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Auditory and Vestibular Characteristics of NLRP3 Inflammasome Related Autoinflammatory Disorders: Monogenic Hearing Loss Can Be Improved by Anti-interleukin-1 Therapy
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Inflammasomes are large multimeric protein complexes which regulate the activation of the proinflammatory cytokines interleukins-1β and−18 and inflammatory cell death called pyroptosis. NLRP1, NLRP3, NLRC4, AIM2, and pyrin can induce the formation of inflammasomes. Of these, the NLRP3 inflammasome is the most well-characterized. Recent studies revealed that variants of the NLRP3 gene cause genetic diseases, including systemic inflammatory syndrome called cryopyrin-associated periodic syndrome (CAPS) and non-syndromic sensorineural hearing loss DFNA34. NLRP3 variants cause CAPS and DFNA34 by constitutively activating the NLRP3 inflammasome and increasing IL-1β release. Patients with CAPS show systemic inflammatory symptoms, and hearing loss is a characteristic feature. Patients with CAPS and DFNA34 show progressive bilateral sensorineural hearing loss. Hearing loss has unique characteristics that can be improved or stabilized by anti-interluekin-1 therapy, although it is usually difficult to alleviate genetic hearing loss by drugs. However, it should be noted that there is a window of opportunity to respond to treatment, and younger patients are most likely to respond. It is important to know the characteristics of CAPS and DFNA34 for early diagnosis, and mutation analysis of NLRP3 will lead to a definite diagnosis. In this review, we summarize the current understanding of the mechanisms of the NLRP3 inflammasome and characteristics of patients with CAPS and DFNA34, especially focused on auditory and vestibular findings.
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INTRODUCTION

Inflammasomes are large multimeric protein complexes known for their ability to regulate the activation of the proteolytic enzyme caspase-1 (1). Caspase-1 regulates the maturation of interleukins-1β and−18 (IL-1β and IL-18) through the proteolytic cleavage of pro-IL-1β and pro-IL-18, as well as an inflammatory cell death called pyroptosis (2). Assembly of inflammasome complexes is dependent on the cytosolic sensing of pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs). PAMPs can access the cytosol and activate the innate immune system during microbial infections. DAMPs are endogenous danger signals released from dying or damaged cells and activate inflammasomes during non-infectious inflammation (3).

Sensors of PAMPs and DAMPs in the cytosol include nucleotide-binding oligomerization domain and leucin-rich-repeat-containing receptors (NLRs), absent in melanoma-2 (AIM2)-like receptors (ALRs), and proteins that contain a tripartite motif, such as pyrin. Among these sensor proteins, some NLRs including NLRP1 (NLR family pyrin domain containing 1), NLRP3, and NLRC4 (NLR family caspase-activation and recruitment domain-containing protein 4), together with AIM2 and pyrin, can induce the formation of inflammasomes (4). Inflammasome activation is critical for eliminating microbial infections and repairing damaged tissues. Conversely, the aberrant activation of inflammasomes is associated with inflammatory disorders, infectious diseases, and cancers. Studies in the past decade have shed light on the importance of appropriate activation of the inflammasome in homeostasis and disease pathogenesis (4).

Of these inflammasomes, the NLRP3 inflammasome is the most well-characterized. Recent studies revealed that variants of the NLRP3 gene cause genetic diseases, including cryopyrin-associated periodic syndrome (CAPS) and non-syndromic sensorineural hearing loss (DFNA34, deafness autosomal dominant 34) (5, 6). The NLRP3 inflammasome is also involved in the initiation or progression of diverse disorders, such as obesity, type 2 diabetes, atherosclerosis, heart disease, inflammatory bowel diseases, gut microbiome, rheumatoid arthritis, Parkinson's disease, Alzheimer's disease, multiple sclerosis, and amyotrophic lateral sclerosis (7). In these disorders, sensorineural hearing loss was found in subjects with CAPS and DFNA34. Hearing loss has unique characteristics that can be improved by anti-interleukin-1 therapy, although it is usually difficult to improve genetic hearing loss by drugs (6). Therefore, it is important to know the characteristics of CAPS and DFNA34 for the early diagnosis and treatment. The available review articles on CAPS do not comprehensively summarize the auditory and vestibular findings, including clinical characteristics, imaging findings, response to anti-interleukin-1 therapy, and auditory performance after cochlear implantation (CI). In this review, we summarize the current understanding of the mechanisms of the NLRP3 inflammasome and characteristics of patients with CAPS and DFNA34, especially focused on auditory and vestibular findings.



METHODS

We obtained relevant literature published between 2012 and 2021, from PubMed and Embase, using the following medical terms: NLRP3, inflammasome for the section of NLRP3 inflammasome; CAPS, NOMID (neonatal-onset multisystem inflammatory disease), MWS (Muckle–Wells syndrome), FCAS (familial cold autoinflammatory syndrome), hearing loss for the section of CAPS; DFNA34 for the section of DFNA34. The inclusion criteria were defined as papers from clinical series or reviews published in relevant journals with rigorous materials and methods. The exclusion criteria were defined as papers not available in full-text or papers not written in the English. Additional papers published before 2012 were identified through the references in the published literature. Full-text articles written in English language were obtained.



NLRP3 INFLAMMASOME

The NLRP3 inflammasome consists of a sensor protein NLRP3, an adaptor protein known as apoptosis-associated speck-like protein containing a caspase-recruitment domain, and an effector protein caspase-1 (Figure 1A) (8). NLRP3 is a tripartite protein that consists of an N-terminal pyrin (PYD) domain, a central nucleotide-binding oligomerization domain (NOD), followed by a leucine-rich repeat (LRR) domain at the C-terminus (9). NOD has ATPase activity that is required for NLRP3 oligomerization and function (10). ASCs have two interaction domains: an N-terminal PYD and a C-terminal caspase-recruitment domain (CARD). Full-length caspase-1 has an N-terminal CARD, a central large catalytic domain (p20), and a C-terminal small catalytic domain (p10) (11). Upon stimulation, NLRP3 oligomerizes through the homotypic interaction of NODs (Figure 1B) (10). Oligomerized NLRP3 recruits ASC through PYD–PYD interactions and induces filament formation with ASCs. Multiple ASC filaments combine to form a macromolecule, which is known as an ASC speck (12, 13). The assembled ASC recruits caspase-1 through CARD–CARD interactions, leading to formation of the NLRP3 inflammasome, and enables self-cleavage of caspase-1. Caspase-1 assembled on ASC self-cleaves into a complex of CARD-p20 and p10. CARD-p20 is proteolytically active and induces the maturation of IL-1β and IL-18 and the inflammatory cell death called pyroptosis (14).
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FIGURE 1. NLRP3 inflammasome. (A) NLRP3 inflammasome consists of NLRP3, apoptosis-associated speck-like protein containing a caspase-recruitment domain (ASC), and caspase-1. NLRP3 consists of an N-terminal pyrin (PYD) domain, a central nucleotide-binding oligomerization domain (NOD), and a leucine-rich repeat (LRR) domain at the C terminus. ASC has two interaction domains, N-terminal PYD and C-terminal caspase-recruitment domain (CARD). Caspase-1 has N-terminal CARD, a central large catalytic domain (p20), and C-terminal small catalytic domain (p10). (B) On stimulation, NLRP3 oligomerizes through the homotypic interactions of NODs. Oligomerized NLRP3 recruits ASC through PYD-PYD interactions and induces filament formation of ASC. Multiple ASC filaments combine to form a macromolecule. Assembled ASC recruits caspase-1 through CARD-CARD interactions, leading to formation of the NLRP3 inflammasome, and enables self-cleavage of caspase-1. Caspase-1 assembled on ASC self-cleaves into a complex of CARD-p20 and p10. CARD-p20 is proteolytically active and induces the maturation of interleukins-1β and−18 (IL-1β and IL-18) and pyroptosis. (C) Activation of NLRP3 requires a two step-signals, priming and activation. The initial priming signal causes the upregulation of the expression of NLRP3 inflammasome components NLRP3, pro-IL-1β, and pro-IL-18. The transcriptional upregulation can be induced through the recognition of pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). PAMPs and DAMPs are recognized by pattern recognition receptors including toll-like receptors (TRLs) and nucleotide-binding oligomerization domain-containing protein 2 (NOD2) or by cytokines including IL-1β and tumor necrosis factor (TNF), leading to nuclear factor-κB (NF-κB) activation and gene transcription. The second activation step begins with the recognition of NLRP3 activator and induction of NLRP3 inflammasome formation. NLRP3 can be activated by a wide range of unrelated stimuli. Due to their biochemical diversity, it is suspected that they induce a common cellular pathway. However, multiple signaling events have been observed in the activation of NLRP3 inflammasome, including efflux of potassium or chloride ions, flux of calcium ions, disruption of lysosomes, dysfunction of mitochondria, and production of reactive oxygen species. To date, there is no consensus model for the activation of the NLRP3 inflammasome. IL-1-R1, IL-1 receptor type 1; MDP, muramyl dipeptide; ROS, reactive oxygen species.


Because activation of the NLRP3 inflammasome is directly linked to the inflammatory process, it must be tightly regulated. With only a few exceptions, the activation of NLRP3 is a two-step signaling process. In the first step, it is primed, and then it is activated. Initial priming signals have at least two functions, the first of which is to upregulate the expression of the NLRP3 inflammasome components NLRP3, pro-IL-1β, and pro-IL-18. The second function is to induce post-translational modifications of NLRP3, which changes the auto-suppressed state into a non-suppressed state (8). Transcriptional upregulation can be induced through the recognition of PAMPs and DAMPs. PAMPs and DAMPs are recognized by pattern recognition receptors, including toll-like receptors (TRLs) and nucleotide-binding oligomerization domain-containing protein 2 (NOD2), or by cytokines including IL-1β and tumor necrosis factor (TNF), leading to nuclear factor-κB activation and gene transcription (Figure 1C) (15–17). Post-translational modifications of NLRP3 include ubiquitylation and phosphorylation. Some of them work by activating regulatory modifications, while others work as negative regulatory modifications (18).

After the initial priming step, the second step begins with the recognition of the NLRP3 activator and induction of the NLRP3 inflammasome formation. Although pattern recognition receptors are specific for one or more related PAMPs or DAMPS, NLRP3 can be activated by a wide range of unrelated stimuli (19). The NLRP3 inflammasome can be activated in bacterial, fungal, and viral infections, as well as in inflammation caused by endogenous DAMPs and environmental DAMPs. Endogenous DAMPs include ATP, cholesterol crystals, urate crystals, amyloid-β, heme, and oxidized mitochondrial DNA. Environmental DAMPs include alum, silica, aluminum, and nanoparticles (8). Due to their biochemical diversity, it is suspected that they induce a common cellular pathway. However, multiple signaling events have been observed in the activation of the NLRP3 inflammasome, including efflux of potassium or chloride ions, flux of calcium ions, disruption of lysosomes, dysfunction of mitochondria, and production of reactive oxygen species (Figure 1C). Although there is abundant data describing these multiple signaling events, the pathways are interrelated and overlapping, and the data are conflicting in some cases. Therefore, there is no consensus model for the activation of the NLRP3 inflammasome (18). The details of these signaling events are summarized in the review articles described by Swanson et al. and Rathinam and Fitzgerald (8, 20).



CAPS


Overview of CAPS

CAPS is a spectrum of autosomal-dominant systemic autoinflammatory diseases caused by gain-of-function variants in the NLRP3 gene (5). CAPS includes three clinical subtypes: neonatal-onset multisystem inflammatory disease (NOMID, also known as chronic infantile neurological cutaneous and articular syndrome), Muckle–Wells syndrome (MWS), and familial cold autoinflammatory syndrome (FCAS). These subtypes share common symptoms, including urticaria-like rash, recurrent fever, fatigue, arthralgia/myalgia, conjunctivitis/keratitis, and headache, with differences in the severity and length of inflammatory episodes (Table 1) (21).


Table 1. Clinical features of patients with CAPS (NOMID, MWS, and FCAS), and of those with non-syndromic sensorineural hearing loss DFNA34.
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NOMID, the most severe form of CAPS, usually occurs at birth or early childhood and is characterized by intermittent fever, urticarial rash, and persistently elevated acute-phase reactant levels with typical facial features such as frontal bossing and saddle back nose. The central nervous system (CNS) manifestations include chronic aseptic meningitis, that can lead to brain atrophy and severe intellectual disability, if untreated. Chronic polyarthritis, leading to bone deformity, is also typical (22). FCAS, the mildest form of CAPS, is characterized by recurrent episodes of rash, fever, arthralgia, and conjunctivitis that are triggered by cold exposure. Most people have a normal life span, and developmental complications are rare (23). The intermittent form of MWS is characterized by recurrent attacks of rash, fever, arthralgia, and conjunctivitis, which are typically not triggered by cold exposure. Patients with MWS develop more severe ocular and CNS symptoms than patients with FCAS, including uveitis, episcleritis, and headache (24). Hearing loss is characteristic of NOMID and MWS, but is rarely found in FCAS (22, 24).

NLRP3 variants cause CAPS by leading to the constitutive activation of the NLRP3 inflammasome and increased IL-1β release. This is supported by in vitro studies using monocytes extracted from patients with CAPS. Monocytes from patients with CAPS only require an initial priming signal to induce IL-1β secretion, whereas wild-type control cells require a second activating signal (25). IL-1β activates cells by binding and signaling through IL-1 receptor type 1 (IL-1-R1) and the IL-1 receptor accessory protein (IL-1-RAcP). These receptors form a complex with IL-1β at the cell membrane for signal transduction (Figure 2A) (26). Anakinra, a recombinant form of IL-1-R1 antagonist, prevented all CAPS symptoms in patients with NOMID, MWS, and FCAS (Figures 2B,C) (27–29). The daily use of anakinra was later approved by the Food and Drug Administration (FDA) and the European Medicine Agency (EMA). The success of anakinra in CAPS suggested that inhibiting IL-1-mediated inflammation was sufficient to prevent symptoms in patients with CAPS, and this was supported by a similar clinical success with additional IL-1-targeted drugs, such as rilonacept and canakinumab. Rilonacept is a dimeric IL-1 receptor fusion protein consisting of the extracellular domains of the IL-1-RAcP and the IL-1-R1 fused to the fragment crystallizable (Fc) portion of human immunoglobulin G1 (IgG1) (Figure 2B). It binds IL-1β with a high affinity and inhibits IL-1β activity (Figure 2C). Canakinumab is a specific human monoclonal IgG1 antibody against IL-1β (Figures 2B,C) (26). Rilonacept and canakinumab have a longer half-life than anakinra. Weekly dosing of rilonacept or every 2 months of canakinumab provided a similar efficacy in patients with MWS and FCAS in clinical trials (30, 31). These successes led to the FDA approval of using rilonacept in 2008 and canakinumab in 2009 for patients with CAPS. Currently, new drugs with likely applications for patients with CAPS are under development. These new drugs include small molecule inhibitor called MCC950 and ketone metabolite β-hydroxybutyrate (BHB). MCC950 is a potent and specific inhibitor of NLRP3 and blocks NLRP3 activation by directly targeting NODs of NLRP3, thus preventing NLRP3 oligomerization (32, 33). BHB inhibits the activation of NLRP3 inflammasome by preventing efflux of potassium and reducing ASC oligomerization and speck formation (34).
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FIGURE 2. Anti-interleukin-1 drugs. (A) Interleukins-1β (IL-1β) activates cells by binding and signaling through IL-1 receptor type 1 (IL-1-R1) and the IL-1 receptor accessory protein (IL-1-RAcP). These receptors form a complex with IL-1β at the cell membrane for signal transduction. (B) Anakinra is a recombinant form of IL-1-R1 antagonist. Rilonacept is a dimeric IL-1 receptor fusion protein consisting of the extracellular domains of the IL-1-RAcP and the IL-1-R1 fused to the fragment crystallizable (Fc) portion of human immunoglobulin G1 (IgG1). Canakinumab is a specific human monoclonal IgG1 antibody against IL-1β. (C) In the presence of anakinra, IL-1β cannot bind to IL-1-R1. In the presence of rilonacept or canakinumab, Il-1β is trapped before it can reach its receptors, preventing signal transduction.


To date, 115 pathogenic/likely pathogenic NLRP3 variants have been reported in patients with CAPS on infevers database (https://infevers.umai-montpellier.fr/web; accessed on 12/19/2021), and most of them affect the NOD domain of the NLRP3 protein. Some variants affect other regions of the protein, including the LRR domain. There are a few variants that cause one phenotype in some families and different phenotypes in other families. However, variants identified in patients with FCAS were not found in patients with NOMID. Thus, there is a fairly consistent genotype-phenotype correlation along the disease continuum (21). Somatic mosaicism for NLRP3 variants has been observed in some patients with NOMID without significant CNS inflammation and in a few patients with MWS/FCAS. Patients with somatic mosaicism often show atypical phenotype with a late-onset (35, 36). In these cases, variants cannot be identified by standard Sanger sequencing because a small percentage of myeloid lineage cells have mutant alleles (37). In addition, low penetrance variants have been reported in some patients with atypical CAPS and in unaffected people with no significant signs or symptoms. In these cases, in vitro functional examinations using their monocytes were less functional than those in patients with typical CAPS (38).



Auditory Characteristics of Patients With CAPS

Auditory characteristics in patients with MWS have been described in several reports, but reports of those of patients with NOMID are rare, probably due to difficulties in evaluating exact auditory function in patients with brain atrophy and intellectual disability.

Patients with MWS usually show a bilateral progressive sensorineural hearing loss. In most cases, the hearing loss is symmetric. At the onset, initially high frequencies are affected, and then the thresholds in the middle and low frequencies deteriorate. The hearing loss progressively worsens with age and can lead to a profound sensorineural hearing loss. Thus, the rate of patients with MWS affected by hearing loss increases with age (39, 40). Annual threshold deterioration reportedly ranged from 1.3 to 1.9 dB/year with the highest value at the lower frequencies among six affected members of a Dutch family with MWS, although progression rates are different among families with different NLRP3 variants (41). Hearing loss occurs in up to 85% of patients with MWS and is usually perceived in the second or third decade of life (42). Recently, Kuemmerle-Deschner et al. reported that 21 out of 23 patients with MWS perceived hearing loss, which were classified as a sensorineural hearing loss when the average hearing thresholds of 0.5, 1, 2, and 4 kHz were compared to age-matched normative data. An additional two patients were also classified as having a sensorineural hearing loss when the average hearing thresholds of 6 and 8 kHz were compared to normative data (43). These findings suggest that an early hearing loss in MWS affects high frequencies above 4 kHz and remains undetected by hearing assessment of middle frequencies essential for word recognition. Hearing assessment including high frequencies of 6 and 8 kHz may allow for the recognition of early hearing loss associated with MWS.

Additional auditory assessments, including speech recognition, loudness scaling, gap detection, and difference limen for frequency (DLf), were conducted in five affected family members from a Dutch family with MWS. Although speech recognition scores were clearly affected in these members, they had higher speech recognition scores than patients with presbyacusis with similar levels of hearing impairment, indicating that speech recognition was well-preserved in the MWS family. The loudness growth curves of the affected family members showed steeper slopes than those of individuals with normal hearing. Both sets of findings indicate that hearing loss was primarily of cochlear origin (41). In other patients with MWS, distortion product otoacoustic emissions (DPOAEs) were absent, consistent with a cochlear origin (42). The loudness growth curves in the MWS family are comparable to those of patients with intra-cochlear conductive hearing loss, such as DFNA8/12 (caused by TECTA gene variants) and DFNA13 (COL11A2 gene), which are caused by tectorial membrane abnormalities. The mean gap detection result of the affected family members was close to that of individuals with normal hearing and was comparable to those of patients with DFNA8/12 and DFNA13. The mean DLf of the present family members was poorer than that of individuals with normal hearing, but was fairly similar to those of patients with DFNA8/12 and DFNA13. Thus, the results of loudness scaling, gap detection, and DLf of the affected family members were comparable to the results of patients with DFNA8/12 and DFNA13 with intra-cochlear conductive hearing loss, indicating that hearing loss in patients with MWS can be caused by the same pathogenesis (41).

Patients with NOMID usually show a progressive bilateral hearing loss. Hearing loss usually occurs within the first decade of life (44). In a prospective study, audiological data were collected from 38 patients with NOMID. Of these, 32 patients showed hearing loss and 4, 5, and 23 patients displayed conductive, mixed, and sensorineural hearing loss, respectively. Middle ear effusion (MEE) was present in nine patients, and a tympanostomy tube was present in three ears. MEE was much more prevalent than expected in patients with NOMID and is characteristic of conductive and mixed hearing loss in patients with NOMID. In contrast, MEE was found in none of the 12 patients with MWS. The authors speculated that proinflammatory cytokines such as IL-1β and TNF-α, known to regulate the expression of mucin and other genes involved in the pathogenesis of otitis media, and excessive IL-1β secretion in the respiratory mucosa, including the middle ear, may lead to more frequent otitis media in patients with NOMID (42). Thus, the hearing loss is mainly sensorineural in patients with NOMID, but MEE can also affect hearing, leading to conductive or mixed hearing loss.

Highly sensitive fluid-attenuated inversion recovery MRI (FLAIR-MRI) after the administration of gadolinium in the inner ear was performed to visualize potential inflammatory cochlear lesions (27). On FLAIR-MRI sequences, cochlear enhancement was reportedly found in 26 of 29 patients with NOMID, three of nine patients with MWS, and one of six patients with FCAS. Cochlear enhancement was more frequent in those with hearing loss than in those without hearing loss, suggesting that it can be an accurate predictor of hearing loss, when caused by cochlear inflammation (42).



Auditory Response to Anti-IL-1 Therapy in Patients With CAPS

It should be noted that hearing loss in patients with CAPS can be improved or stabilized by inhibiting IL-1-mediated inflammation using anti-IL-1 drugs, such as anakinra and canakinumab. This is a unique characteristic of hearing loss in patients with CAPS, since it is usually difficult to treat genetic hearing loss by drugs (6). To date, a number of cohort studies have revealed varied results with treatment using anti-IL-1 drugs for patients with MWS and NOMID. In a cohort study of 23 patients with MWS aged from 3 to 72 years with a median age of 16 years, all patients showed at least a mild sensorineural hearing loss at high frequencies. A total of 44 out of 46 ears showed an improvement or stable hearing with anti- IL-1 drugs. Improvement was found in 11 ears, of which six were treated with canakinumab and five with anakinra. Stable hearing was found in 33 ears, of which 20 were treated with canakinumab and 13 with anakinra. Two ears worsened, both of which were treated with anakinra (43). In another cohort of 33 patients with MWS aged 3–75 years with a median age of 35 years, 22 of 33 patients had sensorineural hearing loss. Hearing was stable in the majority of patients treated with anti-IL-1 drugs. Hearing improved in five patients, of which three were treated with canakinumab and two with anakinra. Hearing deteriorated in one patient treated with anakinra (40). Thus, hearing loss can be improved or stabilized in the majority of patients with MWS by anti-IL-1 drugs. Younger patients were most likely to respond to treatment in both studies, indicating that there is a window of opportunity whereby response to treatment can be seen. A recent report including three patients with MWS is also consistent with the observation. Three affected family members, including a 2-year-old boy, the 34-year-old father, and the 65-year-old grandfather, were treated with canakinumab. Hearing thresholds examined by conditioned orientation response audiometry improved from 30–50 dB to 30 dB in the boy, while hearing did not improve in his father and grandfather (45).

Sibley et al. presented the data of 26 patients with NOMID aged 1–42 years with a mean age of 12 years. Eighteen of the 26 patients had at least a mild hearing loss in one ear. Hearing improvement was found in 30% of the cases, and progression of hearing loss was halted in the majority of the patients by treatment with anakinra. In this study, cochlear enhancement on gadolinium-enhanced FLAIR-MRI was evaluated and scored in patients with NOMID. Higher scores were observed for ears with progressive hearing loss compared to those with stable or improved hearing, indicating that cochlear enhancement scores were predictive of further hearing loss (46). In a cohort of 10 patients with NOMID aged from 3 months to 20 years, seven of 10 patients had hearing loss. Two younger patients exhibited a 15 dB-improvement 6 months after the start of anakinra therapy. The remaining five patients showed stable hearing after the dosage of anakinra had increased (47). It is notable here that persistent cochlear inflammation may damage the cochlear nerve and neuroepithelia to cause irreversible hearing loss in these patients, especially if there was a delay in diagnosis and treatment.

Recently, Kim et al. evaluated the audiological response to anakinra therapy in 13 patients with CAPS, including nine patients with NOMID, two with MWS, and two with FCAS. They analyzed the audiological response in relation to the initial hearing threshold, cochlear enhancement on gadolinium-enhanced FLAIR-MRI, and inflammatory markers. Patients with initial hearing thresholds worse than 60 dB did not recover better than hearing thresholds of 60 dB, though 18-year-old male with MSW recovered from severe to moderate severe hearing loss with anakinra therapy. In contrast, patients with initial hearing thresholds better than 40 dB did not get worse than hearing thresholds of 40 dB, except for one patient with NOMID. These findings indicate that there is a time window of opportunity to respond to treatment and that initial hearing thresholds worse than 60 dB suggests poor hearing prognosis. Cochlear enhancement on FLAIR-MRI was examined in nine patients. Of these patients, cochlear enhancement was found in two patients who presented initial hearing thresholds worse than 60 dB and progression of hearing loss in spite of anakinra therapy. Thus, cochlear enhancement was associated with poor hearing prognosis. Inflammatory markers, such as C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR) were examined in all patients. The levels of CRP and ESR decreased immediately after anakinra therapy in most of the patients. However, sometimes the hearing deteriorated even when the inflammatory markers and systemic symptoms were well-controlled. Therefore, the dosage of anakinra required for controlling cochlear inflammation could be the highest among that required for the various tissues (48).

Thus, anti-IL-1 therapy can mitigate hearing loss in patients with MWS and NOMID. There is a window of opportunity to respond to treatment, and the younger patients were most likely to respond to treatment, probably because persistent cochlear inflammation may damage the cochlear nerve and neuroepithelia to make hearing loss irreversible. In brief, cochlear enhancement on gadolinium-enhanced FLAIR-MRI and initial hearing thresholds worse than 60 dB may indicate poor hearing prognosis. Anakinra dosage required for controlling cochlear inflammation may be higher than that required for yielding effective results in other organs.



Auditory Performance After Cochlear Implant in Patients With CAPS

Audiologic performance was evaluated after CI in a patient with MWS and a patient with NOMID. Both patients had bilateral profound sensorineural hearing loss despite treatment with anakinra. The patient with MWS received CI in both ears at the age of 8 years, and the patient with NOMID received CI in the left ear at the age of 15 years. Their speech perception score, examined by the Korean version-central institute for the deaf (K-CID), reached 100% at 6 months post-CI, and was seemingly better than the CI outcomes of those with identified genetic etiology and those without identifiable genetic variants (49). These results suggest that CI is a viable and an effective treatment option for patients with MWS and NOMID. On CI operation, the cochlear round window was easily identified and electrodes were smoothly inserted into scala tympani without any resistance by ossification or granulation tissues in the patient with MWS and that with NOMID (48). These findings are different from those found in patients with non-NLRP3 related autoinflammatory hearing loss. These patients occasionally show ossification around round window and granulation tissues in scala tympani of the basal turn. Cochlear inflammation via the activation of the NLRP3 inflammasome affects cochlear tissue differently from what is caused by non-NLRP3 related autoinflammatory etiology.



Vestibular Characteristics of Patients With CAPS

Detailed vestibular function was reported in three articles on patients with MWS. In a study by Kuemmerle-Deschner et al. the vestibular function was assessed in 15 patients with MWS by videonystagmography, including observation of spontaneous and head shake nystagmus and nystagmus after caloric stimulation. None of the patients complained of vertigo. Neither spontaneous nor head-shake nystagmus was observed. Caloric stimulation showed a normal nystagmus response in all the patients (40). In a cohort of 23 patients with MWS, vestibular function was assessed by observing nystagmus induced by caloric stimulation. All patients showed a normal nystagmus response to caloric stimulation (43). In a study by Weegerink et al., the vestibular function was evaluated in three of six patients with MWS by videonystagmography tests, including the evaluation of saccadic, smooth pursuit, and optokinetic nystagmus responses, and the observation of nystagmus after rotatory and caloric stimulation. The three patients had variable vestibular symptoms, such as dizziness and instability, especially in the dark. Evaluation of the vestibular function in the first patient revealed no abnormalities. In contrast, the second patient showed hyporeflexia of velocity-step responses and weak nystagmus responses after a caloric stimulation in both ears. The third patient showed hyporeflexia in the rotatory test, while caloric stimulation results revealed a normal response (41). Thus, the vestibular function in patients with MWS is variable, and more patients should be tested to assess whether the vestibular function is affected.




DFNA34


Overview of DFNA34

DFNA34 is an autosomal dominant non-syndromic sensorineural hearing loss caused by NLRP3 variants (50). A genome-wide linkage analysis was performed in three generations of a North American Caucasian family (LMG113 family) segregating sensorineural hearing loss, and revealed a positive region on chromosome 1q43–1q44. The DFNA34 interval included 36 protein-coding genes and dideoxy sequence analysis of the genes identified a heterozygous variant c.2753G>A (p.Arg918Gln) in the NLRP3 gene. To evaluate the pathogenicity of the variant, peripheral blood monocytes from three affected individuals were cultured with lipopolysaccharide and the cells secreted high levels of IL-1β compared with non-detectable levels of IL-1β secreted by healthy control monocytes. Postcontrast FLAIR-MRI examination revealed cochlear enhancement in two affected members, indicating cochlear inflammation (50).



Hearing Characteristics of Patients With DFNA34

All eight affected individuals from the LMG113 family had bilateral, symmetric sensorineural hearing loss with a reported onset in the late second to fourth decade of life. Their hearing loss was slowly progressive and initially affected at high frequencies. Low and middle frequencies were affected by advancing age, resulting in a moderate hearing loss with a downsloping audiometric configuration. DPOAEs were absent in a patient examined. The average annual threshold deterioration was 0.9–1.5 dB/year with high values in high frequencies. Speech discrimination scores ranged from 60 to 100% (51). Absence of DPOAEs and the good speech discrimination scores indicate that hearing loss was of cochlear origin, but not with retrocochlear etiology. One patient was treated with anakinra for 110 days, but the mean hearing thresholds after treatment were within 5 dB compared with those before treatment. None of the patients complained of vertigo (51).

The second case of DFNA34 was reported by Kim et al. The proband was a 34-year-old woman with bilateral severe sensorineural hearing loss without any syndromic features characteristic of CAPS. Mutation analysis revealed c.2752C>T (p.Arg918X) variant in the NLRP3 gene. Her 18-month-old daughter showed bilateral mild hearing loss and had the same variant, consistent with autosomal dominant inheritance. The proband was reluctant to undergo anakinra therapy and received CI at the age of 34 years. Her speech perception score examined by K-CID reached 100% at 6 months post-CI, suggesting that CI is a viable and effective treatment option for patients with DFNA34 (48, 49).

Thus, two families from North American Caucasian and Korean populations were reported to have DFNA34. Surprisingly, both families have variants affecting the same amino acid, Arg918, located in the LRR domain in NLRP3. These results indicate that variants affecting Arg918 cause non-syndromic sensorineural hearing loss without inflammatory signs or symptoms in any other organ.




ETIOLOGY OF HEARING LOSS IN PATIENTS WITH CAPS AND DFNA34

Although the mechanism of hearing loss in CAPS and DFNA34 is still under research, some data had shed light on its etiology. Well-preserved speech recognition scores and absence of DPOAEs in patients with MWS and DFNA34, as mentioned above, are consistent with hearing loss being of cochlear origin, but not of retrocochlear etiology (41, 51). Cochlear enhancement on postcontrast FLAIR-MRI was found in patients with NOMID, MWS, and DFNA34, indicating cochlear inflammation and its association with hearing loss (42, 50). Though the mechanism underlying cochlear inflammation remains unclear, cochlear inflammation can be induced through one or both of the following mechanisms. Systemic autoinflammation induces cochlear inflammation as a secondary target organ or local inflammatory cells induce cochlear inflammation. Ahmadi et al. speculated that NLRP3 inflammasome activation causes an inappropriate secretion of IL-1β, leading to chronic aseptic meningitis and subsequently, increased permeability of cytokines between the perilymph and cerebrospinal fluid space via the modiolus. These cytokines can then stimulate spiral ligament fibrocytes to produce downstream mediators that may induce cochlear inflammation responsible for cochlear dysfunction and hearing loss (42). However, their speculation is not consistent with the findings that patients without chronic aseptic meningitis show sensorineural hearing loss (40, 43). In contrast, we hypothesized that resident macrophage/monocyte-like cells in the cochlea can mediate local autoinflammation via the activation of the NLRP3 inflammasome, leading to cochlear dysfunction in patients with DFNA34, since hearing loss segregates without any other target organ manifestations. We demonstrated that macrophage/monocyte-like cells were scattered throughout mouse cochlear tissues in which the NLRP3 inflammasome could be activated with secretion of IL-1β. Based on these findings, we concluded that local cochlear activation of the NLRP3 inflammasome could induce cochlear autoinflammation and sensorineural hearing loss (50).

Muckle and Wells reported the findings of postmortem examinations of the temporal bones of two patients with MWS in 1962. Both patients had shown progressive hearing loss since childhood. Postmortem examinations revealed degeneration of the cochlear nerve, the organ of Corti, and vestibular sensory epithelium (52). In contrast, the results of loudness scaling, gap detection, and DLf in patients with MWS were comparable to the results of patients with DFNA8/12 and DFNA13 with intra-cochlear conductive hearing loss, indicating that hearing loss in patients with MWS can be caused by the same pathogenesis (41). Postmortem examination of the human temporal bone enables assessing the etiology of hearing loss. However, human temporal bones are collected only in a few laboratories. In addition, they are affected by postmortem autolysis. It is difficult to predict specific cellular damage, such as inner/outer hair cell loss, degeneration of spiral ganglion neurons, and atrophy of stria vascularis, only based on subjective hearing assessments, such as audiometry and speech discrimination test (53). Comprehensive hearing assessment including DPOAE and auditory brainstem response, in addition to that using the newly emerging non-/minimally-invasive tools, such as cochlear endoscopy, is required to elucidate the etiology of cochlear dysfunction and the mechanism underlying cochlear inflammation.



CONCLUSION

Patients with CAPS and DFNA34 show progressive bilateral sensorineural hearing loss. Hearing loss has unique characteristics that can be improved or stabilized by anti-IL-1 therapy. However, it should be noted that there is a window of opportunity to respond to treatment, and younger patients are most likely to respond. It is important to know the characteristics of CAPS and DFNA34 for early diagnosis, and mutation analysis of NLRP3 will lead to a definite diagnosis. Although the etiology of hearing loss is not fully understood, the mechanism may be a final common pathway for hearing loss caused by a variety of factors that can activate innate immunity, such as pathogens, chemicals, trauma, aging, or oxidative stress. Future investigations into the role of NLRP3 in the cochlea and the pathogenesis of hearing loss may shed light on the etiology of other sensorineural hearing loss cases.



AUTHOR CONTRIBUTIONS

HN conceived the study. All authors wrote the manuscript, reviewed its drafts, approved its final version, and agreed with its submission.



FUNDING

This study was funded by a Health and Labor Sciences Research Grant for Research on Rare and Intractable Diseases and Comprehensive Research on Disability Health and Welfare from the Ministry of Health, Labor and Welfare of Japan (HN 20FC1048) and JSPS KAKENHI Grant Number JP 20K09729 (HN).



REFERENCES

 1. Martinon F, Burns K, Tschopp J. The inflammasome: a molecular platform triggering activation of inflammatory caspases and processing of proIL-beta. Mol Cell. (2002) 10:417–26. doi: 10.1016/S1097-2765(02)00599-3

 2. Broz P, Dixit VM. Inflammasomes: mechanism of assembly, regulation and signalling. Nat Rev Immunol. (2016) 16:407–20. doi: 10.1038/nri.2016.58

 3. Guo H, Callaway JB, Ting JP. Inflammasomes: mechanism of action, role in disease, and therapeutics. Nat Med. (2015) 21:677–87. doi: 10.1038/nm.3893

 4. Malik A, Kanneganti TD. Inflammasome activation and assembly at a glance. J Cell Sci. (2017) 130:3955–63. doi: 10.1242/jcs.207365

 5. Menu P, Vince JE. The NLRP3 inflammasome in health and disease: the good, the bad and the ugly. Clin Exp Immunol. (2011) 166:1–15. doi: 10.1111/j.1365-2249.2011.04440.x

 6. Nakanishi H, Prakash P, Ito T, Kim HJ, Brewer CC, Harrow D, et al. Genetic hearing loss associated with autoinflammation. Front Neurol. (2020) 11:141. doi: 10.3389/fneur.2020.00141

 7. Fusco R, Siracusa R, Genovese T, Cuzzocrea S, Di Paola R. Focus on the role of NLRP3 inflammasome in diseases. Int J Mol Sci. (2020) 21:4223. doi: 10.3390/ijms21124223

 8. Swanson KV, Deng M, Ting JP. The NLRP3 inflammasome: molecular activation and regulation to therapeutics. Nat Rev Immunol. (2019) 19:477–89. doi: 10.1038/s41577-019-0165-0

 9. Franchi L, Warner N, Viani K, Nuñez G. Function of Nod-like receptors in microbial recognition and host defense. Immunol Rev. (2009) 227:106–28. doi: 10.1111/j.1600-065X.2008.00734.x

 10. Duncan JA, Bergstralh DT, Wang Y, Willingham SB, Ye Z, Zimmermann AG, et al. Cryopyrin/NALP3 binds ATP/dATP, is an ATPase, and requires ATP binding to mediate inflammatory signaling. Proc Natl Acad Sci USA. (2007) 104:8041–6. doi: 10.1073/pnas.0611496104

 11. Broz P, von Moltke J, Jones JW, Vance RE, Monack DM. Differential requirement for Caspase-1 autoproteolysis in pathogen-induced cell death and cytokine processing. Cell Host Microbe. (2010) 8:471–83. doi: 10.1016/j.chom.2010.11.007

 12. Lu A, Magupalli VG, Ruan J, Yin Q, Atianand MK, Vos MR, et al. Unified polymerization mechanism for the assembly of ASC-dependent inflammasomes. Cell. (2014) 156:1193–206. doi: 10.1016/j.cell.2014.02.008

 13. Schmidt FI, Lu A, Chen JW, Ruan J, Tang C, Wu H, et al. A single domain antibody fragment that recognizes the adaptor ASC defines the role of ASC domains in inflammasome assembly. J Exp Med. (2016) 213:771–90. doi: 10.1084/jem.20151790

 14. Boucher D, Monteleone M, Coll RC, Chen KW, Ross CM, Teo JL, et al. Caspase-1 self-cleavage is an intrinsic mechanism to terminate inflammasome activity. J Exp Med. (2018) 215:827–40. doi: 10.1084/jem.20172222

 15. Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D, et al. Cutting edge: NF-kappaB activating pattern recognition and cytokine receptors license NLRP3 inflammasome activation by regulating NLRP3 expression. J Immunol. (2009) 183:787–91. doi: 10.4049/jimmunol.0901363

 16. Franchi L, Eigenbrod T, Núñez G. Cutting edge: TNF-alpha mediates sensitization to ATP and silica via the NLRP3 inflammasome in the absence of microbial stimulation. J Immunol. (2009) 183:792–6. doi: 10.4049/jimmunol.0900173

 17. Xing Y, Yao X, Li H, Xue G, Guo Q, Yang G, et al. Cutting edge: TRAF6 mediates TLR/IL-1R signaling-induced nontranscriptional priming of the NLRP3 inflammasome. J Immunol. (2017) 199:1561–6. doi: 10.4049/jimmunol.1700175

 18. Kelley N, Jeltema D, Duan Y, He Y. The NLRP3 inflammasome: an overview of mechanisms of activation and regulation. Int J Mol Sci. (2019) 20:3328. doi: 10.3390/ijms20133328

 19. He Y, Hara H, Núñez G. Mechanism and regulation of NLRP3 inflammasome activation. Trends Biochem Sci. (2016) 41:1012–21. doi: 10.1016/j.tibs.2016.09.002

 20. Rathinam VA, Fitzgerald KA. Inflammasome complexes: emerging mechanisms and effector functions. Cell. (2016) 165:792–800. doi: 10.1016/j.cell.2016.03.046

 21. Booshehri LM, Hoffman HM. CAPS and NLRP3. J Clin Immunol. (2019) 39:277–86. doi: 10.1007/s10875-019-00638-z

 22. Finetti M, Omenetti A, Federici S, Caorsi R, Gattorno M. Chronic infantile neurological cutaneous and articular (CINCA) syndrome: a review. Orphanet J Rare Dis. (2016) 11:167. doi: 10.1186/s13023-016-0542-8

 23. Welzel T, Kuemmerle-Deschner JB. Diagnosis and management of the cryopyrin-associated periodic syndromes (CAPS): what do we know today? J Clin Med. (2021) 10:128. doi: 10.3390/jcm10010128

 24. Tran TA. Muckle-Wells syndrome: clinical perspectives. Open Access Rheumatol. (2017) 9:123–29. doi: 10.2147/OARRR.S114447

 25. Agostini L, Martinon F, Burns K, McDermott MF, Hawkins PN, Tschopp J. NALP3 forms an IL-1beta-processing inflammasome with increased activity in Muckle-Wells autoinflammatory disorder. Immunity. (2004) 20:319–25. doi: 10.1016/S1074-7613(04)00046-9

 26. Dubois EA, Rissmann R, Cohen AF. Rilonacept and canakinumab. Br J Clin Pharmacol. (2011) 71:639–41. doi: 10.1111/j.1365-2125.2011.03958.x

 27. Goldbach-Mansky R, Dailey NJ, Canna SW, Gelabert A, Jones J, Rubin BI, et al. Neonatal-onset multisystem inflammatory disease responsive to interleukin-1beta inhibition. N Engl J Med. (2006) 355:581–92. doi: 10.1056/NEJMoa055137

 28. Leslie KS, Lachmann HJ, Bruning E, McGrath JA, Bybee A, Gallimore JR, et al. Phenotype, genotype, and sustained response to anakinra in 22 patients with autoinflammatory disease associated with CIAS-1/NALP3 mutations. Arch Dermatol. (2006) 142:1591–7. doi: 10.1001/archderm.142.12.1591

 29. Ross JB, Finlayson LA, Klotz PJ, Langley RG, Gaudet R, Thompson K, et al. Use of anakinra (Kineret) in the treatment of familial cold autoinflammatory syndrome with a 16-month follow-up. J Cutan Med Surg. (2008) 12:8–16. doi: 10.2310/7750.2008.07050

 30. Hoffman HM, Throne ML, Amar NJ, Sebai M, Kivitz AJ, Kavanaugh A, et al. Efficacy and safety of rilonacept (interleukin-1 Trap) in patients with cryopyrin-associated periodic syndromes: results from two sequential placebo-controlled studies. Arthritis Rheum. (2008) 58:2443–52. doi: 10.1002/art.23687

 31. Lachmann HJ, Kone-Paut I, Kuemmerle-Deschner JB, Leslie KS, Hachulla E, Quartier P, et al. Use of canakinumab in the cryopyrin-associated periodic syndrome. N Engl J Med. (2009) 360:2416–25. doi: 10.1056/NEJMoa0810787

 32. Coll RC, Robertson AA, Chae JJ, Higgins SC, Muñoz-Planillo R, Inserra MC, et al. A small-molecule inhibitor of the NLRP3 inflammasome for the treatment of inflammatory diseases. Nat Med. (2015) 21:248–55. doi: 10.1038/nm.3806

 33. Tapia-Abellán A, Angosto-Bazarra D, Martínez-Banaclocha H, de Torre-Minguela C, Cerón-Carrasco JP, Pérez-Sánchez H, et al. MCC950 closes the active conformation of NLRP3 to an inactive state. Nat Chem Biol. (2019) 15:560–4. doi: 10.1038/s41589-019-0278-6

 34. Youm YH, Nguyen KY, Grant RW, Goldberg EL, Bodogai M, Kim D, et al. The ketone metabolite β-hydroxybutyrate blocks NLRP3 inflammasome-mediated inflammatory disease. Nat Med. (2015) 21:263–9. doi: 10.1038/nm.3804

 35. Levy R, Gérard L, Kuemmerle-Deschner J, Lachmann HJ, Koné-Paut I, Cantarini L, et al. Phenotypic and genotypic characteristics of cryopyrin-associated periodic syndrome: a series of 136 patients from the Eurofever Registry. Ann Rheum Dis. (2015) 74:2043–9. doi: 10.1136/annrheumdis-2013-204991

 36. Rowczenio DM, Gomes SM, Aróstegui JI, Mensa-Vilaro A, Omoyinmi E, Trojer H, et al. Late-onset cryopyrin-associated periodic syndromes caused by somatic NLRP3 mosaicism-UK single center experience. Front Immunol. (2017) 8:1410. doi: 10.3389/fimmu.2017.01410

 37. Labrousse M, Kevorkian-Verguet C, Boursier G, Rowczenio D, Maurier F, Lazaro E, et al. Mosaicism in autoinflammatory diseases: Cryopyrin-associated periodic syndromes (CAPS) and beyond. A systematic review. Crit Rev Clin Lab Sci. (2018) 55:432–42. doi: 10.1080/10408363.2018.1488805

 38. Kuemmerle-Deschner JB, Verma D, Endres T, Broderick L, de Jesus AA, Hofer F, et al. Clinical and molecular phenotypes of low-penetrance variants of NLRP3: diagnostic and therapeutic challenges. Arthritis Rheumatol. (2017) 69:2233–40. doi: 10.1002/art.40208

 39. Koitschev A, Gramlich K, Hansmann S, Benseler S, Plontke SK, Koitschev C, et al. Progressive familial hearing loss in Muckle-Wells syndrome. Acta Otolaryngol. (2012) 132:756–62. doi: 10.3109/00016489.2012.656321

 40. Kuemmerle-Deschner JB, Koitschev A, Ummenhofer K, Hansmann S, Plontke SK, Koitschev C, et al. Hearing loss in Muckle-Wells syndrome. Arthritis Rheum. (2013) 65:824–31. doi: 10.1002/art.37810

 41. Weegerink NJ, Schraders M, Leijendeckers J, Slieker K, Huygen PL, Hoefsloot L, et al. Audiometric characteristics of a Dutch family with Muckle-Wells syndrome. Hear Res. (2011) 282:243–51. doi: 10.1016/j.heares.2011.07.006

 42. Ahmadi N, Brewer CC, Zalewski C, King KA, Butman JA, Plass N, et al. Cryopyrin-associated periodic syndromes: otolaryngologic and audiologic manifestations. Otolaryngol Head Neck Surg. (2011) 145:295–302. doi: 10.1177/0194599811402296

 43. Kuemmerle-Deschner JB, Koitschev A, Tyrrell PN, Plontke SK, Deschner N, Hansmann S, et al. Early detection of sensorineural hearing loss in Muckle-Wells-syndrome. Pediatr Rheumatol Online J. (2015) 13:43. doi: 10.1186/s12969-015-0041-9

 44. Goldbach-Mansky R. Current status of understanding the pathogenesis and management of patients with NOMID/CINCA. Curr Rheumatol Rep. (2011) 13:123–31. doi: 10.1007/s11926-011-0165-y

 45. Kato D, Yamaide F, Kida I, Takasaki Y, Sato N, Nakano T, et al. A three-generation muckle-wells syndrome family: detailed family history, physical examination, and inter-departmental collaboration. Mod Rheumatol Case Rep. (2022) rxab037. doi: 10.1093/mrcr/rxab037

 46. Sibley CH, Plass N, Snow J, Wiggs EA, Brewer CC, King KA, et al. Sustained response and prevention of damage progression in patients with neonatal-onset multisystem inflammatory disease treated with anakinra: a cohort study to determine three- and five-year outcomes. Arthritis Rheum. (2012) 64:2375–86. doi: 10.1002/art.34409

 47. Neven B, Marvillet I, Terrada C, Ferster A, Boddaert N, Couloignier V, et al. Long-term efficacy of the interleukin-1 receptor antagonist anakinra in ten patients with neonatal-onset multisystem inflammatory disease/chronic infantile neurologic, cutaneous, articular syndrome. Arthritis Rheum. (2010) 62:258–67. doi: 10.1002/art.25057

 48. Kim BJ, Kim YH, Lee S, Han JH, Lee SY, Seong J, et al. Otological aspects of NLRP3-related autoinflammatory disorder focusing on the responsiveness to anakinra. Rheumatology. (2021) 60:1523–32. doi: 10.1093/rheumatology/keaa511

 49. Kim BJ, Kim YH, Han JH, Lee SY, Carandang M, Lee DH, et al. Outcome of cochlear implantation in NLRP3-related autoinflammatory inner ear disorders. Otol Neurotol. (2021) 42:e168–71. doi: 10.1097/MAO.0000000000002933

 50. Nakanishi H, Kawashima Y, Kurima K, Chae JJ, Ross AM, Pinto-Patarroyo G, et al. NLRP3 mutation and cochlear autoinflammation cause syndromic and nonsyndromic hearing loss DFNA34 responsive to anakinra therapy. Proc Natl Acad Sci USA. (2017) 114:E7766–75. doi: 10.1073/pnas.1702946114

 51. Nakanishi H, Kawashima Y, Kurima K, Muskett JA, Kim HJ, Brewer CC, et al. Gradual symmetric progression of DFNA34 hearing loss caused by an NLRP3 mutation and cochlear autoinflammation. Otol Neurotol. (2018) 39:e181–5. doi: 10.1097/MAO.0000000000001715

 52. Muckle TJ, Wells M. Urticaria, deafness, and amyloidosis: a new heredo-familial syndrome. Q J Med. (1962) 31:235–48.

 53. Landegger LD, Psaltis D, Stankovic KM. Human audiometric thresholds do not predict specific cellular damage in the inner ear. Hear Res. (2016) 335:83–93. doi: 10.1016/j.heares.2016.02.018

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer MH is currently organizing a Research Topic with the author HN.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Nakanishi, Yamada, Kita, Shinmura, Hosokawa, Sahara and Misawa. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-13-865763-t001.jpg
NOMID Mws FCAS DFNA34*

Cutaneous Uticaria-like rash Uticaria-like rash Urticaria-like rash
Systemic Fever/fatigue Fever/fatigue Fever/fatigue
Musculoskeletal Arthralgia/myalgia/ Arthralgia/myalgia Arthralgia/myalgia
bone deformity
Ocular Conjunctivits/Keratitis/ Conjunctivitis/ Conjunctivitis/
papilitis keratitis keratitis
Auditory Hearing loss Hearing loss Hearing loss
Central nervous system Chronic aseptic meningitis Headache Headache
Episode pattern Ghronic with 1-3 day flare 1-3 days 1-2 days
Triggers Stress/exercise/infection Stress/exercise/infection Generalized cold

CAPS, cryopyrin-associated periodic  syndrome; NOMID, neonatal-onset multisystem  inflammatory ~ disease; MWS, Muckle-Wells syncrome; FCAS, famillal cold
autoinflammatory syndrome.
aPatients with DFNA34 show hearing loss without any other target-organ manifestations of CAPS.
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