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A B S T R A C T   

Chronic nonbacterial osteomyelitis (CNO), an autoinflammatory bone disease primarily affecting children, can 
cause pain, hyperostosis and fractures, affecting quality-of-life and psychomotor development. This study 
investigated CNO-associated variants in P2RX7, encoding for the ATP-dependent trans-membrane K+ channel 
P2X7, and their effects on NLRP3 inflammasome assembly. 

Whole exome sequencing in two related transgenerational CNO patients, and target sequencing of P2RX7 in a 
large CNO cohort (N = 190) were conducted. Results were compared with publicly available datasets and 
regional controls (N = 1873). Findings were integrated with demographic and clinical data. Patient-derived 
monocytes and genetically modified THP-1 cells were used to investigate potassium flux, inflammasome as
sembly, pyroptosis, and cytokine release. 

Rare presumably damaging P2RX7 variants were identified in two related CNO patients. Targeted P2RX7 
sequencing identified 62 CNO patients with rare variants (32.4%), 11 of which (5.8%) carried presumably 
damaging variants (MAF <1%, SIFT “deleterious”, Polyphen “probably damaging”, CADD >20). This compared to 
83 of 1873 controls (4.4%), 36 with rare and presumably damaging variants (1.9%). Across the CNO cohort, rare 
variants unique to one (Median: 42 versus 3.7) or more (≤11 patients) participants were over-represented when 
compared to 190 randomly selected controls. Patients with rare damaging variants more frequently experienced 
gastrointestinal symptoms and lymphadenopathy while having less spinal, joint and skin involvement (psoriasis). 
Monocyte-derived macrophages from patients, and genetically modified THP-1-derived macrophages recon
stituted with CNO-associated P2RX7 variants exhibited altered potassium flux, inflammasome assembly, IL-1β 
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and IL-18 release, and pyroptosis. Damaging P2RX7 variants occur in a small subset of CNO patients, and rare 
P2RX7 variants may represent a CNO risk factor. Observations argue for inflammasome inhibition and/or 
cytokine blockade and may allow future patient stratification and individualized care.   

1. Introduction 

Chronic nonbacterial osteomyelitis (CNO) is an autoinflammatory 
bone disease that primarily affects children and adolescents [1]. The 
clinical spectrum ranges from singular, sometimes self-limited bone le
sions to chronically active or recurring inflammation of multiple bones, 
also referred as chronic recurrent multifocal osteomyelitis (CRMO) [2]. 
Due to its variable presentation and limited awareness among health
care providers, diagnosis and treatment can be delayed [3]. This is 
particularly worrying, because untreated CNO can result in bone scle
rosis, pathological fractures (mainly affecting vertebrae), growth 
anomalies, chronic pain, and psychosocial problems [4,5]. Thus, CNO 
can significantly influence patients’ psychomotor development and 
quality-of-life [6]. 

Recent discoveries have contributed to a better understanding of 
molecular pathomechanisms driving inflammation in CNO, including 
reduced expression of immune regulatory IL-10, increased expression of 
pro-inflammatory IL-1β, IL-6, and TNF, increased production of NLRP3 
inflammasome components, and enhanced inflammasome assembly. 
The resulting pro-inflammatory environment likely contributes to 
increased osteoclast differentiation and activation, bone remodelling 
and inflammatory bone loss [1,7]. However, the exact underlying mo
lecular mechanisms remained unknown. 

Following the identification of P2XR7 variants in affected individuals 
from a family with CNO, this study investigated the prevalence of gene 
variants in a large national cohort of CNO patients and matched healthy 
controls. The P2XR7 gene encodes for the membrane-bound P2X7 re
ceptor, a key regulator of NLRP3 inflammasome assembly [8,9]. Recent 
studies suggested P2X7 to be involved in inflammatory bone and joint 
diseases, including osteoarthritis [10,11]. Thus, the study furthermore 
functionally investigated three selected CNO-associated P2XR7 variants 
in genetically modified THP-1-derived macrophage-like cells to under
stand their functional impact on inflammasome assembly, pyroptosis 
and inflammatory cytokine release. 

2. Methods 

2.1. Cohorts 

European patients were diagnosed by rheumatologists experienced 
with CNO [1]. DNA was collected alongside clinical and demographic 
information at the Department of Paediatrics, Medical Faculty Carl 
Gustav Carus, Technische Universität Dresden (N = 18, including 
mother of index patient), the Department of Paediatrics, University 
Hospital Würzburg (N = 66), the Department of Medicine, University of 
Greifswald (N = 2), and through the German AID-Net (N = 106) [12] 
(Supplement Table 1). Ethnicity-matched-healthy individuals (N =
1873) were accessed through the Institute of Human Genetics, Univer
sity Hospital Erlangen. Patients/controls and/or their legal guardians 
gave written informed consent. Research was permitted by local ethics 
committees and conducted in accordance with the Declaration of 
Helsinki. 

2.2. Whole blood assays 

Whole blood collected in hirudin coated tubes (Sarstedt) was primed 
with 1 μg/ml ultra-pure LPS (Invivogen), incubated with ATP for 30 
min, and used for IL-1β quantification using cytometric beads (Becton 
Dickinson) [13]. 

2.3. Sequencing and variant identification 

Sequencing with 150bp paired-end reads was performed in N = 190 
CNO patients (index patient and her mother were previously sequenced 
(Supplement Methods)) using the QIAseq Targeted DNA Panels kit 
(Qiagen, MiSeq_2500, Illumina). Demultiplexing, adaptor and quality 
trimming was performed, and reads were aligned to the human refer
ence genome (hg38). Variants were called, filtered, and annotated as 
described in Supplement Methods. Publicly available databases were 
used in combination to predict pathogenicity of variants. A rarity filter 
considered SNPs according to their population frequency in Genome 
Aggregation Database (gnomAD V3.1.2) dataset, 1000 Genomes Project, 
and ethnicity matched healthy controls (N = 1873). A population allele 
frequency threshold of 1% (MAF) was applied. Next, a pathogenicity 
filter was applied, retaining variants within the “deleterious” SIFT 
category, a “probably damaging” Polyphen category, and a CADD score 
of >20. To this list of variants, additional three variants that did not 
have associated information, but were predicted to cause a premature 
stop codon were retained (c.763G > T/p.Glu255*; c.417G > A/p. 
Trp139*; c.1465G > T/p.Glu489*). 

2.4. ASC speck quantification 

CD14+ monocytes were isolated from peripheral blood by negative 
selection (Stemcell Technologies). For ASC speck imaging, primary 
monocytes or THP-1 cells were stimulated with LPS, LPS/ATP, LPS +
BzATP or LPS + nigericin. ASC specks were stained and quantified by 
microscopy (Supplement Methods). Extracellular specks in cell culture 
supernatants were quantified following the adjusted protocol from 
Rowczenio et al. [14] on the Guava flow cytometer, analysed by FlowJo. 
Results are displayed using the formula: ASC ratio = Absolute value 
[((particles percentage after LPS + BzATP or LPS + nigericin treat
ment)-(particles percentage after PMA overnight for the same cell)/(
particles percentage after LPS priming-particles percentage after PMA 
overnight for the same cells))]. 

2.5. Genetically modified THP-1 cells 

The P2RX7 gene was deleted in THP-1 cells on one (clone 3F2) or 
both alleles (clone 4G8) using CRISPR/Cas9 technology (Cyagen Bio
sciences INC). The pL.SSVF_XbaI_GFP_MluI.i_gb3.BspEI.Hygro.str vector 
was kindly donated by S. Thieme (Department of Pediatrics, Uni
versitätsklinikum Carl Gustav Carus, TU Dresden, Dresden, Germany). 
From these, pL.SSVF_XbaI_P2RX7_MluI.i_gb3.BspEI.Hygro.str plasmids 
comprising the RNA coding sequence of P2RX7 were generated. Three 
P2RX7 variants were investigated: c.349C > T (index family, rare gain- 
of-function/GOF), c.489C > T (common_gain-of-function/GOF), c.920G 
> A (rare_loss-of-function/LOF) (Supplement Figures 1,2, Supplement 
Table 4, Supplement Methods). Virus vector particle production was 
performed as previously described [15]. Human THP-1 cells were 
cultured for 2–3 d in 24-well plates before and 3–4 d after lentiviral 
vector transduction in RPMI1640 cell culture medium supplemented 
with 10% FBS and 2 mM L-glutamine. After transduction, 2000 μg/ml 
hygromycin was added to RPMI1640 medium. Copy numbers were 
tested with quantitative PCR, and the adjusted numbers of the P2RX7 
transgene were two per cell. 

2.6. Cell culture 

THP-1 cells were treated overnight with PMA (2.5 ng/ml, Sigma- 
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Aldrich) to generate macrophage-like cells, followed by priming (1 μg/ 
ml LPS, Sigma-Aldrich) for 3h and treated with LPS, LPS/ATP (1 mM, 
Invivogen), LPS/BzATP (150/300 μM, Alomone), or LPS/nigericin (5/ 
10 μM) as indicated. 

2.7. Pyroptosis 

LDH release, a pyroptosis surrogate, was measured using cytotoxicity 
detection kits (Roche) following manufacturer’s instructions. Results are 
displayed using the formula: Cytotoxicity %= ((experimental value- 
negative control)/(positive control-negative control)) X100 (negative 
control: untreated (overnight PMA) and positive control: cells treated 
with Lysis solution). 

2.8. Cytokine release 

Human IL-1β and IL-18 were quantified following the manufacturer’s 
protocol (U-PLEX/Meso Scale Discovery). 

2.9. Intracellular K+ concentrations 

THP-1-derived monocytes were stained with PBFI-AM 5 μM plus 
Pluronic F-127 (ThermoFisher), washed and stimulated with LPS (1 μg/ 
ml), LPS/BzATP (150/300 μM) or LPS/nigericin (5/10 μM). 

3. Statistics 

Data were analysed using parametric or non-parametric statistical 
tests (as indicated) after checking for homoscedasticity and normal 
distribution (Shapiro-Wilk test), using Prism, version 9.0 (GraphPad 
software), displayed as mean and standard error (SEM) and p-values 
<0.05 were considered statistically significant. 

4. Results 

4.1. The rare P2RX7 c.349C > T variant segregates with CNO in a family 

Using whole exome sequencing, we identified the rare P2RX7 variant 
c.349C > T/p.Arg117Trp/rs28360445 in heterozygous state in a mother 
and daughter affected by CNO (Supplement Figures 1,2,3B). P2RX7 
encodes for the ATP-sensitive P2X7 transmembrane K+ channel that 
regulates NLRP3 inflammasome assembly [16]. To understand c.349C 
> T/p.Arg117Trp variant’s consequences, whole blood was collected 
from both affected individuals and five adult healthy controls [7]. CNO 
patients exhibited increased release of IL-1β and IL-18 after priming 
(LPS) and P2X7 activation (LPS/ATP) (Fig. 1A and B). IL-1β release was 
reduced in presence of MCC950, a “small molecule” inhibiting NLRP3 
activation (Fig. 1C) [13]. After clinical remission was achieved in the 
paediatric CNO patient (naproxen and methotrexate; >6 months of 
treatment), experiment was repeated and showed IL-1β release profiles 
similar to those in an age, sex and ethnicity-matched-healthy control 
(Fig. 1D). Next, NLRP3 inflammasome assembly was quantified (intra
cellular ASC “specks”) in CD14+ monocyte-derived macrophages [17]. 
CNO patient exhibited higher numbers of ASC specks (Fig. 1E and F), 
increased IL-1β and IL-18 release (Fig. 1G) after priming (LPS) and 
stimulation (LPS/ATP) compared to matched control. Data suggest that 
CNO-associated P2RX7 c.349C > T/p.Arg117Trp contributes to 
increased inflammasome assembly and cytokine release. 

4.2. P2RX7 variants associate with CNO in a large national cohort 

To investigate whether P2RX7 variants are common among CNO 
patients, 190 additional German CNO patients (192 total, all White 
European) were enrolled in this study, and targeted sequencing of 
P2RX7 was performed. The cohort included 122/186 (65.6%) girls 
(Table 1, Supplement Table 1, Supplement Fig. 3A); median age at 

disease-onset was 10 years [IQR, 2–18], with boys being slightly older 
(12 versus 9; p = 0.001). 

A total of 70 SNPs in P2RX7 were identified, 32 (46%) of which had 
previously been reported and referenced (dbSNP) [18]; 23 (33%) 
exhibited in-silico predicted “high impact” or “modifier” effects. Four
teen SNPs were identified as rare, possibly damaging/pathogenic vari
ants. Rare damaging SNPs, defined by a combination of in silico 
prediction tools, were more common in the CNO patient cohort 
compared to publicly available databases (3/14 identified; 21%) or the 
healthy control cohort (2/14; 14%), or not present in either (9/14; 64%) 
(Supplement Table 2, Supplement Figures 1,2,3B). One or a combination 
of these rare possibly damaging variants were present in 11 CNO pa
tients (5.8% of the CNO cohort). A total of 10/11 (91%) patients carried 
common variants (MAF >0.05) in addition to at least one rare variant. 

The majority of P2RX7 SNPs identified in the CNO patient cohort 
were rare (MAF >1%) or had not previously been reported (53/70, 
75.7%). Most rare SNPs identified CNO patients (48/53, 90.6%) were 
absent in control cohort (N = 1873) (Supplement Table 2). To determine 
differences in frequencies of CNO-associated SNPs between patients and 
controls, a Fisher’s exact test was performed comparing 190 CNO pa
tients with 1873 bone-healthy controls from the same region (Germany, 
White European participants), which delivered higher frequencies of 
some SNPs in patients (p < 0.05; FDR<0.05) (Supplement Table 3). As 
mentioned above, 53 rare P2RX7 SNPs were identified in 62/190 CNO 
patients (32.3%); only 5 of these rare variants were identified across 83/ 
1873 controls (4.4%), 2 of which (rs28360445 and rs28360457, Sup
plement Table 2), presumably rare damaging variants, were identified in 
36/1873 controls (1.9%). In addition, October 1873 controls (0.5%) 
carried one of 43 additional rare variants that were not present in the 
CNO patient cohort. 

Next, using a bioinformatic simulation, the number of unique vari
ants across the CNO cohort (N = 190, included in P2RX7 panel 
sequencing) was compared against randomly selected healthy controls 
(N = 190), which was repeated 1000 times. Across randomly selected 
190 (of 1873) controls (repeated 1000 times), a median of 3.7 distinct 
SNPs were found unique to one sample, 0.002 rare SNPs were present in 
two of 190 controls, 0.002 rare SNPs were present in three samples. 
From 190 CNO patients sequenced (P2RX7 panel sequencing), 42 rare 
SNPs were found unique to one patient sample, four distinct rare SNPs 
were present in two CNO patients, three rare SNPs were present in three 
of 190 CNO samples, one rare SNP was present in five CNO samples, and 
11 CNO patients carried the same rare SNP (Supplement Table 4). This 
comparison indicated a significantly higher number of genetic variants 
among CNO patients compared to healthy controls. 

Genotype:phenotype correlations revealed that patients carrying 
rare variants had joint involvement (p = 0.0004), psoriasis (p = 0.02) 
and/or spinal lesions (p = 0.007) less frequently than the remaining 
cohort. Carriers of rare damaging P2RX7 variants more frequently 
experienced abdominal symptoms (p = 0.008), lymphadenopathy (p =
0.02), and/or, though not reaching significance level, mandibular 
involvement (p = 0.06). Furthermore, while not statistically significant, 
patients with rare damaging variants more frequently required 2nd-line 
treatments (disease-modifying anti-rheumatic drugs/DMARDs, 
bisphosphonates; p = 0.08) (Table 1). 

4.3. Generation of genetically modified THP-1 cell lines 

To assess gene dose effects and the activity of selected P2RX7 vari
ants, P2X7-deficient THP-1 monocyte were generated by mono- (3F2) or 
bi-allelic (4G8) deletion of P2RX7 using CRISPR-Cas9 genome editing 
(Supplement Fig. 3C). Next, 4G8 cells were stably transduced to 
reconstitute P2X7 expression (pLenti: empty vector; WT: wild-type 
P2RX7; CNO-associated P2RX7 variants: c.349C > T (rare/GOF (in silico 
prediction)), c.920G > A (rare/LOF (in silico prediction)), c.489C > T 
(common/GOF (in silico prediction)) (Supplement Figures 3,4, Supple
ment Table 5). All 4G8 cells with reconstituted P2X7 expression carried 
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Fig. 1. CNO patients with the P2RX7 c.349C > T variant exhibit increased inflammasome activity. We identified the rare P2RX7 variant c.349C > T/p. 
Arg117Trp (rs28360445) in heterozygous state in two affected family members both with a history of CNO. Using whole blood stimulation assays, both CNO patients 
exhibited increased IL-1β (A) and IL-18 (B) release from PBMCs when compared to healthy young adult controls (N = 5). C&D) Release of mature IL-1β was sup
pressed in response to inhibition of NLRP3 inflammasome assembly with MCC950 in the paediatric patient and a matched control. However, effects of MCC950 were 
incomplete in patients’ cells (C). After the induction of clinical remission (naproxen and methotrexate), differences in IL-1β expression between patient and control 
cells were marginal (D). E) In CD14+ monocyte-derived macrophages, NLRP3 inflammasome assembly is represented by the presence of ASC “specks” (Hoechst (blue 
nuclei), mCherry (red), arrows in white indicate ASC “specks”). F) In response to priming and stimulation (LPS + ATP), macrophages from the CNO patient exhibited 
a higher number of ASC specks when compared to control cells. G) This was accompanied by increased IL-1β and IL-18 release. NS: Not stimulated, up: ultrapure, 
MCC950: small molecular NLRP3 inhibitor. 
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two P2RX7 copies. Expression of P2X7 mRNA and surface protein was 
reduced in 4G8 P2RX7− /− compared to control THP-1 cells, while 
expression was comparable across 4G8 cell lines reconstituted with WT 
or after introducing P2RX7 variants (Supplement Figure 5). 

4.4. P2RX7 variants associate with altered cytokine release and 
pyroptosis 

We observed reduced pyroptosis (LDH release) in P2X7-deficient 
cells (3F2, 4G8) compared to control THP-1 cells, which was accom
panied by reduced IL-1β and IL-18 release in response to priming (LPS) 
and stimulation (LPS/BzATP) (Fig. 2A–C). THP-1 derived macrophages 
reconstituted with WT P2RX7 exhibited increased pyroptosis and IL-1β 
release when compared to controls (pLenti) (Fig. 2D and E). IL-18 
release remained slightly reduced (Fig. 2F). Compared to WT P2X7 
expressing cells, cells expressing the rare c.920G > A variant exhibited 
reduced pyroptosis in response to priming (LPS) and stimulation (LPS/ 
ATP) across investigated time points (Fig. 3A). This was accompanied by 
reduced IL-1β and IL-18 release when compared to WT controls and 
other P2RX7 variants tested (Fig. 3B and C). Both remaining variants 
(c.349C > T, c.489C > T) exhibited reduced pyroptosis after 2h and 4h 
compared to controls (Fig. 3A) in the presence of sustained IL-1β release. 
Notably, compared to controls, c.349C > T variants exhibited increased 
IL-18 release (Fig. 3C). As a positive control, stimulation with LPS and 

nigericin was used, which delivered no differences in pyroptosis or 
cytokine release between WT and P2RX7 variants (Supplement Figure 
6). Compared to WT P2X7 expressing cells, THP-1-derived macrophages 
expressing the rare LOF variant showed reduced pyroptosis after pro
longed LPS stimulation at 30min and 1h, and reduced IL-1β release at 1h 
(Supplement Figure 7). 

4.5. P2RX7 variants affect K+ flux 

NLRP3 inflammasome assembly involves P2X7 mediated K+ efflux 
[13]. While mono-allelic presence of P2RX7 (3F2) controlled intracel
lular K+, bi-allelic deletion (4G8) resulted in K+ accumulation (Fig. 4A). 

Activation of P2X7 (LPS/BzATP) reduced intracellular K+ concen
trations in WT but not in P2RX7-deficient cells, suggesting that P2X7 
activation in 3F2 cells over basal activity was not possible (Supplement 
Figure 8A, Supplement Table 6). Intracellular K+ contents remained 
higher in 4G8 cells than in WT THP-1 cells during stimulation (Fig. 4B). 
As expected, K+ flux was restored by reconstitution with P2RX7 (Fig. 4C, 
Supplement Fig. 8B and C, Supplement Table 7). Compared to WT 
P2RX7, K+ efflux was reduced in cells expressing the rare c.920G>A- 
LOF variant which contained the highest intracellular K+ level 
compared to the remaining cells tested. It was increased in cells with the 
rare c.349C>T variant, and unaltered in cells with the common c.489C 
> T-GOF variant (Fig. 4D, Supplement Fig. 8D and E, Supplement Table 
7). 

4.6. P2RX7 variants affect inflammasome assembly and release 

To investigate effects of P2RX7 variants on inflammasome assembly 
(ASC specks), we used fluorescence microscopy. Reconstitution of P2X7 
expression in 4G8 cells with WT P2RX7 expression plasmids increased 
ASC speck formation over controls (pLenti) (Supplement Figure 9A). 
Compared to WT P2RX7, the c.349C > T variant associated with 
increased, the c.920G > A-LOF variant with lower, and the common 
c.489C > T-GOF variant with comparable speck counts (Supplement 
Figures 9C, 10). Because ASC particles can be released from cells, 
contributing to propagation of inflammation [19], we monitored 
extracellular specks in cell culture supernatants [14]. Consistent with 
the presence of intracellular ASC specks, extracellular speck counts were 
reduced in P2X7-deficient 4G8 THP-1 macrophage-like cells when 
compared to cells expressing WT P2X7 (Supplement Figure 9B). 
Furthermore, when compared to WT P2RX7, the c.920G > A LOF variant 
associated with reduced speck release (Supplement Figure 9D). Both 
GOF variants tested associated with comparable ASC speck counts that, 
at 2h and 4h, were above the WT control. 

5. Discussion 

This study links rare and common CNO-associated P2RX7 variants 
with altered inflammasome assembly, pro-inflammatory cytokine 
release, and reduced pyroptosis. Notably, because of the presence of 
familial clusters, associations with other inflammatory diseases, and up 
to 50% of CNO patients having a family history of systemic inflamma
tory disease, a genetic component to CNO had been suspected [1] but 
not been proven in large patient cohorts. 

We and others previously reported increased expression of pro- 
inflammatory cytokines and NLRP3 inflammasome components, as 
well as increased activation of inflammasomes in monocytes from CNO 
patients [7]. This is of particular interest in the context of here identified 
variants in P2RX7, encoding for the P2X7 transmembrane protein that 
controls K+ efflux, thereby triggering NLRP3 inflammasome assembly, 
caspase-1 activation, and cleavage and release of pro-inflammatory 
IL-1β and IL-18 [20]. Inflammasome assembly results in pyroptosis, in
flammatory cell death that contributes to the termination of inflamma
tory responses [16]. 

Dysregulated expression, release and post-translational control of IL- 

Table 1 
CNO patient characteristics.   

Global CNO 
cohort 

Rare 
damaging 
variants 

Remaining 
cohort 

stat/p 
value 

Number of patients 191 + 1 adult 11 (+1 adult) 180 – 
Female 65.2% (122/ 

186 + 1 
adult) 

81.8% (9 + 1 
adult) 

64.6% 
(113/175) 

0.01 

Median age at 
disease onset 
[IC] 

10 [2–18] 
(excluding 
adult, where 
age at onset 
was not 
known) 

9 [2–12] 
(excluding 
adult, where 
age at onset 
was not 
known) 

10 [2–18] 0.1 

Pattern of bone inflammation 
Multifocal bone 

involvement 
71% (120/ 
168) 

70% (7/10) 71.5% 
(113/158) 

1 

Mandibular 
involvement 

2.2% (4/185) 9.1% (1/11) 1.7% (3/ 
174) 

0.06 

Spinal involvement 22.7% (42/ 
185) 

9.1% (1/11) 23.5% (41/ 
174) 

0.007 

Joint manifestations 
Joint 

manifestations 
84% (89/ 
106) 

62.5% (5/8) 85.7% (84/ 
98) 

0.0004 

Arthritis 4.7% (5/106) 0% (0/8) 5.1% (5/ 
98) 

0.07 

Arthralgia 79.2% (84/ 
106) 

62.5% (5/8) 80.6% (79/ 
98) 

0.007 

Gastrointestinal manifestation 
Abdominal pain 

and or diarrhoea 
17.5% (21/ 
120) 

33.3% (3/9) 16.2% (18/ 
111) 

0.008 

Ulcerating colitis or 
Crohn disease 

3.2% (6/186) 0% (0/11) 3.4% (6/ 
175) 

0.25 

Others manifestations 
Lymphadenopathy 2.5% (3/117) 11.1% (1/9) 1.8% (2/ 

108) 
0.02 

Psoriasis 6.7% (12/ 
180) 

0% (0/11) 7.1% (12/ 
169) 

0.02 

Treatment 
Need for c/b 

DMARDs or 
bisphosphonates 

51.6% (96/ 
186) 

63.6% (7/11) 50.8% (89/ 
175) 

0.08 

IC: interquartile range; bDMARDs: Biologic disease-modifying anti-rheumatic 
drugs; cDMARDs: conventional disease-modifying anti-rheumatic drugs. Mann 
Whitney and Chi square with Yates correction. Number of patients included vary 
as indicated because of missing data. 
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1β have previously been linked with bone inflammation in monogenic 
systemic autoinflammatory diseases, namely Deficiency of IL-1 Receptor 
Antagonist (DIRA), Pyogenic Arthritis Pyoderma gangrenosum and Acne 
(PAPA), and Majeed syndrome (MS) [6,21]. DIRA is caused by LOF 
mutations in IL1RN, encoding the endogenous IL-1 receptor antagonist 
(IL-1RA) [1,22,23]17,22. PAPA is an autosomal dominant auto
inflammatory disease caused by mutations PSTPIP1, encoding a protein 
involved in the autoinflammatory cascade [1,24]. Majeed Syndrome, 
previously called “familial CNO”, is caused by autosomal recessive 
mutations in LPIN2, a gene involved in lipid metabolism [1,25]. 
Recently, Lordén et al. demonstrated that lipin-2, via the regulation of 
cholesterol levels, controls the activation of P2X7, underscoring patho
mechanistic links between MS and CNO [16]. Dysregulation of the P2X7: 
IL-1β axis had been suggested in a patient with SAPHO (Synovitis Acne 
Pustulosis Hyperostosis Osteitis), a (usually) adult-onset systemic in
flammatory condition resembling CNO [6]. The reported patient was 
successfully treated with the recombinant IL-1 receptor antagonist 
anakinra [26]. While reports of paediatric CNO patients treated with 
anakinra are limited to small case series, a subset of otherwise treatment 
resistant patients responded [27]. 

CNO-associated variants in P2RX7 represent a combination of re
ported and previously unknown, mostly GOF but also LOF variants. 
Eleven patients in this cohort (11/191, 5.7%) exhibited one or more rare 
P2RX7 variants. The ultra-rare variant rs28360445 (c.349C > T/p. 
Arg117Trp) identified by WES in the index family, was predicted to 
cause LOF through reduced channel/macropore function [28]. Howev
er, functional work in ex vivo isolated blood cells from CNO patients and 
in genetically modified THP-1 cells showed increased K+ flux, inflam
masome assembly, and IL-1β and IL-18 release, but reduced pyroptosis. 
This suggests GOF and impaired inflammatory cell death, a mechanism 
to control damage. The exact molecular mechanisms contributing to 
disassociation between K+ flux and inflammasome assembly on the one 
hand and pyroptosis on the other remain currently unknown and will be 
the focus of future studies. 

Functional testing of rs28360457 (c.920G > A/p.Arg370Gln), iden
tified in one CNO patient, confirmed predicted LOF by introduction a 
positively charged arginine at residue 370 [29]. Reduced K+ flux asso
ciated with impaired inflammasome assembly, pro-inflammatory cyto
kine release and pyroptosis. This suggests that reduced cytokine release 
in the context of reduced pyroptosis may result in a cumulative 

Fig. 2. P2X7 determines pyroptosis and cytokine release. Pyroptosis, IL-1β and IL-18 release in response to priming (LPS) and stimulation (LPS + BzATP) were 
investigated in P2X7-deficient cells (mono- 3F2 and bi-allelic 4G8 deletion; A-C) and in THP-1 derived 4G8 macrophages reconstituted with wild-type P2X7 expression 
vectors (D–F). A-C) Kruskal Wallis test and Dunn’s multiple comparison (result shown in black print; A: N ≥ 6, B/C: N ≥ 8). A-C) Wilcoxon tests comparing THP1 to 
3F2 cells and THP1 to 4G8 cells (result shown in blue print). D-F) Wilcoxon tests (D: N = 6, E/F: N ≥ 8); *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.001. 
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pro-inflammatory phenotype. Supporting this hypothesis, rs28360457 
has previously been linked with bone loss [30], osteoporosis [31], and 
increased risk of hepatocellular carcinoma [32], conditions character
ized by inflammation. Alternatively, rs28360457 may prolong cell sur
vival in the presence of additional GOF variants. Indeed, the here 
reported CNO patient carrying rs28360457 was also a homozygous 
carrier of 2 additional, more common, GOF variants: the here also 
functionally tested rs208294 (see below), and rs7958311(c.809G > A, p. 
Arg270His). Recently, rs7958311 has been reported in the context of 
chronic pain, particularly chronic pelvic pain [33], a relatively common 
long-term complication of CNO [3]. Furthermore, the here included 
patient presented with a multifocal form of CNO including the pelvis 
[34]. 

Further rare variants associated with CNO remain currently func
tionally untested. An unreported variant at chromosome 12: 
121,154,840 (c.181G > T/p.Val61Leu) is located near one of the 10 
conserved cysteine residues and may affect channel function [35]. The 
c.417G > A/p.Trp139* variant affects the ATP-binding pocket and may 

impact its accessibility. Additionally, it affects a bisulfide bond involved 
in covalent linkage and protein structure, thus potentially affecting re
ceptor stability. The ten remaining rare variants include missense vari
ants (7/11, 64%) with unknown effects, early stop codons (2/11, 18%) 
and loss of the start codon (1/11, 9%). All remaining CNO patients in 
this cohort carried a combination of more common P2RX7 SNPs, 
including the here functionally tested rs208294 (c.489C > T) GOF 
variant. Rs208294 results in p.His155Tyr, affecting the P2X7 ectodo
main involved in ATP binding. It has previously been reported as a 

Fig. 3. Macrophages carrying CNO-associated P2RX7 variants show pro
longed cell survival and variable cytokine expression. The impact of P2RX7 
variants identified in CNO patients on NLRP3 inflammasome activation, 
pyroptosis and cytokine release were tested in 4G8 THP-1 derived macrophages 
(P2RX7− /− ) stably expressing wild-type (WT) or variant P2X7. A) All variants 
tested displayed prolonged survival when compared to cells expressing WT 
P2X7. This was most pronounced in cells with the c.920G > A LOF variant. Both 
remaining variants exhibited reduced pyroptosis after 2 h when compared to 
WT controls (N = 6). B, C) Cells with the c.920G > A variant exhibited reduced 
IL-1β and IL-18 release when compared to WT controls and other variants (N ≥
8). Wilcoxon tests comparing WT against individual P2RX7 variants with 
Bonferroni correction for multiple testing, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.001. 

Fig. 4. P2RX7 variants affect Kþ flux. In the following, potassium concen
trations in each cell line across time points are based on the K+ concentration in 
wild-type controls at the same time point. A) Under resting conditions, mono- 
allelic presence of P2RX7 sufficiently controls intracellular K+ concentrations, 
while bi-allelic deletion results in intracellular accumulation of K+ (N = 26). 
Anova and Tukey’s multiple comparison tests. B) The intracellular K+ content is 
higher in 4G8 cells when compared to wild-type THP1 cells. At each time point, 
fluorescence of variant cell-lines was compared to the fluorescence of the 
reference cell line (THP-1) (N = 4). C) K+ flux can be restored by reconstitution 
of 4G8 cells with P2RX7 expression vectors. At each time point, fluorescence of 
reconstituted cells was compared to the fluorescence measured in the reference 
cell line (4G8+plenti) (N = 4). D) When compared to wild-type (WT) P2X7 
expressing cells, K+ content is higher in cells carrying the rare c.920G>A LOF 
variant; it is slightly lower in cells carrying the rare c.349C > T variant, and 
unaltered in cells with the common c.489C > T GOF variant. At each time point, 
fluorescence of reconstituted cells was compared to the fluorescence measured 
in the reference cell line (4G8+plenti) (N = 4). Friedman test and Dunn’s 
multiple comparison test; ***p < 0.001, ****p < 0.001. 
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“weak” P2RX7 GOF polymorphism that is associated with accelerated 
release of pro-inflammatory cytokines in lupus [36], and female infer
tility [37]. The current study supports these pro-inflammatory effects. 

Because rare likely damaging variants only affected 5.8% of CNO 
patients, genomic variability among all patients was tested. A markedly 
higher number of P2RX7 SNPs unique to one sample was identified in 
CNO patients compared to 1873 controls (42 versus 3.7), highlighting a 
possible role of P2RX7 as a risk locus. In addition to the index family 
carrying the ultra-rare rs28360445 (c.349C > T/p.Arg117Trp) variant, 
the CNO cohort included two brothers who developed CNO in adoles
cence. These patients did not exhibit rare (in silico predicted) “high 
impact” variants but a combination of “moderate impact” variants 
(monoallelic: rs7958311/c.809G > A/p.Arg270His, rs1718119/ 
c.1042G > A/p.Ala348Thr; bi-allelic: rs208294/c.463T > C/p.Tyr155
His), which furthermore suggests combined impact of P2RX7 variants as 
a factor in CNO. Previous studies investigating one of these variants, 
rs208294, suggested LOF [38], and linked with multiple sclerosis [39], 
chronic pain [40], and severe sepsis. Notably, a proportion of CNO pa
tients will also develop chronic pain [1]. Both mono-allelic variants, 
rs7958311 and rs1718119, were predicted to cause GOF [41,42]. 
Rs7958311 has previously been associated with ankylosing spondylitis 
[43], a condition clinically related to CNO [44]. Also considering 
reduced pyroptosis associated with functionally tested GOF and LOF 
variants in the current study, it is tempting to speculate that the com
bination of LOF and GOF variants in both siblings may result in 
increased inflammasome assembly and prolonged cell survival. One of 
the brothers carried an additional “moderate impact” LOF variant 
rs7958316 (c.827G > A, p.Arg276His) that had been associated with 
gout, another inflammasome-related condition [45]. 

Though limited by the number of CNO patients included, this study 
suggests P2RX7 variant-associated phenotypic features and disease 
outcomes. Patients with rare likely damaging variants more frequently 
displayed lymphadenopathy, abdominal and mandibular involvement. 
The remaining cohort more frequently exhibited joint and vertebral 
involvement. Lastly, while not reaching statistical significance level, 
patients with rare damaging P2RX7 variants more frequently required 
2nd line treatments, including c/bDMARDs or bisphosphonates (63.3% 
versus 50.8%; p = 0.08). While these results need to be confirmed in 
larger independent cohorts, they may be applied in the future as tools for 
patient stratification and risk assessment. 

Results from this study support NLRP3 inflammasomes and/or pro- 
inflammatory cytokines as therapeutic targets. NLRP3 inflammasome 
assembly can be modified (with variable efficacy) by non-steroidal anti- 
inflammatory drugs (e.g., naproxen) that are routinely used as 1st-line 
treatment in CNO. Already available IL-1 blocking strategies (e.g., 
anakinra, canakinumab) may be used to control inflammation [27], 
while inflammasome assembly may be blocked in the future by small 
molecules (e.g., MCC950) [13]. As inflammation is promoted by altered 
P2X7 function, therapeutic targeting of P2X7 appears a promising 
target. This may, however, be complicated by the fact that both LOF and 
GOF variants appear to promote inflammation. While P2X7 activation 
related pyroptosis not only contributes to the inflammation “spreading” 
through cytokine release and assembled inflammasomes (ASC specks) 
[19], it also terminates inflammation and tissue damage as pyroptotic 
cells cannot produce additional pro-inflammatory cytokines [46]. 

This study has significant strengths, including the comparably large 
national cohort of CNO patients with associated clinical/demographic 
datasets, ethnically matched healthy controls, and functional data from 
primary human and genetically modified cells. Although large for a rare 
disease, the patient cohort size is not sufficient to deliver statistically 
significant findings for several rare variants (though not present in 
control cohort). Primary human cells were only available for the index 
patient’s family. Additional molecular mechanisms associated with 
P2X7 activation, including Ca2+ flux affecting gene expression, protein 
kinase, transcription factor activation, and oxidative stress were beyond 
the scope of this report and are the focus of ongoing projects. Lastly, 

investigation of additional gene variants and/or their combination was 
beyond the scope of this manuscript and will be the focus of future work. 

6. Conclusions 

This study links rare variants in P2RX7 with CNO. All tested variants 
associate with reduced pyroptosis and prolonged cell survival. This may 
explain pro-inflammatory monocyte phenotypes and argues for the use 
of already available cytokine blocking agents that are currently not 
licensed for use in CNO. Stratification of patients based on P2RX7 var
iants may offer an opportunity for individualized care but requires 
validation in large international cohorts. 
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