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A B S T R A C T

Chronic nonbacterial osteomyelitis (CNO) is an inflammatory bone disorder that most frequently affects children
and adolescents. Chronic recurrent multifocal osteomyelitis (CRMO) is a severe form of CNO, usually charac-
terized by symmetrical inflammatory bone lesions and its waxing and waning character. Sometimes severe and
chronic pain can significantly affect the quality of life and psychosocial development of individuals affected. In
the absence of prospectively tested and widely accepted diagnostic criteria or disease biomarkers, CNO remains a
diagnosis of exclusion, and infections, malignancy and other differentials require consideration (1). The patho-
physiology of CNO is not fully understood, but imbalanced cytokine expression and increased inflammasome
activation in monocytes from CNO patients contribute to a pro-inflammatory phenotype that contributes to bone
inflammation (2). Currently, no medications are licensed for the use in CNO. Most patients show at least some
response to nonsteroidal anti-inflammatory drugs, others require more aggressive treatment that can include
corticosteroids, cytokine-blocking agents and/or bisphosphonates (3). While under the care of an experienced
team and sufficient treatment, the prognosis is good, but some patients will develop sequalae which can include
vertebral compression fractures (1).
1. Introduction

Chronic nonbacterial osteomyelitis (CNO) is an autoinflammatory
bone disease that most commonly affects children and adolescents. While
previously considered a rather mild and self-limiting condition, based on
chronic and severe pain as well as possible complications (including
vertebral body fractures) CNO is now considered a severe and in some
cases devastating condition. Indeed, CNO covers a clinical spectrum with
sometimes mild and self-limited monofocal lesions at one end, and
chronically active or recurrent multifocal disease at the other end. In the
letter, the term chronic recurrent multifocal osteomyelitis (CRMO) is
used [1].

Other names have been used for CNO which include SAPHO (Syno-
vitis, Acne, Pustulosis, Hyperostosis, and Osteomyelitis) or nonbacterial
osteomyelitis (NBO) and may represent the same disease entity. Adult
rheumatologists frequently use the acronym SAPHO talking about CNO.
Technically, however, SAPHO should only be used for patients with
cutaneous features, including acne and pustulosis [1–5].
& Children’s Health, Institute of
k (C.M. Hedrich).

m 22 February 2021; Accepted 1
vier B.V. This is an open access ar
In light of the aforementioned, CNO is a heterogeneous disorder and
not all symptoms may occur at the same time which can make diagnosis
challenging. On the other hand, as the awareness of CNO is rising,
misdiagnosis can occur when alternative diagnoses are not intentionally
sought. In the following sections clinical and laboratory features, the
molecular pathophysiology and treatment of CNO will be discussed.

2. Epidemiology

Though the incidence of CNO has been reported as low as 4 per
million children [6], increasing cases have been seen in multiple centers
as awareness is raised [7,8]. In a tertiary center in the UK, after a letter
was sent to referring orthopedic physicians, increasing numbers of CNO
patients were referred to the pediatric rheumatology team [8]. Indeed,
incidences of bacterial osteomyelitis and CNO in a tertiary center in
Germany were comparable over a 10-year span [7]. In line with this,
national surveillance data from Germany delivered comparable numbers
of cases with bacterial osteomyelitis (n¼378) and those with CNO
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(n¼279) over a 5-year period [9]. As CNO patients are initially seen by
variable specialties, close collaboration between pediatricians, rheuma-
tologists, orthopedists, infectious disease specialists, oral surgeons, on-
cologists, radiologists and others is crucial to diagnose and treat patients
early before the development of complications or the initiation of un-
necessary and/or ineffective treatment (e.g. cytotoxic drugs for suspected
malignancies, or antibiotics for suspected infections, etc.). Once diag-
nosed, CNO patients are primarily treated and followed up by pediatric
rheumatologists.

Overall, girls and youngwomen appear to be more frequently affected
(approximately 2:1), andmost patients develop symptoms between 7 and
9 years-of-age. Of note, stand-alone CNO is rarely seen in children
younger than 3 years of age. In this age group, differential diagnoses,
including systemic autoinflammatory disease with bone involvement
needs to be considered carefully. While White Caucasians are the most
frequently reported race in literature, all ethnicities can be affected [7,
10–15]. Due to sometimes mild and unspecific clinical presentations in
some children, the diagnosis can be delayed; a survey in the USA un-
veiled an average delay of approximately 2 years [16].

3. Clinical features

Clinical features in CNO are not disease specific. Most patients with
CNO experience insidious chronic bone pain that affects patients’ quality
of live and school attendance. Children with CNO generally appear well,
but fatigue and delayed growth may occur in some. Nocturnal bone pain
is reported by a subset of patients and may be interpreted as “growing
pain” or primary non-malignant bone tumor (namely osteoid osteoma,
Fig. 1. Typical bone involvement in CNO. A-C) MRI images from a 13-year-old gi
thickened left mandible with bone destruction (TIRM: A, B), and contrast enhanceme
lesion with bone thickening and periostal reaction. E) MRI (TIRM) showing hyperint
CNO patient. F) MRI (TIRM) showing hyperintense lesions in multiple vertebral bod
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osteoblastoma). Physical exams are frequently normal, but focal
tenderness and/or warmth may be present [17]. Sometimes, regional
swelling over bones with little overlying soft tissue may be palpable, such
as over the mandible (Fig. 1A–C), clavicle (Fig. 1D and E), hand bones,
foot bones or distal tibia/fibula. In the authors’ experience, children with
pubic bone lesions and associated pain may present with constipation
and/or enuresis (unpublished data).

Pain is the most prominent and frequent feature in CNO. While acute
onset of pain may occur and result in a swift diagnostic workup and
timely interventions, waxing and waning complaints are typical in CNO
[7,10–15]. Clinically silent bone lesions can occur and may affect
vertebral bodies [18] (Fig. 1F). Unfortunately, data are lacking on
functional assessment and effects of pain in CNO. A prospective cohort
study reported improvement of function with treatment of CNO,
measured by the Childhood Health Assessment Questionnaire (CHAQ)
score over a 12-month period [19]. However, even after remission is
achieved, physical and school function measured by PedsQL are found to
be reduced in CNO patients when compared to matched healthy controls
[20].

Systemic features, such as fever, night sweats and/or weight loss may
occur in up to 17% of children and may raise concerns about alternative
diagnoses [12].

Distribution of lesions have been extensively studied (usually using
WB-MRI, see below) at presentation and throughout the disease course
[7,10–15,21], and usually affect metaphyses of long bones, especially
within lower extremities near knees, and ankles. Symmetrical lesions can
be seen in 20 of 89 cases (22%) and was considered as a criterion by
Jansson et al. [18]. Vertebrae, mandible, clavicle and pelvis including os
rl with CNO and Crohn’s disease showing hyperintense signal alterations in a
nt (T1 with fat saturation, C). D) Conventional X-ray showing a clavicular CNO
ense signal alterations in a thickened and destroyed left clavicle of a 15-year-old
ies of a 13-year-old CNO patient.
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sacrum, os ilium, the periacetabulum, os ischium and os pubis are
considered classic sites in CNO. Indeed, a subset of patients develops a
clinical picture in-line with spondylitis, and even fulfill European Spon-
dylitis Study Group (ESSG) criteria [22,23]. Involvement of the sternum
has been reported mostly in SAPHO but is less common in children [4,
24–26].

The number of lesions at initial onset may be underestimated due to
the lack of universal acquisition of whole-body MRI (WBMRI), which is
considered the gold standard imaging modality for this disease. Only
30% of patients had whole body imaging at initial diagnosis as reported
by the two largest cohort studies [10,11]. When WBMRI imaging was
used exclusively at initial diagnosis, 52 out of 53 children (98%) had 2 or
more lesions [21]. If unifocal lesions were present, clavicle and mandible
were most likely to be affected [11,27].

The waxing and waning feature of CNO and cyclic course necessitates
long-term data collection to identify patterns of disease and response to
treatment. The reported recurrence rate of this disease varies dramati-
cally, from 16% during the first year in children treated with non-
steroidal anti-inflammatory drugs (NSAIDs) to 83% in children at later
time points [12,28–30]. Despite treatment with pamidronate, 4 out of 9
patients (44%) experienced at least one disease flare as confirmed byMRI
[30]. Furthermore, the low recurrence rate (19%) within another cohort
(n¼41) was due to the high rate of persistent disease (66%) [29]. Nine
patients (22%) required NSAIDs monotherapy or combination with
second-line treatment for longer than 5 years with the longest course of
13 years [30] underscoring the chronic nature of CNO.

Other organs may be affected. Cutaneous diseases, such as severe
acne, psoriasis, palmoplantar pustulosis, Sweet syndrome and/or pyo-
derma are present in 4–20% of patients [10,11]. Psoriasis and pustulosis
may occur after treatment initiation [31]. An association with inflam-
matory bowel disease (IBD) has been reported, which is likely
under-reported and may explain arthralgia and bone pain in a subset of
IBD patients [7,16,32].

4. Diagnostic approach

4.1. Laboratory studies

Routine laboratory tests deliver unspecific results, but can help to
exclude differential diagnoses (see below). Usually, mildly elevated CRP
and ESR are present, with frequencies ranging from 49 to 80% in large
cohorts [10,11,18]. Although not specific and not excluding CNO, highly
elevated CRP, ESR (>3x of normal upper limit) in a suspected case should
warrant further investigation for alternative causes [16]. Antinuclear
antibodies (ANA; 8–38%) and HLA-B27 (2–25%) are found to be positive
in a subset of children with CNO [7,10,11,14,18,27–29].

Elevated serum cytokines and/or chemokines may be useful tools to
diagnose CNO patients in the future. Serum TNF-alpha and IL-6 levels are
mildly elevated in a proportion of CNO patients [18,33]. Recently, a set
of serum proteins (namely the cytokine IL-6, the chemokines
CCL11/eotaxin and CCL5/RANTES, collagen Iα, and the soluble IL-2
receptor/sIL-2R) have been reported to be elevated in CNO patients
[34,35], some of which may help to differentiate between CNO and
differential diagnoses such as infection or malignancy [34]. Three serum
proteins promise potential for the assessment of disease activity in
response to treatment, namely the chemokine MCP-1, the cytokine IL-12,
and the soluble IL-2 receptor [35]. However, findings are preliminary
and require confirmation in unrelated multi-ethnic cohorts and with
additional assays.

Key laboratory markers of differential diagnoses such as LDH and uric
acid (malignancies), alkaline phosphatase (hypophosphatasia) and
vitamin C (scurvy) are useful to measure at least initially and remain
normal in CNO. Due to lack of specific disease markers, no laboratory
tests, including ESR, are reliable to monitor disease activity.

Urine N-telopeptide has been suggested to be of value for detecting
flares in CNO patients treated with bisphosphonate [30]. However,
3

findings have not been validated in additional studies.

4.2. Imaging studies

Classic radiographs are frequently used for initial screening and to
exclude fractures. Findings seen on plain films in some CNO patients
include lytic bone lesions, sclerosis and hyperostosis. Of note, their
absence does not necessarily exclude CNO [36] (Fig. 2A).

Historically, bone scintigraphy was used to diagnose CNO, to screen
for clinically silent lesions (especially affecting vertebral bodies) and to
monitor disease activity. However, based on associated radiation and the
availability of alternative and more sensitive alternatives (namely whole-
body magnetic resonance imaging, WB-MRI, see below), this strategy is
obsolete in children and young people and should only be used if abso-
lutely necessary (e.g. if WB-MRI imaging or serial MRIs covering sections
of the body are not available).

While computed tomography (CT) should generally not be used in
children with suspected CNO secondary to associated radiation and
aforementioned benefits of MRI, it may be useful for some colleagues in
relatively rare circumstances, e.g. osteoid osteoma when there’s
remaining uncertainty after MRI imaging [27].

Today, MRI is the preferred imaging tool to diagnose and monitor
CNO (Fig. 2B–E). At the time of diagnosis MRI strategies usually include
regional imaging using TIRM (or STIR) sequences to localize and assess
the extent of inflammation, followed by native T1 sequences and contrast
enhanced T1 weighted sequences with fat saturation to assess regional
changes. Importantly, and other than alternative bone imaging modal-
ities (radiographs, CT or scintigraphy), MRI allows for the assessment of
structures surrounding bones and the extent of tissue inflammation.
Furthermore, MRI has higher sensitivity when compared to bone scin-
tigraphy, CT or radiographs as it detects edema as a sign of inflammation
and is not depending on the development of bone remodeling and/or
structural damage [36]. Lastly, MRI spares children from radiation.

Whole-body MRI provides information on the distribution of lesions,
soft tissue involvement and/or possible involvement of additional organs
which can be present in differential diagnoses, such as malignant disease
(e.g. neuroblastoma). Thus, WB-MRI is a key tool to exclude differential
diagnoses. At the time of diagnosis, and when indicated during disease
course, WB-MRI should be performed to screen for clinically silent le-
sions, especially vertebral lesions which may result in compression
fractures. Usually, WB-MRI techniques include fluid-sensitive sequences
(STIR/TIRM, or sometimes regular T2 with fat saturation) which allow
for optimal visualization of inflammation (edema) of the skeletal system
and adjacent tissue [32,37].

To harmonize imaging techniques used and assessment of results,
scoring of CNO lesions has been proposed by different groups and include
bone and soft tissue inflammation (fluid resulting in hyperintensity on
T2/STIR/TIRM) and associated bone destruction, periosteal reaction,
hyperostosis (bony expansion), growth plate damage and vertebral
compression [37–39]. One study demonstrated that bone marrow scores
across lesions and total numbers of non-vertebral lesions significantly
decreased in response to rather aggressive treatment with methotrexate,
infliximab and/or zolendronic acid, while soft tissue inflammation scores
improved in response to NSAIDs [39].

Another study suggested classification of CNO into sub-groups based
on the distribution of bone lesions following two main patterns [38]. The
“tibio-appendicular multi-focal pattern” with the presence of tibial le-
sions (66% had symmetrical tibial lesions), was the predominant cluster
(54%) followed by the “claviculo-spinal pauci-focal pattern” with the
presence of clavicular lesions (24%), in the presence or absence of lesions
in the spine. However, currently this remains purely descriptive and it
remains to be determined whether these patterns may be used to predict
outcomes and/or guide the treatment.



Fig. 2. Suggested imaging approach in CNO at diagnosis. A) regional X-ray showing minimal sclerosis of the right ilium, B) MRI (TIRM sequences) showing
hyperintense signal in os ilium and proximal femur with reaction of surrounding tissue, C) MRI (T1 with contrast) showing contrast enhancement of thickened os ilium
with bone destruction and perifocal soft tissue reaction D) MRI (diffusion weighted images; DWI) showing restricted diffusion in os ilium and proximal femur, E)
Whole-body MRI showing multifocal skeletal hyperintense lesions (TIRM).

D.Y. Zhao et al. Journal of Translational Autoimmunity 4 (2021) 100095
4.3. Bone biopsies

Based on the literature available, bone biopsies are performed in
60–80% of patients with CNO [7,8,18,29]. While no disease specific
patterns have been reported in bone biopsies from patients with CNO,
they can exclude differential diagnoses, such as infections, fibrous
dysplasia, malignancy or Langerhans cell histiocytosis [40]. Findings in
bone biopsies from CNO patients include dense infiltrates of immune
cells, lysis of bone, fibrosis and/or normal bone [1,18]. Indeed, cellular
infiltrates can change over time with mainly innate immune cells in early
disease stages, including neutrophils and monocytes/macrophages, and
lymphocytes including plasma cells during later disease stages. Macro-
phages appear to be the most stable cellular component during these
phases [41]. However, innate and adaptive infiltrates can frequently
co-exist and may reflect the waxing and waning character of CNO with
phases of disease activity and remission [41].

Lastly, in individual cases, Propionibacterium/Cutibacterium acnesmay
be detected in bone biopsies, which complicates the diagnosis [40,42].
Usually, Propionibacteriae have been discussed as contaminant. As such,
and as environmental triggers to CNO have been proposed, skin coloni-
zation e.g. with Cutibacterium acnes may trigger bone inflammation
through Toll-like receptor signaling in predisposed individuals. However,
this has not been proven experimentally yet. The presence of Cutibacte-
rium acnes in a subset of bone biopsies causes a clinical dilemma as acute
or chronic bacterial osteomyelitis may not cause significant elevation of
systemic inflammatory parameters, especially when low virulent strains
of bacteria are present [43,44].
4.4. Diagnostic criteria

Currently, CNO remains a diagnosis of exclusion as no widely
accepted and prospectively tested diagnostic criteria are available.

Three individual groups suggested diagnostic criteria for CNO [8,18,
45] which all include overall stable or good clinical appearance of pa-
tients, disease duration of 6 months or more, the presence of multifocal
4

bone lesions with “typical” appearance on imaging (in which biopsies are
not always necessary) or unifocal lesion with no evidence of infection
and malignancy. None of these criteria has been validated prospectively,
and the identification of “typical” lesions on MRI may be largely
dependent on a center’s experience with the condition. Furthermore, a
number of differential diagnoses may be associated with symmetrical
bone lesions on MRI, including lymphoma, scurvy (Box 1), Langerhans
cell histiocytosis or hypopthosphatasia.
4.5. Differential diagnoses

A number of other conditions may result in bone pain and radio-
graphic anomalies that may be suggestive of CNO (Fig. 3). As diagnostic
criteria do not exist for CNO, these differential diagnoses require
consideration and exclusion in the context of an individual patient’s
clinical presentation, age and history. A (likely incomplete) list of dif-
ferential diagnoses is provided in Table 1.

5. The pathophysiology of CNO/CRMO

Over the past years scientific efforts improved our understanding of
the molecular pathophysiology of CNO/CRMO. However, because of the
complexity of mechanisms involved, and the clinical and molecular
variability between patients, the exact pathophysiology of CNO/CRMO
still remains unknown.
5.1. Cytokine dysregulation and osteoclast activation

In the absence of disease-causing infections and following their
definition (of systemic or organ-specific inflammatory conditions that are
at least initially caused by uncontrolled activation of the innate immune
system in the absence of autoreactive lymphocytes and high-titer anti-
bodies), CNO/CRMO is classified as an autoinflammatory condition [1,
46].

Though considered in early publications and presentations from



Box 1

A 7-year-old boy with severe autism developed progressive pain of arms and legs over a 4-month period. This was preceded and coincided with
increasingly difficult eating habits and loss of 10% body weight. The patient developed progressive follicular keratosis, micro-bleeds of the skin
(A), and gingivitis (B). Whole body STIR-MRI sequences showed symmetric signal alterations over methaphyses and epiphyses of long bones and
feet (C). Blood cell counts and systemic inflammation parameters (CRP and ESR) were normal, bone marrow was hypo-cellular. Bone biopsy
unveiled chronic inflammation with cellular infiltrates of neutrophils, monocytes and lymphocytes, and areas with bone fibrosis. The patient was
referred to Paediatric Rheumatology for suspected chronic nonbacterial osteomyelitis (CNO), an autoinflammatory bone condition.

Based on the patient’s history and aforementioned clinical findings (feeding difficulties, gingivitis, dermatosis and osteitis) as well as evidence of
ascorbic acid deficiency in the patient’s serum (<1 μmol/L), the diagnosis of scurvy was made. In response to vitamin C supplementation, pain
resolved within days, gingivitis and skin changes normalized within 4 weeks.

This case highlights that vitamin C deficiency (scurvy) should be considered in patients with chronic pain and/or aseptic osteitis, particularly
where there are feeding difficulties associated with conditions such as autism and/or developmental delay.

MRI images with parental consent and friendly permission from Dr Caren Landes, Radiology Department, Alder Hey Children’s NHS Foundation
Trust Hospital.
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primarily surgical specialties, infectious causes of CNO/CRMO have been
excluded by several studies [40]. Furthermore, antibiotic treatment fails
to induce sustained remission in CNO/CRMO patients [18,40,47–55].
Initial reports on Propionibacterium acnes, Mycoplasma spp., or Staphylo-
coccus spp. in bone biopsies were likely due to contamination with skin
commensals [22,40,48,49,53,55–58]. However, since certain bacteria
alter immune responses, the question of whether pathogens may “indi-
rectly” contribute to disease expression can be raised, but currently re-
mains unanswered (see also below: “The microbiome in CNO/CRMO”).

Over recent years it became clear that altered cytokine and chemo-
kine expression in innate immune cells is involved in the pathophysi-
ology of CNO/CRMO. Monocytes from CNO/CRMO patients express
5

reduced levels of the immune regulatory cytokine IL-10 and its homolog
IL-19 while expressing increased amounts of pro-inflammatory cytokines
(IL-1β, IL-6, TNF-α) and chemokines (IL-8, IP-10, MCP-1, MIP-1a, MIP-
1b) [33,35,59,60]. Reduced expression of IL-10 and IL-19 is (at least
partially) caused by impaired activation of mitogen activated protein
kinases (MAPK) extracellular signal regulated kinases (ERK)-1 and 2.
This, in turn, results in reduced phosphorylation of the transcription
regulatory factor signaling protein-1 (Sp-1). Sp-1 plays a key role in the
expression of IL-10 and IL-19, and impaired recruitment of Sp-1 to reg-
ulatory elements within the IL10 and the IL19 promoters contributes to
reduced gene expression [33,60]. Furthermore, ERK1/2 are involved in
the phosphorylation of histone proteins. Histones aggregate in octamers



Fig. 3. Whole-body MRI scans of patients with differential diagnoses to CNO (coronal TIRM sequences). A) Skeletal metastases of neuroblastoma with multiple
small and large areas of hyperintense signal alterations (arrows). B) Mycobacteriosis in interferon gamma receptor (IFNGR) defect with small hyperintense areas and
central hypointensity (arrow). C) Primary bone lymphoma with inhomogenous hyperintense lesions of the entire skeleton. D) Langerhans cell histiocytosis with
hyperintense lesions in proximal femur, right os ilium and third right rib (arrows). E) Polyostotic fibrous dysplasia with inhomogenous hyperintense tibiae and
femora (arrows).

D.Y. Zhao et al. Journal of Translational Autoimmunity 4 (2021) 100095
that associate with DNA to so-called nucleosomes. Nucleosomes
contribute to the regulation of DNA accessibility, a key mechanisms to
control gene transcription. Reduced activation of ERK1/2 in CNO/CRMO
results in altered histone H3 serine 10 (H3S10) phosphorylation at the
IL10 promotor [33,60–62]. Reduced H3S10 phosphorylation in
CNO/CRMO in turn contributes to further reduced Sp-1 recruitment to
IL10 [33,59,60] and subsequently altered gene expression.

Another recent observation in immune cells from patients with CNO/
Table 1
Differential diagnoses to CNO (may be incomplete).

Disease (group) Examples

Bone tumors Malignancies, including:
- Ewing sarcoma
- Osteosarcoma
- Bone metastases (e.g. neuroblastoma,
Fig. 3A)

Benign tumors, including:
- Osteoid osteoma, osteoblastoma

Hematological malignancies Leukemia, lymphoma (Fig. 3C)
Metabolic disease Hypophosphatasia
Bone infection Bacterial osteomyelitis
Primary immune deficiency Defects of IFN-gamma/IL-12 axis (favoring

mycobacterial infections) (Fig. 3B)
Vitamin deficiency Scurvy/vitamin C deficiency (box 1)
Other autoinflammatory diseases
with bone involvement

- Deficiency of IL-1 receptor antagonis
(DIRA)

- Pyogenic Arthritis, Pyoderma gangrenosum
and Acne (PAPA)

- Majeed syndrome
- Cherubism

Others - Langerhans cell histiocytosis (Fig. 3D)
- Fibrous dysplasia (Fig. 3E)
- Bone cysts
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CRMO is increased NLRP3 inflammasome activation. The NLRP3
inflammasome is a cytoplasmic multi-protein complex that assembles in
response to “danger signals”. Subsequently, NRLP3 inflammasome as-
sembly results in the activation of pro-inflammatory caspase-1 which
cleaves biologically inactive pro-IL-1β and releases highly pro-
inflammatory active IL-1β [41,59]. Scianaro et al. [63] reported
increased expression of NLRP3 inflammasome components (ASC, NLRP3,
caspase-1) and increased IL-1β mRNA expression in peripheral blood
mononuclear cells (PBMCs) from CNO/CRMO patients. Furthermore,
Hofmann et al. reported associations between reduced expression of
IL-10 and IL-19 and increased IL-1βmRNA expression and protein release
in monocytes from CNO/CRMO patients [59]. This is of particular in-
terest, since in IL-10-deficient animals, increased inflammasome assem-
bly and IL-1β release was also linked with inflammatory bone loss [64].
Tightly controlled expression of pro- and anti-inflammatory cytokines
regulate osteoclast differentiation and activation through interactions
between receptor activator of nuclear factor-κB (RANK) on osteoclast
precursor cells and its ligand (RANKL) [65–68]. Thus, imbalanced
expression and release of cytokines in CNO/CRMO may be central to its
molecular pathogenesis.
5.2. Genetic factors in the pathophysiology of CNO/CRMO in humans

Several lines of evidence suggest the involvement of genetic factors
contributing to CNO/CRMO in humans and animals: i) Familial clusters
of CNO/CRMO affecting siblings or patients from several generations
within one family; ii) approximately 50% of individuals with CNO have a
personal or family history of other autoimmune/inflammatory condi-
tions, including psoriasis, inflammatory bowel disease and/or inflam-
matory arthritis [6,7,18,69–74]; iii) a number of animals develop
CNO/CRMO or CNO/CRMO-like disease that may share common
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mechanisms with human disease [75–78]. Based on these observations,
genetic analyses were performed and delivered syndromic forms of
human CNO/CRMO and murine models that highlighted susceptibility
genes for sterile osteomyelitis.

Majeed syndrome is a severe familial form of CNO/CRMO, pre-
senting with early-onset sterile bone inflammation, and dysery-
thropoietic anemia with or without a neutrophilic dermatosis [79]. It
follows autosomal recessive inheritance and has been linked to homo-
zygous mutations in the LPIN2 gene [80,81]. Basic studies and response
to IL-1 blocking treatment confirmed a central involvement of
pro-inflammatory IL-1β in the pathophysiology of Majeed syndrome and
resulted in its classification as a NLRP3 inflammasome-associated con-
dition (“Inflammasomopathy”) [82,83]. As mentioned above, the NLRP3
inflammasome is a cytoplasmic complex that assembles in response to
“danger signals”. Its assembly results in the activation of
pro-inflammatory caspase-1 which cleaves biologically inactive pro-IL-1β
into its active from. Deficiency or reduced expression of LIPIN2 results in
reduced intracellular cholesterol and aberrant function of the P2X7 re-
ceptor in macrophages. This results in increased activation of the NLRP3
inflammasome and the release of IL-1β. Of note, altered P2X7 function
and increased inflammasome activation can be reversed by cholesterol
[83]. Treatment of a small cohort of patients with Majeed syndrome with
IL-1 blocking agents underscores the importance of IL-1β in the patho-
physiology of Majeed syndrome [82,84,85]. Both bone inflammation and
anemia improved in response to IL-1β blockade. However, it is currently
unknown whether resolved anemia is the result of controlled systemic
inflammation or resolved dyserythropoiesis. This would have to be
confirmed through prospectively collected bone marrow biopsies, which
aredifficult to justify in the context of good clinical response to treatment.

Deficiency of the IL-1 receptor antagonist (DIRA) is another early-
onset systemic inflammatory disease characterized by multifocal sterile
osteitis, periostitis and pustulosis [86,87]. In DIRA, autosomal recessive
loss-of-function mutations in IL1RN (homozygous truncations, deletions
and compound heterozygous mutations) result in deficiency/absence of
the endogenous post-transcriptional regulator IL-1 receptor antagonist
(IL-1RA) which subsequently results in uninhibited pro-inflammatory
IL-1 signaling [86]. Secondary to resulting severe systemic inflamma-
tion, untreated DIRA is associated with significant morbidity and mor-
tality. However, recognition of DIRA as a distinct syndromic entity (with
clinical symptoms of early-onset osteitis, periostitis and pustulosis) al-
lows timely diagnosis based on the clinical picture in conjunction with
DNA sequencing. Effective and target-directed treatment of DIRA is
available through substitution of recombinant IL-1 receptor antagonist
[86,87].

However, most individuals with CNO/CRMO do not experience
monogenic disease. In these cases, genetic predisposition (as opposed
to monogenic inheritance) is involved in the pathophysiology, but not
strong enough to cause disease in the absence of additional factors.
Several studies have investigated genetic associations in CNO/CRMO
cohorts:

i) Because of overlapping features between “sporadic”/non-familial
CNO/CRMO and the aforementioned monogenic disorder DIRA,
the IL1RN gene was sequenced in a CNO/CRMO patient cohort,
but no CNO-associated mutations were identified [88].

ii) Expression of the immune-regulatory cytokine IL-10 is reduced
in monocytes from patients with CNO/CRMO (see below). IL-10
expression is determined by a series of three single nucleotide
polymorphisms (SNPs) rs1800896 (�1082A > G), rs1800871
(�819T > C), and rs1800872 (�592A > C) that together form
promoter haplotypes (GCC, ACC, and ATA) thereby influencing
transcription factor binding [89,90]. Unexpectedly, considering
reduced IL-10 expression in monocytes from CNO/CRMO pa-
tients, increased frequencies of IL10 promoter haplotypes that
encode for “high” IL-10 expression (GCC) were observed in a
cohort of 100 CNO/CRMO patients [90,91]. While currently
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hypothetical, enrichment of GCC haplotypes in the studied CNO
cohort may be explained by individuals with CNO-associated
molecular disturbances and IL10 promoter haplotypes encoding
for “low” IL-10 expression developing more severe disease that
includes CNO as a symptom among others. Such combinations
may result in phenotypes that may not be identified as
CNO/CRMO (e.g. IBD with CNO, etc.) [33,92]. However, this
explanation currently remains speculation.

iii) Using whole exome sequencing, a CNO/CRMO susceptibility gene
was recently identified in two unrelated CNO patients from South
Asia. One patient carried a homozygous mutation, the other pa-
tient a compound heterozygous mutation in the filamin-binding
domain of the FBLIM1 gene [93,94] encoding for the
Filamin-Binding LIM Protein-1 (FBLP-1). Though incompletely
understood, FBLIM1 is important in bone remodeling and
involved in cytoskeletal regulation [15]. FBLIM1-deficiency in
mice results in increased osteoclast activation and severe osteo-
penia [95]. This has been linked to FBLIM1 acting as an
anti-inflammatory molecule controlling bone remodeling through
the regulation of RANKL activation through ERK1/2 phosphory-
lation [93,94]. This suggests that FBLIM1 mutations may cause
disruptions in signaling pathways previously identified in (Euro-
pean) CNO/CRMO patients [33,60]. This is further supported by
the observation that FBLIM1 expression is dysregulated in bone
marrow-derived macrophages from osteitis-prone Pstpip2 mice
(see below) [93,94]. Trans-activation of the FBLIM1 gene is
regulated by the transcription factor Signal Transducer and Acti-
vator of Transcription (STAT)3 [93,94]. The aforementioned
immune-regulatory cytokine IL-10 (that fails to be expressed in
monocytes from CNO/CRMO patients) induces STAT3 phosphor-
ylation/activation. Indeed, CNO/CRMO patients with mutations
in FBLIM1 exhibit IL10 promoter haplotypes that code for “low”

IL-10 expression, which may result in reduced STAT3 activation
and down-stream effects on FBLIM1 expression [94].

iv) The most recent addition to genetic susceptibility for CNO/CRMO
in humans comes from a murine model of sterile multifocal oste-
omyelitis. The Ali18mouse exhibits a gain-of-functionmutation in
the feline Gardner-Rasheed sarcoma viral oncogene homolog
(Fgr), a member of the Src kinase family [96]. Ali18 mice develop
aseptic inflammation of bones, skin and joints [97–99]. Whole
exome sequencing of CNO/CRMO patients identified 13 patients
with heterozygous missense variants within FGR, two of which
alter kinase activity supporting a role for FGR in human
CNO/CRMO [96].

5.3. CNO/CRMO in animals

Several animal species can develop CNO/CRMO or CNO/CRMO-like
disorders, some of which serve as laboratory models for human dis-
ease. Hypertrophic osteodystrophy (HOD) is a canine disease that pre-
dominantly affects the Weimaraner breed. Animals affected develop
multifocal sterile bone inflammation that, as in humans with CNO/
CRMO, can be accompanied by skin (pustulosis) or inflammatory bowel
disease [75]. While HOD clusters in litters, strongly supporting a genetic
cause, the causative gene remains unknown.

Three available mouse strains with loss-of function mutations in the
Pstpip2 gene that encodes for the proline-serine-threonine phosphatase-
interacting protein 2, develop severe systemic inflammation and multi-
focal aseptic osteitis:

i) Lupo mice were generated through induction of homozygous
mutations (c.Y180C; p.I282 N) [100,101];

ii) chronic multifocal osteomyelitis (cmo) mice spontaneously ac-
quired homozygous mutations in Pstpip2 (c.T293C, p.L98P);
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iii) targeted knock-out of Pstpip2 exons 3 and 4 delivered a murine
system resembling the clinical picture of SAPHO syndrome
including skin disease [102].

The exact contribution of Pstpip2 to sterile osteomyelitis remains
unclear [102]. PSTPIP2 is a member of the F-BAR (Fes/CIP4
homology-Bin/Amphiphysin/Rvs) domain containing protein super-
family that links membrane remodeling with actin dynamics and filo-
podium formation [103]. Actin polymerization is increased in
PSTPIP2-deficient macrophages which results in defective podosome
formation and a more invasive phenotype [104]. As in human
CNO/CRMO, pro-inflammatory IL-1β plays a pathophysiological role in
cmo mice [105,106]. Indeed, animals deficient of the IL-1 receptor I
(IL-1RI) or IL-1β do not develop aseptic osteomyelitis [105,106], while
NLRP3, ASC or caspase-1 deficient mice develop disease. This suggests
the involvement of alternative kinases or proteases (other than
caspase-1) in the activation of IL-1β in cmo animals [107]. This is further
supported by the observation that caspase-1 or caspase-8 deficient mice
develop aseptic osteitis, while animals deficient of both are protected
[108]. In addition to neutrophils and macrophages, mast cells play a role
in aseptic osteitis in cmo mice. Mast cells are present in inflammatory
bone lesions and mast cell protease I can be detected in the peripheral
blood of cmomice. In turn, mast cell-deficient animals exhibit attenuated
disease suggesting their direct contribution or (at least) amplification of
inflammation through mast cells. This is in line with the presence of mast
cells and neutrophils in bone biopsies from children with CNO/CRMO
and elevated levels of mast cell chymase in their peripheral blood [109].

It is, however, worth mentioning that although Pstpip2-deficient an-
imals resemble severe CNO/CRMO, mutations in the human equivalent
PSTPIP2 have not been found in CNO/CRMO patients. Indeed, mutations
in cmo and lupomice are located in a region of the Pstpip2 gene that is not
present in humans.

5.4. The microbiome in CNO/CRMO

Since most humans with CNO/CRMO (likely) have genetic pre-
dispositions that are not strong enough to confer disease in the absence of
additional factors, environmental impact on the immune system may
play a role.

Along these lines, host interactions with the microbiome have been
proposed to affect immune homeostasis and contribute to inflammatory
disease onset [110]. Recently, studies in cmo mice and preliminary ob-
servations in humans with CNO/CRMO delivered support for this hy-
pothesis. Lukens et al. [108] reported that dietary manipulation of the
microbiome in osteomyelitis-prone cmo mice can prevent osteomyelitis.
Zeus et al. recently reported alterations to the oral microbiome in
CNO/CRMO patients in response to treatment with NSAIDs and the in-
duction of clinical remission [111]. However, since a healthy control
groups was not included, these findings do not convincingly prove a link
between altered oral microbiomes and CNO/CRMO.

6. Treatment

6.1. Currently available treatment options

In the absence of published evidence from prospective trials, treat-
ment of CNO/CRMO is largely empiric and based on personal experience,
expert opinion, case reports and small case series. Consensus treatment
plans have recently been published by the Childhood Arthritis & Rheu-
matology Research Alliance (CARRA) with the aim to prospectively
collect data on treatment responses [45].

In clinical practice, nonsteroidal anti-inflammatory drugs
(NSAIDs) are usually used as first-line agents in patients without
involvement of the vertebral column. NSAIDs provide relatively quick
symptomatic relief [18,19,35,49,112–115], and are effective in con-
trolling bone inflammation in a subset of CNO/CRMO patients. However,
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over 50% of CNO/CRMO patients develop flares under NSAID treatment
within 2 years from treatment initiation [7]. NSAIDs inhibit cyclo-
oxygenase (COX) enzymes and reduce inflammasome assembly to vary-
ing extents [116]. The observations that prostaglandins (which are
depending on COX enzymes) are involved in osteoclast activation, and
that increased inflammasome activation is increased in monocytes from
CNO/CRMO patients are arguments for NSAID use in CNO/CRMO [68].
However, NSAIDs alone are considered not sufficiently effective in
CNO/CRMO patients presenting with spinal involvement [19]. Thus, for
these patients and individuals who failed to respond to NSAIDs, addi-
tional treatments are required.

Corticosteroids, disease modifying anti-rheumatic drugs (DMARDs:
sulfasalazine and methotrexate), biologic treatments (anti-TNF agents),
and bisphosphonates have been reported to be effective in small cohorts
of CNO/CRMO patients [1,35,55,68,73,92,117,118]:

Similar to NSAIDs, but through the inhibition of phospholipase A1,
corticosteroids reduce prostaglandin production. Furthermore, corti-
costeroids negatively affect the expression of pro-inflammatory cytokines
regulated by the transcription factor NFκB, including IL-1, IL-6, and TNF-
α [68]. In clinical practice, short oral courses of 2 mg/kg/day prednisone
equivalent can be administered over 5–10 days. Other colleagues prefer
low-dose prednisone equivalent (0.1–0.2 mg/kg/day) as “bridging
therapy” until concomitantly introduced DMARDs develop full efficacy.
Corticosteroids quickly control bone inflammation in most cases (79%),
but mostly fail to induce long-term remission [7]. Since a significant
proportion of patients flare after discontinuation and
corticosteroid-associated side effects can be challenging, long-term use
should be avoided [68,112,113,115].

The pro-inflammatory cytokine TNF-α is expressed at increased levels
in monocytes from CNO/CRMO patients and elevated in their serum.
Thus, TNF inhibitors have been used in the treatment of CNO/CRMO
and induce clinical and radiological remission in a large proportion of
patients. However, due to the off-label character and relatively high
associated costs, cytokine blocking strategies should only be considered
for cases refractory to other treatments [18,55,68,112,119,120].

Additional preliminary evidence for the efficacy of biological
DMARDs in SAPHO exists and promises potential also for the use in
“classical” CNO [45,121]. Preliminary reports suggest IL-1blockade with
anakinra to have beneficial effects in osteitis and arthritis, but variable
effects on mucocutaneous involvement [122,123]. Because of some
clinical overlap between SAPHO and psoriasis treatment, the IL-17A
neutralizing antibody secukinumab was successfully used in SAPHO
patients [124]. Lastly, individual case reports suggest successful used of
the PDE4-inhibitor apremilast and the JAK inhibitor tofacitinib in
SAPHO [44,125–127].

Bisphosphonates inhibit osteoclast activity, thereby likely stopping
inflammatory bone loss. Pamidronate furthermore has inhibitory effects
on pro-inflammatory cytokine expression [68]. Indeed, pamidronate can
induce rapid and long-lasting remission in most CNO patients [55,68,
128–131]. Two alternative treatment regimens have been reported and
are commonly used in clinical practice: 1 mg/kg/dose (max. 60mg/dose)
every month, or 1 mg/kg/dose (max. 60 mg/dose) on 3 consecutive days
every 3 months for 9–12 months. Zhao et al. reported rapid response to
treatment with zoledronic acid in combination with the TNF inhibitor
infliximab. While very promising and effective in a small cohort, the
combination of zoledronic acid and infliximab does not allow an
assessment of the exact contribution of each therapeutic [39]. Because of
potential side-effects and the long biological half-life of bisphosphonates,
they should only be considered in otherwise treatment refractory cases or
in individuals with primary vertebral involvement and structural damage
[55,68].

Data on other treatment options in CNO/CRMO is even more sparse.
Treatment with classical non-biologic DMARDs (MTX, sulfasalazine)
can be effective in some patients, but published case series report con-
flicting data [18,22,55,68,117,119]. Based on increased NLRP3 inflam-
masome assembly in monocytes from CNO/CRMO patients, IL-1 blocking
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strategies may be a promising therapeutic strategy. However, only few
cases of anti-IL-1 treatment have been reported in CNO/CRMO and
showed mixed response with variable outcomes [132]. Lastly, based on
overlapping features between CNO/CRMO and psoriasis, psoriatic
arthritis and enthesitis-associated juvenile idiopathic arthritis, IL-17
blocking agents have been used anecdotally, but lack of published evi-
dence currently prohibits their recommendation.

6.2. Potential future treatments

Recently reported observations from basic and early translational
studies delivered a number of potential future treatment targets in CNO/
CRMO. Altered activation of protein kinases [33,60] in CNO/CRMO
patients may deliver arguments for future therapeutic targeting of these
enzymes (e.g. Src kinase inhibition in patients with FGRmutations) [96].
The involvement of mast cells in bone inflammation may result in trials
testing mast cell inhibitors in CNO/CRMO to control disease [109].
While studies available delivered individual proteins or pathways that
are dysregulated in CNO/CRMO, therapeutic applications arising cannot
be predicted with certainty.

Alterations to the murine microbiome alters disease outcomes in cmo
mice [108] and human CNO/CRMO is associated with disorders that
correlate with disturbed microbiomes (including acne, inflammatory
bowel disease, etc.) [7]. Therefore, induced alterations to microbiomes
may help to control CNO/CRMO or even prevent disease onset in
genetically predisposed individuals [110]. Indeed, the potential
involvement of altered microbiomes in CNO/CRMO may (at least
partially) explain early reports suggesting that antibiotic treatment may
be effective in individual CNO/CRMO patients (at least while adminis-
tered) [47,48].

6.3. Discontinuation of treatment

The aforementioned absence of published evidence from clinical tri-
als is only one challenge that can complicate patient care. Also, the
required duration of treatment remains unknown. As CNO/CRMO is a
chronic disease with phases or clinical activity and remission, prolonged
treatment may be necessary [1,51,55,68,73,92,112,118,133]. Further-
more, decisions on introduction or escalation of treatment must be taken
with caution, since i) signal alterations on MRI may be over-interpreted
in asymptomatic patients, ii) lesions may resolve spontaneously without
becoming clinically apparent or causing sequelae, and iii) therapeutic
agents may cause side-effects and/or generate significant cost to health
care systems. On the other hand, uncontrolled inflammation can result in
increased morbidity, and vertebral involvement can result in fractures
and complications associated with this [55,68,117].

The identification of easily accessible (e.g. serum or urine) bio-
markers may help to facilitate diagnosis and allow monitoring of disease
activity and treatment response. Indeed, serum IL-6 and CCL11/eotaxin
may (likely in conjunction with other markers) be useful during the
diagnostic workup, and IL-12, MCP-1, and sIL-2R may be useful markers
for treatment response [34,35]. However, these preliminary results
require confirmation in independent cohorts and prospective studies.

7. Outcome and prognosis

To date, large longitudinal studies prospectively investigating CNO
patients from childhood to adulthood are lacking. However, retrospec-
tive cohort studies indicate that early and sufficient treatment and
follow-up in a center experienced with the care of CNO patients is usually
associated with favorable outcomes. Unfortunately, pre-existing damage,
such as vertebral compression fractures, may not resolve in all cases [7,
11,28,30,134,135].

In a small cohort study involving 17 patients with CNO, disease
remained clinically active in 8 patients and radiographically active (MRI)
in 13 patients after a median of 15 years [136]. However, some patients
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had been lost to follow-up intermittently, which may have resulted in
over-estimation of the number of persistently active patients. Interest-
ingly, even among CNO patients without clinical symptoms, bone edema
was detected on MRI in almost half of the patients (4 of 9, including 2
patients with vertebral lesions). Though early reports suggest that CNO
may be a self-limiting disease that disappears after 12–18 months in most
cases, newer data indicate that, though most patients are in remission on
treatment at 12 months, 50% of CNO patients develop disease flares after
a median of 29 months [2,28]. These observations underscore the
importance of long-term follow-up of CNO patients, including disease
monitoring with MRI even in asymptomatic patients, but also raise the
question of whether all of these radiographic lesions require treatment.

Complications in CNOmay already be present at the time of diagnosis
(e.g. vertebral fractures) or accumulate over time (arthritis, pustulosis,
gastrointestinal inflammation). Data from a study in Germany suggest
that, in some patients, symptoms of other autoimmune/inflammatory
disorders may develop and reflect insufficient treatment, namely arthritis
and inflammatory bowel disease [2,28]. Most common complications in
CNO include vertebral compression fractures (which can be present in
approximately 10% of CNO patients already at the time of diagnosis) [2,
7,28,30,39,134,135], leg-length discrepancy, bony overgrowth (e.g. at
the clavicle) and bone deformities [2,28]. Thus, in the authors’ in-
stitutions, active vertebral lesions on MRI trigger treatment initiation or
escalation, while otherwise asymptomatic lesions may not be treated in
all cases.

8. Conclusions

CNO is an autoinflammatory bone disorder characterized by pain,
swelling, bone deformity, and, in some cases, pathological fracturs. While
the pathophysiology is only incompletely understood, dysregulated
cytokine expression and pathological activation of inflammasomes play a
central role. Treatment is based on experience from case series and expert
consensus treatment plans, and includes anti-inflammatory agents
(NSAIDs, corticosteroids, DMARDs) and bisphosphonates. Additional
research is needed to understand the exact molecular pathophysiology,
stratify patients based on mechanisms involved, and offer individualized
and target-directed treatments.
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