation and bone resorption in inflammation by regulating the functions of osteoblasts and osteoclasts. In chronic osteomyelitis, the balance of bone remodeling is disrupted, osteoblasts differentiation is inhibited, and more osteoclast precursor cells differentiate into osteoclasts, of which macrophages are significantly relevant (10, 44, 45).



2.2.4.1 Osteogenesis

M2 macrophages promote the differentiation of mesenchymal stem cells (MSCs) into osteoblasts to repair damaged tissue (46). Furthermore, the osteogenic zone of long bones in mice with depleted macrophages is shorter and thinner than in normal mice, suggesting that the osteogenesis of osteoblasts is inextricably linked to macrophages (47).

BMP2, a member of the TGF-β family, is one of the first cytokines to be involved in the differentiation of mesenchymal stem cells into osteoblasts. BMP2 increases the expression of the osteogenic pathway by regulating key transcription factors, RUNX2 and ALP, in the osteogenic differentiation pathway, ultimately promoting osteoblast differentiation (48).

TNF-α is also an important factor that influences the differentiation of MSCs toward osteoblasts. It is secreted by M1-type macrophages and is a double-edged sword in the regulation of osteoblastogenesis. Its effect on osteoblasts depends on the dosage. Under physiological conditions, TNF-α promotes the migration and proliferation of osteoblasts by activating the p38/MAPK pathway (49). In contrast, under acute inflammatory conditions, excessive TNF-α inhibits osteoblastogenesis by inhibiting the Wnt pathway by regulating GSK3β (50). In addition, TNF-α affects osteoblasts by mediating miRNAs. Specifically, TNF-α-mediated miRNA-23b binds directly to the transcription factor RUNX2, negatively regulating RUNX2 and inhibiting downstream responses (47, 51). However, further research on how miRNAs recognize specific gene sequences on RUNX2 still remains to be discussed.

Oncostatin M (OSM), the IL-6 family cytokines secreted by macrophages, can also induce osteogenic differentiation. OSM binds to two kinds of mesenchymal stem cell surface receptors, the OSM receptors (OSMRs) and the leukemia inhibitory factor receptors (LIFRs), and regulates the JAK/STAT3 pathway to promote osteoblast differentiation (52).

GPNMB is a group of glycoproteins which are expressed in macrophages, especially in M2 subtype (53). It has been shown that GPNMB recruited MSCs to damage sites and stimulated osteoblastogenesis via the ERK/AKT and JAK/STAT3 pathways. However, other studies have also shown that excess GPNMB may stimulate osteoclast activity and induce bone loss (46).

Exosomes secreted by macrophages are also involved in the transformation of mesenchymal stem cells. Exosomes are vesicle-like bodies containing complicated ribonucleic acids and proteins, mediating cellular paracrine secretion and regulating cell function and intercellular communication. Exosomes secreted by macrophages contain CD9+, CD63+, CD81+, Tsgl01+, and Hsp70, which are internalized by MSCs and induce their differentiation toward osteoblasts (54).

In recent years, β-tricalcium phosphate (β-TCP) has been shown to activate the immune reaction of M2 macrophages. β-TCP stimulates the osteogenic differentiation of MSCs via the BMP2 pathway and subsequently activates distal-less homeobox 5 and the expression of transcription factors Runt-related transcription factors 2 (55). Furthermore, this study indicated that β-TCP was an ideal potential biomaterial for filling bone defects and had great promise for application.

In summary, these osteogenic molecules and cytokines, which are secreted by macrophages, may be affected by S. aureus during osteomyelitis. Its production and secretion processes may be inhibited or altered in osteomyelitis, which ultimately prevents the normal regulation of osteoblast differentiation and impairs osteogenesis.




2.2.4.2 Bone resorption

Osteoclasts derived from the monocyte/macrophage lineage are homologous to macrophages in bone tissue (36, 38, 56). Osteoclast precursor cells differentiate into mature osteoclasts which subsequently mediate bone resorption through various signaling pathways. The main signaling pathway involved in infection is the RANKL/RANK pathway. Bone defects are very common in post-traumatic osteomyelitis. Osteoclasts are directly associated with bone defects, and macrophages are able to participate in the regulation of osteoclastogenesis. M1 macrophages secrete large amounts of inflammatory cytokines, including TNF-α, IL-6, and INF-γ, which promote osteoclastogenesis (57, 58).

TNF-α has been recognized as the central cytokine affecting the RANKL/RANK signaling pathway. TNF-α not only regulates osteoblast function, which indirectly impairs bone formation (57), but also mediates osteoclast production, which directly causes bone resorption. In the presence of large amounts of inflammatory cytokines, TNF-α stimulates osteoblasts to secret RANKL and induces stem cells to secret M-CSF, which can lead to more frequent and tighter binding of RANKL and RANK (59). TRAF6 is the switch for this pathway. TNF-α enhances the RANKL-TRAF6 signaling pathway through TRAF2 (60). However, whether TNF-α must be present in the presence of RANKL to enhance this signaling pathway is still controversial. Most researchers support the notion that TNF-α relies on RANKL to exert its effects, while others take the opposite view (61, 62). In addition, some studies have also shown that TNF-α is able to regulate the growth of osteoclasts in the absence of RANKL (63). In recent years, it has been shown that TNF-α exerts a pro-differentiation effect on osteoclast precursor cells via sialylation. Sialic acid is a neuraminic acid derivative involved in osteoclastogenesis. TNF-α triggers the differentiation of highly sialic-acidified precursor osteoclasts, but such effect of TNF-α is diminished when the sialylation of precursor osteoclasts is disturbed (64). This suggested that TNF-α may not need to rely on RANKL to promote osteoclastogenesis.







3 Adaptive immunity



3.1 T cells

After antigen activation, T lymphocyte cells are generally differentiated into helper T cells (CD4+T cells) and cytotoxic T cells (CD8+T cells). CD4+T cells promote immune responses by secreting different inflammatory factors to activate other immune cells; sometimes they also control the progression of inflammation by inhibiting the proliferation of immune cells. CD8+T cells kill pathogens directly by secreting proteins and cytokines, such as perforin and granzyme (20).



3.1.1 Antigen recognition and activation

Most dendritic cells are able to activate T cells by presenting antigens. Leukocidin AB (LukAB), a virulence factor secreted by S. aureus, prevents T cells from being activated by killing dendritic cells, which play a key role in antigen presentation (65).

Cytotoxic T lymphocyte A antigen 4 (CTLA-4) is secreted primarily by T cells and is an inhibitory molecule that binds to CD80/CD86 on the surface of antigen-presenting cells, preventing CD80/CD86 from binding to CD28 on the surface of T cells. It thereby interferes with the activation of APCs on T cells and blocks pathogen clearance, leading to infection persistence (20, 66).




3.1.2 Pathogen killing

During the transition from the acute to the chronic phase of osteomyelitis, the function of CD8+T cells is impaired in this process and then becomes a participant in the development of chronic osteomyelitis.

It has been found that during chronic osteomyelitis, the killing capacity of cytotoxic T cells was greatly diminished in response to the sustained stimulation of large amounts of antigens and inflammatory factors. These T cells with immunosuppressive properties are called exhausted CD8+T cells (66). Exhausted CD8+T cells produce fewer cytokines such as IFN-γ, TNF-α, IL-12, IL-18, and IL-12. At the same time, the production of cytotoxic effectors such as granzyme and perforin is also reduced, which causes the inefficient elimination of pathogens (67). Importantly, exhausted CD8+T cells express various suppressor receptors such as PD-1, LAG-3, 2B4, CD160, TIM3, and TIGHT (67–69). These suppressor receptors continue to exert immunosuppressive effects in persistent infections. Although the immunosuppressive effect of a single inhibitory receptor is limited, exhausted T cells often express multiple inhibitory receptors, such as PD-1 and LAG-3, which synergistically exert a more potent immunosuppressive effect than a single receptor (70). In addition, the metabolic status of exhausted CD8+T cells is altered to adapt to the environment of chronic infection. Normal CD8+T cells rely primarily on glycolysis for energy (71, 72); however, exhausted CD8+T cells suppress the activation of AKT in the energy synthesis pathway as well as mTOR activity by CTLA-4 or PD-1 (73, 74), resulting in a shift to fatty acid metabolism for energy. It is compatible with the environment of chronic infection that allows the cells to survive in nutrient-deficient environments (75, 76). This suggests that reversing the change in the energy synthesis pathway in CD8+T cells or inhibiting fatty acid metabolism in CD8+T cells could be a new immunotherapy prospect to reduce the number of exhausted CD8+T cells and rescue immunosuppression statutes.

Recently, studies have shown that a difference in transcription factor expression exists between normal effector CD8+T cells and exhausted CD8+T cells. In recent years, transcription factors are considered to be closely associated with this functional transformation of CD8+T cells, including T-bet, EOMES, and TCF1.

T-bet and EOMES are a pair of transcription factors that influence the differentiation fate of initial CD8+T cells. When initial CD8+T cells express more T-bet than EOMES, they will differentiate toward terminal effector CD8+T cells. Conversely, if EOMES are expressed more, initial CD8+T cells will differentiate toward memory T cells. The continued high expression of EOMES leads to progressive CD8+T cell exhaustion (77). Some researchers believe that a persistent high EOMES expression may be associated with high PD-1 expression, which has been shown in upregulation during chronic osteomyelitis (70, 78).

TCF1 is a T cell-specific transcription factor that is thought to be essential for the differentiation and maintenance of exhausted CD8+T. In the early stages of chronic infection, TCF1 is co-expressed with CXCL5 in CD8+T cells, then T cells gradually exhibit an exhausted CD8+T cell profile. CD8+T cells with TCF1 knockdown show a tendency to differentiate toward effector CD8+T cells (79, 80). PD-1 expression had a positive effect on TCF1 expression. Thus, the expression of T-bet, EOMES, and TCF-1 on exhausted CD8+T cells was all closely associated with PD-1 (81). However, the specific mechanisms by which these transcription factors affect CD8+ T cells and the mechanisms by which PD-1 interacts with T-bet, EOMES, and TCF1 remain unclear. It has been reported that CTLA-4 secreted by Treg is able to disrupt the CD80/PD-L1 heterodimer on antigen-presenting cells, resulting in an increase of free PD-L1 (66). Therefore, we speculate that increased PD-L1 activates more PD-L1/PD-1 signaling in osteomyelitis, which may be involved in regulating EOMES expression and mediating the generation of exhausted CD8+T cells.

Th17 and Treg cells and Th17/Treg-related immunosuppression are strongly associated with osteomyelitis persistence and bone destruction. Th17 cells, with RORγt on its surface as a unique marker, promote inflammation and inhibit osteoclastogenesis. The Treg surface marker is Foxp3, which is also a transcription factor, and deletion of Foxp3 leads to a reduction in the number of Treg cells. Treg negatively regulates the inflammatory response and also promotes osteoclastogenesis (13, 82–84).

S. aureus is able to activate Treg cells to suppress the host immune response. Sophia Björkander et al. demonstrated that S. aureus activated T cells via superantigens, inducing the large secretion of cytokines in T cells, which activate Treg cells, thus suppressing the immune response (85).

Th17 cells are differentiated from the initial T cells. TNF-α and other inflammatory factors, such as IL-1, IL-6, IL-21, and IL-23, enhance RORγt expression and inhibit Foxp3 expression, which induces the differentiation of initial T cells to Th17 cells (83). Thus, we believe that affecting the T cell differentiation pathway by blocking the secretion of TNF-α, IL-1, and IL-6 can be a strategy to control the inflammation and tissue destruction induced by Th17 cells.

In conclusion, different subtypes of T cells may play different roles in osteomyelitis. CD4+T cells interfere with normal immune reaction through the expression of CTLA-4; therefore, how S. aureus affects the T cell expression of CTLA-4 and whether its virulence factors have an impact on CTLA-4 expression in T cells are critical to the study of a new therapeutic target in osteomyelitis. CD8+T cells turn into exhausted CD8+T cells in osteomyelitis. T-bet, EOMES, and TCF1 are some crucial factors that are associated with an attenuated immune reaction. Treg cells and Th17 cells have the opposite effect, and how to mediate their function in osteomyelitis remains to be explored.




3.1.3 Bone destruction

Th17 and Treg cells not only have opposite immune effects in the inflammatory process but also play distinct roles in bone production and destruction.

Treg cells inhibit osteoclast production and thus reduces bone destruction in osteomyelitis, but the mechanism for this remains controversial. Some studies believe that Treg cell inhibits osteoclast production mainly through decreasing the secretion of TGF-β, IL-4, and IL-10 (83). Other studies suggest that Treg cells inhibit osteoclastogenesis primarily through CTLA4-dependent intercellular contacts to reduce bone destruction. Treg-derived CTLA-4 binds to B7-1/B7-2 (CD80/86) on the surface of osteoclast precursors and impairs their differentiation to osteoclasts (86). However, Abdul et al. demonstrated that Treg cells also promoted osteoblastogenesis to accelerate bone remodeling (84). The Wnt signaling pathway is a pathway that regulates osteoblastogenesis. Wnt10b, a ligand for Wnt, is a potent enhancer of the regulation of osteoblast proliferation. Under butyrate conditions produced by Lactobacillus, Treg cells are involved in regulating the activation of the Wnt10b promoter, thus promoting Wnt10b expression (84).

Th17 cells mediate the formation of osteoclasts in various ways. First, the cytokine IL-17 secreted by Th17 cells not only directly increases the expression of RANKL in osteoblasts but also induces the secretion of IL-6, TNF-α, and IL-1, promoting the expression and activation of RANKL in osteoblasts. In addition, Th17 cells can also secrete RANKL (87). In conclusion, osteoblastogenesis is regulated by Th17 cells and promotes bone destruction during inflammation.

Therefore, several cytokines like CTLA-4, IL-17, and IL-6 and signaling pathways like Wnt and RANKL/RANK are involved in the process of Tregs cells and Th17 cells mediating osteoclastogenesis, but other cytokines and pathways in this process are unknown and still remain to be found out. In this review, we figure out the relationship among these factors.

Th17 cells promote inflammatory response and bone destruction, whereas Treg cell inhibits the degree of inflammation and promotes bone formation. Actually, the Th17/Treg ratio is modulated by different conditions. When intense inflammation occurs, inflammatory cells secrete large amounts of inflammatory factors such as IL-6. Inflammatory factors represented by IL-6 stimulate the production of Th17 cells via the STAT3 pathway, whereas in the absence of IL-6, the production of Th17 cell is inhibited (88–90).

Hypoxia-inducible factor α (HIF1α) affects Th17/Treg ratio in a hypoxic environment (91). HIF1α not only increases RORγt expression to promote Th17 cell differentiation but also inhibits Foxp3 expression via the proteasomal degradation pathway under hypoxic conditions, resulting in a relative increase in RORγt expression (92). In summary, IL-6 and HIF1-α, which are produced under hypoxic conditions caused by intense inflammation, regulate Th17/Treg ratio through different pathways, implying that more Th17 cells are induced in an intense inflammation-related hypoxic environment. Conversely, in a more mild, chronic, normoxic inflammatory environment, initial T cells are more inclined to differentiate into Treg cells. Therefore, an ideal environment is critical to balance the Th17/Treg ratio.





3.2 B cell

There are two kinds of antibodies (ASN-1 and ASN-2) secreted by B lymphocytes which can neutralize the virulence factors secreted by S. aureus. ASN-1 neutralizes alpha-hemolysin (Hla), panton-valentine leucocidin, leukocidin ED (LukED), and g-hemolysin, while ASN-2 neutralizes LukAB/LukGH (93). Thomsen et al. collected peripheral blood from a 12-year-old boy with S. aureus-infected osteomyelitis, isolated B cells, and three kinds of monoclonal antibodies. They demonstrated that SA-13, SA-15, and SA-17 had the capacity to effectively reduce the damage of immune cell function caused by LukAB in the acute phase (94). However, S. aureus also has an immune escape mechanism to humoral immunity. The virulence factor SpA inhibits antibody-mediated phagocytosis by binding to antibodies as well as causes B cell apoptosis (95–97). Staphylococcus aureus enzyme (Sak) causes IgG cleavage and degradation that greatly diminishes IgG-mediated phagocytosis by neutrophils (98). In addition, Pelzek et al. showed that, although patients had high levels of antibodies in acute phage, the antibodies’ response disappeared at 6 weeks of follow-up visit. These results suggest that S. aureus infection after acute phage is not sufficient to induce secondary recall responses that result in persistently elevated antibody levels. Therefore, we speculated that although B cells were capable of generating many antibodies against S. aureus virulence factors, the development of chronic osteomyelitis was related to the failure of B cells to keep the level of antibody generation (99).

B cells can be activated by LPS. However, as a cell membrane component of gram-positive bacteria which is similar to LPS, lipoteichoic acid (LTA) is capable of inhibiting B cell proliferation and interfering with the LPS-induced B cell immune response. Although it is difficult to determine whether LTA is involved in the immunosuppressive effects of S. aureus on B cells, LTA does provide us with a new perspective to explore the negative immune role of S. aureus in osteomyelitis (100).

Zeng et al. showed that, in periodontitis, B cells secreted pro-inflammatory cytokines, receptor activator of NF-κB ligand (RANKL), matrix metalloproteinases, and autoantibodies (Abs) to mediate inflammation as well as bone destruction (101, 102). Regulatory B cells (Bregs), a subtype of B cells, play an opposite role; Bregs produce anti-inflammatory cytokines, such as IL-10, TGF-β, and IL-35, which inhibit the development of inflammation (103, 104), but it is unclear whether Bregs display an opposite role in bone remodeling.

In conclusion, B cells are likely to be involved in the chronicity of osteomyelitis and bone destruction in S. aureus infection just like other immune cells.





4 Immunotherapy targets

Antibiotic therapy with surgical debridement is a common strategy to treat osteomyelitis in the clinic. However, in Wu and team’s investigation, they review the osteomyelitis patients in their clinical center during 2013 to 2020 and show that, of 482 patients, 13.7% presented with infection persistence after initial debridement and antibiotic treatment (6 weeks), thus needed repeated debridement, 8.5% had recurrence after all treatment ends and a period of infection cure, and in 3.5% of patients, complications were observed (105). Some osteomyelitis patients face many problems such as more postoperative complications and high cost of follow-up treatment. In addition, patients with osteomyelitis have a very high rate of re-infection after surgery (15%–40%). Finally, they have to replace the internal fixation (106). Therefore, it is urgent for us to study a new therapy to supply traditional antibiotic treatment. In fact, immunotherapy has been applied in tumor and autoimmune disease treatment. Moreover, there is a similar immune suppression between a tumor and an infectious microenvironment, so we believe that immunotherapy can be used to treat infectious disease (107).

During the investigation on clinical immunotherapy of chronic osteomyelitis, we still have to figure out many complex mechanisms, including functional redundancy among virulence factors, differential expression of virulence factors during different stages of growth, or heterogeneity in protein expression throughout the bacterial biofilm (108).

Harro et al. have shown that they developed a biofilm-specific pentavalent vaccine. In the mice model, the mortality rate of mice immunized with the pentavalent vaccine after an injection of S. aureus was 16.7%, while that of the control group was 91.7%. The complete clearance of infection in the pentavalent vaccine group was 66.7%, while that in the control group was only 8.3%, suggesting that the pentavalent vaccine targeting biofilms may have preventive and immune effects in the clinical treatment of chronic osteomyelitis (109).

Actually, vaccine targeting neutralization of S. aureus virulence factors has also been investigated in other diseases. Some kinds of anti-toxin monoclonal antibodies are used in respiratory-infected clinical trials—for example, Kailasan’s team investigated that rabbit polyclonal antibodies against LukAB, α-toxin, and PVL, when combined together, nearly completely neutralize their cytolytic effect against human immune cells. Although there is no existing evidence indicating that such antibody therapy has the same effect in S. aureus-infected osteomyelitis, they deserve to be investigated as potential therapies for osteomyelitis.

In the past, many studies in immunotherapy focus on vaccine development; however, in recent years, the increased number of studies tried to focus on the restoration of immune cell function through various targets, such as immune checkpoints and transcription factors.

It was mentioned that PD-1 overexpression induces CD8+ T cell exhaustion. Therefore, PD-1 is the key for recovering the effective immune response of CD8+ T cells. At first, Deak et al. showed that IL-2 combined with checkpoint inhibitors prevented the stem-like PD-1+TCF-1+CD8+T cells from differentiating toward exhausted T cells. In a recent work, they demonstrated that muPD1-IL2v differentiated PD-1+TCF+ stem-like CD8+ T cells into better effector CD8+ T cells in tumor or chronic LCMV infection (110). Their finding inspires us that IL-2 or muPD1-IL2v may exert a similar effect to enhance the immune response in chronic osteomyelitis. In addition, IL-2/STAT5 was demonstrated to have a key role for the conversion of CD+4 T cells to Treg cells. IL-2 binds to the domain of STAT and then triggers Foxp3 and CTLA-4 expression (111). The high expression of CTLA4 has an important role in immunosuppressive effect in Treg cells; therefore, it is considered as a potential target of osteomyelitis treatment. Wuwei Xiaodu Drink (WWXDD) is a traditional Chinese medicine prescription which contains lonicera flower, chrysanthemum flower, dandelion, siemiaquilegia ruber, and herba violae. The clinical application of WWXDD in wound infections achieved substantial results (112). Moreover, Huang et al. believed that WWXDD had a similar result in osteomyelitis; thus, they established a chronic osteomyelitis model in rats. They demonstrated that luteolin, chryseriol, kaempferol, and quercetin are the main active compounds of WWXDD, which are capable for downregulating the percentage of Treg cells via IL-2/STAT5 and suppressing the increased level of Foxp3 and CTLA-4 in osteomyelitis (113). Therefore, there have been proper valuable evidence supporting that WWXDD may become a new option for clinicians to treat chronic osteomyelitis.

Obviously, biofilm is an essential factor for the formation of chronic infection; thus, it is necessary for us to find out effective solutions to clear such barriers, which is not limited to vaccination. Next Science wound gel is applied in wound healing and disinfection, which targets biofilm in wound. The antimicrobial components within the gel are able to effectively destroy the EPS matrix and lyse the bacteria encapsulated within the matrix (114). However, the results of the gel in osteomyelitis remain unclear. It is unsure whether the gel has the capacity to physically access biofilm attaching in deep-seated bone. Exebacase (Lysin CF-301), an antistaphylococcal lysin, possesses ideal efficiency to clear staphylococcal biofilm. It has been investigated that exebacase removed all biofilms formed on catheters within 60 min and killed all released bacteria by 6 h (115, 116). Exebacase not only destroys staphylococcal biofilm in chronic osteomyelitis but also has a rapid bactericidal effect. Karau et al. have shown that, in an acute methicillin-resistant S. aureus (MRSA) osteomyelitis model, exebacase has synergistic activity with daptomycin, which is able to penetrate bone tissue (117). Exebacase may improve the ability of daptomycin to bind to its targets (118). Thus, exebacase plus daptomycin is an effective combination for osteomyelitis, including acute and chronic stages. It has great therapeutic prospect in the clinical treatment of osteomyelitis.

It is clear that the RANKL/RANK pathway plays an important role in mediating osteoclastogenesis and bone resorption. Therefore, targeting this pathway to reduce the production of RANKL is able to inhibit osteoclastogenesis, which may be a potential treatment for bone defects in chronic osteomyelitis. Studies have demonstrated that bisphosphonate can be applied in osteoporosis and HIV infection-induced low bone mineral density by targeting RANKL-induced expression (119, 120). Huang et al. suggested that zoledronic acid, which is one of the bisphosphonates widely used in preventing bone loss, is able to inhibit osteoclast differentiation by inhibiting the RANKL/RANK/TRAF6 pathway and its downstream NF-κB and JNK signaling pathways (120). Another bisphosphonate, alendronate, is demonstrated to improve bone mineral density by decreasing the osteoclast activity in HIV-infected patients. Thus, it is possible for bisphosphonates to become a new way to treat bone destruction in osteomyelitis. However, Kobayashi et al. investigated the effect of bisphosphonates in chronic osteomyelitis by establishing rat models, and they show that, although bisphosphonates are able to inhibit osteoclast differentiation, they protect necrotic formation and thus provide suitable nidus to infection. Compared to bisphosphonate, anti-RANKL ab is less effective in inhibiting bone destruction; however, it is beneficial to the clearance of necrotic bone (121). Thus, anti-RANKL ab also has advantages in the treatment of osteomyelitis. More clinical results are expected to help clinicians make better clinical decisions.

Twist Family BHLH Transcription Factor 1 (TWIST1) is a critical apoptosis inhibitor in embryonic development, tumor metastasis, and initiation. However, it plays a protective role in the later stage of S. aureus-induced osteomyelitis such that it inhibits macrophage apoptosis by blocking the activation of the mitochondrial apoptosis signaling pathway (122). Wang et al. demonstrated that elevated TWIST1 protects macrophages from programmed cell death cascade induced by calcium overload, which inhibits the antimicrobial ability of S. aureus-induced osteomyelitis models (123). Therefore, TWIST1 is a potential target for immunotherapy. However, it still remains to be investigated how TWIST1 can modulate calcium overload and which signaling pathways are involved in this process.

S. aureus is generally divided into MRSA and methicillin-sensitive S. aureus (MSSA). MSSA is known as the most common pathogen of osteomyelitis (124); however, in recent years, the proportion of MRSA-infected osteomyelitis has gradually increased. In fact, MRSA-induced osteomyelitis is more likely to cause high fever, tachycardia, pain, and claudication (125). Hospital-associated MRSA (HA-MRSA) infects patients in hospitals, while community-acquired MRSA (CA-MRSA) infects patients without a recent hospitalization (126). CA-MRSA equips higher virulence, producing much more virulence factors. It was shown that SCCmec is a mobile genetic element. The structure of SCCmec in HA-MRSA and CA-MRSA is quite different (127). SCCmec of HA-MRSA includes the psm-mec gene, which associates with S. aureus colony spread and biofilm formation, and the strain without psm-mec gene produces more virulence factors than that which carries the psm-mec gene. Furthermore, Kaito et al. have shown that psm-mec RNA is able to modulate PSM-α, which is a cytolytic toxin of S. aureus (126). Therefore, we believe that the psm-mec gene is a key factor in reducing the virulence of S. aureus and may become a new target for the treatment of S. aureus-infected osteomyelitis.




5 Conclusion

Osteomyelitis is a type of chronic bone disease with bacterial infection which is commonly caused by open fractures or postoperative implant infection. Especially in patients who suffer from open fractures, they are not only confronted with tissue damage but also a bacterial infection that causes osteomyelitis. S. aureus is one of the most common pathogens of osteomyelitis, and there is no effective therapy yet for S. aureus-caused osteomyelitis.

In recent years, more and more studies have focused on immune cells in osteomyelitis. They try to disclose the mechanisms of how immune cells mediate osteomyelitis and how S. aureus altered immune cells. Moreover, the therapies which are basic on immune cells still remain to be investigated. Thus, this article gives an overview of the relationship between immune cells, S. aureus, and osteomyelitis. S. aureus impairs the immunity reaction by virulence factors, biofilm, and intracellular survival. Impaired immune reactions enhance acute infection transferring to the chronic stage. During chronic stage, the function of immune cells is altered by inflammatory factors, immune checkpoints, metabolism, and transcription factors. Meanwhile, immune cells are closely associated with osteoblastogenesis and osteoclastogenesis, which are involved in bone formation and bone resorption.

However, the molecular mechanism of immune cells in chronic osteomyelitis remains to be further studied. Moreover, the role of B cells in the development of osteomyelitis and their interaction with S. aureus have not been studied. Thus, it is necessary for us to investigate the mechanism of immune cell function in S. aureus-induced osteomyelitis and explore new immunotherapy for osteomyelitis.





Author contributions

BY and GL conceived and designed the study. YC, ZLiu, and ZLin searched the literature. YC and ZLiu drafted the article. ML, YF, GL, and BY revised the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This research was funded by the National Natural Science Foundation of China (grant numbers 81830079, 82272517, and 82201732) and the President Foundation of Nanfang Hospital, Southern Medical University (grant number 2021L001).





Conflict of interest

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





References

1. Yang, J, Yao, J-L, Wu, Z-Q, Zeng, D-L, Zheng, L-Y, Chen, D, et al. Current opinions on the mechanism, classification, imaging diagnosis and treatment of post-traumatic osteomyelitis. Chin J Traumatol (2021) 24(6):320–7. doi: 10.1016/j.cjtee.2021.07.006

2. Trouillet-Assant, S, Gallet, M, Nauroy, P, Rasigade, J-P, Flammier, S, Parroche, P, et al. Dual impact of live Staphylococcus aureus on the osteoclast lineage, leading to increased bone resorption. J Infect Dis (2015) 211(4):571–81. doi: 10.1093/infdis/jiu386

3. Guerra, FE, Borgogna, TR, Patel, DM, Sward, EW, and Voyich, JM. Epic Immune Battles of History: Neutrophils vs. Staphylococcus aureus. Front Cell Infect Microbiol (2017) 7:286. doi: 10.3389/fcimb.2017.00286

4. Gimza, BD, and Cassat, JE. Mechanisms of antibiotic failure during staphylococcus aureus osteomyelitis. Front Immunol (2021) 12:638085. doi: 10.3389/fimmu.2021.638085

5. Stoodley, P, Nistico, L, Johnson, S, Lasko, L-A, Baratz, M, Gahlot, V, et al. Direct demonstration of viable Staphylococcus aureus biofilms in an infected total joint arthroplasty. A case report. J Bone Joint Surg Am (2008) 90(8):1751–8. doi: 10.2106/JBJS.G.00838

6. Horn, CM, and Kielian, T. Crosstalk between staphylococcus aureus and innate immunity: focus on immunometabolism. Front Immunol (2020) 11:621750. doi: 10.3389/fimmu.2020.621750

7. Tucey, TM, Verma, J, Harrison, PF, Snelgrove, SL, Lo, TL, Scherer, AK, et al. Glucose homeostasis is important for immune cell viability during candida challenge and host survival of systemic fungal infection. Cell Metab (2018) 27(5):988–1006 e7. doi: 10.1016/j.cmet.2018.03.019

8. Flannagan, RS, Heit, B, and Heinrichs, DE. Intracellular replication of Staphylococcus aureus in mature phagolysosomes in macrophages precedes host cell death, and bacterial escape and dissemination. Cell Microbiol (2016) 18(4):514–35. doi: 10.1111/cmi.12527

9. Yang, D, et al. Novel Insights into Staphylococcus aureus Deep Bone Infections: the Involvement of Osteocytes. mBio (2018) 9(2):e00415-18. doi: 10.1128/mBio.00415-18

10. Alder, KD, Lee, I, Munger, AM, Kwon, HK, Morris, MT, Cahill, SV, et al. Intracellular Staphylococcus aureus in bone and joint infections: A mechanism of disease recurrence, inflammation, and bone and cartilage destruction. Bone (2020) 141:115568. doi: 10.1016/j.bone.2020.115568

11. Krishna, S, and Miller, LS. Innate and adaptive immune responses against Staphylococcus aureus skin infections. Semin Immunopathol (2012) 34(2):261–80. doi: 10.1007/s00281-011-0292-6

12. de Haas, CJ, Veldkamp, KE, Peschel, A, Weerkamp, F, Van Wamel, WJ, Heezius, EC, et al. Chemotaxis inhibitory protein of Staphylococcus aureus, a bacterial antiinflammatory agent. J Exp Med (2004) 199(5):687–95. doi: 10.1084/jem.20031636

13. Belkaid, Y, and Tarbell, K. Regulatory T cells in the control of host-microorganism interactions (*). Annu Rev Immunol (2009) 27:551–89. doi: 10.1146/annurev.immunol.021908.132723

14. Wagner, C, Pioch, M, Meyer, C, Iking-Konert, C, Andrassy, K, and Hansch, GM. Differentiation of polymorphonuclear neutrophils in patients with systemic infections and chronic inflammatory diseases: evidence of prolonged life span and de novo synthesis of fibronectin. J Mol Med (Berl) (2000) 78(6):337–45. doi: 10.1007/s001090000107

15. Wagner, C, Kaksa, A, Muller, W, Denefleh, B, Heppert, V, Wentzensen, A, et al. Polymorphonuclear neutrophils in posttraumatic osteomyelitis: cells recovered from the inflamed site lack chemotactic activity but generate superoxides. Shock (2004) 22(2):108–15. doi: 10.1097/01.shk.0000132488.71875.15

16. Wagner, C, Iking-Konert, C, Hug, F, Stegmaier, S, Heppert, V, Wentzensen, A, et al. Cellular inflammatory response to persistent localized Staphylococcus aureus infection: phenotypical and functional characterization of polymorphonuclear neutrophils (PMN). Clin Exp Immunol (2006) 143(1):70–7. doi: 10.1111/j.1365-2249.2005.02963.x

17. Bardoel, BW, Vos, R, Bouman, T, Aerts, PC, Bestebroer, J, Huizinga, EG, et al. Evasion of Toll-like receptor 2 activation by staphylococcal superantigen-like protein 3. J Mol Med (Berl) (2012) 90(10):1109–20. doi: 10.1007/s00109-012-0926-8

18. Yokoyama, R, Itoh, S, Kamoshida, G, Takii, T, Fujii, S, Tsuji, T, et al. Staphylococcal superantigen-like protein 3 binds to the Toll-like receptor 2 extracellular domain and inhibits cytokine production induced by Staphylococcus aureus, cell wall component, or lipopeptides in murine macrophages. Infect Immun (2012) 80(8):2816–25. doi: 10.1128/IAI.00399-12

19. Stapels, DA, Ramyar, KX, Bischoff, M, von Kockritz-Blickwede, M, Milder, FJ, Ruyken, M, et al. Staphylococcus aureus secretes a unique class of neutrophil serine protease inhibitors. Proc Natl Acad Sci USA (2014) 111(36):13187–92. doi: 10.1073/pnas.1407616111

20. Seebach, E, and Kubatzky, KF. Chronic implant-related bone infections-can immune modulation be a therapeutic strategy? Front Immunol (2019) 10:1724. doi: 10.3389/fimmu.2019.01724

21. Gunther, F, Wabnitz, GH, Stroh, P, Prior, B, Obst, U, Samstag, Y, et al. Host defence against Staphylococcus aureus biofilms infection: phagocytosis of biofilms by polymorphonuclear neutrophils (PMN). Mol Immunol (2009) 46(8-9):1805–13. doi: 10.1016/j.molimm.2009.01.020

22. Fuxman Bass, JI, Russo, DM, Gabelloni, ML, Geffner, JR, Giordano, M, Catalano, M, et al. Extracellular DNA: a major proinflammatory component of Pseudomonas aeruginosa biofilms. J Immunol (2010) 184(11):6386–95. doi: 10.4049/jimmunol.0901640

23. McGuinness, WA, Kobayashi, SD, and DeLeo, FR. Evasion of neutrophil killing by staphylococcus aureus. Pathogens (2016) 5(1):32. doi: 10.3390/pathogens5010032

24. Rooijakkers, SH, Ruyken, M, Roos, A, Daha, MR, Presanis, JS, Sim, RB, et al. Immune evasion by a staphylococcal complement inhibitor that acts on C3 convertases. Nat Immunol (2005) 6(9):920–7. doi: 10.1038/ni1235

25. Ricklin, D, Tzekou, A, Garcia, BL, Hammel, M, McWhorter, WJ, Sfyroera, G, et al. A molecular insight into complement evasion by the staphylococcal complement inhibitor protein family. J Immunol (2009) 183(4):2565–74. doi: 10.4049/jimmunol.0901443

26. Bestebroer, J, Aerts, PC, Rooijakkers, SH, Pandey, MK, Kohl, J, van Strijp, JA, et al. Functional basis for complement evasion by staphylococcal superantigen-like 7. Cell Microbiol (2010) 12(10):1506–16. doi: 10.1111/j.1462-5822.2010.01486.x

27. Langley, R, Wines, B, Willoughby, N, Basu, I, Proft, T, and Fraser, JD. The staphylococcal superantigen-like protein 7 binds igA and complement C5 and inhibits igA-fcαRI binding and serum killing of bacteria. J Immunol (2005) 174(5):2926–33. doi: 10.4049/jimmunol.174.5.2926

28. Karavolos, MH, Horsburgh, MJ, Ingham, E, and Foster, SJ. Role and regulation of the superoxide dismutases of Staphylococcus aureus. Microbiol (Reading) (2003) 149(Pt 10):2749–58. doi: 10.1099/mic.0.26353-0

29. Cosgrove, K, Coutts, G, Jonsson, IM, Tarkowski, A, Kokai-Kun, JF, Mond, JJ, et al. Catalase (KatA) and alkyl hydroperoxide reductase (AhpC) have compensatory roles in peroxide stress resistance and are required for survival, persistence, and nasal colonization in Staphylococcus aureus. J Bacteriol (2007) 189(3):1025–35. doi: 10.1128/JB.01524-06

30. Liu, GY, Essex, A, Buchanan, JT, Datta, V, Hoffman, HM, Bastian, JF, et al. Staphylococcus aureus golden pigment impairs neutrophil killing and promotes virulence through its antioxidant activity. J Exp Med (2005) 202(2):209–15. doi: 10.1084/jem.20050846

31. Vozza, EG, Mulcahy, ME, and McLoughlin, RM. Making the most of the host; targeting the autophagy pathway facilitates staphylococcus aureus intracellular survival in neutrophils. Front Immunol (2021) 12:667387. doi: 10.3389/fimmu.2021.667387

32. Mutua, V, and Gershwin, LJ. A review of neutrophil extracellular traps (NETs) in disease: potential anti-NETs therapeutics. Clin Rev Allergy Immunol (2021) 61(2):194–211. doi: 10.1007/s12016-020-08804-7

33. Brinkmann, V, Laube, B, Abu Abed, U, Goosmann, C, and Zychlinsky, A. Neutrophil extracellular traps: how to generate and visualize them. J Vis Exp (2010) 2010(36):1724. doi: 10.3791/1724

34. Semeraro, F, Ammollo, CT, Morrissey, JH, Dale, GL, Friese, P, Esmon, NL, et al. Extracellular histones promote thrombin generation through platelet-dependent mechanisms: involvement of platelet TLR2 and TLR4. Blood (2011) 118(7):1952–61. doi: 10.1182/blood-2011-03-343061

35. Gordon, S, and Martinez, FO. Alternative activation of macrophages: mechanism and functions. Immunity (2010) 32(5):593–604. doi: 10.1016/j.immuni.2010.05.007

36. Wang, Y, Lin, Y, Cheng, C, Chen, P, Zhang, P, Wu, H, et al. NF-κB/TWIST1 mediates migration and phagocytosis of macrophages in the mice model of implant-associated staphylococcus aureus osteomyelitis. Front Microbiol (2020) 11. doi: 10.3389/fmicb.2020.01301

37. Parisi, L, Gini, E, Baci, D, Tremolati, M, Fanuli, M, Bassani, B, et al. Macrophage polarization in chronic inflammatory diseases: killers or builders? J Immunol Res (2018) 2018:8917804. doi: 10.1155/2018/8917804

38. Sica, A, and Mantovani, A. Macrophage plasticity and polarization: in vivo veritas. J Clin Invest (2012) 122(3):787–95. doi: 10.1172/JCI59643

39. Lang, R, Patel, D, Morris, JJ, Rutschman, RL, and Murray, PJ. Shaping gene expression in activated and resting primary macrophages by IL-10. J Immunol (2002) 169(5):2253–63. doi: 10.4049/jimmunol.169.5.2253

40. Cheng, CI, Chen, PH, Lin, YC, and Kao, YH. High glucose activates Raw264.7 macrophages through RhoA kinase-mediated signaling pathway. Cell Signal (2015) 27(2):283–92. doi: 10.1016/j.cellsig.2014.11.012

41. Shapouri-Moghaddam, A, Mohammadian, S, Vazini, H, Taghadosi, M, Esmaeili, SA, Mardani, F, et al. Macrophage plasticity, polarization, and function in health and disease. J Cell Physiol (2018) 233(9):6425–40. doi: 10.1002/jcp.26429

42. Ding, X, Li, F, and Zhang, L. Knockdown of Delta-like 3 restricts lipopolysaccharide-induced inflammation, migration and invasion of A2058 melanoma cells via blocking Twist1-mediated epithelial-mesenchymal transition. Life Sci (2019) 226:149–55. doi: 10.1016/j.lfs.2019.04.024

43. Lv, Y, Fang, L, Ding, P, and Liu, R. PI3K/Akt-Beclin1 signaling pathway positively regulates phagocytosis and negatively mediates NF-kappaB-dependent inflammation in Staphylococcus aureus-infected macrophages. Biochem Biophys Res Commun (2019) 510(2):284–9. doi: 10.1016/j.bbrc.2019.01.091

44. Chang, MK, Raggatt, LJ, Alexander, KA, Kuliwaba, JS, Fazzalari, NL, Schroder, K, et al. Osteal tissue macrophages are intercalated throughout human and mouse bone lining tissues and regulate osteoblast function in vitro and in vivo. J Immunol (2008) 181(2):1232–44. doi: 10.4049/jimmunol.181.2.1232

45. Vi, L, Baht, GS, Whetstone, H, Ng, A, Wei, Q, Poon, R, et al. Macrophages promote osteoblastic differentiation in-vivo: implications in fracture repair and bone homeostasis. J Bone Miner Res (2015) 30(6):1090–102. doi: 10.1002/jbmr.2422

46. Ono, Y, Tsuruma, K, Takata, M, Shimazawa, M, and Hara, H. Glycoprotein nonmetastatic melanoma protein B extracellular fragment shows neuroprotective effects and activates the PI3K/Akt and MEK/ERK pathways via the Na+/K+-ATPase. Sci Rep (2016) 6:23241. doi: 10.1038/srep23241

47. Schlundt, C, Fischer, H, Bucher, CH, Rendenbach, C, Duda, GN, and Schmidt-Bleek, K. The multifaceted roles of macrophages in bone regeneration: A story of polarization, activation and time. Acta Biomat (2021) 133:46–57. doi: 10.1016/j.actbio.2021.04.052

48. Scherr, TD, Heim, CE, Morrison, JM, and Kielian, T. Hiding in plain sight: interplay between staphylococcal biofilms and host immunity. Front Immunol (2014) 5:37. doi: 10.3389/fimmu.2014.00037

49. Peng, J, Huang, N, Huang, S, Li, L, Ling, Z, Jin, S, et al. [Effect of miR-21 down-regulated by H (2)O (2) on osteogenic differentiation of MC3T3-E1 cells]. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi (2018) 32(3):276–84. doi: 10.7507/1002-1892.201707030

50. Li, X, Ren, G, Cai, C, Yang, X, Nie, L, Jing, X, et al. TNF−alpha regulates the osteogenic differentiation of bone morphogenetic factor 9 adenovirus−transduced rat follicle stem cells via Wnt signaling. Mol Med Rep (2020) 22(4):3141–50. doi: 10.3892/mmr.2020.11439

51. Li, K, Chen, Y, Lin, Y, Zhang, G, Su, J, Wu, X, et al. PD-1/PD-L1 blockade is a potent adjuvant in treatment of Staphylococcus aureus osteomyelitis in mice. Mol Ther (2023) 31(1):174–92. doi: 10.1016/j.ymthe.2022.09.006

52. Guihard, P, Danger, Y, Brounais, B, David, E, Brion, R, Delecrin, J, et al. Induction of osteogenesis in mesenchymal stem cells by activated monocytes/macrophages depends on oncostatin M signaling. Stem Cells (2012) 30(4):762–72. doi: 10.1002/stem.1040

53. Abdelmagid, SM, Barbe, MF, Rico, MC, Salihoglu, S, Arango-Hisijara, I, Selim, AH, et al. Osteoactivin, an anabolic factor that regulates osteoblast differentiation and function. Exp Cell Res (2008) 314(13):2334–51. doi: 10.1016/j.yexcr.2008.02.006

54. Ekstrom, K, Omar, O, Graneli, C, Wang, X, Vazirisani, F, and Thomsen, P. Monocyte exosomes stimulate the osteogenic gene expression of mesenchymal stem cells. PloS One (2013) 8(9):e75227. doi: 10.1371/journal.pone.0075227

55. Chen, Z, Wu, C, Gu, W, Klein, T, Crawford, R, and Xiao, Y. Osteogenic differentiation of bone marrow MSCs by beta-tricalcium phosphate stimulating macrophages via BMP2 signalling pathway. Biomaterials (2014) 35(5):1507–18. doi: 10.1016/j.biomaterials.2013.11.014

56. Kim, JH, Kim, EY, Lee, B, Min, JH, Song, DU, Lim, JM, et al. The effects of Lycii Radicis Cortex on RANKL-induced osteoclast differentiation and activation in RAW 264.7 cells. Int J Mol Med (2016) 37(3):649–58. doi: 10.3892/ijmm.2016.2477

57. Kitaura, H, Kimura, K, Ishida, M, Kohara, H, Yoshimatsu, M, and Takano-Yamamoto, T. Immunological reaction in TNF-alpha-mediated osteoclast formation and bone resorption in vitro and in vivo. Clin Dev Immunol (2013) 2013:181849. doi: 10.1155/2013/181849

58. Wu, Q, Zhou, X, Huang, D, Ji, Y, and Kang, F. IL-6 enhances osteocyte-mediated osteoclastogenesis by promoting JAK2 and RANKL activity in vitro. Cell Physiol Biochem (2017) 41(4):1360–9. doi: 10.1159/000465455

59. Kitaura, H, Zhou, P, Kim, HJ, Novack, DV, Ross, FP, and Teitelbaum, SL. M-CSF mediates TNF-induced inflammatory osteolysis. J Clin Invest (2005) 115(12):3418–27. doi: 10.1172/JCI26132

60. Kanazawa, K, and Kudo, A. TRAF2 is essential for TNF-alpha-induced osteoclastogenesis. J Bone Miner Res (2005) 20(5):840–7. doi: 10.1359/JBMR.041225

61. Kim, N, Kadono, Y, Takami, M, Lee, J, Lee, SH, Okada, F, et al. Osteoclast differentiation independent of the TRANCE-RANK-TRAF6 axis. J Exp Med (2005) 202(5):589–95. doi: 10.1084/jem.20050978

62. Li, P, Schwarz, EM, O'Keefe, RJ, Ma, L, Boyce, BF, and Xing, L. RANK signaling is not required for TNFalpha-mediated increase in CD11(hi) osteoclast precursors but is essential for mature osteoclast formation in TNFalpha-mediated inflammatory arthritis. J Bone Miner Res (2004) 19(2):207–13. doi: 10.1359/JBMR.041225

63. Lampiasi, N, Russo, R, and Zito, F. The alternative faces of macrophage generate osteoclasts. BioMed Res Int (2016) 2016:9089610. doi: 10.1155/2016/9089610

64. Li, X, and Zhang, W. [Tumor necrosis factor-alpha promotes osteoclast differentiation via sialylation in mice]. Nan Fang Yi Ke Da Xue Xue Bao (2021) 41(12):1773–9. doi: 10.12122/j.issn.1673-4254.2021.12.03

65. Berends, ETM, Zheng, X, Zwack, EE, Menager, MM, Cammer, M, Shopsin, B, et al. Staphylococcus aureus Impairs the Function of and Kills Human Dendritic Cells via the LukAB Toxin. mBio (2019) 10(1):e01918-18. doi: 10.1128/mBio.01918-18

66. Tekguc, M, Wing, JB, Osaki, M, Long, J, and Sakaguchi, S. Treg-expressed CTLA-4 depletes CD80/CD86 by trogocytosis, releasing free PD-L1 on antigen-presenting cells. Proc Natl Acad Sci USA (2021) 118(30):e2023739118. doi: 10.1073/pnas.2023739118

67. Seo, W, Jerin, C, and Nishikawa, H. Transcriptional regulatory network for the establishment of CD8(+) T cell exhaustion. Exp Mol Med (2021) 53(2):202–9. doi: 10.1038/s12276-021-00568-0

68. Kurachi, M. CD8(+) T cell exhaustion. Semin Immunopathol (2019) 41(3):327–37. doi: 10.1007/s00281-019-00744-5

69. Bengsch, B, Johnson, AL, Kurachi, M, Odorizzi, PM, Pauken, KE, Attanasio, J, et al. Bioenergetic insufficiencies due to metabolic alterations regulated by the inhibitory receptor PD-1 are an early driver of CD8(+) T cell exhaustion. Immunity (2016) 45(2):358–73. doi: 10.1016/j.immuni.2016.07.008

70. Blackburn, SD, Shin, H, Haining, WN, Zou, T, Workman, CJ, Polley, A, et al. Coregulation of CD8+ T cell exhaustion by multiple inhibitory receptors during chronic viral infection. Nat Immunol (2009) 10(1):29–37. doi: 10.1038/ni.1679

71. Wang, R, Dillon, CP, Shi, LZ, Milasta, S, Carter, R, Finkelstein, D, et al. The transcription factor Myc controls metabolic reprogramming upon T lymphocyte activation. Immunity (2011) 35(6):871–82. doi: 10.1016/j.immuni.2011.09.021

72. Blagih, J, Coulombe, F, Vincent, EE, Dupuy, F, Galicia-Vazquez, G, Yurchenko, E, et al. The energy sensor AMPK regulates T cell metabolic adaptation and effector responses in vivo. Immunity (2015) 42(1):41–54. doi: 10.1016/j.immuni.2014.12.030

73. Barber, DL, Wherry, EJ, Masopust, D, Zhu, B, Allison, JP, Sharpe, AH, et al. Restoring function in exhausted CD8 T cells during chronic viral infection. Nature (2006) 439(7077):682–7. doi: 10.1038/nature04444

74. Parry, RV, Chemnitz, JM, Frauwirth, KA, Lanfranco, AR, Braunstein, I, Kobayashi, SV, et al. CTLA-4 and PD-1 receptors inhibit T-cell activation by distinct mechanisms. Mol Cell Biol (2005) 25(21):9543–53. doi: 10.1128/MCB.25.21.9543-9553.2005

75. Patsoukis, N, Bardhan, K, Chatterjee, P, Sari, D, Liu, B, Bell, LN, et al. PD-1 alters T-cell metabolic reprogramming by inhibiting glycolysis and promoting lipolysis and fatty acid oxidation. Nat Commun (2015) 6:6692. doi: 10.1038/ncomms7692

76. Zhang, Y, Kurupati, R, Liu, L, Zhou, XY, Zhang, G, Hudaihed, A, et al. Enhancing CD8(+) T cell fatty acid catabolism within a metabolically challenging tumor microenvironment increases the efficacy of melanoma immunotherapy. Cancer Cell (2017) 32(3):377–391 e9. doi: 10.1016/j.ccell.2017.08.004

77. Intlekofer, AM, Takemoto, N, Wherry, EJ, Longworth, SA, Northrup, JT, Palanivel, VR, et al. Effector and memory CD8+ T cell fate coupled by T-bet and eomesodermin. Nat Immunol (2005) 6(12):1236–44. doi: 10.1038/ni1268

78. Li, K, Chen, Y, Lin, Y, Zhang, G, Su, J, Wu, X, et al. PD-1/PD-L1 blockade is a potent adjuvant in treatment of Staphylococcus aureus osteomyelitis in mice. Mol Ther (2022) 31(1):174–92. doi: 10.1016/j.ymthe.2022.09.006

79. He, R, Hou, S, Liu, C, Zhang, A, Bai, Q, Han, M, et al. Follicular CXCR5- expressing CD8(+) T cells curtail chronic viral infection. Nature (2016) 537(7620):412–28. doi: 10.1038/nature19317

80. Utzschneider, DT, Charmoy, M, Chennupati, V, Pousse, L, Ferreira, DP, Calderon-Copete, S, et al. T cell factor 1-expressing memory-like CD8(+) T cells sustain the immune response to chronic viral infections. Immunity (2016) 45(2):415–27. doi: 10.1016/j.immuni.2016.07.021

81. Chen, Z, Ji, Z, Ngiow, SF, Manne, S, Cai, Z, Huang, AC, et al. TCF-1-centered transcriptional network drives an effector versus exhausted CD8 T cell-fate decision. Immunity (2019) 51(5):840–855 e5. doi: 10.1016/j.immuni.2019.09.013

82. Diller, ML, Kudchadkar, RR, Delman, KA, Lawson, DH, and Ford, ML. Balancing inflammation: the link between th17 and regulatory T cells. Mediators Inflamm (2016) 2016:6309219. doi: 10.1155/2016/6309219

83. Wang, M, Tian, T, Yu, S, He, N, and Ma, D. Th17 and Treg cells in bone related diseases. Clin Dev Immunol (2013) 2013:203705. doi: 10.1155/2013/203705

84. Tyagi, AM, Yu, M, Darby, TM, Vaccaro, C, Li, JY, Owens, JA, et al. The microbial metabolite butyrate stimulates bone formation via T regulatory cell-mediated regulation of WNT10B expression. Immunity (2018) 49(6):1116–1131 e7. doi: 10.1016/j.immuni.2018.10.013

85. Björkander, S, Hell, L, Johansson, MA, Forsberg, MM, Lasaviciute, G, Roos, S, et al. Staphylococcus aureus-derived factors induce IL-10, IFN-γ and IL-17A-expressing FOXP3+CD161+ T-helper cells in a partly monocyte-dependent manner. Sci Rep (2016) 6(1):22083. doi: 10.1038/srep22083

86. Zaiss, MM, Axmann, R, Zwerina, J, Polzer, K, Guckel, E, Skapenko, A, et al. Treg cells suppress osteoclast formation: a new link between the immune system and bone. Arthritis Rheum (2007) 56(12):4104–12. doi: 10.1002/art.23138

87. Shashkova, EV, Trivedi, J, Cline-Smith, AB, Ferris, C, Buchwald, ZS, Gibbs, J, et al. Osteoclast-primed foxp3+ CD8 T cells induce T-bet, eomesodermin, and IFN-gamma to regulate bone resorption. J Immunol (2016) 197(3):726–35. doi: 10.4049/jimmunol.1600253

88. Veldhoen, M, Hocking, RJ, Atkins, CJ, Locksley, RM, and Stockinger, B. TGFbeta in the context of an inflammatory cytokine milieu supports de novo differentiation of IL-17-producing T cells. Immunity (2006) 24(2):179–89. doi: 10.1016/j.immuni.2006.01.001

89. Mangan, PR, Harrington, LE, O'Quinn, DB, Helms, WS, Bullard, DC, Elson, CO, et al. Transforming growth factor-beta induces development of the T(H)17 lineage. Nature (2006) 441(7090):231–4. doi: 10.1038/nature04754

90. Bettelli, E, Carrier, Y, Gao, W, Korn, T, Strom, TB, Oukka, M, et al. Reciprocal developmental pathways for the generation of pathogenic effector TH17 and regulatory T cells. Nature (2006) 441(7090):235–8. doi: 10.1038/nature04753

91. Shi, LZ, Wang, R, Huang, G, Vogel, P, Neale, G, Green, DR, et al. HIF1alpha-dependent glycolytic pathway orchestrates a metabolic checkpoint for the differentiation of TH17 and Treg cells. J Exp Med (2011) 208(7):1367–76. doi: 10.1084/jem.20110278

92. Kurebayashi, Y, Nagai, S, Ikejiri, A, Ohtani, M, Ichiyama, K, Baba, Y, et al. PI3K-Akt-mTORC1-S6K1/2 axis controls Th17 differentiation by regulating Gfi1 expression and nuclear translocation of RORgamma. Cell Rep (2012) 1(4):360–73. doi: 10.1016/j.celrep.2012.02.007

93. Thomsen, IP. Antibody-based intervention against the pore-forming toxins of Staphylococcus aureus. Virulence (2018) 9(1):645–7. doi: 10.1080/21505594.2017.1421831

94. Thomsen, IP, Sapparapu, G, James, DBA, Cassat, JE, Nagarsheth, M, Kose, N, et al. Monoclonal antibodies against the staphylococcus aureus bicomponent leukotoxin AB isolated following invasive human infection reveal diverse binding and modes of action. J Infect Dis (2017) 215(7):1124–31. doi: 10.1093/infdis/jix071

95. Goldmann, O, and Medina, E. Staphylococcus aureus strategies to evade the host acquired immune response. Int J Med Microbiol (2018) 308(6):625–30. doi: 10.1016/j.ijmm.2017.09.013

96. Goodyear, CS, and Silverman, GJ. Death by a B cell superantigen: in vivo VH-targeted apoptotic supraclonal B cell deletion by a Staphylococcal Toxin. J Exp Med (2003) 197(9):1125–39. doi: 10.1084/jem.20020552

97. Becker, S, Frankel, MB, Schneewind, O, and Missiakas, D. Release of protein A from the cell wall of Staphylococcus aureus. Proc Natl Acad Sci USA (2014) 111(4):1574–9. doi: 10.1073/pnas.1317181111

98. Rooijakkers, SH, van Wamel, WJ, Ruyken, M, van Kessel, KP, and van Strijp, JA. Anti-opsonic properties of staphylokinase. Microbes Infect (2005) 7(3):476–84. doi: 10.1016/j.micinf.2004.12.014

99. Pelzek, AJ, Shopsin, B, Radke, EE, Tam, K, Ueberheide, BM, Fenyo, D, et al. Human memory B cells targeting staphylococcus aureus exotoxins are prevalent with skin and soft tissue infection. mBio (2018) 9(2):e02125-17. doi: 10.1128/mBio.02125-17

100. Kang, SS, Kim, SK, Baik, JE, Ko, EB, Ahn, KB, Yun, CH, et al. Staphylococcal LTA antagonizes the B cell-mitogenic potential of LPS. Sci Rep (2018) 8(1):1496. doi: 10.1038/s41598-018-19653-y

101. Jarry, CR, Martinez, EF, Peruzzo, DC, Carregaro, V, Sacramento, LA, Araujo, VC, et al. Expression of SOFAT by T- and B-lineage cells may contribute to bone loss. Mol Med Rep (2016) 13(5):4252–8. doi: 10.3892/mmr.2016.5045

102. Kawai, T, Matsuyama, T, Hosokawa, Y, Makihira, S, Seki, M, Karimbux, NY, et al. B and T lymphocytes are the primary sources of RANKL in the bone resorptive lesion of periodontal disease. Am J Pathol (2006) 169(3):987–98. doi: 10.2353/ajpath.2006.060180

103. Liu, ZQ, Wu, Y, Song, JP, Liu, X, Liu, Z, Zheng, PY, et al. Tolerogenic CX3CR1+ B cells suppress food allergy-induced intestinal inflammation in mice. Allergy (2013) 68(10):1241–8. doi: 10.1111/all.12218

104. Nouel, A, Pochard, P, Simon, Q, Segalen, I, Le Meur, Y, Pers, JO, et al. B-Cells induce regulatory T cells through TGF-beta/IDO production in A CTLA-4 dependent manner. J Autoimmun (2015) 59:53–60. doi: 10.1016/j.jaut.2015.02.004

105. Wu, H, Jia, C, Wang, X, Shen, J, Tan, J, Wei, Z, et al. The impact of methicillin resistance on clinical outcome among patients with Staphylococcus aureus osteomyelitis: a retrospective cohort study of 482 cases. Sci Rep (2023) 13(1):7990. doi: 10.1038/s41598-023-35111-w

106. Lee, CC, Southgate, RD, Jiao, C, Gersz, E, Owen, JR, Kates, SL, et al. Deriving a dose and regimen for anti-glucosaminidase antibody passive-immunisation for patients with Staphylococcus aureus osteomyelitis. Eur Cell Mater (2020) 39:96–107. doi: 10.22203/eCM.v039a06

107. McCulloch, TR, Wells, TJ, and Souza-Fonseca-Guimaraes, F. Towards efficient immunotherapy for bacterial infection. Trends Microbiol (2022) 30(2):158–69. doi: 10.1016/j.tim.2021.05.005

108. Otto, M. Novel targeted immunotherapy approaches for staphylococcal infection. Expert Opin Biol Ther (2010) 10(7):1049–59. doi: 10.1517/14712598.2010.495115

109. Harro, JM, Achermann, Y, Freiberg, JA, Allison, DL, Brao, KJ, Marinos, DP, et al. Clearance of staphylococcus aureus from in vivo models of chronic infection by immunization requires both planktonic and biofilm antigens. Infect Immun (2019) 88(1):e00586-19. doi: 10.1128/IAI.00586-19

110. Codarri Deak, L, Hashimoto, M, Umana, P, and Klein, C. Beyond checkpoint inhibition: PD-1 cis-targeting of an IL-2Rbetagamma-biased interleukin-2 variant as a novel approach to build on checkpoint inhibition. Oncoimmunology (2023) 12(1):2197360. doi: 10.1080/2162402X.2023.2197360

111. Mao, QF, Shang-Guan, ZF, Chen, HL, and Huang, K. Immunoregulatory role of IL-2/STAT5/CD4+CD25+Foxp3 Treg pathway in the pathogenesis of chronic osteomyelitis. Ann Transl Med (2019) 7(16):384. doi: 10.21037/atm.2019.07.45

112. Luo, J, Yang, J, Peng, M, Liu, F, Zhou, X, Yin, H, et al. Efficacy and safety of Chinese herbal medicine Wuwei Xiaodu Drink for wound infection: A protocol for systematic review and meta-analysis. Med (Baltimore) (2022) 101(48):e32135. doi: 10.1097/MD.0000000000032135

113. Huang, K, Ren, HY, Lin, BY, Liu, YY, and Guo, QF. Protective effects of Wuwei Xiaodu Drink against chronic osteomyelitis through Foxp3(+)CD25(+)CD4(+) Treg cells via the IL-2/STAT5 signaling pathway. Chin J Nat Med (2022) 20(3):185–93. doi: 10.1016/S1875-5364(22)60146-8

114. Wolcott, R. Disrupting the biofilm matrix improves wound healing outcomes. J Wound Care (2015) 24(366):71. doi: 10.12968/jowc.2015.24.8.366

115. McCarthy, MW. Exebacase: A novel approach to the treatment of staphylococcal infections. Drugs R D (2022) 22(2):113–7. doi: 10.1007/s40268-022-00383-6

116. Schuch, R, Khan, BK, Raz, A, Rotolo, JA, and Wittekind, M. Bacteriophage lysin CF-301, a potent antistaphylococcal biofilm agent. Antimicrob Agents Chemother (2017) 61(7):e02666-16. doi: 10.1128/AAC.02666-16

117. Montange, D, Berthier, F, Leclerc, G, Serre, A, Jeunet, L, Berard, M, et al. Penetration of daptomycin into bone and synovial fluid in joint replacement. Antimicrob Agents Chemother (2014) 58(7):3991–6. doi: 10.1128/AAC.02344-14

118. Melissa J Karau, S.M.S.-M., Yan, Q, greenwood-quaintance, KE, mandrekar, j, lehoux, d, schuch, r, et al. Exebacase in Addition to Daptomycin Is More Active than Daptomycin or Exebacase Alone in Methicillin-Resistant Staphylococcus aureus Osteomyelitis in Rats. ntimicrob Agents Chemother (2019) 63(10):e01235–19. doi: 10.1128/AAC.01235-19

119. Natsag, J, Kendall, MA, Sellmeyer, DE, McComsey, GA, and Brown, TT. Vitamin D, osteoprotegerin/receptor activator of nuclear factor-kappaB ligand (OPG/RANKL) and inflammation with alendronate treatment in HIV-infected patients with reduced bone mineral density. HIV Med (2016) 17(3):196–205. doi: 10.1111/hiv.12291

120. Xiao-Lin Huang, L-YH, Cheng, Y-T, Li, F, Zhou, Q, Wu, C, Shi, Q-H, et al. Zoledronic acid inhibits osteoclast differentiation and function through the regulation of NF-κB and JNK signalling pathways. Int J Mol Med (2019) 44(2):582–92. doi: 10.3892/ijmm.2019.4207

121. Kobayashi, H, Fujita, R, Hiratsuka, S, Shimizu, T, Sato, D, Hamano, H, et al. Differential effects of anti-RANKL monoclonal antibody and zoledronic acid on necrotic bone in a murine model of Staphylococcus aureus-induced osteomyelitis. J Orthop Res (2022) 40(3):614–23. doi: 10.1002/jor.25102

122. Ma, L, Zhang, Z, Dong, K, and Ma, Y. TWIST1 Alleviates Hypoxia-induced Damage of Trophoblast Cells by inhibiting mitochondrial apoptosis pathway. Exp Cell Res (2019) 385(2):111687. doi: 10.1016/j.yexcr.2019.111687

123. Wang, Y, Dai, G, Lin, Z, Cheng, C, Zhou, X, Song, M, et al. TWIST1 rescue calcium overload and apoptosis induced by inflammatory microenvironment in S. aureus-induced osteomyelitis. Int Immunopharmacol (2023) 119:110153. doi: 10.1016/j.intimp.2023.110153

124. Section, J, Gibbons, SD, Barton, T, Greenberg, DE, Jo, CH, and Copley, LA. Microbiological culture methods for pediatric musculoskeletal infection: a guideline for optimal use. J Bone Joint Surg Am (2015) 97(6):441–9. doi: 10.2106/JBJS.N.00477

125. Ju, KL, Zurakowski, D, and Kocher, MS. Differentiating between methicillin-resistant and methicillin-sensitive Staphylococcus aureus osteomyelitis in children: an evidence-based clinical prediction algorithm. J Bone Joint Surg Am (2011) 93(18):1693–701. doi: 10.2106/JBJS.J.01154

126. Kaito, C, Saito, Y, Ikuo, M, Omae, Y, Mao, H, Nagano, G, et al. Mobile genetic element SCCmec-encoded psm-mec RNA suppresses translation of agrA and attenuates MRSA virulence. PloS Pathog (2013) 9(4):e1003269. doi: 10.1371/journal.ppat.1003269

127. Ma, XX, Ito, T, Tiensasitorn, C, Jamklang, M, Chongtrakool, P, Boyle-Vavra, S, et al. Novel type of staphylococcal cassette chromosome mec identified in community-acquired methicillin-resistant Staphylococcus aureus strains. Antimicrob Agents Chemother (2002) 46(4):1147–52. doi: 10.1128/AAC.46.4.1147-1152.2002




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Chen, Liu, Lin, Lu, Fu, Liu and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2023.1219895_cover.jpg
& frontiers | Frontiers in Immunology

The effect of Staphylococcus aureus on
innate and adaptive immunity and potential
immunotherapy for S. aureus-induced
osteomyelitis





OEBPS/Images/fimmu-14-1219895-g001.jpg
TWIST1

NFx® CI:P FPRLY ) .
Phagocyosis
T Intraceliulae
survieal

TN Ay
Degranulating





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The effect of Staphylococcus aureus on innate and adaptive immunity and potential immunotherapy for S. aureus-induced osteomyelitis

      

        		

          1 Introduction

        



        		

          2 Innate immunity

        

          		

            2.1 Neutrophils

          

            		

              2.1.1 Chemotaxis

            



            		

              2.1.2 Antigen recognition and activation

            



            		

              2.1.3 Phagocytosis and killing

            



            		

              2.1.4 Tissue damage

            



          



          



          		

            2.2 Macrophages

          

            		

              2.2.1 Subtype transition

            



            		

              2.2.2 Chemotaxis

            



            		

              2.2.3 Phagocytosis and killing

            



            		

              2.2.4 Bone and macrophage

            

              		

                2.2.4.1 Osteogenesis

              



              		

                2.2.4.2 Bone resorption

              



            



            



          



          



        



        



        		

          3 Adaptive immunity

        

          		

            3.1 T cells

          

            		

              3.1.1 Antigen recognition and activation

            



            		

              3.1.2 Pathogen killing

            



            		

              3.1.3 Bone destruction

            



          



          



          		

            3.2 B cell

          



        



        



        		

          4 Immunotherapy targets

        



        		

          5 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





