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Abstract: Chronic nonbacterial osteomyelitis (CNO) is a rare autoinflammatory bone disorder characterized by sterile bone lesions,
heterogeneous clinical presentation, and the absence of validated diagnostic or prognostic biomarkers. Traditionally considered
a distinct disease entity, emerging genetic, mechanistic, and translational evidence challenges this view. Emerging genetic, mechan-
istic, and translational evidence suggests that CNO may represent a convergent clinical phenotype of sterile bone inflammation arising
from diverse disturbances in innate immunity. Central to its pathogenesis is the inflammasome—interleukin-1 beta (IL-1B) axis, which
integrates upstream signals from genetic variants, cytokine imbalance, and environmental factors, ultimately driving osteoclast
activation and bone remodeling. Recent advances highlight the role of biomarkers as translational tools linking molecular mechanisms
to clinical phenotypes. Although whole-body MRI remains central to disecase assessment, integration of imaging with molecular
biomarkers may provide more comprehensive disease stratification. Conventional markers such as C-reactive protein (CRP) and
erythrocyte sedimentation rate (ESR) show limited utility, whereas pathway-relevant biomarkers, including cytokine profiles, P2X
purinoceptor 7 (P2X7R) signaling, and the receptor activator of nuclear factor kappa-B ligand (RANKL)/osteoprotegerin (OPG) ratio
provide deeper insight into disease biology. These biomarkers may ultimately enable biologically driven patient stratification and
inform future targeted therapeutic approaches, although prospective validation remains necessary. Reframing CNO as a convergent
phenotype supports a mechanism-based classification and offers a framework for precision medicine approaches, with implications
extending beyond pediatric rheumatology to inflammatory bone diseases more broadly.
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Introduction
Chronic nonbacterial osteomyelitis (CNO) represents one of the most challenging conditions in pediatric rheumatology,
positioned at the nexus of autoinflammation, osteoimmunology, and systemic inflammatory disease. Despite increasing
recognition, CNO remains a diagnosis of exclusion, characterized by heterogeneous clinical manifestations, fluctuating
disease course, and most critically the absence of validated diagnostic or prognostic biomarkers.' This gap persists even
in the era of advanced imaging, where whole-body magnetic resonance imaging (WBMRI) has improved lesion detection
but has not fundamentally altered disease stratification or prediction of outcomes.'**

Although CNO has traditionally been classified as a primary autoinflammatory bone disorder and approached as
a distinct nosological entity, accumulating mechanistic, genetic, and translational evidence challenges this notion.
Instead, it supports a broader conceptual framework in which CNO may represent a convergent clinical phenotype of
sterile bone inflammation arising from diverse autoinflammatory pathways, rather than a single disease.’ In this context,
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CNO shares molecular and clinical features with conditions such as familial Mediterranean fever (FMF), inflammatory
bowel disease (IBD), and psoriasis.6 Biomarkers, therefore, assume a dual role, serving not only as tools for disease
monitoring, but also as windows into shared pathophysiological pathways.

For this narrative commentary, relevant literature was identified through targeted searches of PubMed/MEDLINE and
Google Scholar, supplemented by manual screening of reference lists from key reviews and original studies. We
prioritized English-language articles addressing chronic nonbacterial osteomyelitis, chronic recurrent multifocal osteo-
myelitis, autoinflammatory bone disorders, inflammasome biology, IL-1f signaling, and candidate biomarkers. This
approach was intended to provide a conceptual synthesis rather than a systematic review.

CNO Within the Spectrum of Autoinflammatory Bone Disorders

The integration of recent literature on autoinflammatory bone disease supports a shift away from viewing CNO as
a discrete entity. Instead, it aligns with a wider spectrum of disorders characterized by sterile osteomyelitis driven by
innate immune dysregulation, inflammasome activation, and cytokine imbalance, particularly involving interleukin-1
beta (IL-1P)-mediated osteoclastogenesis (Figure 1). This concept is reinforced by monogenic autoinflammatory syn-
dromes such as cryopyrin-associated periodic syndromes (CAPS), deficiency of the IL-1 receptor antagonist (DIRA),
Majeed syndrome, and FMF, all of which demonstrate that bone inflammation can arise from distinct genetic defects
converging on shared inflammatory pathways.” ® In FMF, MEditerranean FeVer (MEFV) mutations lead to dysfunction
of the pyrin inflammasome, resulting in enhanced IL-1fB production and a persistent pro-inflammatory state. This
mechanism is not restricted to overt FMF, as even asymptomatic carriers may exhibit subclinical inflammation and
increased cytokine activity. Emerging data suggest that this inflammasome-driven pathway may also influence the
phenotype of CNO, with MEFV mutations being associated with earlier disease onset, higher inflammatory burden,
and a more persistent clinical course (Table 1). These observations support the notion that pyrin-mediated IL-1p signaling
represents a shared pathogenic axis, contributing to more severe or refractory CNO phenotypes.’*

Beyond these inherited conditions, clinical observations further highlight the non-specific nature of bone involvement.
CNO frequently coexists with immune-mediated diseases such as IBD, juvenile idiopathic arthritis (JIA), spondyloar-
thropathies, and psoriasis suggesting overlapping pathogenic networks rather than disease-specific mechanisms.®*
Notably, CNO may precede, coincide with, or follow IBD diagnosis, and may occur independently of intestinal disease
activity, underscoring the partial dissociation between systemic inflammation and skeletal manifestations.?'** The broad
spectrum of skeletal phenotypes observed across these conditions, from osteolytic lesions to hyperostosis and vertebral
collapse, supports the interpretation of bone inflammation as a shared downstream consequence of immune aberration. In
this regard, sporadic CNO, lacking a single causative mutation, is best understood as the result of multifactorial
interactions between genetic susceptibility, innate immune imbalance, and environmental triggers. Accordingly, CNO
may be more appropriately positioned within a continuum of autoinflammatory and immune-mediated diseases, repre-
senting a convergent clinical phenotype rather than a distinct nosological entity.

Additionally, while monogenic forms are associated with mutations in genes such as IL-I receptor antagonist
(ILIRN), lipin 2 (LPIN2), and proline-serine-threonine phosphatase-interacting protein 1 (PSTPIPI), sporadic CNO
appears to involve a more complex genetic architecture (Table 1). Variants in genes regulating inflammasome activation,
mitogen-activated protein kinase (MAPK) signaling, and osteoclast differentiation have been implicated, suggesting
a polygenic predisposition.” Transcriptomic analyses provide additional insight into this complexity. Machine learning-
based studies have identified gene expression signatures enriched in pathways related to immune activation, cytoskeletal
organization, and systemic inflammation, highlighting the involvement of autoinflammatory gene networks rather than
disease-specific markers.>® These findings support a model in which multiple genetic and molecular perturbations
converge on a limited number of inflammatory pathways, ultimately producing a shared clinical phenotype.

The Central Role of the Inflammasome and IL-1f

A unifying mechanistic theme across both monogenic and sporadic forms of sterile osteomyelitis is the central role of the
inflammasome—IL-1P axis (Table 1). The nucleotide-binding domain, leucine-rich-containing family, pyrin domain-
containing-3 (NLRP3) inflammasome functions as a key intracellular sensor of danger-associated signals, promoting
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Figure | Proposed convergent pathogenic pathway in chronic nonbacterial osteomyelitis (CNO). Distinct genetic and molecular disturbances converge on innate immune
dysregulation and inflammasome activation, leading to IL-Ip and IL-18 release, amplification of inflammatory cytokine signaling, increased osteoclastogenesis through
RANKL/OPG imbalance, sterile bone inflammation, and ultimately structural bone damage. The figure illustrates the concept of CNO as a convergent clinical phenotype
arising from multiple upstream inflammatory pathways.

caspase-1 activation and the proteolytic cleavage of pro-IL-1p into its active form. Dysregulation of this pathway leads to
sustained IL-1p secretion and chronic inflammation.” Multiple lines of evidence underscore IL-1p as a pivotal effector in
bone inflammation such as in DIRA (loss of IL-1 receptor antagonism results in unopposed IL-1 signaling and severe
multifocal osteomyelitis) and in Majeed syndrome, where mutations in LPIN2 promote inflammasome activation and IL-
1B overproduction.” In murine models (PSTPIP2"°), disease development is strictly dependent on IL-1p signaling, with
genetic ablation of IL-1p or its receptor preventing osteomyelitis.”** Notably, IL-1p-driven osteomyelitis may occur
independently of canonical inflammasome pathways, as suggested by neutrophil-derived IL-1B production and alternative
processing mechanisms involving caspase-8, implying that IL-1P represents a final common effector downstream of
diverse upstream signaling networks. Furthermore, clinical observations of persistent or paradoxical inflammatory
manifestations despite TNF-targeted therapy further suggest that TNF-independent pathways may contribute to disease
activity.”> Building on the concept of IL-1p as a final common downstream effector, the importance of upstream
signaling regulators is further illustrated by the role of protein tyrosine phosphatase receptor type C (PTPRC; also
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Table | Mechanism-Based Biomarker Axes in Chronic Nonbacterial Osteomyelitis

Mechanistic Main Biological Process Candidate Possible Clinical Relevance Validation
Axis Biomarkers Status and
Utility
Inflammasome— | Activation of inflammasome-related IL-1B, IL-18, May identify patients with early-onset, persistent, Emerging
IL-1 axis pathways with increased IL-1p and IL-18 | P2X7R, refractory, or monogenic-like inflammatory Prognostic/
signaling SI00A8/ phenotypes; may support consideration of IL-1- Stratification
A9'0-12 targeted approaches
TNF-0-IL-6 NF-kB-mediated pro-inflammatory TNF-o, IL-6, May be relevant in patients with associated Established,
inflammatory cytokine activation CRP, immune-mediated diseases such as IBD, psoriasis, but non-
axis ESR'"'3!4 JIA, or SpA; may support anti-TNF-based specific
treatment strategies Diagnostic
adjunct/
Stratification
Regulatory—IL- | Impaired anti-inflammatory regulation, IL-10, IL-10 May reflect defective resolution of inflammation Exploratory
10 axis potentially related to altered MAPK/ERK | family and contribute to chronic or recurrent disease Prognostic
signaling and reduced IL-10 expression cytokines'®'® activity
Innate myeloid | Monocyte and neutrophil activation with | SI00A8/A9, May provide a more sensitive readout of innate Emerging
activation axis release of damage-associated SAAZ!IIE immune activation than conventional acute-phase Disease
inflammatory proteins reactants alone activity
monitoring
Osteoimmune Cytokine-driven osteoclast activation RANKL, May link inflammatory activity to structural bone Exploratory
remodeling axis | and imbalance between bone resorption | OPG, outcomes such as osteolysis, sclerosis, Prognostic
and repair RANKL/OPG | hyperostosis, or vertebral involvement
ratio'’~"?

Abbreviations: CRP, C-reactive protein; ERK, extracellular signal-regulated kinase; ESR, erythrocyte sedimentation rate; IBD, inflammatory bowel disease; IL, interleukin;
JIA, juvenile idiopathic arthritis; MAPK, mitogen-activated protein kinase; NF-kB, nuclear factor kappa B; OPG, osteoprotegerin; P2X7R, P2X purinoceptor 7; RANKL,
receptor activator of nuclear factor-kB ligand; SAA, serum amyloid A; SI00A8/A9, calprotectin; SpA, spondyloarthritis; TNF-0, tumor necrosis factor-alpha.

known as CD45) and Src-family kinases (SFKs), as CD45 deficiency in PSTPIP2 mutant mice leads to reduced SFK
activity, attenuated pro-IL-1p production, and decreased disease severity, thereby identifying SFK-dependent pathways as
critical upstream modulators of IL-1B-driven bone inflammation.?* Collectively, these findings expand the mechanistic
landscape beyond the inflammasome itself and support a model in which multiple converging signaling pathways
regulate IL-1pB production in sterile bone inflammation (Table 1).

Cytokine Imbalance and Osteoimmunology

While IL-1 is central, it operates within a broader network of cytokine dysregulation that defines disease expression.
Patients with CNO exhibit an imbalance between pro-inflammatory mediators, including IL-1p, IL-6, and tumor necrosis
factor-alpha (TNF-a) and anti-inflammatory cytokines such as IL-10, with reduced IL-10 expression contributing to
sustained inflammatory responses and impaired immune regulation.'> Impaired IL-10 production has been mechanisti-
cally linked to defective activation of MAPK signaling pathways, particularly extracellular signal-regulated kinases 1 and
2 (ERK1/2), resulting in altered transcriptional control and reduced expression of immune-regulatory cytokines.'® This
inflammatory milieu directly impacts bone homeostasis through osteoimmunological mechanisms (Table 1). Imbalanced
cytokine expression fosters osteoclast differentiation and activation through increased interactions between receptor
activator of nuclear factor kappa-B (RANK) and its ligand (RANKL), leading to pathological bone resorption and
remodeling.'” At the same time, persistent inflammatory signaling contributes to aberrant bone remodeling processes,
explaining the coexistence of osteolytic and sclerotic lesions within the same disease spectrum.”® These observations
underscore that CNO is fundamentally a disorder of osteoimmune imbalance, in which immune signaling and bone
remodeling are tightly interconnected. Importantly, similar cytokine-driven mechanisms of osteoclast activation and
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inflammatory bone loss have been described in other inflammatory conditions, supporting the concept of shared
pathogenic pathways."?

Biomarkers as Translational Bridges Between Pathogenesis and Clinical

Stratification
Within this framework, biomarkers have a critical dual role, not only as indicators of disease activity, but also as
measurable surrogates of underlying molecular pathways (Table 1). Conventional inflammatory markers, including C-
reactive protein (CRP) and erythrocyte sedimentation rate (ESR), remain widely used in clinical practice. However, their
limitations are increasingly evident, as they lack both sensitivity and specificity and frequently fail to correlate with
disease activity or discriminate CNO from other inflammatory conditions.'*” This discrepancy reflects the fundamental
issue that systemic acute-phase reactants do not adequately capture compartmentalized, tissue-specific inflammation
within the bone. More pathway-relevant biomarkers have therefore gained attention. Serum amyloid A (SAA), an acute-
phase reactant and calprotectin (SI00A8/A9), both reflecting innate immune potentiation and neutrophil-monocyte
dynamics, provide a closer approximation to the autoinflammatory nature of CNO.*'®?* Notably, SI00A8/A9 has
been shown to correlate with pro-inflammatory cytokines such as TNF-q, reflecting activation of the broader inflamma-
tory cascade and supporting its role as a biomarker of innate immune activation.'" Cytokine profiling offers a more
mechanistic perspective. Elevated levels of IL-1p, IL-6, IL-18, and TNF-a have been consistently demonstrated in
patients with CNO compared to healthy controls, confirming the presence of a systemic pro-inflammatory cytokine
signature driven by monocyte-mediated inflammation.'* However, their individual measurement has limited clinical
utility due to redundancy and overlap across inflammatory conditions. In contrast, emerging biomarkers such as IL-18,
a member of the IL-1 cytokine family co-processed with IL-1B, may provide a more stable readout of inflammasome
activation.'" A budding biomarker with strong mechanistic relevance is the P2X purinoceptor 7 (P2X7R), encoded by the
P2X7R gene. P2X7R is an ATP-gated transmembrane ion channel that plays a vital role in inflammasome activation
through potassium efflux, a key trigger of NLRP3 assembly and downstream IL-1p and IL-18 release.'” Recent genetic
and functional studies have identified rare and low-penetrance P2X7R variants in patients with CNO, which are
associated with enhanced inflammasome activation, increased pro-inflammatory cytokine release, and prolonged mono-
cyte survival. Remarkably, these variants have been linked to more severe disease phenotypes, including extraskeletal
manifestations and increased need for second-line therapies, indicating a potential role in disease stratification.'> Beyond
its role as a genetic modifier, P2X7R represents a functional biomarker of upstream inflammasome regulation, bridging
extracellular danger signaling with intracellular inflammatory responses.'® As such, P2X7R may serve not only as
a marker of disease susceptibility and severity but also as a potential therapeutic target. However, current evidence is
primarily derived from a single genetic and functional study, and the therapeutic relevance of P2X7R modulation in CNO
should therefore be considered preliminary and hypothesis-generating. Also, a particularly promising approach involves
the integration of immune and skeletal biomarkers. The RANKL/osteoprotegerin (OPG) ratio represents a functional
marker of osteoimmune imbalance, linking inflammatory cytokine signaling to osteoclast differentiation, activation, and
bone resorption.'® Given the central role of IL-1p and TNF-a in upregulating RANKL expression and disrupting the
RANKL/OPG balance, this ratio may serve as an integrated readout of both upstream inflammatory activity and its
downstream structural consequences on bone.'” However, despite increasing interest in cytokine- and pathway-based
biomarkers, none has yet achieved sufficient validation for routine clinical implementation.”> Most candidate biomarkers
have been evaluated in relatively small cohorts using heterogeneous methodologies and non-standardized assays, while
clinically meaningful cut-off values for disease activity, prognosis, and treatment response remain undefined.
Consequently, larger prospective multicenter studies and external validation across diverse patient populations will be
required before biomarker-driven stratification can be reliably incorporated into routine clinical practice.

Although this commentary focuses primarily on circulating and molecular biomarkers, WBMRI remains
a cornerstone of disease assessment in CNO. Beyond its diagnostic value, WBMRI provides objective information
regarding lesion burden, anatomical distribution, subclinical disease activity, and treatment response. The development of
standardized imaging tools such as the Chronic Nonbacterial Osteomyelitis MRI Scoring (CROMRIS) system and its
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radiological activity index (RAI-CROMRIS) further supports quantitative assessment of disease burden.”*>° Future
stratification approaches may benefit from integrating imaging-derived measures with molecular biomarkers, allowing
a more comprehensive characterization of disease heterogeneity and inflammatory burden.

Towards a Mechanism-Based Classification of CNO

The ultimate goal of biomarker research in CNO is patient stratification. Rather than treating CNO as a uniform
condition, biomarker profiling could identify distinct subgroups characterized by specific inflammatory signatures,
genetic backgrounds, and clinical trajectories. Such stratification has direct therapeutic implications (Table 1). Patients
with predominant IL-1-driven disease may benefit from IL-1 inhibitors, while those with TNF-mediated pathways may
respond better to anti-TNF agents (Table 1). Similarly, identification of high-risk patients could inform early escalation of
therapy, potentially preventing structural damage. Recent reviews of pediatric CNO have further emphasized the potential
value of biomarker-guided therapeutic selection, particularly as an expanding range of targeted interventions, including
IL-1, IL-6, TNF, and JAK-directed therapies, becomes available for refractory disease.? Furthermore, recent clinical
observations support the concept of cytokine-axis heterogeneity within autoinflammatory bone disease. For example,
CNO-like sterile osteitis has been described in association with mevalonate kinase deficiency, where disease activity
persisted despite sequential IL-1 blockade but achieved sustained remission following IL-6 inhibition with tocilizumab.*'
Such findings suggest that distinct inflammatory pathways may predominate in different patients despite a shared clinical
phenotype, reinforcing the rationale for mechanism-based therapeutic stratification. However, these approaches remain
investigational and require prospective validation before biomarker-guided treatment selection can be incorporated into
routine clinical practice.

Limitations and Alternative Perceptions

Despite the growing body of evidence supporting a convergent phenotype model of CNO, several limitations should be
acknowledged. First, much of the available evidence derives from small cohorts, observational studies, and translational
investigations, limiting the ability to establish causal relationships. Second, although multiple genetic variants and
inflammatory pathways have been associated with CNO, no single molecular signature has been consistently validated
across independent populations. It therefore remains possible that CNO encompasses several biologically distinct disease
subsets rather than representing a unified downstream phenotype. Furthermore, proposed biomarkers, including cytokine
profiles and P2X7R-related pathways, require external validation before routine clinical implementation. It should also be
noted that much of the currently available evidence regarding biomarkers, genetic associations, and inflammatory
pathways in CNO has been generated in pediatric cohorts. Although emerging studies suggest substantial overlap
between pediatric- and adult-onset disease, the generalization of these findings to adult populations remains incompletely
established and warrants further investigation. Finally, the extent to which molecular stratification will translate into
improved therapeutic decision-making remains uncertain and should be evaluated in prospective studies. Consequently,
the convergent phenotype framework should currently be viewed as a hypothesis-driven model that provides a useful
basis for future investigation rather than a definitive classification paradigm.

Conclusion

Taken together, the available evidence supports a fundamental shift in the conceptualization of CNO. Rather than
representing a single disease with a uniform pathogenesis, CNO is more appropriately understood as a convergent
clinical phenotype of sterile bone inflammation arising from multiple upstream disturbances in innate immunity. Chief
among these is IL-1p overproduction, enhanced osteoclast activation, and the development of sterile bone inflammation.
This model provides a unifying explanation for the marked clinical and molecular heterogeneity observed in CNO and
helps to clarify why traditional biomarkers and classification systems have been insufficient to fully capture disease
complexity. Importantly, the implications of this framework extend beyond pediatric rheumatology. CNO represents
a valuable model of inflammation-driven bone disease in which immune dysfunction is directly translated into structural
bone damage. The key pathways involved, particularly IL-1f signaling, TNF activation, and RANKL-mediated osteo-

clastogenesis, are shared across a broad spectrum of conditions, including rheumatoid arthritis, IBD, and osteoporosis.3 2
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Consequently, insights derived from the study of CNO may have wider relevance for understanding the mechanisms

underlying inflammatory bone loss and for guiding the development of targeted therapeutic strategies in diverse clinical

contexts.

Although further validation of proposed biomarkers and molecular classifications is required, this framework provides

a rationale for biologically driven patient stratification and future precision medicine approaches in CNO and related

inflammatory bone disorders. However, such strategies remain investigational and will require prospective validation

before they can be incorporated into routine clinical practice.
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