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SUMMARY
The interleukin 1 (IL-1) pathway signals through IL-1 receptor type 1 (IL-1R1) and emerges as a central medi-
ator for systemic inflammation. Aberrant IL-1 signaling leads to a range of autoinflammatory diseases. Here,
we identified a de novomissense variant in IL-1R1 (p.Lys131Glu) in a patient with chronic recurrent multifocal
osteomyelitis (CRMO). Patient PBMCs showed strong inflammatory signatures, particularly in monocytes
and neutrophils. The p.Lys131Glu substitution affected a critical positively charged amino acid, which disrup-
ted the binding of the antagonist ligand, IL-1Ra, but not IL-1a or IL-1b. This resulted in unopposed IL-1
signaling. Mice with a homologous mutation exhibited similar hyperinflammation and greater susceptibility
to collagen antibody-induced arthritis, accompanied with pathological osteoclastogenesis. Leveraging the
biology of themutation, we designed an IL-1 therapeutic, which traps IL-1b and IL-1a, but not IL-1Ra. Collec-
tively, this work provides molecular insights and a potential drug for improved potency and specificity in
treating IL-1-driven diseases.
INTRODUCTION

The IL-1 signaling pathway is one of the important pathways in

the orchestration of innate and adaptive immune responses.1–3

Aberrant activation of the IL-1 pathway is implicated in multiple

disorders, such as rheumatoid arthritis,4 degenerative dis-

eases,5–7 cardiovascular disorders, and cancer.8–12 The IL-1

signaling cascade is initiated by the binding of interleukin 1 alpha

(IL-1a) or interleukin 1 beta (IL-1b) to the receptor IL-1R1, which

recruits the IL-1 receptor accessory protein (IL-1RAP) to form a

receptor complex. Next, the signaling adaptor myeloid differen-

tiation factor 88 (MyD88) docks to the intracellular region of the

IL-1 receptor complex and mediates the activation of nuclear

factor kappa B (NF-kB) and mitogen-activated protein kinase

(MAPK) signaling pathways, leading to downstream expression

of proinflammatory cytokines and chemokines.1–3 The IL-1 re-

ceptor antagonist (IL-1Ra) competes with IL-1a and IL-1b to

bind IL-1R1, thereby acting as an endogenous inhibitor of the

IL-1 signaling pathway.13–15 Persistent activation of IL-1

signaling pathway caused by gene mutations leads to autoin-
flammatory diseases with various clinical features.16,17 Defi-

ciency of IL-1Ra (DIRA) caused by loss-of-function mutations

in IL1RN leads to unopposed activation of IL-1 signaling pathway

with development of early-onset multifocal osteomyelitis and

generalized pustulosis.18,19 Administration of recombinant IL-

1Ra (anakinra) in patients with DIRA is associated with marked

clinical and laboratory improvements.18,19 Il-1ra deficient mice

(Il1rn�/� with BALB/c background) also develop inflammatory

features including arthritis and psoriasis.20–22 Despite the pivotal

role of the IL-1 receptor complex in regulating innate immunity

and inflammation,17 human diseases associated with mutations

in the IL-1R1 and IL-1RAP have not been discovered.

Several IL-1-targeted agents have been clinically approvedand

applied in treating IL-1-mediated inflammatory disorders.23–28

Anakinra,was the first biological drugas a selective IL-1R1antag-

onist to receive approval from the US Food and Drug Administra-

tion (FDA). Due to the relatively short half-life, anakinramust be in-

jected daily.29 Canakinumab, a specific monoclonal antibody

targeting IL-1b, was approved for the treatment of several IL-

1b-related inflammatory diseases by the FDA, but it has no effect
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on IL-1a-driven inflammation.24,30,31 Rilonacept, also known as

IL-1Trap, is a dimeric fusion protein, consisting of the ligand bind-

ing domains of IL-1R1 and IL-1RAP. This molecule blocks IL-1

signaling by acting as a soluble decoy receptor that binds IL-1a,

IL-1b, and IL-1Ra.32Rilonacept is approvedby the FDA for clinical

treatment of DIRA, cryopyrin-associated periodic syndrome

(CAPS), and recurrent pericarditis.26,33,34 However, the indiscrim-

inate neutralization of IL-1Ra reduces the efficacy of rilonacept.

Despite the general success of anti-IL-1 drugs in treating autoin-

flammation, the shortcomings of these inhibitors highlight a

need for more effective therapies.

Here, we reported the first case of autoinflammatory disease

caused by a mutation in IL-1R1 that disrupts the negative regu-

lation by IL-1Ra and results in unopposed activation of the IL-1

pathway. We showed that dysregulated IL-1 signaling drives

pathological osteoclastogenesis, which is responsible for the

pronounced defect of bone homeostasis in the development of

erosive arthritis or osteomyelitis observed in the patient and

Il1r1 mutant mice. Based on the mechanism of the mutation,

we designed an IL-1 Trap that only traps IL-1b and IL-1a but

not IL-1Ra and provided preclinical evidence of the innovative

drug for IL-1-driven diseases.
RESULTS

Patient with IL-1R1 variant
The patient, a 13-year-old girl, presented with left knee-joint

swelling and arthralgia at the age of 15 months. Over time, she

developed arthritis of bilateral shoulders, elbows, wrists, hips,

knees, and ankles. The patient experienced chronic pain, gait

disturbance (Videos S1 and S2), and significant growth impair-

ment (Figure S1A), but did not develop skin rash or recurrent fe-

ver. Laboratory studies revealed highly elevated serum amyloid

A (SAA; 553mg/L), C-reactive protein (CRP; 73mg/L), and eryth-

rocyte sedimentation rate (ESR; 99 mm/h) (Figure S1B). Antinu-

clear antibody (ANA) was positive (1:100) and IgA was also

elevated (664 mg/dL). Skeletal abnormalities on radiography

were characterized by heterotopic ossification and osteolytic

lesion with a sclerotic rim (Figure 1A). Magnetic resonance imag-

ing (MRI) indicated multifocal abnormal signals with metaphy-

seal lesions (Figures S1C and S1D). Biopsy of bone tissue lesion

from tibia showed negative gram stain and culture, without evi-

dence of malignancy. Treatment with antibiotics (cefotiam) was

ineffective, and the combination of prednisone and hydroxy-

chloroquine only provided slight improvement. Chronic recurrent

multifocal osteomyelitis (CRMO) was diagnosed, and treatment

with a TNF inhibitor etanercept (0.8 mg/kg weekly) combined

with methotrexate (10 mg weekly) was initiated, but the disease

was not well controlled after 4 months. Etanercept was replaced

by adalimumab (20 mg every 2 weeks). CRP and SAA were

normalized, but ESR remained mildly elevated (20–40 mm/h)

(Figure S1B). Bone marrow lesions on MRI did not show signifi-

cant improvement and new lesions appeared in the sacroiliac

joint (Figures S1E and S1F).

Given the early disease onset and the severe clinical courses,

whole-exome sequencing of the family was performed, and the

patient was found to have a de novo variant p.Lys131Glu

(K131E) in IL1R1 (Figures 1B, S1G, and S1H). This variant was
1486 Immunity 56, 1485–1501, July 11, 2023
not present in public databases or Chinese cohorts, including

gnomAD, Kaviar, ChinaMAP, and HUABIAO (Figure S1I).

Mutation in IL-1R1 is associated with inflammatory
signatures in patient PBMCs
RNA sequencing of peripheral bloodmononuclear cells (PBMCs)

revealed increased NF-kB and MAPK signaling in the patient

compared with unaffected controls (Figure 1C). The elevated

transcriptional levels of inflammatory cytokines and chemo-

kines, such as IL1B, IL6, TNF, CXCL8, CXCL1, and CXCL3,

were confirmed by qPCR (Figure 1D). Compared with unaffected

controls, the patient also displayed increased serum concentra-

tions of IL-1b, IL-6, IL-8, and IP-10 (Figure 1E) and overproduc-

tion of IL-6, IL-10, and TNF by PBMCs after IL-1b stimulation

(Figure 1F). Flow cytometry revealed increased basal phosphor-

ylation of p65 and p38 in the patient monocytes compared with

unaffected controls (Figure 1G).

Strong activation of myeloid cells in patient PBMCs
To systematically analyze the inflammatory response at single-

cell level, we performed Cytometry by time of flight (CyTOF) on

patient PBMCs. CyTOF confirmed higher production of proin-

flammatory cytokines IL-1b and IL-8 by patient monocytes

compared with unaffected controls (Figures 2A and 2B).

To further investigate transcriptional profiles of the patient with

the IL-1R1 variant, we performed single-cell RNA sequencing

(scRNA-seq) on the patient’s PBMCs. Although immunopheno-

typing of the patient’s peripheral-blood sample did not reveal ab-

normalities in broad cell populations (Tables S1 and S2), scRNA-

seq uncovered the expansion of a unique cell cluster in PBMC

preparation from the patient, compared with healthy controls

(Figures 2C and 2D). Expression of marker genes, such as

FCGR3B, CSF3R, and CMTM2, were elevated, specifically in

the cluster (Figures 2E and S2A), allowing annotation of the clus-

ter as low-density granulocytes (LDGs),35 a unique subset of

neutrophils with a proinflammatory phenotype.36 Genes involved

in the regulation of inflammatory response, such as IL1B,

CXCL8, IL1RN, and CXCR2, were highly expressed in mono-

cytes and LDGs from the patient (Figures 2F and S2B). In addi-

tion, gene set enrichment analysis (GSEA) demonstrated that

gene sets such as NF-kB signaling were enriched in myeloid

cells, including LDGs, CD14 monocytes, and CD16 monocytes

(Figures 2G–2I). The heatmap analysis further confirmed that

NF-kB pathway was hyperactivated in patient monocytes

compared with controls (Figure 2J). Neutrophils from the patient

also showed a greater spontaneous propensity to form neutro-

phil extracellular traps (NETs) than that in healthy controls (Fig-

ure S2C), the networks of extracellular fibers, which could be

induced by IL-8 and were implicated in the complex pathogen-

esis of multiple inflammatory and autoimmune disorders.37,38

Together, these results demonstrated exacerbated inflammation

in the patient with IL-1R1 mutation, as well as that myeloid cells,

including monocytes and LDGs, represent prominent sources of

inflammation.

Mutant IL-1R1 is unresponsive to inhibition by IL-1Ra
The Lys131 residue is located in the second extracellular immu-

noglobulin-like domain of IL-1R1 (Figure S3A) and forms

hydrogen bonds with negative regulator IL-1Ra.39 Mutating
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Figure 1. Clinical and laboratory phenotypes of patient with K131E variant of IL-1R1

(A) Radiological manifestations of the patient, including osteolytic lesions with sclerotic rims of the distal femur and proximal tibia, with mild periosteal reaction

(arrows), and metaphysis lesions of distal femur and proximal tibia (asterisks) (upper panel) and osteolytic lesions with sclerotic rims of the distal radius (arrows)

(lower panel).

(B) Pedigree of the family with a de novo IL1R1 K131E variant and confirmation of the variant by Sanger sequencing.

(C) RNA-sequencing analysis of NF-kB andMAPK pathways in patient PBMCs compared with three unaffected controls. Analysis of each sample was performed

in triplicate.

(D) qPCR analysis of cytokine and chemokine-related genes in PBMCs from patient (three different times) compared with ten unaffected controls.

(E) Levels of cytokines IL-1b, IL-6, and chemokines IL-8, IP-10 in serum of patient (three different times) and six unaffected controls detected by cytometric bead

array (CBA).

(F) PBMCs from patient and three unaffected controls were cultured in RPMI for 18 h with 50 ng/mL IL-1b. Supernatants were collected and cytokine con-

centrations were measured by CBA.

(G) Phosphorylation levels of p65 and p38 of monocytes gated by CD14 from patient PBMCs compared with three unaffected controls at basal level determined

by flow cytometry analysis.

Patient samples used in (C), (F), and (G) were collected in the periodwith no treatment. Patient samples used in (D) and (E) were collected from three different times

(one during methotrexate treatment; two during no treatment). All values in (D–F) are the mean from three independent reactions. For results in (D–F), bars

represent the mean ± SEM.
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the Lys131 to glutamine destabilized the interaction of IL-1R1

and IL-1Ra with a DDG of 0.6308 kcal/mol, as predicted by

Fold-X (Figure S3B). Both co-immunoprecipitation (Figure 3A)

and pull-down assay (Figure S3C) demonstrated that the

K131E substitution impaired the interaction between IL-1R1

and IL-1Ra, but not between IL-1R1 and IL-1b/IL-1a (Figure 3A).

We also performed quantitative binding analysis of IL-1Ra to IL-

1R1 extracellular domain-Fc chimeras using surface plasmon

resonance (SPR) assay. The KD values of wild-type (WT)

and K131E mutant IL-1R1 binding to IL-1Ra were 3.690 3

10�11 and 1.415 3 10�9 M, respectively, confirming the
reduced binding affinity of the mutant IL-1R1 to its antagonist

(Figure 3B).

Following IL-1b binding, both WT and K131E mutant IL-1R1

showed recruitment of IL-1RAP and MyD88 (Figure 3C). Howev-

er, the addition of the negative regulator IL-1Ra only attenuated

the association of IL-1RAP and MyD88 with WT IL-1R1, but not

withmutant IL-1R1, due to the binding defect of IL-1Ra tomutant

IL-1R1 (Figure 3C). The not-antagonized association of mutant

IL-1R1 with IL-1RAP and MyD88 triggered downstream NF-kB

and MAPK-signaling pathways in a constitutive manner, as

demonstrated by the stably elevated phosphorylation of p65,
Immunity 56, 1485–1501, July 11, 2023 1487
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Figure 2. Strong activation of myeloid cells in patient PBMCs

(A) t-distributed stochastic neighbor embedding (tSNE) representation shows immunophenotyping of 4*30,000 CD45+ DNA+ live PBMCs from patient and three

unaffected controls by CyTOF.

(legend continued on next page)
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p38, and c-Jun N-terminal kinase (JNK) upon IL-1b stimulation

with or without IL-1Ra (Figure 3D).

Furthermore, the K131E mutant IL-1R1 activated NF-kB

signaling to a comparable level as WT IL-1R1 in response to

IL-1b or IL-1a stimulation, as reflected by the NF-kB luciferase

assay (Figures S3D and S3E). Due to the binding defect, IL-

1Ra only repressed NF-kB signaling activated by WT IL-1R1,

but not the K131E mutant, regardless of IL-1a or IL-1b stimula-

tion (Figures S3F and S3G). Moreover, the half-maximal inhibi-

tory concentration (IC50) values of inhibitory effect of IL-1Ra

for IL-1b-stimulated WT and mutant IL-1R1 were 0.23 and

187.7 ng/mL, respectively, detected by the luciferase assay (Fig-

ure 3E). The large difference in IC50 values between WT and

mutant proteins provided further evidence that the mutant IL-

1R1 was minimally responsive to inhibition by IL-1Ra. We also

evaluated the inhibitory effect of anti-IL-1R1 antibody for WT

and mutant IL-1R1. The IC50 values of inhibitory effect of anti-

IL-1R1 forWT andmutant IL-1R1were comparable (Figure S3H).

Therefore, the IL-1R1 K131E mutation results in specific resis-

tance to inhibition by IL-1Ra, but not by the anti-IL-1R1 antibody.

Supporting these data, the ability of IL-1Ra to suppress IL-

1b-induced proinflammatory mediators’ expression was

reduced by overexpression of IL-1R1 K131E compared with

WT IL-1R1 (Figures 3F and S3I). Taken together, these orthog-

onal in vitro studies demonstrate that the K131E variant renders

IL-1R1 insensitive to IL-1Ra inhibition.
Patient with IL-1R1 mutation showed resistance to IL-
1Ra inhibition
Next, we examined the effect of IL-1Ra resistance in cells from the

patient. Upon IL-1b stimulation, NF-kB signaling was increased in

the PBMCs from patient and controls (Figure 3G). However, the

patient exhibited constitutive activation of NF-kB signaling with

or without the addition of IL-1Ra, whereas the signaling activation

was effectively suppressed by IL-1Ra in controls (Figure 3G). The

reduced inhibitorycapacityof IL-1Ra for IL-1b-inducedexpression

of IL1B, IL6,TNF,CXCL8,CXCL1, andCXCL3wasobserved in the

patient’s PBMCs compared with controls (Figures 3H and S4A).

When stimulated with IL-1b following the addition of IL-1Ra, the

patient’sPBMCsshowednotonlyenhancedNF-kB-signalingacti-

vation as indicated by increased phosphorylation of p105 but also

increased levels of p-p38 and p-ERK, demonstrating that IL-1Ra

also failed to restrain the activation of MAPK pathway (Figure 3I).

Serum IL-1Ra levels were markedly elevated in the patient,

possibly due to the ineffective IL-1Ra function (Figure 3J), as over-
(B) Expression of IL-1b and IL-8 shown by tSNE map of 30,000 live PBMCs from

(C) Uniform manifold approximation and projection (UMAP) visualization and mar

times) and three unaffected controls. NK, natural killer cell; LDG, low-density gra

cells; pDC, plasmacytoid dendritic cells.

(D) UMAP visualization and marker-based annotation of 14 cell subtypes from p

circle indicates the expansion of the LDGs in patient PBMCs.

(E) The expression of marker genes used for annotating LDGs by scRNA-seq, pre

expressing the gene, and the color scale indicates the average expression level.

(F) Visualization of expression of IL1B and CXCL8 (colored single cells) on UMAP

unaffected controls.

(G–I) Enriched pathways from hallmark gene sets in LDGs (G), CD14 mono (H), a

(J) Comparison of TNFa signaling via NF-kB pathway in CD14 mono and CD1

determined by scRNA-seq.

Patient samples used in this figure were collected in the period without any treat
produced IL-1 could induce negative feedback by expressing of

IL-1Ra.40,41

By contrast, both anti-IL-1b antibody (canakinumab) and anti-

IL-1R1 antibody effectively inhibited the transcriptional expres-

sion of proinflammatory cytokines and chemokines in the

patient’s PBMCs (Figures 3K and S4B), to a similar extent as

controls (Figures S4C and S4D).

Therefore, the mutant IL-1R1 with defective binding to IL-1Ra

unleashes constitutive inflammation that may explain the pa-

tient’s clinical manifestations of arthritis and CRMO.

Electrostatic repulsion caused by K131E mutation
impairs the interaction of IL-1R1 with IL-1Ra
Conservation analysis showed that amino acid position 131 of

IL-1R1 in most species contained either a Lys (K) or Arg

(R) residue,which is a positively charged amino acid (Figure S3A).

Structure modeling suggests a positive electrostatic potential of

Lys131, which contributes to the electrostatic interaction with a

negatively charged pocket on IL-1Ra, and this interaction is

abolished by the negatively charged K-to-E (Glu) mutation (Fig-

ure 4A). The K-to-D (Asp), but not K-to-R or K-to-H (His), replace-

ment at K131 is also predicted to disrupt the positive charge

(Figure S5A).

According to the Fold-X prediction, Lys131 substitutions to

negatively charged amino acids Glu (E) or Asp (D) requires

excessive energy compared with positively charged amino acids

His (H) or Arg (R), suggesting that both K131E and K131D will

result in unstable interaction of IL-1R1 and IL-1Ra (Figure 4B).

The disrupted interaction between IL-1R1 K131E or K131D

and IL-1Ra was demonstrated by co-immunoprecipitation

(Figure 4C). The results were consistent with defective NF-

kB-signaling inhibition by IL-1R1 K131E or K131D, compared

with WT/K131H/K131R, upon IL-1b stimulation with IL-1Ra

(Figures 4D and 4E). Moreover, neutral amino acid substitutions

of K131 by A (Ala), V (Val), or L (Leu) did not influence the sensi-

tivity of IL-1R1 to IL-1Ra (Figures S5B–S5D). These results indi-

cated that the electrostatic repulsion caused by the mutation at

residue 131 is the rationale for the resistance of mutant IL-1R1 to

IL-1Ra binding and inhibition.

Murine model of Il1r1 mutation exhibits enhanced
susceptibility to collagen antibody-induced arthritis
The Il1r1 R134E mutation in mice corresponds to the human

IL1R1 K131E mutation and disrupts the positive charge in this

amino acid (Figure 5A). Similarly, the R134E and R134D variants
indicated individuals. Arrow indicates the monocytes cluster.

ker-based annotation of 14 cell subtypes from patient (two samples at different

nulocytes; DC, dendritic cells; Ery like, Erythroid-like and erythroid precursor

atients (two samples at different times) and three unaffected controls. The red

sented as bubble graph. The size of the bubble indicates the proportion of cells

plot projecting PBMCs from patient (two samples at different times) and three

nd CD16 mono (I), analyzed by GSEA. NES, normalized enrichment score.

6 mono subsets from patient (two samples at different times) and controls,

ment.
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(substitutions from positive charge to negative charge) resulted

in defective murine IL-1Ra (mIL-1Ra) binding, whereas the

R134H and R134K variants did not affect mIL-1Ra binding

in vitro (Figure 5B).

We generated the homozygous knock-in mice Il1r1R134E/R134E

on the C57BL/6 background. Il1r1R134E/R134E mice were pheno-

typically normal without defects in growth and fertility. However,

similar to the patient, the PBMCs from Il1r1R134E/R134E mice

showed resistance to mIL-1Ra inhibition reflected by the persis-

tent high expression of Il1b, Il6, Tnf, Cxcl3, and Cxcl10 and the

stably elevated phosphorylation of p105, p65, and p38 upon

stimulation with murine IL-1b (mIL-1b) and mIL-1Ra, compared

with the PBMCs from Il1r1WT/WT mice (Figures S6A–S6C).

Further, the proinflammatory cytokines mIL-6, mTNF, and che-

mokine mCXCL1 were greatly increased in the plasma of

Il1r1R134E/R134E mice after mIL-1b and mIL-1Ra stimulation

compared with WT littermates (Figures 5C and S6D), supporting

the unrestricted response of the Il1r1R134E/R134E mice to inflam-

mation. Although Il-1ra deficient mice with C57BL/6 background

are also resistant to spontaneous arthritis, they exhibit increased

susceptibility to collagen-induced arthritis.20,42 To further under-

stand the impact of the Il1r1 variant on inflammatory responses

in vivo, we employed a collagen antibody-induced arthritic

(CAIA) model triggered by injection of anti-CII mAbs and

lipopolysaccharide (LPS).43,44 Il1r1R134E/R134E mice developed

severe and persistent arthritis even with injection of a low dose

of anti-CII mAbs (2 mg/mouse) and LPS (20 mg/mouse), although

WT mice only developed mild arthritis that resolved within a few

days (Figures 5D and 5E). By day 14 after anti-CII mAbs injection,

micro-CT analysis revealed prominent bone erosions in

Il1r1R134E/R134E mice but not Il1r1WT/WT mice (Figure 5F). Histo-

logical analysis of the ankle joints showed marked infiltration of

inflammatory cells and severe articular erosion (Figure 5G). We

also found persistent elevation of plasmamIL-6 andmTNF levels

that were not seen in WT mice (Figure 5H). Therefore, although

Il1r1R134E/R134E mice do not develop spontaneous arthritis, they

displayed increased susceptibility to anti-CII mAbs-induced

arthritis. These results are consistent with the phenotypes
Figure 3. Mutant IL-1R1 lost IL-1Ra inhibition

(A) Co-precipitation of Flag-tagged IL-1R1 or IL-1R1 K131E in HEK293T cells tre

(B) Surface plasmon resonance sensorgrams. Binding curves of immobilized WT

human recombinant IL-1Ra. Original binding data are shown as different colored

(C) Co-precipitation of Myc-tagged IL-1R1 or IL-1R1 K131E with IL-1Ra, HA-My

(D) Immunoblot showing the activation of NF-kB and MAPK signaling by using th

(E) The inhibitory effect of IL-1Ra (indicated concentrations) on HEK293T cells exp

upon IL-1b (0.01 ng/mL) stimulation. The half-maximal inhibitory concentrations

(F) Comparison of the inhibitory effect of IL-1Ra on the expression of cytokine- an

K131E. Data were calculated from Figure S3I.

(G) RNA-sequencing analysis of NF-kB pathways in patient PBMCs compared w

performed in triplicate.

(H) Comparison of the inhibitory effect of IL-1Ra on the expression of cytokine- and

unaffected controls. Data were calculated from Figure S4A.

(I) Immunoblot showing the activation of NF-kB and MAPK signaling using indic

indicated.

(J) Levels of IL-1Ra in serum of patient (three different times) and 10 unaffected

(K) Comparison of the inhibitory effect of IL-1Ra, canakinumab, or IL-1R1 antibody

Data were calculated from Figure S4B.

In (F), (H), and (K), inhibition rate (%) = [IL-1b � (IL-1b + IL-1Ra)]/IL-1b. Data in (B

triplicates in (E). Patient samples used in (G–J) were collected in the period withou

For all results in the figure, bars represent the mean ± SEM.
observed in Il-1ra deficient mice (on C57BL/6 background) and

confirmed the pathogenicity of the Il1r1 R134E mutation.

To further investigate the direct mechanism causing the

serious bone erosion in Il1r1R134E/R134E mice, we stained the his-

tologic sections with tartrate-resistant acid phosphatase (TRAP),

an enzyme marker of osteoclast, which is responsible for the

dissolution and absorption of bone. The ankle joints of

Il1r1R134E/R134E mice showed remarkably strong signals for

TRAP+ cells, suggesting increased osteoclasts formation in

Il1r1R134E/R134E mice (Figures 5I and 5J).

Osteoclasts can be differentiated from bone-marrow-derived

macrophages (BMDMs) by culturing themwith receptor activator

of nuclear factor kappa B ligand (RANKL). This process can be

further amplifiedby IL-1bandattenuatedby IL-1Ra.45,46We found

that BMDMs from Il1r1R134E/R134E mice are more prone to osteo-

clastogenesis than the BMDMs from Il1r1WT/WT mice, regardless

of whether or not they are treated with mIL-1b (Figures 5K and

5L). However, mIL-1Ra could only obstruct the mIL-1b-induced

promotion of osteoclastogenesis on WT BMDMs but not

BMDMs from Il1r1R134E/R134E mice (Figures 5K and 5L).

Altogether, these findings support a central role of dysregu-

lated IL-1 signaling in the development of erosive arthritis or

osteomyelitis observed in the patient and in Il1r1 mutant mice.

Furthermore, dysregulated osteoclastogenesis may be respon-

sible for the pronounced defects in bone homeostasis.

Clinical improvement with canakinumab treatment
Given the mechanisms of the disease, recombinant IL-1Ra

(anakinra) was not expected to be an effective treatment strategy

for the patient. Therefore, we elected to treat the patient with

canakinumab, a monoclonal antibody against IL-1b. The patient

responded to the treatment rapidly, with less pain, improved

physical performance (Videos S3 and S4), reduced levels of in-

flammatory markers (ESR, CRP, and SAA), improvement of

bone lesions, and sacroiliac joint lesions (Figures 6A, 6B, and

S1B). The clinical efficacy of this therapy was supported by

reduced expression of inflammatory mediators at the transcrip-

tional level in patient PBMCs and in serum (Figures 6C–6E).
ated with 0.5 mg/mL IL-1b, IL-1a, or IL-1Ra for 1 h.

(top) or K131E human IL-1R1 extracellular domain-Fc chimeras (bottom) with

lines, and the best fit of the data to a 1:1 binding model is shown in gray.

D88, or IL-1RAP-Flag.

e indicated antibodies in HEK293T cells treated as in Figure 3C.

ressing IL-1R1-WT or IL-1R1-K131E was detected by NF-kB luciferase assay,

(IC50) for WT and mutant IL-1R1 were indicated.

d chemokine-related genes in HEK293T cells expressing IL-1R1-WT or IL-1R1-

ith three healthy controls treated as indicated. Analysis of each sample was

chemokine-related genes in PBMCs frompatient (three different times) and six

ated antibodies in PBMCs from patient and three healthy controls treated as

controls detected by ELISA.

on the expression of cytokine and chemokine-related genes in patient PBMCs.

) and (E) are representative of three independent experiments, with technical

t any treatment. All values in (J) are the mean from three independent reactions.
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Figure 4. Positive charge of Lys131 in IL-1R1 is essential for its interaction with IL-1Ra

(A) Surface representation of the electrostatic potential of IL-1Ra and IL-1R1 (WT and K131E mutant).

(B) Mutating the Lys131 to Glu (E) or Asp (D) destabilizes the interaction of IL-1R1 with IL-1Ra (DDG was +0.6308 kcal/mol or +0.9467 kcal/mol, respectively),

whereas mutating the Lys131 to His (H) or Arg (R) stabilizes the interaction of IL-1R1 with IL-1Ra (DDGwas�0.0289 kcal/mol or�0.1306 kcal/mol, respectively),

as predicted by Fold-X.

(C) Co-precipitation of Myc-tagged IL-1R1 or IL-1R1 mutations with IL-1Ra.

(D) Luciferase activity measured in HEK293T cells expressing with or without IL-1R1-WT or IL-1R1 mutations, upon the IL-1b (1 ng/mL) or IL-1Ra (1, 5 mg/mL)

stimulation or not. The cells were co-transfected with NF-kB-luciferase reporter.

(E) Immunoblot showing the activation of NF-kB andMAPK signaling by using the indicated antibodies in HEK293T cells expressing with or without IL-1R1-WT or

IL-1R1 mutations, upon the IL-1b (10 ng/mL) or IL-1Ra (0.5 mg/mL) stimulation or not.

In (A), the electrostatic potential distribution on the surface with negative charges is shown in red, and that with positive charges is shown in blue. The protein

structure of full-length IL-1R1 and IL-1Ra protein were predicted by AlphaFold. Data in (D) are representative of three independent experiments, with technical

triplicates (mean ± SEM). Significance assessed by unpaired t tests, ns denotes p > 0.05, ***p < 0.001.
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Figure 5. Phenotypes of the Il1r1R134E/R134E mouse model

(A) Equipotential simulation modeling of WT and R134E mutant mIL-1R1. Blue represents positive charge, and red represents negative charge.

(B) Co-precipitation of Flag-tagged WT or mutant mIL-1R1 with Myc-tagged mIL-1Ra in NIH/3T3 cells.

(legend continued on next page)
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Development of an IL-1 a/b Trap
The effect of this IL-1R1 mutation demonstrates the importance

of the interaction between IL-1Ra and IL-1R1 in controlling IL-1

signaling, which can be applied to develop more efficient IL-1

Trap, a decoy receptor that binds and neutralizes IL-1 to prevent

its interaction with cell surface IL-1R1. TheWT IL-1 Trap showed

high binding affinity to IL-1Ra reflected by the receptor binding

assay (Figure 7A). This high affinity might reduce the efficacy of

rilonacept. Based on the mechanism of the IL-1R1 K131E muta-

tion, the modification on rilonacept with this K131E mutation,

which we named as rilabnacept, could generate lower affinity

to IL-1Ra without affecting IL-1a/IL-1b binding (Figure 7A).

Quantitative binding analysis using SPR assay further indicated

that the K131E mutation reduced the affinity of Trap for IL-1Ra

by about 50-fold, calculated by the KD values (Figure 7B). In

the presence of IL-1Ra, the increased inhibitory capacity of

K131E mutant Trap for IL-1b was determined by NF-kB lucif-

erase assay (Figure 7C). Compared with other commercialized

IL-1 inhibitors, this designed mutant Trap presented the best ef-

ficacy to inhibit IL-1b induced IL-6 production by MRC5 cells

(Figures 7D and S7A). Further, R134E mutant murine IL-1 Trap

(mIL-1 Trap) showed more efficient than WT mIL-1 Trap, in

blocking the in vivo effects of exogenously administered mIL-

1b, mIL-1a, or LPS (Figures 7E, 7F, and S7B). The anti-inflamma-

tory effect of R134E mutant mIL-1 Trap was much stronger than

WT mIL-1 Trap in CAIA model using BALB/c mice, reflected by

greater efficiency in controlling the symptoms of arthritis in

R134E mutant mIL-1 Trap injected CAIA mice throughout the

experiment (Figures 7G–7I).

Thesedata suggest that rilabnacept functionsas amorepotent

and effective IL-1 inhibitor than rilonacept because it only traps

IL-1b and IL-1a without binding to IL-1Ra, which may improve

the efficacy for the treatment of IL-1-driven disorders.

DISCUSSION

Our study identified a previously unrecognized autoinflamma-

tory disorder caused by mutation in IL-1R1. The substitution

of a basic, polar amino acid at residue 131 with an acidic amino

acid disrupted the interaction of IL-1R1 with IL-1Ra. We desig-

nated this condition as Loss of IL-1R1 Sensitivity to IL-1Ra

(LIRSA). The patient with LIRSA responded well to canakinu-

mab, illustrating that hyperactivation of IL-1b pathway due to
(C) Plasma mIL-6 levels of control and mIL-1b-injected Il1r1WT/WT or Il1r1R134E/R1

(D) Photographs of the hind limbs of Il1r1WT/WT or Il1r1R134E/R134E mice on day 14

(E) Quantification of arthritis severity by clinical score of Il1r1WT/WT or Il1r1R134E/R

(n = 5). The injection of LPS was on day 3.

(F) Representative micro-CT images of the hind limbs of Il1r1WT/WT or Il1r1R134E/R

outlined areas are shown to the right at a higher digital magnification.

(G) Representative images of H&E staining in ankle tissues from three mouse gro

(H) Plasma mIL-6 and mTNF levels of Il1r1WT/WT or Il1r1R134E/R134E mice on day 1

(I) Representative images of TRAP staining in ankle tissue from three mouse gro

(J) Quantification of the percentage of osteoclast surface per bone surface acco

(K) Representative TRAP staining of bone-marrow-derived macrophages from W

without mIL-1b (10 ng/mL) or mIL-1Ra (1 mg/mL) for 5 days.

(L) Quantification of percentage of osteoclast surface (TRAP-positive cells withR

200 mm. Oc.S, osteoclast surface.

All values in (C) and (H) are the mean from three independent reactions. For all re

unpaired t tests, ns denotes p > 0.05, *p < 0.05; ***p < 0.001.
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defect in IL-1Ra inhibition is likely the cause of bone and sys-

temic inflammation. This case highlights the importance of ge-

netic diagnosis in selecting target therapies for patients with

unexplained autoinflammatory diseases. Inspired by the mech-

anism of the mutation, we modified the rilonacept with K131E

mutation, which we named as rilabnacept, making the IL-1 in-

hibitor more effective because it only traps IL-1a and IL-1b but

not IL-1Ra.

DIRA is a recessively inherited disorder caused by bi-allelic

loss-of-functionmutations in IL1RN (encoding IL-1Ra). Complete

deficiency of IL-1Ra translated to the disability of suppressing IL-

1b signaling, whereas carriers with one mutation have reduced

IL-1Ra level, which are still sufficient to inhibit the IL-1 signaling

pathway; thus, they remain clinically asymptomatic.18,19 By

contrast, our data suggested that one allele of mutant IL-1R1 is

sufficient to cause constitutive activation of the IL-1b pathway,

resulting in bone inflammation, which could be inherited in an

autosomal dominant form. The unrestrained IL-1 signaling

pathway further establishes an inflammatory feed-forward loop

in patients with DIRA and LIRSA without external stimulus,

because endogenous IL-1 can induce its own gene

expression.47,48

Compared with DIRA, which is characterized with prominent

skin and bone inflammation (including osteomyelitis and pustu-

losis) and may also be accompanied with additional manifesta-

tions, such as CNS vasculitis, interstitial lung disease, hypotonia,

developmental delay, respiratory distress, and hemophagocyto-

sis,18,19,49 our patient with LIRSA manifests only with osteomye-

litis and developmental delay. Intriguingly, an atypical case of

DIRA associated with a CRMO-like presentation in the absence

of skin manifestations has been reported.50 Considering the

shared signaling pathway between DIRA and LIRSA, it is

possible that patients with LIRSA may develop pustular skin le-

sions later in life. However, the full spectrum of the disorder re-

quires more patients to be diagnosed.

Our results demonstrated that K131E substitution on IL-1R1

leads to the constitutive inflammation by impairing the interac-

tion between IL-1R1 and IL-1Ra. Similar to our case, two unre-

lated DIRA patients with skin and bone inflammation were homo-

zygous for a 15-bp deletion on the IL1RN gene, which encodes a

mutant IL-1Ra lacking amino acids 72–76 and leads to the dis-

rupted binding with IL-1R1.51 Our data suggested that the

charge stability of lysine 131 in IL-1R1 is critical for the
34E mice pre-injected with vehicle or mIL-1Ra (n = 8).

after being injected with saline or anti-CII mAbs/LPS.
134E mice at the indicated day after injected with saline or anti-CII mAbs/LPS

134E mice on day 14 after being injected with saline or anti-CII mAbs/LPS. The

ups. Scale bar, 200 mm.

4 after being injected with saline or anti-CII mAbs/LPS (n = 5).

ups. Scale bar, 200 mm.

rding to Figure 5I (n = 5). Oc.S/BS, osteoclast surface/bone surface.

T or Il1r1R134E/R134E mice cultured in osteoclast differentiation medium with or

3 nuclears) per cultured cells’ surface according to Figure 5K (n = 5). Scale bar,

sults in the figure, bars represent the mean ± SEM. Significance assessed by
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(legend on next page)
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interaction of IL-1R1 with IL-1Ra. Genetic polymorphisms of

IL1RN have been reported to be associated with various dis-

eases.52–59 However, all the associated SNPs are either located

in the noncoding region (intergenic/intronic/UTR) of IL1RN gene

or are synonymous variants, which do not affect the interaction

between IL-1R1 and IL-1Ra. It is worth investigating the potential

for other polar amino acids on the interface between IL-1R1 and

IL-1Ra, which may interfere interaction of the two proteins. It

could not only provide prediction for pathogenicity of mutations

from new patients with LIRSA in the future but also enlighten

alternative new drug design.

Our study demonstrated the critical role of IL-1b signaling

and dysregulated neutrophils, as well as activated monocytes

in the pathogenesis of CRMO and bone inflammation. The

identification of monogenic disorder caused by IL-1R1 muta-

tion highlighted IL-1R1 as a crucial molecule for rheumatoid

arthritis. Beyond the description of an autoinflammatory syn-

drome, this work may shed light on the mechanisms of other

diseases driven by dysregulation of IL-1b signaling. Common

variants in IL-1R1 have been shown to increase the susceptibil-

ity to inflammatory disorders, such as ankylosing spondylitis,

ulcerative colitis, and rheumatoid arthritis.60–62 Here, we estab-

lished the importance of IL-1R1 for inflammatory bone patho-

genesis, indicating that therapies blocking IL-1R1 itself may

be effective for rheumatoid arthritis, which paves the way for

therapeutic IL-1R1 inhibition in rheumatoid arthritis and other

autoinflammatory diseases.

Dysregulated bone homeostasis is the common phenotype

between LIRSA patient and Il1r1R134E/R134E mice. We have

demonstrated that Il1r1R134E/R134E mice are more prone to os-

teoclastogenesis and unresponsive to inhibition by mIL-1Ra,

leading to increased amounts of osteoclasts on bone surfaces

and trigger bone damage through the activation of osteoclast-

mediated bone resorption. These data demonstrated that IL-

1R1 is a key upstream mediator of osteoclastogenesis, which

is consistent with the roles of IL-1R1 in osteoclast-driven bone

loss.46 Osteoclastogenic cytokines IL-1b, IL-6, and TNF strongly

induce RANKL production, which, in turn, supports the differen-

tiation, survival, and activation of osteoclasts and leads to path-

ological bone loss,63–65 maintaining high levels in serum or

plasma of the patient and Il1r1R134E/R134E mice. In addition to cy-

tokines, CD4+ T cells, IL-17-producing CCR2+ Vg6+ gd T cells,

myeloid-derived suppressor cells (MDSC), and regulatory

T cells also contribute to IL-1R1-related bone erosion.66–69 The

involvement of these cells in promoting osteoclasts formation

in LIRSA patient or Il1r1R134E/R134E mice model needs to be

further investigated.
Figure 6. Clinical improvement with canakinumab treatment

(A) Magnetic resonance imaging (MRI) on left knee joint and right wrist joint of pa

(B) T2 MRI on sacroiliac joint of patient after treatment with canakinumab for 4 m

compared with Figures S1C–S1F.

(C) qPCR analysis of cytokine and chemokine-related genes in PBMCs from patien

compared with six unaffected controls.

(D) NanoString analysis of NF-kB signaling in PBMCs from patient with no treatm

three unaffected controls.

(E) Levels of cytokines IL-1b, IL-6, and chemokines IL-8 in serum of patient w

respectively) detected by CBA.

Data in (C) are representative of three independent experiments. All values in (C)

represent the mean ± SEM.
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The discovery of the germline IL1R1 mutation also raises the

possibility of somatic mutations in IL1R1 in patients with adult-

onset CRMO or severe arthritis. It is possible that somatic

IL1R1mutations that drive constitutive IL-1b signaling activation

might occur specifically in myeloid cells as in the case with the

VEXAS (vacuoles, E1 enzyme, X-linked, autoinflammatory, so-

matic) syndrome.70

In addition, IL-1b signaling contributes to the pathogenesis of

primary tumors, and anakinra has been used in clinical trials for

cancer therapy, such as breast cancer and colorectal can-

cer.71–74 IL-1 signaling also exacerbates neurodegeneration,

and targeting neuroinflammation with anakinra has been consid-

ered as a treatment strategy for neurodegeneration disorders.75

A single-nucleotide polymorphism in the promoter region of

IL1RN has been linked to the unresponsiveness to anakinra ther-

apy in patients with systemic juvenile idiopathic arthritis (JIA).52

Our study further provides mechanistic insights for resistance

of IL1R1 mutants to anakinra treatment.

Similar to our observation in the patient with LIRSA, signifi-

cantly elevated IL-1Ra levels have been detected in multiple

IL-1 mediated diseases, such as pyrin-associated autoinflam-

mationwith neutrophilic dermatosis (PAAND) and neonatal onset

multisystem inflammatory disease (NOMID), to counterbalance

the inflammation.76,77 These examples highlight the need to

minimize IL-1Ra neutralization in order to improve efficacy of

IL-1 Trap. Our study inspired the development of an innovative

IL-1 Trap that allows more specific targeting of IL-1a and IL-1b

without invading the compensatory response by endogenous

IL-1Ra. Further studies are needed to investigate the efficacy

and safety of this IL-1 Trap molecule in models of IL-1- driven in-

flammatory diseases. This study provided an example of linking

new disease-causing genes identified from genetic disorders to

the development of designed drugs for targeted therapies

directly.

Limitations of the study
Our study has identified a missense mutation in IL-1R1 that

cause an autoinflammatory disease named LIRSA. However,

there are some limitations that should be noted. There is only

one patient identified so far. We have investigated her clinical

phenotypes in detail, but there is also a possibility that the pa-

tient’s manifestations are not representative of other patients

with similar IL-1R1 mutations. Further investigations with new

patients are expected to unveil the full spectrum of the disorder.

In theory, rilonacept should be another effective choice for LIRSA

patients based on the disease mechanism. This could be evalu-

ated when more LIRSA patients are identified.
tient before treatment and after treatment with canakinumab for 4 months.

onths. Arrows pointed the reduced abnormal signal of sacroiliac joint lesions

t with no treatment or after treatment with canakinumab (three different times),

ent or after treatment with canakinumab (two different times, respectively) and

ith no treatment or after treatment with canakinumab (three different times,

and (E) are the mean from three independent reactions. For results in (C), bars



I

G

BA

DC E

F H

Figure 7. The application of the mutation on drug design

(A) Binding affinity ofWT or K131E IL-1 Trap to immobilized IL-1a, IL-1b, or IL-1Ra. 96-well plates were coated with 1 mg of human recombinant IL-1a, IL-1b, or IL-

1Ra and incubated with increased amounts of WT or K131E IL-1 Trap as indicated. IL-1 binding to the extracellular domain of the Traps was detected using anti-

human IgG-Fc Secondary antibody (HRP).

(legend continued on next page)
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mL) or IL-1Ra (50 ng/mL) stimulation or not.
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R1 antibody for 24 h.

Plasma mIL-6 levels of control and mIL-1b-injected C57BL/6 mice pre-injecte

Plasma mIL-6 levels of control and LPS-injected BALB/c mice pre-injected w

Representative photographs of the hind limbs of BALB/c mice on day 14 after

4E mIL-1 Trap for three times.

Quantification of arthritis severity by clinical score of BALB/c mice after induc

i-CII mAbs/LPS. The injection of LPS was on day 3. The Traps were injected

epresentativemicro-CT images of the hind limbs of BALB/cmice on day 14 tre

gnification.

a in (A–D) are representative of three independent experiments, with technica

ependent reactions. For all results in the figure, bars represent the mean ± SE

8 Immunity 56, 1485–1501, July 11, 2023
d QUANTIFICATION AND STATISTICAL ANALYSIS

d URLS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

immuni.2023.05.014.

ACKNOWLEDGMENTS

We thank the patient and the unaffected controls for their supports during this

research study.We also thank the core facility of the Life Sciences Institute, Zhe-

jiang University, and core facilities of Liangzhu Laboratory, Zhejiang University.

We thank Dr. Ivona Aksentijevich (National Institutes of Health) for her valuable

advice.We are grateful for the technical support by JingyaoChenof theCore Fa-

cilities, Zhejiang University School of Medicine. The works of Q.Z. were sup-

ported by grants 82225022, 32141004, and 81971528 from the National Natural

Science Foundation ofChina. Theworksof X.Y.were supported by theHundred-

Talent Program of Zhejiang University. The works of Y.W. were supported by

grant2021M692779 fromtheChinaPostdoctoralScienceFoundation.Theworks

of P.T. were supported by grants 82201926 from the National Natural Science

Foundation of China, BX2021259, and 2021M702852 from the China Postdoc-

toral Science Foundation.

AUTHOR CONTRIBUTIONS

Q.Z. and X.Y. designed the study, directed, and supervised the research. Y.W.,

J.W., and W.Z. contributed equally. Y. W. and J.W. performed experiments

and analyzed most of the data. J.Z., J.W., T.J., and P.T. performed experi-

ments. Y.W. and C.L. analyzed the data. W.Z., J.H., and P.Y.L. enrolled the pa-

tient and collected and interpreted clinical information. Y.W., J.W., P.Y.L., and

Q.Z. wrote the manuscript, with input from others. All authors contributed to

the review and approval of the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: December 3, 2022

Revised: March 27, 2023

Accepted: May 17, 2023

Published: June 13, 2023

REFERENCE

1. Sims, J.E., and Smith, D.E. (2010). The IL-1 family: regulators of immunity.

Nat. Rev. Immunol. 10, 89–102. https://doi.org/10.1038/nri2691.

2. Gabay, C., Lamacchia, C., and Palmer, G. (2010). IL-1 pathways in inflam-

mation and human diseases. Nat. Rev. Rheumatol. 6, 232–241. https://

doi.org/10.1038/nrrheum.2010.4.
T IL-1 Trap (left) or K131E IL-1 Trap (right) with human recombinant IL-1Ra.

data to a 1:1 binding model is shown in gray.

se reporter, treated with or without 1 nM IL-1 Trap (WT or K131E), upon IL-1b (1

ferent concentrations of IL-1 Trap (WT or K131E), IL-1Ra, canakinumab or anti-

d with different concentrations of mIL-1 Trap (WT or R134E) (n = 8).

ith mIL-1 Trap (WT or R134E) (n = 5).

induction of arthritis with anti-CII mAbs/LPS and injection with vehicle, WT, or

tion of arthritis with anti-CII mAbs/LPS at the indicated day after injected with

on days 2, 5, and 8 (n = 5).

ated as in Figure 7G. The outlined areas are shown to the right at a higher digital

l triplicates in (A), (C), and (D). All values in (E) and (F) are the mean from three

M. Significance assessed by unpaired t tests, ***p < 0.001.

https://doi.org/10.1016/j.immuni.2023.05.014
https://doi.org/10.1016/j.immuni.2023.05.014
https://doi.org/10.1038/nri2691
https://doi.org/10.1038/nrrheum.2010.4
https://doi.org/10.1038/nrrheum.2010.4


ll
Article
3. Dinarello, C.A. (2018). Overview of the IL-1 family in innate inflammation

and acquired immunity. Immunol. Rev. 281, 8–27. https://doi.org/10.

1111/imr.12621.

4. Eastgate, J., Wood, N., Di Giovine, F., Symons, J., Grinlinton, F., and Duff,

G. (1988). Correlation of plasma interleukin 1 levels with disease activity in

rheumatoid arthritis. Lancet 332, 706–709. https://doi.org/10.1016/

S0140-6736(88)90185-7.

5. Liu, X., Nemeth, D.P., McKim, D.B., Zhu, L., DiSabato, D.J., Berdysz, O.,

Gorantla, G., Oliver, B., Witcher, K.G., Wang, Y., et al. (2019). Cell-type-

specific interleukin 1 Receptor 1 signaling in the brain regulates distinct

neuroimmune activities. Immunity 50, 317–333.e6. https://doi.org/10.

1016/j.immuni.2018.12.012.

6. François, A., Terro, F., Janet, T., Rioux Bilan, A.R., Paccalin, M., and Page,

G. (2013). Involvement of interleukin-1b in the autophagic process of mi-

croglia: relevance to Alzheimer’s disease. J. Neuroinflammation 10, 151.

https://doi.org/10.1186/1742-2094-10-151.

7. Forlenza, O.V., Diniz, B.S., Talib, L.L., Mendonça, V.A., Ojopi, E.B., Gattaz,

W.F., and Teixeira, A.L. (2009). Increased serum IL-1beta level in

Alzheimer’s disease and mild cognitive impairment. Dem. Geriatr. Cogn.

Disord. 28, 507–512. https://doi.org/10.1159/000255051.

8. Giavazzi, R., Garofalo, A., Bani, M.R., Abbate, M., Ghezzi, P., Boraschi, D.,

Mantovani, A., and Dejana, E. (1990). Interleukin 1-induced augmentation

of experimental metastases from a human melanoma in nude mice.

Cancer Res. 50, 4771–4775.

9. Hong, D.S., Hui, D., Bruera, E., Janku, F., Naing, A., Falchook, G.S., Piha-

Paul, S., Wheler, J.J., Fu, S., Tsimberidou, A.M., et al. (2014). MABp1, a

first-in-class true human antibody targeting interleukin-1a in refractory can-

cers: an open-label, phase 1 dose-escalation and expansion study. Lancet

Oncol. 15, 656–666. https://doi.org/10.1016/S1470-2045(14)70155-X.

10. McTiernan, C.F., Lemster, B.H., Frye, C., Brooks, S., Combes, A., and

Feldman, A.M. (1997). Interleukin-1b inhibits phospholamban gene

expression in cultured cardiomyocytes. Circ. Res. 81, 493–503. https://

doi.org/10.1161/01.RES.81.4.493.

11. Tatsumi, T., Matoba, S., Kawahara, A., Keira, N., Shiraishi, J., Akashi, K.,

Kobara, M., Tanaka, T., Katamura, M., Nakagawa, C., et al. (2000).

Cytokine-induced nitric oxide production inhibits mitochondrial energy

production and impairs contractile function in rat cardiac myocytes.

J. Am. Coll. Cardiol. 35, 1338–1346. https://doi.org/10.1016/S0735-

1097(00)00526-X.

12. Elaraj, D.M., Weinreich, D.M., Varghese, S., Puhlmann, M., Hewitt, S.M.,

Carroll, N.M., Feldman, E.D., Turner, E.M., and Alexander, H.R. (2006).

The role of interleukin 1 in growth and metastasis of human cancer xeno-

grafts. Clin. Cancer Res. 12, 1088–1096. https://doi.org/10.1158/1078-

0432.CCR-05-1603.

13. Hannum, C.H., Wilcox, C.J., Arend, W.P., Joslin, F.G., Dripps, D.J.,

Heimdal, P.L., Armes, L.G., Sommer, A., Eisenberg, S.P., and

Thompson, R.C. (1990). Interleukin-1 receptor antagonist activity of a hu-

man interleukin-1 inhibitor. Nature 343, 336–340. https://doi.org/10.1038/

343336a0.

14. Eisenberg, S.P., Evans, R.J., Arend, W.P., Verderber, E., Brewer, M.T.,

Hannum,C.H.,andThompson,R.C. (1990).Primary structureand functional

expression from complementary DNA of a human interleukin-1 receptor

antagonist. Nature 343, 341–346. https://doi.org/10.1038/343341a0.

15. Carter, D.B., Deibel, M.R., Dunn, C.J., Tomich, C.S.C., Laborde, A.L.,

Slightom, J.L., Berger, A.E., Bienkowski, M.J., Sun, F.F., and McEwan,

R.N. (1990). Purification, cloning, expression and biological characteriza-

tion of an interleukin-1 receptor antagonist protein. Nature 344, 633–638.

https://doi.org/10.1038/344633a0.

16. Masters, S.L., Simon, A., Aksentijevich, I., and Kastner, D.L. (2009). Horror

Autoinflammaticus: the molecular pathophysiology of autoinflammatory

disease (*). Annu. Rev. Immunol. 27, 621–668. https://doi.org/10.1146/an-

nurev.immunol.25.022106.141627.

17. Broderick, L., and Hoffman, H.M. (2022). IL-1 and autoinflammatory dis-

ease: biology, pathogenesis and therapeutic targeting. Nat. Rev.

Rheumatol. 18, 448–463. https://doi.org/10.1038/s41584-022-00797-1.
18. Aksentijevich, I., Masters, S.L., Ferguson, P.J., Dancey, P., Frenkel, J., van

Royen-Kerkhoff, A., Laxer, R., Tedgård, U., Cowen, E.W., Pham, T.-H.,
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Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Qing Zhou

(zhouq2@zju.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This study did not generate any unique code. Any other piece of data will be available upon reasonable request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement
Patient was evaluated under the protocol (2021-K-327-02 and 2022-L-01-02) approved by the Institutional Review Board by The

Second Affiliated Hospital and Yuying Children’s Hospital of Wenzhou Medical University. Written informed consent was provided

by the patient and her parent.

Mice
Wild-type C57BL/6J mice and BALB/c mice were purchased from Shanghai Model Organisms Center, Inc. (Shanghai, China).

Il1r1R134E/R134E mice were constructed by Shanghai Model Organisms Center, Inc. (Shanghai, China). CRISPR/Cas9 technology

was used to mutate Il1r1 Arg134 to Glu in C57BL/6 mouse genome. All mice were housed under specific pathogen-free (SPF) con-

dition in the mouse facility. Animals in experimental groups were sex- and age-matched. The animals used in study were compliant

with all relevant ethical regulations regarding animal research. All experimental protocols carried out in this study involving animals

were approved by Zhejiang University’s Institutional Animal Care and Use Committee.

Cell culture
HEK293T, NIH/3T3 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supplemented with 10% FBS and

penicillin/streptomycin. MRC-5 cells were grown in Minimum Essential Medium (MEM; Gibco) supplemented with 10% FBS and

penicillin/streptomycin. PBMCs were grown in RPMI-1640 (Gibco) supplemented with 10% FBS and penicillin/streptomycin. All

the cells were grown in a 37�C incubator with a humidified, 5% CO2 atmosphere.

METHOD DETAILS

Whole exome sequencing
Maxwell RSCWhole Blood DNA Kit (Promega, AS1520) was used for extracting DNA fromwhole blood. Onemicrogram of DNA from

the proband and parentswere used for whole exome sequencing (WES).WESdata analyseswere described previously.81 ANNOVAR

(2019Oct24) was used for annotating variants. Candidate variants were filtered to remove those presenting in the gnomAD, Kaviar,

dbSNP and an in-house database. Variants were further filtered by de novo inheritance. The unaffected sister was tested by Sanger

sequencing for the absence of the de novo variant identified in the proband.

Cell stimulation
Unless otherwise stated, recombinant human IL-1Ra (0.5 mg/ml, MCE, HY-P7029A), mIL-1Ra (0.5 mg/ml, MCE, HY-P72566), cana-

kinumab (10 mg/ml, Novartis), IL-1R1 antibody (10 mg/ml, R&D, AB-269-NA) were used to stimulate PBMCs or HEK293T for 1 hour

before stimulation with IL-1b (MCE, HY-P70586), mIL-1b (MCE, HY-P7073) or IL-1a (Sino, 10128-HNCH) for the indicated amounts of

time. For quantitative PCR analysis and luciferase assay, cells were treated with IL-1b/mIL-1b (1 ng/ml) or IL-1a (5 ng/ml) for 6 hours.

For western blot or immunoprecipitation assay, cells were treated with IL-1b/mIL-1b (10 ng/ml) or IL-1Ra/mIL-1Ra (0.5 mg/ml) for

30 minutes.

Plasmid constructs
Tag-taggedMyD88, IL-1R1, IL-1Ra, IL-1RAP were constructed by cloning the corresponding human cDNA into different carrier vec-

tors, while mIL-1Ra and mIL-1R1 were cloned from the mouse cDNA. The mutant IL-1R1 plasmids (K131E, K131D, K131H, K131R,

K131A, K131V and K131L) and mutant mIL-1R1 plasmids (R134E, R134D, R134H and R134K) were constructed by site-directed

mutagenesis. All the plasmids were confirmed by DNA sequencing.

Transfection
Transient transfections of DNA in mammalian cells were performed using Lipofectamine 2000 (Invitrogen) according to the manufac-

turer’s instructions. Cells were analyzed 18-24 hours after transfection.

RNA extraction and RNA sequencing
Total RNAwas extracted using the RNeasyMini Kit (QIAGEN, 74104). RNA libraries were generated using NEBNext Ultra RNA Library

Prep Kit for Illumina (New England Biolabs) and then sequenced on Illumina NovaSeq to get 150-base paired-end reads. HISAT2was

used for mapping sequenced reads to the human reference genome (GRCh38). featureCounts was used to count the reads numbers

mapped to each gene. Differential expression analysis was performed using the DESeq2 R package.

Quantitative PCR
cDNA was generated by the PrimeScript RT Reagent Kit with gDNA Eraser (Perfect Real Time) (Takara, RR047A). qPCR was per-

formed using TBGreen Premix Ex Taq II (Tli RNase H Plus) (Takara, RR820A) on Roche 480II. Gene expression levels were calculated

according to the DDCt method and normalized against ACTB, HPRT or GAPDH.
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NanoString assay
One hundred nanograms of total RNA was used for NanoString assay, and gene expression analysis was conducted using the

nCounter Analysis System (NanoString Technologies) with a code set designed to target 594 immunologically related genes.

NanoString assay and data analysis were performed as previously described.82,83

Single cell RNA sequencing
PBMCs were isolated by LSM� Lymphocyte Separation Media (mpbio, 50494X). 10X Genomics Chromium machine was used for

8,000-10,000 single cell capture and cDNA was prepared as previously described.83 Sequence data was processed with

cellranger-6.0.2 (10X Genomics). Seurat v3.2.3 R package was used for downstream analysis.

Western blot and immunoprecipitation
Cells were harvested and lysed in 1 % Triton X-100 lysis buffer (20 mM Tris-HCl, pH 7.5, 1% Triton X-100, 150 mM NaCl, 10% glyc-

erol, 2 mM EDTA). All buffers used throughout processing were added protease inhibitors. Proteins were denatured and resolved on

sodium dodecyl sulfate polyacrylamide gels, and then transferred to a polyvinylidene difluoride membrane. The membrane was im-

munoblotted with the corresponding primary antibodies and secondary antibodies, after blocking with 5% (w/v) bovine serum albu-

min. Specific bands were analyzed using an Odyssey infrared imaging system (LI-COR Biosciences).

For immunoprecipitation, cell lysates were mixed with immunomagnetic beads (bimake) at 4�C overnight. Then, immunocom-

plexes were washed five times using lysis buffer and subjected to western blot.

Flow cytometry analysis of phosphorylation
For phosflow staining, isolated PBMCs were permeabilized with Perm Buffer III (BD Biosciences) according to the manufacturer’s

instructions. Cells were stained by antibodies CD14 (BD Biosciences, 564054), p-p65 (pS529) (BD Biosciences, 565446), and

p-p38 (pT180/Y182) (BD Biosciences, 612565). All events were acquired on a BD LSRFortessa (BD Biosciences) and analyzed

with FlowJo.

Cytokine detection
Serum from patient and unaffected controls were separated from whole blood by using serum gel separator tubes. The concentra-

tions of cytokines and chemokines in the serum and the supernatants of PBMCswere determined by BDCytometric bead arrays (BD

Bioscience). All data were analyzed by FCAPArray V3 software (BD Biosciences). The concentrations of IL-1Ra in the serum was

determined using ELISA (R&D, AB-269-NA).

CyTOF
For cell preparation, PBMCs from patient and three unaffected controls were separated from whole blood. Cell count and viability

were measured by Countess II (Thermos Fisher).

For mass cytometry analysis, purified antibodies were obtained from BioLegend, Thermo Fisher, BioRAD and R&D systems using

clones listed in Table S3. Antibody labeling with the indicated metal tag was performed using theMaxPAR antibody Labelling kit (Flu-

idigm). Conjugated antibodies were titrated for optimal concentration before use.

Cells were washed oncewith 1xPBS and then stainedwith 100 ml of 250 nMcisplatin (Fluidigm) for 5minutes on ice to exclude dead

cells, and then incubated in Fc receptor blocking solution before stained with surface antibodies cocktail for 30 minutes on ice. Cells

were washed twice with FACS buffer (1xPBS+0.5 %BSA) and fixed in 200 ml of intercalation solution (Maxpar Fix and Perm Buffer

containing 250 nM 191/193Ir, Fluidigm) overnight. After fixation, cells were washed once with FACS buffer and then perm buffer

(eBioscience), stainedwith intracellular antibodies cocktail for 30minutes on ice. Cells were washed and resuspendedwith deionized

water, adding into 20% EQ beads (Fluidigm), acquired on a mass cytometer (Helios, Fluidigm).

The CyTOF data were exported as FCS files, and FCS files were standardized and debarcoded using Nolan Lab Beads Normalizer

package (V0.3). All FCS files were manually gated in FlowJo (v10.0.7) to remove doublets and CD45+ single cells were identified by

DNA (191Ir and 193Ir), 194Pt and event length. 30,000 cells were randomly selected from each sample for downstream analysis. FCS

files were transformed using the arcsinh function with a cofactor of 5. Phenograph clustering in cytofkit (0.99.0) R package was per-

formed on all subsampled sample events, and the k value (k=65) used in Phenograph clustering was calculated with elbow algorithm.

The transformed values of all events were subjected to t-SNE dimension reduction using R-tsne (0.15) package. For each marker

performed in the heatmap, the cluster median value for each marker was calculated first, of which the top 1% was defined as 1

and the rest was normalized by dividing the 99% percentile value. The values of markers used for differential expression analysis

were scaled to 0-1 range and then performed with arcsin square root transformation to alleviate the right skew of the data.

Recombinant protein purification and in vitro Pull-Down assay
GST and GST-IL-1Ra were expressed in Escherichia coli DE3. Bacteria were treated with 0.1 mM IPTG at 30�C to induce protein

expression, and were harvested and resuspended in lysis buffer (PBS containing 1% Triton X-100, 2 mM EDTA, and 1 mM

PMSF) followed by ultrasonication. Then glutathione-sepharose 4B beads were added to the mixture, followed by incubation for

4 hours at 4�C. Immunocomplexes were washed and followed by further incubation with cell lysates (HEK293T expressing IL-1R1

WT or K131E) for 4 hours at 4�C. Then the immunocomplexes were washed and subjected to western blot.
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Human and murine IL-1 Trap (WT/mutant) purification
IL-1 Trap purification was performed as described previously.32 Constructs encoding IL-1RAP (aa21-359)-IL-1R1 (aa22-333)-FC

(IL-1 Trap WT), IL-1RAP (aa21-359)-IL-1R1 (aa22-333)-K110E-FC (IL-1 Trap mutant), mIL-1RAP (aa21-359)-mIL-1R1 (aa24-336)-

FC (mIL-1 Trap WT) and mIL-1RAP (aa21-359)-mIL-1R1 (aa24-336)-R134E-FC (mIL-1 Trap mutant) were expressed in HEK293.

The cells were cultured in a serum-free medium and maintained in Erlenmeyer Flasks on an orbital shaker or the bioreactor by a suit-

able stirring speed at 37�C for 6 days. Cells were removed via centrifugation and the culture supernatant was collected for protein

purification. The protein was further purified by affinity purification: the column was equilibrated with loading buffer and the culture

supernatant was loaded onto the column. Then, the column was re-equilibrated and the target protein was eluted by a gradient of

buffer contain Glycine and NaCl. The protein is subjected to further buffer exchange to remove other salts. The protein solution

was concentrated and protein concentration as well as purity was assayed by BCA and SDS-PAGE.

Receptor binding assay
The 96-well microplates were coated with recombinant IL-1Ra/IL-1b/IL-1a in the working concentration (10 mg/ml in PBS) per well,

and incubated overnight at 4�C. After aspirated and washed with Wash Buffer (0.05% Tween 20 in PBS, pH 7.2-7.4), the wells were

blocked by adding Reagent Diluent (1% BSA in PBS, pH 7.2-7.4, 0.2 mm filtered) at room temperature for 1 hour. Sample (rilonacept/

rilabnacept) (1 ng/ml-10,000 ng/ml) in Reagent Diluent were added into the well and incubated with 2 hours at room temperature.

After washed, each well was added with the detection antibody (Goat Anti-Human IgG-Fc Secondary Antibody, 0.05 mg/ml diluted

in Reagent Diluent) for another 2 hours at room temperature. Then, thewells were aspirated andwashed again, and substrate solution

were added to eachwell for incubating 20minutes at room temperature, followed by adding stop solution. The optical density of each

well was determined using a microplate reader sets to 450 nm.

Luciferase assay
NF-kB response element Firefly reporter plasmid and Renilla luciferase expression plasmid were co-transfected with IL-1R1-WT or

mutant plasmids (K131E, K131D, K131H, K131R, K131A, K131V or K131L) into HEK293T cells. Cells were processed with the indi-

cated treatment after 48 hours of transfection, and luciferase activity was measured using a multimode plate reader (BioTek). Data

were calculated as fold induction by normalizing Firefly luciferase activity to Renilla luciferase activity.

Visualization and quantification of NETs by immunofluorescence
Neutrophils were isolated from healthy controls and LIRSA patient peripheral blood using the protocol as previously described.84

Cells were incubated at 37�C for 2 hours, fixed with 4% paraformaldehyde, blocked with 0.2% porcine skin gelatin (Sigma), and

stained with antibodies directed at human MPO (Dako, A0398), Hoechst, and Alexa 488 donkey anti-rabbit secondary antibody,

mounted, and visualized using a Zeiss LSM710 confocal laser-scanner microscope, and NETs were quantified with imageJ.

In silico analysis of the IL-1R1/IL-1Ra interactions (Fold-X prediction)
Effects of mutations on the IL-1R1/IL-1Ra interactions were predicted using the IL-1R1 complexed with IL-1Ra (PDB code 1IRA).39

The average of five calculations with the Fold-X 4.085 commandPSSMwas used to predict theDDG of the IL-1R1K131mutants on its

interaction with the IL-1b.

Blocking the action of IL-1a, IL-1b or LPS in vivo

mIL-1Ra blocked the action of mIL-1b. Female C57BL/6 mice (Il1r1WT/WT and Il1r1R134E/R134E) were treated by i.p. injection with

vehicle or mIL-1Ra (0.75 mg/kg), respectively. After 2 hours, mice were injected with mIL-1b (0.5 mg/kg) or vehicle. Blood samples

taken 2 hours aftermIL-1b administration were analyzed for the levels ofmIL-6 (EK206,MultiSciences), mTNF (EK282,MultiSciences)

and mCXCL1 (EK286, MultiSciences) by ELISA.

mIL-1 Trap blocked the action of mIL-1a (HY-P7072, MCE) or mIL-1b. Female C57BL/6 mice were treated by i.p. injection with WT

or R134E mutant mIL-1 Trap (62.5 or 312.5 mg/kg). After 1 hour, mice were injected with mIL-1b (0.5 mg/kg), mIL-1a (5 mg/kg) or

vehicle. Blood samples taken 2 hours after mIL-1b/mIL-1a administration were analyzed for mIL-6 levels by ELISA (EK206,

MultiSciences), mIL-1 Trap blocked the action of LPS. Female BALB/c mice were treated by i.p. injection with WT or R134E mutant

mIL-1 Trap (10 mg/kg). After 24 hours, mice were injected with LPS (25 mg/mouse). Blood samples taken 4 hours after LPS admin-

istration were analyzed for mIL-6 levels by ELISA (EK206, MultiSciences),

Micro-CT
After injected with anti-collagen antibody cocktail 14 days, mice were anesthetized with isoflurane. Micro-CT micrographs of paws

were made using a high-resolution micro-CT scanner (U-CT-XUHR, Milabs). Three-dimensional reconstruction was performed using

MILabs reconstruction software (v10.16), and the images were processed with Imalytics Preclinical software (v2.1).

Surface plasmon resonance experiment
WT/K131E IL-1R1-Fc or WT/K131E Trap was immobilized on a Protein A sensor chip (GE Healthcare) using a Biacore T200 (GE

Healthcare) and a running buffer composed of 0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20. Serial
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dilutions of the IL-1Ra were flowed through with a concentration ranging from 3.125 to 50 nM. The resulting data were fit to a 1:1

binding model using Biacore Evaluation Software (GE Healthcare).

MRC5 cell-based assay
MRC5 cells were seeded in 96-well plates at 3,000 cells/100 mL/well and incubated overnight at 37�C in a 5% CO2 humidified Incu-

bator. Cells were then treated with 1 ng/mL IL-1b in the presence of varying concentrations of IL-1 Trap (WT or K131E), IL-1Ra, can-

akinumab or anti-IL-1R1, or MRC5 cells treated with different concentrations of IL-1b and 10 nM IL-1 Trap (WT or K131E), IL-1Ra,

canakinumab or anti-IL-1R1 antibody for 24 hours. After 24 hours, supernatants were collected and assayed for levels of IL-6 using

human IL-6 ELISA kit (EK106, MultiSciences) according to the manufacturer’s instructions.

Collagen antibody-induced arthritis (CAIA) mouse model
Anti-collagen antibody cocktail was purchased from Chondrex Inc. and used according to the manufacturer’s protocol. Briefly, 7-

8 week-old Il1r1WT/WT or Il1r1R134E/R134E male C57BL/6 mice were injected intraperitoneally (i.p.) with 2 mg/mouse of anti-collagen

antibody cocktail. After 3 days, mice received an i.p. injection of 20 mg of LPS to trigger arthritis development. After 14 days, blood

samples taken from mice were analyzed for mIL-6 (EK206, MultiSciences) and mTNF (EK282, MultiSciences) levels by ELISA. As for

evaluating the anti-imflammatory function of mIL-1 Trap, 7-8 week-old male BALB/c mice were injected i.p. with 1.5 mg/mouse of

anti-collagen antibody cocktail. After 3 days, mice received an i.p. injection of 25 mg of LPS to trigger arthritis development. On

day 2, 5 and 8, mice were injected i.p. with 10 mg/kg of mIL-1 Trap (WT or R134E mutant). The clinical arthritis score was assessed

every day.

Assessment of arthritis
Arthritis severity of mice were assessed daily after the injection of anti-collagen antibody cocktail. According to the swelling and

inflammation symptom, mice were scored for signs of arthritis for each limb as follows44: 0, normal; 1, mild redness and swelling

of a single finger or the ankle; 2, moderate redness and swelling of the ankle joint; 3, redness and swelling of the whole claw including

the finger; 4, maximally inflamed limbwith involvement of multiple joints. Each limbwas graded thus, allowing amaximum score of 16

per mouse.

Immunohistochemistry
Ankle tissues of mice were dissected and fixed in 4% PFA over 24 hours. Decalcified by EDTA decalcifying solution (Solarbio E1171)

for 4 weeks, the ankle tissues were embedded in paraffin and sectioned at 3.5 mm. The sections were collected onto glass slides and

stained with hematoxylin-eosin or TRAP (Solarbio G1492). The images were captured by Olympus VS200 and the TRAP+ area was

calculated by ImageJ.

Osteoclast differentiation ex vivo

BMDMs were isolated from femurs and tibias of 6-week-old Il1r1WT/WT or Il1r1R134E/R134E mice and cultured in alpha-MEM supple-

mented with 10% FBS and 25 ng/ml mouse M-CSF for 4 days. Attached osteoclast precursor cells were recruited and seeded in

12-well plates for induction of osteoblasts with 50 ng/ml murine RANKL (PeproTech, 315-11) and 30 ng/ml murine M-CSF

(PeproTech, 315-02) for up to 5 days. The culture medium was changed every 48 hours, with or without 10 ng/ml mIL-1b (MCE,

HY-P7073) or 1mg/ml mIL-1Ra (MCE, HY-P72566). TRAP staining kit (TaKaRa, MK300) was used to detect TRAP-positive multinu-

cleated osteoclasts according to the manufacturer’s protocol. The images were captured by Olympus IX73 and the TRAP+ area was

calculated by ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSIS

All values were expressed as mean ± SEM and calculated from the average of at least three independent biological replicates unless

specifically stated. An unpaired t test was used for comparisons between two conditions (shown if p < 0.05). Statistical analysis was

performed using GraphPad Prism 8 software (GraphPad Software).

URLs
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CADD https://cadd.gs.washington.edu/

Kaviar http://db.systemsbiology.net/kaviar/
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