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ABSTRACT. Chronic nonbacterial osteomyelitis (CNO) is an autoinflammatory bone disorder, covering a clinical

spectrum with asymptomatic inflammation of single bones at the one end, and chronic recurrent multi-
focal osteomyelitis (CRMO) at the other end. The exact molecular pathophysiology of CNO remains
largely unknown. Provided familial clusters and the association with inflammatory disorders of the
skin and intestine suggest a genetic predisposition. Recently, profound dysregulation of cytokine
responses was demonstrated in CRMO. Failure to produce antiinflammatory cytokines interleukin
(IL)-10 and IL-19 contributes to activation of inflammasomes and subsequent IL-1f release. In
IL-10—deficient and in CNO-prone chronic multifocal osteomyelitis mice, IL-1( was linked to bone
inflammation. Further, alterations to the gut microbiome were suggested in contributing to IL-1§
release from innate immune cells in mice, offering an interesting target in the search for molecular
mechanisms in CNO. Here, we summarize clinical presentation and treatment options in CNO/CRMO,
current pathophysiological concepts, available mouse models, and promising future scientific direc-

tions. (J Rheumatol First Release September 1 2016; doi:10.3899/jrheum.160256)
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Autoinflammatory disorders are characterized by seemingly
unprovoked episodes of systemic inflammation in the absence
of self-reactive T cells or high-titer autoantibodies'. Sterile
bone inflammation occurs in a number of monogenic autoin-
flammatory syndromes, including pyogenic arthritis,
pyoderma gangrenosum, and acne syndrome (PAPA);
deficiency of interleukin (IL)-1 receptor antagonist (DIRA);
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TREATMENT CYTOKINE

INFLAMMATION

familial chronic multifocal osteomyelitis (Majeed syndrome);
and in polygenic or multifactorial disorders, such as sporadic
chronic nonbacterial (or noninfectious) osteomyelitis (CNO)
and synovitis, acne, pustulosis, hyperostosis, and osteitis
syndrome (SAPHO)3#. Particularly in the adult age group,
CNO is frequently associated with skin manifestations and/or
occurs in the context of SAPHO>078:9 Whether isolated
CNO/chronic recurrent multifocal osteomyelitis (CRMO) and
SAPHO are the same disease in different age groups remains
to be determined. The aforementioned disorders have been
included in the group of autoinflammatory bone disorders*.

CNO sometimes presents with mild clinical symptoms,
which, in combination with lacking awareness by care
providers, may lead to delayed diagnosis. Despite the lack of
reliable epidemiologic data, CNO is likely to be the single
most common autoinflammatory bone disorder. This is
supported by a single-center study in our institution,
suggesting that CNO is almost as common as infectious
osteomyelitis'®-!! (Schnabel, et al, submitted).

CNO primarily affects children and adolescents, but can
occur in all age groups. Disease onset before 2-3 years of
age, however, is extremely uncommon and should prompt
consideration of other monogenic autoinflammatory
syndromes as differential diagnoses. Peak onset of CNO is
between 7 years and 12 years of age with a slight female
predominance’--¢7:12_ The clinical presentation of CNO is
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variable, with relatively benign, self-limiting episodes of
monofocal bone lesions at the one end, and its most severe
form, CRMO, at the other. The molecular pathophysiology
of autoinflammatory bone disorders is complex and incom-
pletely understood. To our current understanding, bone
inflammation is the net result of impaired innate immune
responses, resulting in disbalanced cytokine expression,
osteoclast differentiation and activation, osteolysis, and bone
remodeling3’4~5’6’7’12’13’14’15. Here, we discuss the clinical
course, pathophysiology, and treatment options in CNO, and
available animal models.

MONOGENIC AUTOINFLAMMATORY BONE
DISORDERS

Familial CNO: Majeed syndrome. Majeed syndrome is
characterized by early-onset bone inflammation, Sweet
syndrome-like skin rash, and dyserythropoietic anemia.
Autosomal recessively inherited loss-of-function mutations
in the LPIN2 gene, encoding for the phosphatase lpin2, result
in overactivation of Toll-like receptor (TLR)-4 pathways and
systemic inflammation. Treatment is empiric and includes
nonsteroidal antiinflammatory drugs (NSAID), cortico-

steroids, and IL-1-blocking strategies13:14:16.17.18,19.20.21

Inflammasome-associated monogenic disorders. Inflamma-
somes are multiprotein complexes that mediate the cleavage
and subsequent release of proinflammatory cytokines IL-1f3
and IL-184°67,

DIRA is characterized by early-onset pustular rash, oral
ulcers, rib widening with periostal inflammation, multifocal
osteolytic lesions, and heterotopic ossification. DIRA is
caused by autosomal recessively inherited mutations in the
ILIRN gene, encoding for the IL-1 receptor antagonist, a
post-translational regulator of IL-1 signaling, resulting in
uncontrolled proinflammatory cytokine and chemokine
expression. Substitution with recombinant IL-1 receptor
antagonist anakinra induces remission?22324,

PAPA syndrome is characterized by sterile erosive
arthritis, cystic acne, and pyoderma gangrenosum-like ulcer-
ative lesions>-?°. Autosomal dominant mutations in the
PSTPIPI gene, encoding for the pyrin-interacting protein
CD2-binding protein 1, cause uncontrolled inflammasome
activation and IL-1p release?®?”. Treatment options include
corticosteroids, thalidomide, cyclosporine, tacrolimus, and
intravenous immunoglobulin. Data on biologic treatment are
rare and inconsistent! 3->3-26:27,

More details about the pathophysiology of monogenic
autoinflammatory bone disorders and treatment options are
provided in Supplementary Data 1 (available online at
jrheum.org).

SPORADIC CHRONIC NONBACTERIAL
OSTEOMYELITIS (CNO)

In sporadic CNO, bone inflammation manifests later in life
and is usually less severe when compared with monogenic

autoinflammatory syndromes. Most experience first symp-
toms in childhood or adolescence, with peak onset between
7 and 12 years of age. Medical histories of the patients and
their families sometimes include inflammatory conditions,
arthritis (in our cohort, up to 40% in patients with CNO), skin
(in our CNO cohort, 10% acne and 5% palmoplantar pustu-
losis) or intestinal inflammatory disorders (in our cohort, 6%
Crohn disease and 4% ulcerative colitis; Schnabel, er al,
submitted)3456.7.10.11.28.29

Clinical presentation and diagnosis. In the absence of reliable
and widely accepted diagnostic criteria or disease
biomarkers, CNO remains a diagnosis of exclusion. The
clinical presentation is variable with mild, sometimes
self-limiting courses at one end of the spectrum and chronic
remitting multifocal bone lesions at the other. Bone lesions
cluster around the metaphysis of long bones. Bone lesions
most commonly occur in the clavicle, humerus, vertebral
column, pelvic region, femur, tibia, ankle, and the calcaneus.
Of note, lesions can be asymptomatic, which appears to be
the case particularly when vertebral bones are involved.
Vertebral compression fractures can be the first symptom of
CRMO and may result in growth impairment, gibbus
formation, or neurological symptoms. Thus, wherever
available, whole-body magnetic resonance imaging
(WB-MRI) should be performed in all patients with
suspected CNO/CRMO to exclude “silent” bone inflam-
mation, especially in the vertebral column3#39.7:28
Alternatively, a series of MRI scans covering all or most of
the body, and bone scintigraphy (if MRI is not available) may
be performed. Conventional radiographs may provide infor-
mation on osseous damage and sclerosis, but are not suitable
for the assessment of inflammatory activity or the search for
clinically silent inflammatory lesions.

Because the molecular pathophysiology of CNO remains
largely unknown and positive predictive tests are lacking,
CNO/CRMO remains a diagnosis of exclusion!!. Jansson, ef
al developed a clinical score to distinguish patients with CNO
from individuals with bacterial osteomyelitis, benign or
malignant bone tumors based on clinical and laboratory
findings, and the distribution of radiographic bone lesions'!.
However, the clinical score was not designed and has
not yet been evaluated for mycobacterial bone infections,
Langerhans cell histiocytosis, lymphoma, leukemia (particu-
larly acute lymphoblastic leukemia), metabolic disorders
(hypophosphatasia), and other autoinflammatory bone
disorders. Thus, in unclear cases, and prior to treatment with
systemic steroids (see below), bone biopsies should be con-
sidered to rule out alternative underlying disorders3#--0.7-28

Biomarkers for the diagnosis or monitoring of clinical
activity of CNO/CRMO are lacking. “Classical” inflam-
mation markers, such as C-reactive protein and erythrocyte
sedimentation rate (ESR), are not disease-specific. Further,
in most patients with CNO/CRMO, they are only mildly
elevated, but can remain within normal limits. Thus,
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biomarker studies in large cohorts of patients with CNO and
control populations are urgently needed. Recently, we
identified a set of 9 serum inflammation markers that allow
discrimination among patients with CRMO, patients with
Crohn disease, and healthy individuals (Eotaxin, IL-12,
IL-1RA, sIL-2R, IL-6, MCP-1, MIG, MIP-1b, and
RANTEYS). This serum protein array may prove useful for
future diagnostic approaches, but remains to be tested in
larger multiethnic cohorts and patients with additional
inflammatory disorders3C.

Pathophysiology. The pathophysiology of CNO is incom-
pletely understood. Familial clusters of CNO, the relatively
high prevalence of additional inflammatory manifestations,
including psoriatic skin lesions and inflammatory bowel
disease in conjunction with the accumulation of inflam-
matory disorders in first-degree relatives, suggest a genetic
component to sporadic CNO34:6.728 For a majority of
patients with CNO/CRMO (those with sporadic CNO/CRMO),
genetic causes, exact immunological contributors, and/or
environmental triggers are unknown. A potential genetic
association was reported for a region on chromosome
18q21.3-223!, but has not been confirmed by other groups.
Mutations in genes associated with inflammatory bone loss
in other conditions, including PSTPIP1 (PAPA syndrome),
CARD15/NOD?2 (Crohn disease, Blau syndrome), and /L/RN
(DIRA), have been excluded in small cohorts of patients with
CNO/CRMO. Taken together, no reported single gene variant
can explain disease expression in CNO/CRMQ?-62332.33,
Because CNO-associated inflammatory disorders [includ-
ing Crohn disease, psoriasis (PsO), acne, etc.] are charac-
terized by an imbalance between pro- and antiinflammatory
cytokine expression, we asked whether the immune-
regulatory cytokine IL-10 may be involved in the pathophys-
iology of CNO/CRMO. We determined an enrichment of
IL-10 promoter polymorphisms in patients with CNO/CRMO
that, to our initial surprise, encode for “high” levels of the
immune-regulatory cytokine IL-10 expression!3-343336 This
was in contrast to our finding of reduced IL-10 mRNA and
protein expression by resting and TLR-4 agonist lipopolysac-
charide (LPS)-stimulated monocytes from patients with
CRMO when compared with controls or patients with
juvenile idiopathic arthritis. Because the failure to express
IL-10 was not explained by /L-10 promoter haplotypes, we
investigated TLR-4 signaling pathways and the epigenetic
regulation of /L-10 in monocytes from patients with
CRMO!3-3336 We demonstrated that mitogen-activated
protein kinases (MAPK), extracellular signal-regulated
kinase (ERK) 1 and ERK2, fail to be activated in CRMO
monocytes. This resulted in (1) reduced nuclear shuttling of
the transcription factor signaling protein (Sp)-1 and (2)
impaired epigenetic remodeling of the /L-/0 promoter
(histone H3 phosphorylation at serine residue 10, H3S10p;
Figure 1; Supplementary Figure 1, available online at
jrheum.org)!#!3. This impairment results in reduced IL-10

expression in monocytes from patients with CNO/CRMO.

IL-10, together with its homologues /L-19 and IL-20, is
organized in the so-called IL-10 cytokine cluster on
chromosome 1q32. IL-19 mostly exerts immune-regulatory
functions, while IL-20 acts as a proinflammatory cytokine.
In monocytes from healthy individuals, IL-10 family
members IL-10, IL-19, and IL-20 are coregulated35’36. We
demonstrated that, as for IL-10, failure to activate Sp-1
together with lack of epigenetic remodeling (H3S10p) in
monocytes from patients with CRMO also contributes to
reduced IL-19 expression. Of note, expression of the IL-10
homologue IL-20 was not impaired. Conversely, IL-20
expression was enhanced in monocytes from patients with
CRMO in response to stimulation with LPS. Enhanced IL-20
expression is most likely secondary to insufficient inhibition
by IL-10. Additionally, the /L-20 gene was methylated to a
lower degree in monocytes from patients with CRMO when
compared with controls. Because DNA methylation is a
potent mechanism silencing gene expression, IL-20
expression in CRMO monocytes may be favored by reduced
DNA methylation®’.

Interestingly, the MAPK-dependent expression of proin-
flammatory cytokines tumor necrosis factor-o. (TNF-a) and
IL-6 was not impaired in monocytes from patients with
CRMO. This may be explained by the observation that Jun
kinases (JNK) and p38 MAPK pathways are not impaired in
CNO/CRMO, resulting in an imbalance between pro- and
antiinflammatory cytokines!'#!3. Previous reports indicate
diametric effects of TNF-a, IL-6, and IL-20 on the one hand
and IL-10 on the other on the interaction between the receptor
activator of nuclear factor-kB (RANK) and its ligand
(RANKL). This may be of central interest for the molecular
pathophysiology of CRMO, because activated RANK:RANKL
pathways contribute to osteoclast differentiation and
activation, which may subsequently result in inflammatory
bone loss in CNO/CRMQ?-38-39.:4041

Scianaro, et al showed evidence suggesting increased
activation of the NLRP3 inflammasome contributing to the
proinflammatory phenotype in CNO/CRMO*?, The study
demonstrated increased mRNA expression of inflammasome
components ASC, NLRP3, and caspase-1, as well as
increased transcription and protein release of IL-1f3 from
cultured peripheral blood mononuclear cells from patients
with active CRMO as compared with patients with inactive
disease or controls. Further, applying immunohistochem-
istry, tissue protein expression of ASC, NLRP3, caspase-1,
IL-1pB, and IL-6 in bone biopsies from patients with CRMO
was established. In a recent study (Schnabel, et al,
submitted), we confirmed findings37’42 on inflammasome-
associated gene expression in immune cells from patients
with CRMO and linked impaired IL-10 and IL-19
expression with increased IL-1f mRNA expression, and
proteolytic cleavage and secretion of IL-16 protein.
Enhanced inflammasome activity in monocytes from
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A. “Normal” monocyte

IL-10

Figure 1. Disturbed epigenetic remodeling and transcription factor binding to the /L-10 gene
in monocytes from patients with CRMO. A. IL-10 expression is regulated by epigenetic mecha-
nisms, including DNA methylation and histone modifications. Phosphorylation of histone H3
at serine residue 10 (P) mediates epigenetic opening of the /L-/0 gene, allowing for
transcription factor binding, including the recruitment of Sp-1. B. In monocytes from patients
with CRMO, histone H3 fails to be phosphorylated, resulting in impaired “opening” of the
locus, altered Sp-1 recruitment, and subsequently reduced IL-10 expression. IL-10: interleukin
10; CRMO: chronic recurrent multifocal osteomyelitis; Sp-1: signaling protein-1.

patients with CRMO was reversed by the addition of recom-
binant IL-10 or IL-19, indicating that reduced MAPK
activation and the resulting failure to express IL-10 and IL-
19 may contribute to increased inflammasome activation and
inflammatory bone loss in CRMO?” (Figure 2).

The observation that cellular infiltrates in bone biopsies
from patients with CNO/CRMO change from innate immune
cells (monocytes, macrophages, and neutrophils) to leuko-
cytes and plasma cells suggests interplay between innate and
adaptive immune mechanisms during the disease course.
Variable cellular infiltrates during the disease course are a
hallmark of several inflammatory diseases, including the
CNO-associated disorder PsO. In PsO, innate and adaptive
immune cell infiltrates alternate, coexist, and influence one
another, driving disease expression and activity434445:46:47
It appears likely that also in CNO/CRMO, cellular infiltrates
reflect the immunological reaction, providing another model
disease for the interplay between innate and adaptive immune
responses*©#7. Unfortunately, very little is known about the
kinetics of innate and adaptive inflammatory responses in
CNO/CRMO. The available reports are very preliminary, but
promise the potential for future targeted treatment depending
on the involvement of innate versus adaptive immune cells, and
local expression of specific cytokines and chemokines®#647.
Treatment and monitoring. Despite a growing body of liter-

ature, debates continue over therapeutic strategies (beyond
NSAID treatment), measurement of disease activity,

treatment goal definition, and outcome measures. In the
absence of scientific evidence (such as prospective studies)
or widely accepted consensus treatment plans, treatment of
CNO/CRMO remains empirical. The assessment of disease
activity, which provides the basis for conscious treatment
decisions, remains somewhat unclear. Beck, et al provided
the Pediatric CNO (PedCNO) score, which includes 5
measures: ESR, number of radiological lesions, severity of
disease estimated by the physician, severity of disease
estimated by the patient or parent, and the Childhood Health
Assessment Questionnaire*®. In a study, a set of disease
biomarkers was shown to correlate with the PedCNO score,
but remain to be confirmed in larger unrelated popula-
tions3?. Frequently, radiographic signs of activity (such as
bone edema and/or contrast enhancement on MRI) and
structural damage with or without signs of inflammatory
activity are used to make treatment decisions. The term
“structural damage” in the context of CNO/CRMO,
however, is not well defined and includes bone sclerosis and
(mostly vertebral) fractures. Further, the time to followup
radiographic imaging remains undetermined. From personal
conversations and reports in the literature, most experienced
institutions perform followup MRI scans (usually regional
MRI in cases with initially monofocal disease and no new
symptoms, and WB-MRI in CRMO) after 6 to 9 months in
most cases, then once per year as long as patients require
treatment3->-0:48,
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Figure 2. Unbalanced MAPK activation in monocytes from patients with CRMO results in altered cytokine
expression and secretion. In monocytes from patients with CRMO, MAPK ERK1 and ERK2 fail to be activated
in response to TLR activation. As a result, antiinflammatory cytokines IL-10 and IL-19 fail to be expressed. INK
and p38 MAPK undergo unaltered activation, which results in proinflammatory cytokine expression (IL-1f3, IL-6,
TNF-a, and IL-20). Reduced expression of immune modulatory cytokines IL-10 and IL-19 results in increased
inflammasome activation and increased IL-1f3 expression and release. MAPK: mitogen-activated protein kinases;
CRMO: chronic recurrent multifocal osteomyelitis; ERK1: extracellular signal-regulated kinase-1; TLR: Toll-like
receptor; IL-10: interleukin 10; JNK: Jun kinases; TNF-a: tumor necrosis factor-o; NF-kB: nuclear factor-xB;
Casp. 1: caspase-1; PAMP: pathogen-associated molecular patterns; DAMP: danger-associated molecular patterns.
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Figure 3. Current understanding of altered intra- and extracellular signaling networks in CRMO. Through the
aforementioned molecular mechanisms, IL-10-related cytokines IL-10, IL-19 (both immune modulating), and
IL-20 (proinflammatory) are dysregulated in monocytes from patients with CRMO. Proinflammatory cytokines
IL-1p, IL-6, IL-20, and TNF-0. increase interactions between RANK and RANKL on octeoclast precursor cells,
mediating osteoclast differentiation and activation, thus potentially contributing to bone inflammation in CRMO.
CRMO: chronic recurrent multifocal osteomyelitis; IL-10: interleukin 10; TNF-co.: tumor necrosis factor-o;; RANK:
receptor activator of nuclear factor-kB; RANKL: RANK ligand; ERK1: extracellular signal-regulated kinase-1;
Sp-1: signaling protein-1; TLR-4: Toll-like receptor-4.
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First-line treatment of CNO/CRMO is typically NSAID.
Studies indicate that NSAID are effective in about two-thirds
of patients with CNO/CRMO. However, NSAID appear to
be more efficient in patients with limited disease (CNO)
when compared with individuals with CRMO*. Further, a
retrospective analysis in our cohort of patients with CRMO
suggests that NSAID may induce longterm improvement of
inflammatory activity and symptoms, but may not be suffi-
cient for longterm remission in the majority of patients (6 mos:
54%, 12 mos: 60%, 24 mos: 50%; Schnabel, et al, submitted).
Thus, NSAID should be considered the gold standard and first
choice treatment option in all patients with CNO/CRMO and
no structural damage, with the option to escalate treatment in
patients who relapse or do not reach complete remission.
Patients with “mild” vertebral involvement, defined as bone
edema without structural damage, can start treatment with
NSAID, but require close clinical monitoring and
radiographic followup (usually MRI after 4-6 weeks).

In individuals who fail to reach clinical and radiographic
remission in response to NSAID treatment, oral cortico-
steroids may be administered. Usually, we treat patients with
1-2 mg/kg/day prednisolone (PSL; maximum 60 mg/day)
over 5-10 days to induce clinical improvement and support
NSAID treatment. In patients with CNO who first respond
and then relapse shortly after the discontinuation of PSL or
in individuals receiving oral corticosteroids as a bridging
agent during the initiation of disease-modifying antirheu-
matic drug (DMARD) therapy, longer low-dose cortico-
steroid treatment is considered (usually 0.1-0.2 mg/kg/day
for 4—6 weeks).

Given the aforementioned observations in monocytes
from patients with CRMO, therapeutic effects of NSAID and
corticosteroids in a large proportion of patients can be
explained (Figure 3). NSAID inhibit the activity of cyclooxy-
genases (COX), enzymes responsible for the conversion of
arachidonic acid into prostaglandins. Prostaglandins are
essential for the activation of osteoclast cells, which may be
central to inflammatory bone loss in CRMO?3. Within the
same pathway, corticosteroids inhibit phospholipase A2
(upstream of NSAID), as well as COX, resulting in reduced
prostaglandin levels>. Further, corticosteroids inhibit nuclear
factor-kB (NF-kB)-dependent gene activation, resulting in
reduced expression of proinflammatory cytokine genes,
including the genes for IL-6, and TNF-0*9-%0,

Patients initially presenting with structural damage (e.g.,
vertebral fractures or edema with sclerosis) and patients who
fail to respond to NSAID and repeated oral corticosteroid
courses should be treated more aggressively. Possible options
are sulfasalazine (SSZ), methotrexate (MTX), anti-TNF
agents, anti-IL-1 treatment, and bisphosphonates. The classic
DMARD SSZ and MTX are more commonly used in North
America!?. Both agents mediate reduced inflammatory
cytokine expression, thus potentially correcting the
imbalance between pro- and antiinflammatory signals in
CNO/CRMO?!. In many European centers, including our

institution, cases resistant to standard treatment with NSAID
and corticosteroids are successfully treated with TNF
inhibitors. TNF inhibitors specifically block TNF-a., restoring
the balance between this highly potent proinflammatory
cytokine and immune modulatory cytokines IL-10 and
IL-19!'41537 During the differentiation and activation of
osteoclasts, TNF-a versus IL-10 and IL-19 are counteracting
mediators*’. Pamidronate is used in cases resistant to TNF
inhibitors or in patients with radiologically active spinal
involvement with structural damage (particularly vertebral
fractures)%7. Pamidronate can be administered following 1
of 2 common protocols: (1) an initial dose of 0.5 mg/kg/day
followed by 1 mg/kg/day (maximum 60 mg) on days 2 and 3
every 3 months for a total of 3—4 courses, or (2) 1 dose of 1
mg/kg (very first dose 0.5 mg/kg, maximum 60 mg) every
month for 1-6 months32-3, Pamidronate is highly effective
in most cases refractory to other therapeutic agents, which
may be explained by blockade of the most downstream
cell-type involved. However, this hypothesis remains to be

scientifically proven®.

NONBACTERIAL OSTEOMYELITIS IN MICE

Two well-characterized murine models exist, both resembling
severe CRMO. Chronic multifocal osteomyelitis (cmo) mice
carry a spontaneous homozygous mutation (p.L98P), and
lupo mice carry a chemically induced homozygous mutation
(p-I282N) in the proline-serine-threonine phosphatase-inter-
acting protein 2 (Pstpip2) gene>*>. Both strains develop
severe cytokine and chemokine dysregulation, systemic
inflammation, extramedullary hematopoiesis, skin inflam-
mation, and sterile osteomyelitis. Though the exact contri-
bution of Pstpip2 mutations remains unknown, a central
contribution of enhanced IL-1f3 expression and secretion has
been demonstrated. Of note, IL-1f3 release was independent
of NLRP3 inflammasome activation, because cmo mice that
were also deficient of the inflammasome components
NLRP3, ASC, or caspase-1 were not protected from the
development of osteomyelitis. Thus, additional proteases
other than caspase-1 appear to be responsible for proinflam-
matory IL-1f activation in cmo mice37-8. More details
about murine CRMO are provided in Supplementary Data 2
(available online at jrheum.org)34-33-56-5758.59,

POTENTIAL INFLUENCE OF THE MICROBIOME

Over the past few years, disturbances to the microbiome,
particularly of the gut, have been proven to contribute to
altered immune cell distribution and inflammatory pheno-
types in several disorders. In rheumatoid arthritis, for
example, the replacement of Lactobacillus spp. with
Prevotella spp. has been linked to disease activity and
outcomes. Lukens, et al published the first evidence that
disturbances in the gut microbiome may contribute to sterile
bone inflammation’”. The authors demonstrated that cmo
mice on a high-fat diet exhibited alteration in their gut micro-
biome, and were protected from the development of aseptic
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osteomyelitis. Animals on a low-fat diet exhibited elevated
numbers of inflammation-associated microbes, including
Prevotella spp., while animals on a high-fat diet exhibited a
shift toward Lactobacillus spp., which was reflected by
enhanced IL-1{ expression in animals on a low-fat diet. Fecal
transplant from high-fat diet mice to young cmo mice
resulted in decreased Prevotella spp. colonization of the gut
and protection from CNO?7,

In humans, data on possible effects of diet or other
environmental factors on CRMO are currently lacking. The
reported association between severe cystic acne and CNO,
however, may hint at involvement of changes in the micro-
biome contributing to inflammation in CNO. Particularly in
adults, CNO frequently occurs in conjunction with synovitis,
acne, pustulosis, and hyperostosis, and is then referred to as
SAPHO syndrome3’7’9. Because both individual disorders,
severe cystic acne and CNO, share the feature of imbalanced
expression and secretion of proinflammatory (IL-6, TNF-a)
and antiinflammatory cytokines (IL-10), and because
Propionibacterium acnes mediates TLR-induced activation
of MAPK pathways, it is tempting to propose a potential
pathophysiological connection of an altered skin microbiome
and aseptic bone inflammation in CNO — at least in patients
with severe acne and concomitant CNO or full-blown
SAPHO syndrome®. This, however, currently remains highly
speculative and warrants scientific investigation.

Despite intense investigation and recent scientific
advances, the exact molecular pathomechanisms of
CNO/CRMO remain incompletely understood. Based on our
current knowledge, the imbalance between pro- and antiin-
flammatory cytokines in potentially proinflammatory
monocytes centrally contributes to the disease phenotype of
CNO/CRMO. Mostly monocyte/macrophage-derived serum
biomarkers for the diagnosis and monitoring of CRMO
support the hypothesis. In agreement with these observations,
correcting the imbalance between pro- and antiinflammatory
cytokines through untargeted (NSAID, corticosteroids,
bisphosphonates) or targeted approaches (etanercept,
anakinra, etc.) has proven successful for the treatment of
CNO/CRMO. Further studies are warranted to confirm
current pathophysiological concepts in larger multiethnic
cohorts, investigate the influence of the microbiome (partic-
ularly of the skin and gut), and target the exact molecular
events resulting in altered MAPK activation in monocytes
from patients with CRMO. A better understanding of the
exact molecular pathomechanisms will aid in finding novel
targeted treatment options with limited side effects.
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