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Abstract
[bookmark: OLE_LINK21][bookmark: OLE_LINK14][bookmark: OLE_LINK11][bookmark: OLE_LINK54]Implant-associated infection (IAI) is a formidable clinical challenge characterized by high recurrence despite aggressive surgery and antimicrobial therapy. IAI is not merely a localized microbiological crisis but also a systemic immune-metabolic disorder driven by a pathological local-systemic pathogen-host axis. Here, we propose an IAI osteoimmune cascade model of disease progression. Phase I (local): pathogen invasion and biofilm formation disrupt osteoimmune homeostasis, establishing protected niches and initiating continuous pathological crosstalk among invading pathogens, resident bone cells and immune cells. Phase II (hematopoietic): local signals propagate via vesicular trafficking, humoral networks, and neural regulatory routes to the bone marrow, inducing metabolic-epigenetic rewiring in hematopoietic stem and progenitor cells to imprint myeloid skewing and lymphoid suppression. Phase III (systemic): reprogrammed myeloid cells are continuously exported to the periphery to promote myeloid-derived suppressor cell expansion and terminal exhaustion of T cells, while local metabolic restriction suppresses residual pathogen clearance. This tripartite cascade model demonstrates that conventional microbial eradication alone cannot reverse established immune dysfunction. Based on these insights, we propose a precision immune-guided surgical framework based on immune reconstitution to overcome therapeutic recalcitrance by redefining IAI as a systemic immune-metabolic disorder.
[bookmark: OLE_LINK78]
Introduction
Therapeutic recalcitrance despite technological progress
[bookmark: OLE_LINK8][bookmark: OLE_LINK20]Implant-associated infection (IAI) is an intractable challenge in orthopedic surgery despite advances in high-resolution imaging and targeted antibiotic delivery [1]. This therapeutic recalcitrance stems from the anatomical diversity of IAI, which encompasses prosthetic joint, fracture-related, and spinal implant infections, alongside its complex temporal heterogeneity. Clinically, IAIs are stratified into early perioperative infections involving high-virulence pathogens with immature biofilms, delayed infections driven by indolent organisms within mature biofilms, and late hematogenous infections [2]. Across all temporal presentations, a unifying pathological feature is the formation of biofilms, which not only confer elevated multidrug resistance compared to non-biofilm-producing isolates but also establish localized immunosuppressive microenvironments that impede host clearance [3]. Postoperative recurrence ranges from 20% to 30% following extensive surgical debridement and systemic antimicrobial therapy [4, 5]. The consequences of therapeutic failure carry significant mortality. Five-year mortality rates for prosthetic joint infections, the most common form of chronic bone infection, exceed 50%, representing a survival outcome inferior to many common solid malignancies [1]. Consequently, IAI imposes a substantial socioeconomic burden. In the United States, the annual management of bone-related IAIs costs approximately USD 1.86 billion, with hospital expenditures for prosthetic joint infections alone projected to reach USD 1.85 billion by 2030 [6].
[bookmark: OLE_LINK23]Despite adherence to standardized protocols such as debridement, antibiotics, or implant retention, these interventions fail to eradicate the infection in approximately 20% of cases [6-8]. Moreover, antibiotic overuse has accelerated the emergence of multidrug-resistant pathogens, while bacterial H₂S production within biofilms sustains persistent cell tolerance independent of genetic resistance, compounding therapeutic failure [9].
Additionally, this persistent failure cannot be attributed to insufficient antimicrobial potency or inadequate surgical precision alone; rather, it exposes a fundamental flaw in the mechanistic understanding of bone infection as a systemic biological process. Conventional treatments are limited because they treat bone as an inert structure rather than a dynamic immunological organ [10]. Consequently, clinical endpoints focus primarily on local pathogen eradication and radiographic consolidation, while fundamentally neglecting the infection-driven systemic immune cascade and the critical need for immune reconstitution.
Osteoimmunology: bone as an immunological organ 
Osteoimmunology emerged as a distinct discipline following the landmark work of Arron and Choi in 2000 [11]. Beyond its hematopoietic mandate [12], contemporary immunology has established the bone marrow as a hierarchically organized primary lymphoid organ with functional capabilities [13]. Anatomically and functionally, the bone marrow serves as the central hub for hematopoiesis and immune cell genesis, orchestrating systemic defense in tight coordination with secondary lymphoid tissues via the peripheral circulation. Bone marrow serves as a critical niche for immunological memory, harboring long-lived plasma cells and memory T cell populations that confer durable protective immunity [14]. 
[bookmark: OLE_LINK26]Bone and immune cells constitute a functionally unified osteoimmune organ. Under steady-state conditions, a dynamic equilibrium is precisely regulated through bidirectional crosstalk, successfully synchronizing bone remodeling with systemic immune surveillance [15]. Upon infection, however, this homeostatic balance is potentially disrupted [16]. Pathogen-driven inflammatory signals subvert cellular communication, transforming quiescent resident cells into active inflammatory sentinels and disturbing the osteoimmune balance. Rather than a localized microbiological lesion, this niche collapse triggers an inflammatory cascade that transcends anatomical boundaries [16], propagating systemic pathological signals across the unified local-systemic axis.
From local infection to systemic immunoparalysis
IAI is not merely a localized lesion but an inciting event for systemic immunological dysregulation. Here, we synthesize emerging evidence from osteoimmunology, hematopoiesis, and systems immunology to propose an IAI osteoimmune cascade model. This framework integrates established pathological processes into an immune-phase progression that informs therapeutic stratification, distinct from conventional clinical staging based on infection chronology [2, 17]. 
[bookmark: OLE_LINK57]Phase I: Niche collapse. Local infection disrupts the osteoimmune homeostasis, establishing pathogen sanctuaries and self-sustaining inflammatory amplification loops within bone. 
Phase II: Hematopoietic reprogramming. Infection signals propagate via vesicular trafficking to reprogram hematopoiesis in hematopoietic stem and progenitor cells (HSPCs) [18]. This induces emergency myelopoiesis with myeloid lineage skewing and epigenetic imprinting of innate immune dysfunction, a persistent state characterized by divergent myeloid polarization [19]. 
[bookmark: OLE_LINK63]Phase III: Systemic immunoparalysis and vicious cycle. Reprogrammed progenitors are exported to the periphery, differentiating into hyper-responsive subsets (driving multi-organ remodeling) and tolerant subsets. This phase is predominantly characterized by the massive expansion of myeloid-derived suppressor cells (MDSCs) and profound T cell exhaustion [1]. Crucially, this systemic immune collapse initiates a devastating vicious cycle: the profoundly tolerized peripheral immune network completely fails to rescue the local osseous lesion. This unhindered local IAI, in turn, continuously fuels systemic exhaustion, increasing host susceptibility to secondary opportunistic infections [20] and anemia of chronic disease [21]. Epigenetically reprogrammed myeloid cells mount dysregulated responses upon secondary challenge, increasing host susceptibility to secondary sepsis [22].
[bookmark: OLE_LINK64]This framework necessitates therapeutic evolution from isolated antimicrobial monotherapy toward strategies that restore systemic immune competence [10, 23]. Emerging strategies encompass multiparameter immune profiling [24], host-directed immunomodulation [25], and precision bioengineered delivery systems [26]. These approaches collectively aim to achieve global immune reconstitution. To integrate these distributed pathological processes, we propose a unified IAI osteoimmune cascade model, tracing disease evolution from local niche collapse through hematopoietic reprogramming to peripheral immunoparalysis (Figure 1).

[bookmark: OLE_LINK6]Local osteoimmune niche collapse 
Pathogen evasion: competitive surface colonization, biofilm and intracellular sanctuaries  
[bookmark: OLE_LINK66]In IAI, pathogen evasion is dictated by the 'race to the surface', a competitive dynamic in which host osseointegration and bacterial adhesion vie for dominance at the implant interface [27]. When bacterial colonization outpaces osseointegration, whether due to surgical contamination, compromised host immunity, or implant surface properties favoring microbial adhesion, invading pathogens readily adhere to abiotic substrates such as titanium alloys, polyethylene, and polyetheretherketone [27]. The biofilm microenvironment, characterized by hypoxia, low pH, and high lactate, compromises both innate and adaptive immune defenses [1]. It blunts neutrophil and macrophage oxidative bursts, suppresses NK cell cytotoxicity, and impairs dendritic cell antigen presentation, while concomitantly diminishing antibiotic bactericidal activity. To overcome this recalcitrant resistance, disrupting functional membrane microdomains with statins has emerged as a key strategy to destabilize the molecular scaffolds of methicillin-resistant Staphylococcus aureus, thereby disabling both biofilm maintenance and resistance mechanisms [28]. Our previous work support this competitive framework by demonstrating that simvastatin-hydroxyapatite coatings, which concurrently prevent biofilm formation and improve bone formation, can effectively reverse pathogen dominance at the implant interface [29]. 
Beyond macroscopic colonization, pathogens exploit the osteocyte lacuno-canalicular network to establish deep-seated persistence [30]. Within these mineralized sanctuaries, sequestered bacteria undergo a phenotypic shift into small colony variants characterized by metabolic dormancy [1]. This transition confers tolerance to host immune surveillance and cell-wall-targeting antimicrobials. By establishing this infectious reservoir through osteocyte lacuno-canalicular network invasion, pathogens drive the chronicity and high clinical recurrence of IAI.
Osteoimmune imbalance in IAI
While pathogens establish recalcitrant sanctuaries, their invasion disrupts the local endosteal niche. Under steady-state conditions, the bone marrow functions as an integrated osteoimmune organ where bidirectional crosstalk synchronizes bone remodeling and immune surveillance [11, 15, 16]. The perivascular niche orchestrates HSPC dynamics through localized chemokine gradients established by sinusoidal endothelial and CXCL12-abundant reticular (CAR) cells [31]. However, IAI actively uncouples this homeostasis. Immune cells release pro-inflammatory signals that reprogram resident bone cells, which subsequently amplify local inflammation and propagate systemic alarm signals [32].
Osteocytes comprise the majority of bone cells and serve as primary immunological sentinels [33, 34]. Physiologically, these cells perceive mechanical stress and pathogen-associated molecular patterns through their extensive lacuno-canalicular networks [35]. Upon infection, pathogens exploit fibronectin-binding proteins to adhere to α- and β-integrins, facilitating intracellular invasion and triggering mitochondrial dysfunction [36-39]. Necrotic osteocytes release a burst of damage-associated molecular patterns, specifically HMGB1 and S100A8/A9, to mobilize local macrophages [40, 41]. Single-cell RNA sequencing of osteomyelitis models demonstrates that infected osteocytes downregulate sclerostin and Wnt antagonists, while upregulating IL-1β, RANKL, and chemokine expression [42], effectively transitioning from quiescent mechanosensors to active inflammatory signaling hubs [43].
[bookmark: OLE_LINK41]Osteoblasts synthesize bone matrix and support HSPC maintenance via CXCL12 and stem cell factor secretion within a hypoxic, reactive oxygen species (ROS)-suppressed endosteal milieu [44, 45]. IAI drives two convergent pathological transformations in these cells. First, M1-polarized macrophages activate MAPK and NF-κB signaling to repress the osteogenic transcription factors Runx2 and Osterix, halting bone formation and repair [46]. Second, reprogrammed osteoblasts acquire a pro-inflammatory phenotype characterized by excessive RANKL secretion. This shifts the RANKL/OPG ratio and, synergistically with T cell-derived IL-17, TNF-α, and IL-1β, generates a robust osteoclastogenic environment [47-49].
[bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK27][bookmark: OLE_LINK50]Osteoclast function exhibits a stage-dependent functional plasticity during IAI. Chronic inflammatory signaling drives sustained osteoclast hyperactivation and pathological uncoupling [50]. This indiscriminate matrix degradation causes anatomical collapse, amplifies local inflammation, and dismantles the integrated endosteal architecture required for HSPC retention and long-term host defense [51]. These changes reflect a fundamental structural reversal within the bone marrow environment as shown in Figure 2.
Local neuro-immune dysregulation
The skeletal system is densely innervated by peptidergic sensory fibers that function as early responders to infection-induced inflammatory mediators and mechanical stress [52]. During IAI, these nociceptive fibers undergo functional reprogramming, establishing local immunomodulatory circuits that suppress effective antibacterial responses.
Mechanistically, the activation of this local neuro-immune axis is initiated by direct interactions between biofilm-resident pathogens and sensory terminals. Staphylococcus aureus releases formylated peptides and pore-forming toxins including α-hemolysin, which engage formyl peptide receptor 1 on nociceptive neurons to elicit calcium influx and action potential discharge [53, 54]. This direct activation bypasses conventional immune recognition, triggering localized release of calcitonin gene-related peptide (CGRP) and substance P. CGRP attenuates oxidative burst and chemotaxis in neutrophils, while substance P increases microvascular permeability and cooperates with the acidic biofilm microenvironment to impair macrophage efferocytosis [55]. These pathogen-driven signals establish an immunotolerant microenvironment within the peri-implant endosteal niche and suppress effective antibacterial responses.
[bookmark: OLE_LINK67]Released CGRP acts locally via the calcitonin receptor-like receptor/receptor activity-modifying protein 1 complex to suppress IL-1β and TNF-α production, attenuate antigen presentation capacity, and promote an anti-inflammatory secretory profile including IL-10 in resident and infiltrating myeloid cells through cAMP/PKA-dependent signaling [56, 57]. Chronic CGRP release progressively blunts local immune surveillance, establishing a permissive microenvironment for bacterial persistence [58]. This localized immunosuppression aligns with clinical observations that pain severity in chronic IAI frequently correlates with infection recalcitrance and treatment failure. Meanwhile, sustained pain activates spinal NMDA receptors and CaMKII phosphorylation, driving central sensitization [59].
[bookmark: OLE_LINK4]
[bookmark: OLE_LINK24]Hematopoietic reprogramming 
Three routes of dissemination
[bookmark: OLE_LINK59]IAI propagates systemic immunological consequences through three distinct yet convergent mechanisms: vesicular trafficking, humoral cytokine networks, and neural regulatory pathways. These parallel systems operate simultaneously to transmit local bone pathology into systemic hematopoietic reprogramming, shifting the developmental balance of hematopoiesis. The continuous drive for emergency myelopoiesis competitively suppresses lymphoid lineage commitment, thereby limiting the generation of T cells.
Vesicular trafficking: Driven by the persistent inflammatory microenvironment, chronic leakage induces the continuous active release of extracellular vesicles (EVs), initiating systemic dissemination. Nanoscale vesicular transport enables precise long-range communication through host EVs and bacterial membrane vesicles (MVs). Host EVs exhibit multi-molecular organotropism, involving integrins, tetraspanins, and glycan profiles, delivering microRNAs and immunomodulatory factors that activate NF-κB and MAPK signaling in HSPCs [60-62]. Bacterial MVs, conversely, engage HSPCs through two distinct routes: (i) surface lipopolysaccharide ligation of pattern recognition receptors (PRRs), activating the MyD88-dependent NF-κB/MAPK cascade; and (ii) endocytic internalization, whereby vesicular peptidoglycan fragments (e.g., MDP) are released into endosomes and sensed by cytosolic NOD2. This further activates NF-κB, MAPK and STAT3 signaling [63, 64]. Together, these vesicular pathways consolidate myeloid-biased hematopoietic output and drive chronic HSPC pool exhaustion.
Humoral cytokine regulation: Specific cytokines function as active endocrine signals that commandeer bone marrow hematopoiesis through specialized receptor-ligand interactions and intracellular signal transduction cascades.
[bookmark: OLE_LINK38]Granulocyte colony-stimulating factor (G-CSF) signaling exemplifies this hierarchical control. Produced locally by osteoblasts, stromal cells, and macrophages via IL-17- and IL-1β-induced activation of NF-κB and C/EBPβ, G-CSF enters the systemic circulation and binds to the homodimeric G-CSF receptor (CD114) on HSPCs to govern their lineage commitment [65]. Critically, G-CSF signaling actively dismantles the CXCR4/CXCL12 retention axis [66]. This targeted signaling cascade effectively expels HSPCs from their quiescent endosteal niches, propelling them into a highly proliferative and mobilization-ready state to resupply the peripheral immune response [31, 67].
[bookmark: OLE_LINK39][bookmark: OLE_LINK40]IL-1β operates through distinct but convergent endocrine pathways. Synthesized as pro-IL-1β and cleaved to active IL-1β by NLRP3 inflammasome-activated caspase-1, this cytokine undergoes unconventional secretion via gasdermin D pores [68]. Systemically, circulating IL-1β binds to the IL-1RI/IL-1RAcP complex on HSPCs and bone marrow stromal cells, serving as a potent secondary axis for niche disruption and emergency myelopoiesis.
CXCL12 downregulation represents a specific transcriptional mechanism of niche disruption. Inflammatory signals (TNF-α, IFN-γ) suppress CXCL12 expression in CAR cells. This systemic downregulation reduces the chemokine gradient required for CXCR4-mediated HSPC retention, promoting mobilization into peripheral blood and impairing lymphocyte homing to bone marrow sites throughout the skeleton, effectively dismantling the primary lymphoid organ function of bone across the entire skeletal system [69]. Because this section outlines the systemic propagation and receptor engagement of these cytokines, the specific intracellular signal transduction cascades and epigenetic rewiring events that subsequently dictate HSPC fate are detailed below.
[bookmark: OLE_LINK18]Neural networks of hematopoiesis: In IAI, persistent nociceptive and inflammatory stimulation from the osseous lesion ascends via the dorsal root ganglia and spinothalamic tracts to the central nervous system, initiating a coordinated neuro-immune reflex that chronically elevates sympathetic tone within the bone marrow [58, 70, 71]. The sustained release of norepinephrine (NE) acts on β3-ARs expressed by CAR cells, leading to chronic degradation of Sp1 and suppressing CXCL12, dismantling the chemokine anchor for HSPC retention [72, 73]. In addition, NE activates both β2-ARs on LepR⁺ stromal cells and osteoblast progenitors, persistently activating the intracellular cAMP/PKA signaling cascade [74]. This axis simultaneously arrests osteoblast differentiation and impairs the niche's capacity to maintain HSPC quiescence via reduced secretion of CXCL12 and stem cell factor [44, 45]. The combination of niche insufficiency and cell-autonomous activation via direct pathogen recognition and inflammatory cytokine stimulation chronically depletes the HSPC pool.
[bookmark: OLE_LINK22]Concurrently, nociceptive nerve fibers release CGRP, which binds the CALCRL/RAMP1 receptor expressed on HSPCs. This activates the cAMP/PKA cascade, enhancing HSPC egress from the endosteal niche. Sustained CGRP signaling promotes continuous mobilization and, together with the loss of niche retention signals, contributes to HSPC pool depletion [75]. 
The parallel and interconnected nature of vesicular, humoral, and neural routes form a multi-channeled communication network that synchronizes local distress with remote marrow-responding centers. The overlapping mechanisms and structural routes of this systemic dissemination are schematically illustrated in Figure 3.
[bookmark: OLE_LINK33]Inflammatory signals reprogram hematopoietic stem and progenitor cell fate
[bookmark: OLE_LINK55][bookmark: OLE_LINK7][bookmark: OLE_LINK9]IAI-induced emergency myelopoiesis is driven by chronic, low-dose inflammatory stimulation, which is further compounded by the structural and functional collapse of the endosteal niche and fundamentally alters the supportive hematopoietic microenvironment [76]. This dual drive of biofilm-derived chronic inflammation and niche disruption permanently redirects HSPC fate, prioritizing pathological myeloid skewing with systemic immunosuppression. Inflammatory cytokines act directly on HSPCs through specific receptor-ligand interactions to regulate HSPC fates, including myeloid commitment, mobilization, and exhaustion.
[bookmark: OLE_LINK42][bookmark: OLE_LINK43]IL-1β binds to IL-1R1 to activate NF-κB/PU.1-driven myeloid programs in HSPCs, thereby competitively suppressing lymphoid gene programs [77, 78]. Meanwhile, parallel p38/MAPK signaling, which promotes cell cycle entry, also impairs long-term reconstitution capacity [79]. TNF-α acts directly on HSPCs via TNFR1 to activate the IKK-NF-κB cascade, wherein nuclear p65 binds the PU.1 promoter to enforce myeloid differentiation commitment [80]. These early inflammatory cues induce G-CSF, which engages G-CSFR (CD114) to activate the JAK-STAT3 cascade, upregulating C/EBPβ and relieving C/EBPα-mediated repression of c-Myc to accelerate HSPC mobilization and myeloid differentiation [81, 82]. As inflammation persists, IFN-γ signaling through the IFN-γR1 and IFN-γR2 heterodimer activates STAT1, accelerating HSC pool attrition and upregulating PD-L1 on marrow stromal cells to foster an immunosuppressive niche that impairs antimicrobial immunity [83, 84]. Osteoclast-mediated bone resorption releases matrix-sequestered TGF-β [85] which signals through the TGF-βR2 and TGF-βR1 heterodimer to activate SMAD2/3, directly suppressing lymphoid differentiation programs while promoting myeloid skewing and predisposing the niche toward fibrotic remodeling [86].
[bookmark: OLE_LINK56][bookmark: OLE_LINK10]This chronic hematopoietic reprogramming is maintained by metabolic shifts and epigenetic modifications [87]. This reprogrammed state persistently skews HSPC differentiation toward myeloid lineages, generating MDSCs and tolerogenic macrophages that suppress adaptive immunity. Metabolic reprogramming in activated HSPCs suppresses mitochondrial oxidative phosphorylation (OXPHOS) in favor of enhanced aerobic glycolysis [88]. This glycolytic flux drives ATP-citrate lyase-dependent acetyl-CoA production to support histone acetylation. The suppression of OXPHOS depletes the intracellular NAD+ pool, directly crippling NAD+-dependent deacetylases, such as SIRT1 [89]. This enzymatic blockade synergizes with the increased acetyl-CoA supply to lock in hyperacetylated states at myeloid-specifying loci. Meanwhile, upregulated one-carbon metabolism generates S-adenosylmethionine for DNA and histone methylation [90]. Concurrently, altered tricarboxylic acid (TCA) cycle dynamics lead to the accumulation of fumarate and succinate, which can inhibit α-ketoglutarate-dependent histone demethylases and TET DNA demethylases [91]. Guided by lineage-determining transcription factors, this metabolic-epigenetic coupling actively favors the deposition of activating marks (H3K4me3, H3K27ac), while simultaneously enforcing repressive marks (such as H3K9me3), solidifying lineage skewing [92-94]. These heritable epigenetic modifications sustain myeloid lineage bias, perpetuating emergency myelopoiesis and generating suppressive myeloid progeny that impair local antimicrobial immunity and impede pathogen clearance. The resulting state of emergency hematopoiesis maintains HSPCs in continuous proliferation and differentiation cycles, depleting quiescent stem cell reserves while sustaining high-output myeloid production that drives local tissue damage and systemic multi-organ remodeling (Figure 4).
[bookmark: OLE_LINK30][bookmark: OLE_LINK3]
[bookmark: OLE_LINK1][bookmark: OLE_LINK12]Systemic immune dysfunction 
Phase III: Systemic Immunoparalysis. The dysfunctional myeloid progenitors exported from the reprogrammed bone marrow (Phase II) undergo terminal differentiation in peripheral tissues, giving rise to mature myeloid populations with divergent functional states. Inflammatory-biased progenitors differentiate into hyper-responsive monocytes and macrophages that drive sustained local inflammation and tissue destruction. Tolerance-biased progenitors differentiate into MDSCs that mediate systemic immunosuppression. 
[bookmark: OLE_LINK36]Innate immune dysregulation 
[bookmark: OLE_LINK29]The peripheral expansion of hyper-responsive monocytes and tolerogenic MDSCs is the direct phenotypic manifestation of maladaptive trained immunity. For monocytes, persistent biofilm stimulation forces a transition toward an immunosuppressive phenotype characterized by IL-10 and TGF-β secretion and reduced antigen presentation. In addition, pathogens in biofilms evade phagocytosis and survive intracellularly, driving a transition toward tolerogenic myeloid phenotypes (often overlapping with suppressive M2-like traits) [95]. This systemic reprogramming can further extend to tissue-resident macrophages and the granulocytic compartment [96]. For MDSCs, myeloid-skewed hematopoiesis drives the systemic and local accumulation of immature polymorphonuclear MDSCs and monocytic MDSCs, potently promoting systemic immune exhaustion [1, 97].
The suppressive milieu established by MDSCs, combined with lineage-skewing pressures, also critically affects specialized innate cells, particularly dendritic cells (DCs), which exhibit an arrested maturation phenotype, characterized by the downregulation of co-stimulatory molecules (CD80, CD86, and CD40) and diminished APC capacity [97]. Additionally, IAI alters NK cell homeostasis, with expanded yet functionally impaired circulating NK populations [98]. Neutrophils constitute the vanguard of the cellular immune response, actively recruited to the site of infection [99]. Recent scRNA-seq analysis of bone infection models reveals that bone marrow-derived neutrophils undergo pathological polarization into an N2-like state, defined by suppressed chemotaxis and ROS production [100]. 
Adaptive immune exhaustion
The adaptive immune system undergoes progressive functional deterioration during IAI, manifesting as T cell exhaustion, CD4+ T helper lineage skewing, and aberrant humoral responses. Unlike acute infections, abiotic surfaces harbor mature biofilms that continuously shed antigens, subjecting T cells to unrelenting T cell receptor (TCR) stimulation. This chronic signaling drives the co-expression of multiple inhibitory receptors (IRs), including PD-1, LAG-3, TIGIT, and TIM-3 [101-103]. IR ligation recruits SHP-1/2 phosphatases to the immune synapse, dephosphorylating CD3ζ and ZAP70 to attenuate calcium mobilization and NFAT translocation [104, 105]. The nuclear factors TOX and NR4A1 initiate profound epigenetic reprogramming. This chromatin remodeling permanently opens IR loci and silences effector cytokine genes, enforcing a terminal exhaustion state that precludes protective memory formation [106]. 
[bookmark: OLE_LINK48]Beyond terminal exhaustion, MDSC-derived IL-10 and TGF-β promote Treg differentiation, establishing a robust immunoregulatory checkpoint that antagonizes antimicrobial clearance [107]. The inflammatory microenvironment strongly favors T helper 17 (Th17) cell polarization at the expense of Tregs. This localized Th17/Treg imbalance disrupts bone homeostasis [108, 109]. The excessive secretion of IL-17A and IL-22 amplifies soft tissue inflammation and directly drives excessive osteoclastogenesis by upregulating RANKL expression on local osteoblasts and stromal cells, accelerating hardware loosening [110].
Humoral responses are similarly dysregulated. Although chronic IAI induces elevated circulating antibody levels, the dense extracellular polymeric substance of the biofilm matrix physically impedes antibody penetration [111]. Consequently, antibodies fail to opsonize adherent pathogens and instead bind shed antigens, forming immune complexes that deposit in surrounding tissues, activate complement, and exacerbate bystander inflammatory damage through FcγR-mediated neutrophil activation [112, 113].
This adaptive failure reciprocally reinforces innate dysregulation. Exhausted T cells cannot eradicate the biofilm, ensuring sustained antigen release that perpetuates HSPC reprogramming. The absence of functional signaling limits activation of macrophages and DCs. This bidirectional immune collapse converts a localized infection into a self-perpetuating, systemic pathological state (Figure 5).
Metabolic integration of innate and adaptive dysfunction
Rather than operating as isolated cellular defects, innate and adaptive metabolic states converge in a shared niche where nutrient consumption and metabolic byproducts actively shape immune outcomes.
Glucose metabolism: The sustained hyperglycolysis in pro-inflammatory macrophages and MDSCs effectively acts as a local glucose sink, rapidly depleting glucose concentrations in the endosteal niche [114]. Because T cell clonal expansion and effector function are strictly dependent on Glut1-mediated glycolytic reprogramming, this severe substrate deprivation directly prevents naive T cell activation and blunts memory T cell recall responses [115, 116].
In parallel, the glycolytic flux in myeloid cells generates lactate, which functions as a potent immunosuppressive signal. High local lactate concentrations induce intracellular acidification in T cells via MCT1 uptake, which directly inhibits TCR-proximal NFAT signaling [117]. Lactate also drives the differentiation of CD4+ T cells preferentially toward Th17 subsets to induce osteolysis [118].
Amino acid metabolism: Beyond glucose competition, the targeted enzymatic depletion of essential amino acids constitutes a primary mechanism by which the myeloid compartment paralyzes adaptive immunity. The highly upregulated expression of Arg-1 in MDSCs rapidly metabolizes microenvironmental L-arginine, causing the rapid downregulation of the CD3ζ chain within the TCR complex. This stalls T cells in the G0/G1 phase, preventing effective antigen recognition [119]. Meanwhile, MDSC-derived nitric oxide and ROS can directly lock T cells into a profound anergic state [120].
[bookmark: OLE_LINK19][bookmark: OLE_LINK2]Parallel to arginine depletion, MDSCs and tolerogenic DCs in the IAI niche overexpress indoleamine 2,3-dioxygenase, which catalyzes the degradation of local tryptophan [121]. The resulting tryptophan starvation activates the general control nonderepressible 2 kinase pathway in T cells, initiating a stress response that enforces T cell anergy [122]. Importantly, this indoleamine 2,3-dioxygenase-mediated enzymatic degradation generates kynurenine as a primary byproduct. Kynurenine binds to the aryl hydrocarbon receptor on naive T cells, which actively drives naive T cells to transdifferentiate into Tregs [123]. This mechanism acts in synergy with local amino acid deprivation to establish regional immune tolerance.
Cholesterol metabolism: Cholesterol metabolism operates as a critical metabolic-immune node in IAI. Locally, pathogen-induced disruption of osteocyte lipid rafts impairs PRR clustering and downstream NF-κB signaling [35]. Our previous studies have demonstrated that targeting the mevalonate pathway with simvastatin effectively inhibits biofilm formation and ameliorates IAI [29]. Immunologically, we found that single-intraosseous simvastatin injection profoundly remodels the host response by suppressing systemic MDSC expansion, downregulating the expression of IRs, and robustly activating CD8+ T cells [105, 124]; we hypothesize that analogous mechanisms operate in IAI.

Therapeutic reprogramming: from local niche rescue to systemic immune reconstitution
Multiparameter immune profiling for diagnosis
Conventional diagnostics exhibit inherent limitations: acute-phase reactants lack specificity, prior antimicrobial exposure curtails culture yields to below 50%, and macroscopic radiological changes critically lag behind microenvironmental shifts. To overcome these limitations, the systemic immune-inflammation index provides a robust peripheral biomarker [125]. By integrating the thrombo-inflammatory status with adaptive immunity, systemic immune-inflammation index serves as an independent prognostic indicator for stratifying IAI recurrence risk and systemic complications.
Multi-parameter flow and mass cytometry facilitate precision diagnosis [1]. Quantifying peripheral PD-1+ CD8+ T cells, MDSCs, and the neutrophil-to-lymphocyte ratio generates systemic immune exhaustion scores that characterize the Phase III immunophenotype. Furthermore, multidimensional profiling directs therapeutic strategies: proteomic analysis of sonicated fluid predicts debridement, antibiotics, and implant retention outcomes [126], while deep phenotyping differentiates reversible T cell exhaustion from epigenetically fixed terminal states requiring combinatorial epigenetic-metabolic interventions [127].
Single-cell multi-omics (such as scRNA-seq and scATAC-seq) map infection-specific T cell exhaustion and the epigenetic landscapes encoding HSPC maladaptive trained immunity [127]. These datasets enable predictive algorithms to stratify hyper-responsive from immunotolerant cohorts, guiding precision immunomodulation [128].
Immuno-metabolic imaging bridges systemic and local microenvironmental profiling. 18F-FDG PET-CT SUVmax correlates positively with circulating inflammatory cytokines, quantifying systemic immune activation [1]; multi-organ or multi-skeletal uptake indicates Phase II/III dissemination, whereas bone-confined uptake suggests Phase I. Concurrently, theranostic nanoprobes (e.g., pH-responsive MRI and MMP-activatable NIR probes) visualize local immunosuppressive niches in real time [129]. These probes delineate molecular boundaries to optimize image-guided debridement in Phase I and identify persistent sanctuaries perpetuating systemic immune dysregulation in Phase III.
Ultimately, immune profiling may directly inform surgical decision-making. Phase I or early Phase II phenotypes, characterized by intact immune reserves, are amenable to debridement, antibiotics, and implant retention combined with local immunomodulation. Phase III, marked by MDSC expansion and terminal exhaustion of T cells, renders standalone antimicrobial regimens biologically futile. In this stage, hardware explantation is an absolute prerequisite for systemic immune reconstitution. Consequently, immune-guided surgical stratification shifts surgical paradigms from empirical chronology to precision, immunology-guided interventions. 
Targeting phase I: rescuing the local niche 
[bookmark: OLE_LINK31]Phase I therapy aims to arrest disease propagation before hematopoietic reprogramming and systemic dissemination consolidate, prioritizing the restoration of local osteoimmune coupling to halt outward inflammatory signaling. Notably, the pharmacokinetics, safety, and efficacy in IAI remain preclinical concepts necessitating further validation.
Given the surface-centric nature of IAI, early interventions target biofilm eradication and foreign body reaction modulation using spatiotemporally controlled smart biomaterials. Substrates like porous tantalum or biodegradable magnesium alloys are functionalized with stimulus-responsive hydrogels, polymers, and nanoparticles to sever continuous inflammatory signaling and provide a temporal window for endogenous recovery. Upon microenvironmental acidification, these pH-gated platforms trigger on-demand antimicrobial release, synchronizing therapy with local pathological shifts [130-133].
[bookmark: OLE_LINK47]Rebalancing the RANKL/OPG axis is a primary therapeutic objective for mitigating bone loss in IAI. This can be achieved through a coordinated local and upstream blockade. Locally, scaffold-integrated OPG-Fc fusion proteins neutralize RANKL, arresting osteoclastogenesis at the bone-implant interface [134]. Upstream, IL-23/IL-17 pathway inhibition with ustekinumab or secukinumab, respectively, disrupts the adaptive-osteoclastic bridge, preventing Th17-driven RANKL amplification [135-137]. These interventions represent promising therapeutic strategies for IAI.
Beyond osteoclast regulation, macrophage modulation is essential for re-establishing microenvironmental homeostasis. Local CGRP antagonists neutralize tolerogenic signals, lifting neuro-immune suppression to restore macrophage phagocytosis. Concurrently, mitochondria-targeted peptides (such as SS-31) stabilize mitochondrial membranes and quench excessive mtROS, preventing NLRP3 inflammasome-mediated pyroptosis, thereby preserving the active phagocyte pool [138, 139]. Furthermore, scaffold-tethered CD200-Fc ligates the inhibitory CD200 receptor, polarizing macrophages toward an anti-inflammatory M2 phenotype to halt the foreign body reaction and facilitate tissue repair [140, 141].
To reverse T cell exhaustion, biomaterial-mediated release of anti-PD-1 and anti-TIM-3 antibodies establishes a localized dual immune checkpoint blockade, reactivating tissue-resident CD8+ T cell cytotoxicity without inducing systemic toxicity. Targeting the mevalonate pathway with simvastatin metabolically starves MDSCs to restrict their expansion, while simultaneously restoring lipid raft integrity in CD8+ T cells to downregulate immune checkpoints [105]. In addition, Treg-secreted TGF-β fosters an immunosuppressive milieu that facilitates MDSC expansion and bacterial persistence [142, 143]. Thus, scaffold-integrated TGF-β inhibitors could neutralize the biofilm-conditioned immunosuppressive signaling.
[bookmark: OLE_LINK49]Targeting phase II: hematopoietic epigenetic and metabolic resetting
Once systemic inflammatory cytokines drive HSPCs into emergency myelopoiesis, the resulting myeloid bias is locked by self-sustaining metabolic-epigenetic coupling. Phase II therapy, therefore, focuses exclusively on dismantling this intrinsic pathological memory within HSPCs.
[bookmark: OLE_LINK16]Direct epigenetic resetting: The state of maladaptive trained immunity in HSPCs is structurally maintained by aberrant chromatin configurations. To selectively disrupt this programming, BET bromodomain inhibitors, such as JQ1, are deployed to block chromatin reader activity, abruptly displacing transcriptional elongation complexes from hyperactive inflammatory loci [144]. In parallel, histone demethylase inhibitors such as GSK-J4 preserve restrictive heterochromatin marks that antagonize myeloid-skewing genes [145]. For deeper epigenetic scars, the strategic integration of HDAC inhibitors and DNA methyltransferase inhibitors erases pathological DNA methylation and restores multipotent euchromatin architectures, effectively resetting HSPC plasticity [146, 147].
Metabolic-epigenetic uncoupling: Because the aforementioned epigenetic machinery is highly dependent on the mTOR/HIF-1α-driven Warburg effect, targeting its metabolic fuel provides a synergistic blockade. Hexokinase antagonism via 2-deoxyglucose rapidly depletes the nucleocytosolic acetyl-CoA pool, choking the obligate substrate supply for pathological histone acetylation [148]. Simultaneously, metformin-mediated AMPK activation suppresses mTORC1 signaling and restricts one-carbon flux. This deprives the nucleus of S-adenosylmethionine, the essential methyl donor required for de novo chromatin methylation [149]. 
Targeting phase III: reversing peripheral immunoparalysis
During IAI, the periphery is heavily populated by expanded MDSCs, tolerized macrophages, and exhausted T cells. This self-sustaining immunoparalytic network perpetuates infection recalcitrance independent of the original bone infection. Consequently, Phase III therapy mandates a cell-centric approach, systematically dismantling suppressor populations and rescuing the innate-adaptive immune bridge.
Dismantling MDSC metabolic dominance: The systemic MDSC compartment serves as the dominant barrier to peripheral immune recovery during IAI, actively suppressing immune function through robust metabolic competition. Overcoming this barrier necessitates targeted metabolic interventions. Thus, glutaminase inhibitors disrupt MDSC metabolic dependency on glutamine [150], while Arg-1 inhibitors block arginine catabolism and replenish this essential substrate for T-cell activation, collectively attenuating MDSC-mediated immunosuppression and facilitating immune reconstitution [151]. Importantly, the use of glutaminase and Arg-1 inhibitors specifically in this context remains a mechanistically grounded translational hypothesis awaiting direct experimental validation. In parallel, disrupting the mevalonate pathway via simvastatin-mediated HMG-CoA reductase inhibition blunts the systemic expansion of MDSCs [105]. This combinatorial metabolic blockade effectively neutralizes MDSC dominance, restoring a permissive microenvironment that facilitates subsequent lymphocyte reactivation and enhancing the overall efficacy of surgical site immune defense.
[bookmark: OLE_LINK32]Restoring macrophage phagocytosis and DC antigen presentation: Following MDSC neutralization, the myeloid-APC axis must be functionally restored. Macrophages and DCs are deeply suppressed by systemic neural reflexes and trained tolerance. First, vagus nerve stimulation leverages the cholinergic anti-inflammatory pathway to selectively attenuate systemic cytokine production in macrophages [152], critically preserving their essential phagocytic mechanisms as demonstrated in visceral inflammation models [153]. Alongside this process, the systemic application of CGRP antagonists and β-AR blockers comprehensively abrogates the pain-stress immunosuppressive network. This dual blockade not only reverses the peripheral consequences of maladaptive trained immunity in macrophages, but also rescues the antigen-presenting capacity of DCs [154]. 
Reactivating terminally exhausted T cells: The profound suppression of peripheral T cells in IAI is fundamentally a terminal consequence of hematopoietic reprogramming. MDSCs and tolerized APCs create a metabolically starved and antigen-deprived niche, "driving T cells into profound anergy and terminal exhaustion. CGRP antagonists dismantle the neuro-immune shield, rescuing DC antigen presentation and lifting stress-induced anergy. Immune checkpoint inhibitors (ICIs), such as anti-PD-1, anti-TIM-3 and anti-CTLA-4 antibodies, uncouple IR signaling, reversing phenotypic exhaustion and restoring cytotoxic function [155, 156]. In addition, the deployment of IL-15 superagonists (such as N-803) provides a targeted enhancement of the bioenergetic capacity and rapid expansion of CD8+ T cells, without concomitantly driving Treg proliferation [157]. Together, these strategies could abrogate the systemic immunosuppression driven by IAI, effectively restoring peripheral T cell-mediated pathogen clearance. The integration of these phase-adapted local and systemic interventions is comprehensively illustrated in Figure 6.
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Clinical translation and future perspectives 
Redefining surgical and therapeutic strategies
Debridement boundaries: from anatomical radicality to niche preservation
Traditional debridement in IAI pursues the radical excision of compromised tissue. However, excessive resection indiscriminately destroys the residual osteoimmune microenvironment, accelerating local bone stock loss and hematopoietic reprogramming. Consequently, surgical strategies must prioritize niche-preserving biological debridement. The primary objective is the targeted eradication of biofilms and the foreign body reaction while preserving trabecular architecture. High-dimensional fluorescence imaging can be utilized to precisely delineate the physical boundaries of fibrous encapsulation and hyperactivated osteoclast-mediated bone resorption zones [158]. This targeted clearance ensures that the revision implant is placed in a mechanically and immunologically viable bed.
Reconstruction timing: establishing the baseline of immunological readiness
The current clinical standard for timing two-stage implant reimplantation relies on microbiological clearance and the normalization of traditional acute-phase reactants. However, performing reconstruction during persistent peripheral immunoparalysis allows the new prosthesis to become a nidus for reinfection, driven by a tolerogenic microenvironment saturated with MDSCs and exhausted T cells [159]. Thus, structural reconstruction must be predicated upon quantitative immunological readiness. In severe IAI, definitive reimplantation is optimally timed to coincide with the prompt improvement of peripheral immune exhaustion parameters—specifically the circulating MDSC burden and the percentage of exhausted CD8+ T cells, ensuring the host can mount an effective peri-implant defense. This represents a conceptual, proof-of-principle framework that awaits prospective validation in IAI cohorts.
Precise synchronization of therapies
[bookmark: OLE_LINK45]To safely and effectively reverse immunoparalysis without triggering catastrophic cytokine storms, a precise perioperative sequencing protocol needs to be established:
[bookmark: OLE_LINK60]Preoperative: In hemodynamically stable patients with evidence of Phase II-III immune dysregulation awaiting delayed definitive surgery, systemic metabolic priming (such as metformin) may be initiated concurrently with antibiotic washout or following its completion 2–4 weeks preoperatively to restore effector T cell glycolytic capacity and mitochondrial fitness. If the causative pathogen has been definitively isolated via preoperative aspiration, targeted antimicrobial therapy may be administered concurrently. In the absence of prior microbiological identification, a strict antibiotic washout period (minimum 14 days) must be observed to preserve the diagnostic yield of intraoperative cultures. This pretreatment window offers sufficient time for metabolic-epigenetic reprogramming of HSPCs and peripheral immune reconstitution.
Intraoperative: Following sequestrectomy or explantation, the dead space is immediately managed with dual-functional smart biomaterials releasing both antimicrobial agents and targeted immunomodulators (e.g., OPG-Fc or SS-31). This simultaneous microbiological and immunological intervention rapidly abrogates the local inflammatory cascade, converting the hyper-inflammatory dead space into a controlled, homeostatic niche conducive to systemic recovery.
Postoperative: After 4–6 weeks of maintenance antibiotic therapy, once the peak microbial burden has passed, ICIs (anti-PD-1/LAG-3) or MDSC-targeted metabolic therapies are initiated based on high-dimensional immune monitoring. This rigorous chronological separation ensures that the potent cytotoxicity of the adaptive immune system is unleashed only after the pathogen has been adequately suppressed, achieving definitive clearance and tissue repair.
Translating this highly synchronized perioperative protocol into routine clinical application requires a fundamental evolution in both diagnostics and trial design. First, standard diagnostic frameworks must evolve into multi-modal immune monitoring systems integrating SII and high-dimensional flow cytometry. Second, future clinical trials must strictly evaluate this phase-adapted therapeutic sequencing, prioritizing initial antimicrobial debulking to neutralize the microbial burden, followed by spatiotemporally controlled host-directed immunomodulation. Finally, actualizing this immune-guided surgical paradigm requires multidisciplinary convergence—synthesizing niche-preserving surgical debridement, dynamic immune status monitoring, advanced localized delivery platforms, and specific neuro-immune interventions to definitively arrest systemic immunological collapse in IAI.
This translational roadmap is not predicated on biological speculation. The component strategies of this framework, from metabolic uncouplers to checkpoint blockade, are individually grounded in mechanisms validated across oncology, autoimmunity, and chronic infectious disease. Their integration for IAI requires not fundamental biological leaps but disease-specific repurposing with staged preclinical validation in biofilm-anchored IAI models. The overarching goal is to transform the management of IAI from an empirical surgical challenge into a mechanism-guided immune-metabolic discipline.
[bookmark: OLE_LINK53]Conclusions
IAI is not a localized microbiological lesion but a systemic immune-metabolic disorder propagating through the bone marrow. The IAI osteoimmune cascade model proposed herein traces this pathological trajectory from local niche collapse through hematopoietic reprogramming to peripheral immunoparalysis, establishing that microbial eradication alone cannot reverse entrenched immune dysfunction. Therapeutic success therefore demands a paradigm shift: from anatomical reductionism, which treats bone as an inert scaffold, to an immune-guided surgical framework in which debridement preserves osteoimmune architecture, reconstruction is timed by immunological readiness rather than microbiological clearance, and host-directed metabolic-epigenetic interventions dismantle maladaptive trained immunity. By redefining IAI through the lens of osteoimmunology and systems biology, this framework offers a mechanistic roadmap to overcome therapeutic recalcitrance and achieve durable osseointegration.
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