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Summary
Background Cryopyrin-associated periodic syndrome (CAPS) is an inherited autoinflammatory disease caused by a
gain-of-function mutation in NLRP3. Although CAPS patients frequently suffer from sensorineural hearing loss, it
remains unclear whether CAPS-associated mutation in NLRP3 is associated with the progression of hearing loss.

Methods We generated a mice with conditional expression of CAPS-associated NLRP3 mutant (D301N) in cochlea-
resident CX3CR1 macrophages and examined the susceptibility of CAPS mice to inflammation-mediated hearing
loss in a local and systemic inflammation context.

Findings Upon lipopolysaccharide (LPS) injection into middle ear cavity, NLRP3 mutant mice exhibited severe
cochlear inflammation, inflammasome activation and hearing loss. However, this middle ear injection model
induced a considerable hearing loss in control mice and inevitably caused an inflammation-independent hearing
loss possibly due to ear tissue damages by injection procedure. Subsequently, we optimized a systemic LPS injection
model, which induced a significant hearing loss in NLRP3 mutant mice but not in control mice. Peripheral inflam-
mation induced by a repetitive low dose of LPS injection caused a blood-labyrinth barrier disruption, macrophage
infiltration into cochlea and cochlear inflammasome activation in an NLRP3-dependent manner. Interestingly, both
cochlea-infiltrating and -resident macrophages contribute to peripheral inflammation-mediated hearing loss of
CAPS mice. Furthermore, NLRP3-specific inhibitor, MCC950, as well as an interleukin-1 receptor antagonist signifi-
cantly alleviated systemic LPS-induced hearing loss and inflammatory phenotypes in NLRP3 mutant mice.

Interpretation Our findings reveal that CAPS-associated NLRP3 mutation is critical for peripheral inflammation-
induced hearing loss in our CAPS mice model, and an NLRP3-specific inhibitor can be used to treat inflammation-
mediated sensorineural hearing loss.
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Research in context

Evidence before this study

Hearing loss is one of the most common sensory disor-
ders caused by various factors, including genetic muta-
tions and non-genetic causes such as noise and
ototoxic drugs. Recently, inflammation has also been
highlighted as a potential contributor to the pathogene-
sis of hearing loss, despite the previous idea that the
inner ear is an immune-privileged organ protected by
the blood-labyrinth barrier. Of interest, the NLRP3
inflammasome, an essential player of innate immune
sensing primarily expressed in myeloid cells, has been
associated with hearing loss. Patients with cryopyrin-
associated periodic syndrome (CAPS), a systemic autoin-
flammatory disease in which gain-of-function mutations
in NLRP3 cause abnormal inflammasome activation and
IL-1b secretion, suffer from hearing loss. Furthermore, a
recent study reported that hearing loss was exhibited in
two families with gain-of-function mutations in NLRP3,
although they do not present typical key aspects of
CAPS symptoms. In addition, hearing loss in these
patients was alleviated by treatment with an IL-1 recep-
tor antagonist. These findings suggest that aberrant
NLRP3 inflammasome activation is closely associated to
the pathogenesis of inflammation-mediated hearing
loss. However, it has not been determined whether
CAPS-associated NLRP3 mutation is a direct cause of
hearing loss, primarily due to the lack of CAPS-mimick-
ing animal models.

Added value of this study

We generated a CAPS murine model with conditional
expression of CAPS-associated NLRP3 mutants in
CX3CR1-positive cells, which are reportedly the primary
immune cells in the cochlea. Our results show that sys-
temic inflammation induced by intraperitoneal injection
of lipopolysaccharide (LPS) caused significant hearing
loss in the CAPS mouse model but not in the control
group. Mechanistically, LPS-induced peripheral inflam-
mation resulted in blood-labyrinth barrier disruption
and monocyte infiltration into the cochlea in the CAPS
mouse model. In addition, NLRP3 inflammasome activ-
ity in CX3CR1-positive cochlear-resident macrophages
and infiltrating macrophages contributes to inflamma-
tion-mediated hearing loss in the CAPS mouse. We fur-
ther demonstrated that an NLRP3-specific inhibitor
could significantly ameliorate hearing loss caused by
systemic inflammation in the CAPS mouse models.

Implications of all the available evidence

Our findings provide in vivo evidence that CAPS-associ-
ated NLRP3 mutations in CX3CR1-positive macrophages
are a direct cause of peripheral inflammation-induced
hearing loss. Furthermore, our demonstration of the res-
cue of hearing loss by pharmacological intervention
suggests that the CAPS murine model provides a valu-
able in vivo platform for elucidating the pathological
mechanisms of inflammation-mediated hearing loss

and screening novel therapeutic targets for hearing loss
induced by various stress conditions known to cause
cochlear inflammation such as noise or ototoxic drugs.
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Introduction
Autoinflammatory diseases are characterized by recur-
rent and periodic severe inflammation persisting for
several days up to a week without any signs of microbial
infection and self-reactive lymphocytes.1 Although
molecular mechanisms underlying recurrent inflamma-
tion in autoinflammatory diseases remains elusive, ini-
tial positional cloning studies have led to the
identification of several genetic variants, including the
MEFV gene, which encodes pyrin, and the CIAS1/
NLRP3 gene, which encodes cryopyrin or NOD-like
receptor family, pyrin domain-containing 3 (NLRP3) in
patients with autoinflammatory diseases.2,3 Intrigu-
ingly, these autoinflammatory disease-associated mole-
cules are critical components of an inflammasome
complex, and mutations in pyrin or NLRP3 are closely
associated with the dysregulation of inflammasome sig-
naling.4 Inflammasome sensor molecules such as pyrin
and NLRP3 may be present as their inactive monomeric
form at a resting state but transform into the active
form upon sensing diverse pathogen- or damage-associ-
ated factors, subsequently assembling the inflamma-
some complex with adaptor molecule ASC and
procaspase-1.5�7 This inflammasome assembly causes
an immediate activation of caspase-1, which in turn
induces the maturation and secretion of leaderless inter-
leukin (IL)-1b.8 Excessive inflammasome activation and
IL-1b production has been closely implicated in the
pathogenesis of diverse inflammatory diseases includ-
ing autoinflammatory syndromes,9,10 and the blockade
of IL-1b signaling was shown to mitigate the symptoms
of the related inflammatory diseases.11,12

NLRP3 is the most extensively-studied inflamma-
some sensor molecule owing to its activation by a wide
spectrum of stimulators as well as its essential role in
several inflammatory and degenerative diseases.9,13

Multiple gain-of-function mutations in NLRP3 have
been identified in patients diagnosed with autoinflam-
matory cryopyrin-associated periodic syndromes
(CAPS), such as familial cold autoinflammatory syn-
drome (FCAS), Muckle-Wells syndrome (MWS), and
neonatal-onset multisystem inflammatory diseases
(NOMID).14�16 In particular, patients diagnosed with
CAPS exhibited a wide range of symptoms with varying
degrees of severity: mild (FCAS), moderate (MWS), and
severe (NOMID). Patients with severe CAPS-like
NOMID frequently showed a sensorineural hearing
loss, caused by an impairment in relaying the sound
waves in the inner ear into the brain due to a defect in
www.thelancet.com Vol 82 Month , 2022
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the organ of Corti or auditory neurons.17,18 Moreover,
anakinra, an IL-1 receptor antagonist, has been shown
to mitigate the symptoms of CAPS including hearing
loss.12,19 Furthermore, a recent study demonstrated that
NLRP3 missense mutation (R918Q) in two unrelated
families caused a DFNA34 hearing loss.20 These previ-
ous findings suggest that excessive NLRP3-mediated
inflammasome signaling may be closely associated with
the pathophysiology of sensorineural hearing loss under
inflammatory circumstances.

Hearing loss is a common manifestation of CAPS and
approximately 76% of all NOMID patients suffer from
hearing loss.21 A previous study revealed that CX3CR1-posi-
tive resident macrophages in the cochlea express NLRP3.20

However, it remains to be fully determined whether a
gain-of-function NLRP3 mutation observed in CAPS is
directly capable of impairing hearing ability in the cochlea.
Based on this possibility, the occurrence of inflammasome
activation inside the cochlea and the inflammasome-occur-
ring cell types responsible for sensorineural hearing loss
require further clarification. In the present study, we gener-
ated a mouse model which conditionally expresses NLRP3
(D301N), a critical missense mutation in NOMID, in
CX3CR1 cells of mice and examined the hearing abil-
ity of these mice under cochlear and systemic
inflammation context.
Methods

Mice
C57BL/6 mice (RRID:IMSR_JAX:005304) were obtained
from Orient Bio (Seongnam, Korea). Nlrp3D301NneoR

(RRID:IMSR_JAX:017971) and Cx3cr1CreER (RRID:
IMSR_JAX:021160) mice were obtained from The Jackson
Laboratory (Bar Harbor, ME, USA) and bred at the Yonsei
University College of Medicine. All mice were maintained
under specific pathogen-free conditions. Given that
C57BL/6 strain display progressive hearing loss beginning
around 4�6 months of age, hearing experiments were
started with 10�13 weeks old mice and all the measure-
ments were completed by 13�16 weeks of age. In addition,
mice at a similar age were randomly assigned to each
experimental group.
Ethics statement
Protocols for the animal experiments were approved by
the Institutional Ethical Committee of Yonsei Univer-
sity College of Medicine (2020-0317). All experiments
were performed in accordance with the approved guide-
lines of the Institutional Ethical Committee.
CX3CR1-specific expression of the NLRP3 (D301N)
mutant in mice
To induce the expression of NLRP3 (D301N) mutant,
Nlrp3D301NneoR mice harboring a loxP-flanked neomycin
www.thelancet.com Vol 82 Month , 2022
resistant cassette (reverse orientation) in intron 2 and a
point mutation in exon 3 of Nlrp3 (designated as
Nlrp3flox/flox) were bred to Cx3cr1CreER mice. Cx3cr1CreER/+;
Nlrp3+/flox mice were intraperitoneally injected with
tamoxifen (75 mg/kg) for 5 days to induce the expression
of active Cre recombinase, resulting in the excision of the
neomycin resistant cassette and the expression of NLRP3
(D301N) in CX3CR1-specific cells, including cochlear
macrophages.
Auditory brainstem responses (ABRs)
ABR thresholds were determined in a sound-proofed
room using a RZ6 digital signal processing hardware
and the BioSigRZ software package (Tucker-Davis Tech-
nologies, Alachua, FL, USA). Mice were anesthetized
with a mixture of Zoletil (40 mg/kg) and rompun
(10 mg/kg) by intraperitoneal injection. Subcutaneous
needles were placed into the vertex, contralateral, and
ipsilateral. The SigGenRZ software package and the
RZ6 digital signal processor were used to generate a cal-
ibrated click stimuli (10 ms duration) or tone burst stim-
uli (5 ms duration) at 6, 12, 18, 24, and 30 kHz, which
were delivered to the ear canal through a MF1 multi-
field 1 magnetic speaker (Tucker�Davis Technologies).
The acoustic stimulus intensity was raised in 5 dB SPL
increments from 10 to 95 dB SPL. The ABR data were
supplied into the RZ6 digital signal processing hard-
ware via a low-impedance Medusa Biological Amplifier
System (RA4LI, TDT). The ABR waveforms in response
to 512 tone bursts were averaged after the recorded sig-
nals were filtered using a 0.5�1 kHz band-pass filter.
Distortion production otoacoustic emissions (DPOAEs)
A combined microphone-speaker system (Tucker�Davis
Technologies) was used to measure DPOAEs. The pri-
mary stimulus tones were generated using the RZ6 digi-
tal signal processor and the SigGenRZ software package
and were administered via a custom probe equipped
with an ER 10B+ microphone (Etymotic, Elk Grove Vil-
lage, IL, USA) and MF1 speakers positioned in the ear
canal. The frequency ratio (f2/f1) of the main tones was
set at 1.2 with target frequencies of 6, 12, 18, 24, and
30 kHz. The f1 and f2 intensities were adjusted at identical
levels (L1 = L2) and raised in 5 dB SPL increments from
20 to 80 dB SPL. The fast Fourier transform (FFT) algo-
rithm was used to calculate the average spectra of the two
primaries, the 2 f1- f2 distortion products, and the noise
floors at each primary tone for each intensity.
Reagents and antibodies
LPS (L4391 for cell culture, L3012 for mice), ATP,
MCC950, tamoxifen, and 4-hydroxytamoxifen were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Anti-
F4/80 antibody (Cat# ab6640, RRID:AB_1140040) was
obtained from Abcam (Cambridge, United Kingdom).
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Cy3- (Cat# 712-165-050, RRID:AB_2340666) and Alexa
Fluor 488-conjugated (Cat# 712-545-150, RRID:
AB_2340683) anti-rat IgG antibodies were purchased
from Jackson ImmunoResearch (West Grove, PA,
USA). FITC-dextran (46944) and TRITC-dextran
(T1037) were obtained from Sigma-Aldrich. The IL-1
receptor antagonist (Cat# CYT-203) was purchased
from ProSpec (Rehovot, Israel). Anti-mouse caspase-1
(Cat# AG-20B-0042, RRID:AB_2490248) and anti-
NLRP3 (Cat# AG-20B-0014, RRID:AB_2490202) anti-
bodies were obtained from AdipoGen Life Sciences
(San Diego, CA, USA). Anti-mouse IL-1b antibody (Cat#
AF-401-NA, RRID:AB_416684) was obtained from
R&D Systems (Minneapolis, MN, USA), and anti-ASC
antibody (Cat# SC-22514-R, RRID:AB_2174874) was
purchased from Santa Cruz Biotechnology (Dallas, TX,
USA). Anti-GFP antibody (Cat# NB600-308, RRID:AB
_10003058) was obtained from NOVUS Biologicals.
Immunohistochemistry
The cochlea was isolated from the skull, and the stapes
and partial cochlear apical bones were removed to allow
a fixative solution to flow into the cochlea. The isolated
cochlea was fixed in 4% paraformaldehyde overnight at
4 ℃ and decalcified with 0.2 M ethylenediaminetetra-
acetic (EDTA) in PBS for 2 days. The cochlear tissue
was dehydrated with 30% sucrose in PBS overnight at
4 ℃ and embedded in Optimal Cutting Temperature
(OCT) compound (Tissue-Tek�, Sakura Finetek, Tor-
rance, CA, USA). The cochlear tissues were sectioned
into 12-mm-thick slices using a cryostat. Tissue sections
were permeabilized with Triton-X (0.3%, 30 min) and
blocked with BSA (4%, 1 h) at room temperature (RT).
The sections were then incubated with anti-F4/80
antibody in 1% BSA overnight at 4 ℃, followed by
secondary antibody incubation (Alexa 488 or Cy3-
labeled anti-Rat). The sections were further incu-
bated with DAPI (D1306, Invitrogen, Waltham, MA,
USA). Finally, cover slips were placed on slides after
adding the mounting media (P36934, Invitrogen).
Images were captured using a confocal microscope
(LSM 780, Zeiss, Oberkochen, Germany) and the
ZEN 2011 software. F4/80 positive cells were quanti-
fied using the Image J software.
Assay of dextran leakage into cochlea
To visualize dextran leakage from damaged blood vessel,
FITC- or TRITC-conjugated dextran (4 kDa) was adminis-
tered via tail vein 1 h before sacrifice (1 mg). The cochlea
was isolated from mice and processed into tissue sections
as described in the “immunohistochemistry” section. Sub-
sequently, tissue sections were washed with PBS and incu-
bated with DAPI. Cover slips were placed on the slides
after adding the mounting media. Images were observed
using a confocal microscope. Dextran leakage was analyzed
using the Image J software.
Detection of active caspase-1 in the cochlea
Cy5.5- and BHQ-3-conjugated caspase-1-activatable
probe was synthesized according to a previous study.22

To detect active caspase-1 in the cochlea, the caspase-1-
specific probe (100 µg/mice) was intravenously injected
via tail vein 1 h before sacrifice of mice. For ex vivo imag-
ing, cochlea tissue was collected from sacrificed mice
after transcardial perfusion with PBS. Cy5.5 fluores-
cence, produced only in the presence of active caspase-1,
in the isolated cochlea was analyzed using an IVIS spec-
trum In Vivo imaging system (PerkinElmer, Waltham,
MA, USA).
Cell cultures
Mouse bone marrow cells were isolated from femurs
and tibias of mice and differentiated into BMDMs as
previously described.23 To validate the purity of
BMDMs, cells were stained with antibodies targeting
macrophage markers, CD11b (Invitrogen, Cat# 12-0112-82,
RRID:AB_2734869) and F4/80 (Invitrogen, Cat#
17-4801-82, RRID:AB_2784648), and then analyzed
by flow cytometry (purity, >95%). All BMDMs were
maintained in L929-conditioned DMEM supple-
mented with 10% FBS and antibiotics.
Immunoblot analysis
Cells were lysed in a buffer containing 20 mM HEPES
(pH 7¢5), 0.5% Nonidet P-40, 50 mM KCl, 150 mM
NaCl, 1.5 mM MgCl2, 1 mM EGTA, and protease inhibi-
tors. Soluble lysates were fractionated by SDS-PAGE
and then transferred to PVDF membranes. In some
experiments, cell culture supernatants were precipitated
using methanol/chloroform as described previously24

and then immunoblotted. All blots shown are represen-
tative images of at least three-independent experiments.
Assay of inflammasome/caspase-1 activation
To induce a conventional NLRP3 inflammasome activa-
tion, BMDMs were primed with LPS (0.25 mg/mL, 3 h),
followed with ATP treatment (2»2.5 mM, 30�45 min).
Inflammasome activation was determined by the pres-
ence of active caspase-1 p20 and active IL-1b in the
supernatant of cultured cell using immunoblots and by
quantification of extracellular IL-1b using ELISA.
Statistical analysis
All graphed results are expressed as means § S.E.M.
Statistical comparisons were made using two-tailed
student t-test with Welch’s correction or one- or two-
way analysis of variance (ANOVA) with Tukey’s
or Bonferroni’s correction for fluorescent images and
www.thelancet.com Vol 82 Month , 2022
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IL-1b ELISA, and using one- or two-way ANOVA with
Tukey’s or Bonferroni’s correction for hearing tests
(ABR and DPOAE). All statistical analysis was con-
ducted using PRISM 8.0 (GraphPad, San Diego, CA,
USA). When required, Shapiro-Wilk and Kolmogorov-
Smirnov were used to test data for normality. Statistical
significance is indicated in the figures as follows: n.s.,
non-significant (P > 0.05), *P < 0.05, **P < 0.01,
***P < 0.001. All the P values and statistical analyses
used in our study are listed in Supplementary Table 1.
The number of animals per experimental group were
determined in relation to statistical difference observed
in our previous studies, and specified in the figure
legends. Mouse hearing tests were conducted with at
least five different animals. All hearing tests in this
study exhibited statistical power between 0.8»1.0 (IBM
SPSS statistics 22). All other analyses were conducted
with at least three independent experiments or samples
to minimize statistical error.
Role of the funding source
The funders did not have any role in the design of the
study; the collection, analysis, or interpretation of the
data; writing of the report; or the decision to submit the
paper for publication.
Results

Generation of CAPS-associated mice conditionally
expressing NLRP3 mutant in CX3CR1 cells
To observe the role of CAPS mutation in inflammation-
induced hearing loss, we first generated a mouse model
that conditionally expresses NLRP3 mutant (D301N),
which corresponds to human D303N mutation identi-
fied in the NOMID patients,25,26 in CX3CR1-positive
monocytes or macrophages (Figure 1a). Tamoxifen
(TAM) treatment caused a deletion of floxed neomycin
cassette in CX3CR1+ (YFP+) cells alone, which led to an
expression of NLRP3 (D301N) in NLRP3 mutant mice
(Cx3cr1creER/+; Nlrp3+/flox) but not in control mice
(Cx3cr1creER/+; Nlrp3+/+) (Figures 1a-c). After tamoxifen
treatment, YFP+ cells obtained from mutant mice exhib-
ited a complete deletion of neomycin cassette
(Figure 1d). Next, we checked whether NLRP3 mutant-
expressing macrophages are more responsive to NLRP3
inflammasome agonist than wild type NLRP3-harboring
macrophages. Inflammasome activation is normally
assessed by the presence of cleaved caspase-1 (p20) and
mature interleukin-1b (IL-1b) in the supernatants of cul-
tured cells. LPS plus ATP stimulation, a well-known
NLRP3 activator, caused a strong caspase-1 and IL-1b
cleavage in control and mutant mouse bone marrow-
derived macrophages (BMDMs) irrespective of tamoxi-
fen treatment (Figure 1e). However, tamoxifen-induced
expression of mutant NLRP3 (D301N) in one allele of
www.thelancet.com Vol 82 Month , 2022
mouse BMDMs exhibited a robust caspase-1 and IL-1b
cleavage in response to LPS stimulation alone, while
control BMDMs harboring a wild-type NLRP3 or tamox-
ifen-untreated mutant BMDMs showed no response in
this condition (Figure 1e). Thus, we employed these
mice expressing gain-of-function NLRP3 mutant in
CX3CR1 cells following tamoxifen treatment as an auto-
inflammatory disease model. Further, CX3CR1+ macro-
phages were indeed observed in the cochlea of NLRP3
mutant mice under resting and LPS-mediated inflam-
matory condition (Figure 1f). The population of CX3CR1
cells were approximately 60% of F4/80-positive macro-
phages in the cochlea of LPS-treated NLRP3 mutant
mice (Figure 1g and S1).
LPS injection into the middle ear cavity drives
monocyte infiltration and inflammasome activation in
the cochlea of NLRP3 mutant mice
To induce cochlear inflammation-mediated hearing
loss, we optimized a direct lipopolysaccharide (LPS)
injection model into the middle ear cavity (Figure 2a).
PBS injection into the other side (middle ear cavity of
the right ear) was used as a control for the injection pro-
cedure (Figure 2a). Next, we examined whether the mid-
dle ear LPS-injection induced the infiltration of myeloid
cells into the cochlea. We analyzed monocyte/macro-
phage populations in the cochlea using a pan-macro-
phage marker, F4/80 staining. Resident F4/80+
macrophages were detected in the cochlea irrespective
of the LPS injection to a certain degree (Figure 2b). The
population of F4/80+ macrophages was significantly
increased by LPS injection in the cochlea of NLRP3
mutant-expressing mice (P=0.02; Figure 2c). In control
mice, we found increased number of macrophages that
did not reach statistical significance (P=0.07). Also,
there was no significant difference in the cochlear F4/
80+ macrophages between LPS-treated control and
mutant mice (P=0.33; Figure 2c). Since LPS administra-
tion to middle ear cavity caused myeloid cell infiltration
into the cochlea, we checked the permeability of blood-
labyrinth barrier by measuring the leakage of FITC-
labeled dextran, intravenously injected into the cochlea
1 h before sacrifice. LPS injection in control mice caused
only a slight insignificant increase in dextran fluores-
cence compared to PBS injection (P=0.07; Figures 2d, e).
In contrast, LPS injection in mutant mice significantly
increased dextran fluorescence in the whole cochlea,
including organ of Corti, stria vascularis, and spiral gan-
glia (P<0.001; Figures 2d, e). These findings indicate
that LPS injection into the middle ear cavity resulted in a
more severe proinflammatory condition in NLRP3
mutant-expressing cochlea than in control cochlea.

Subsequently, to confirm whether middle ear LPS
administration induces inflammasome activation inside
cochlea, we isolated cochlea fraction. Robust cleavage of
IL-1b, the most reliable indicator of inflammasome
5



Figure 1. Generation of CAPS-related mice conditionally expressing NLRP3 mutant in CX3CR1 cells. (a) Summary of Nlrp3 gene
expression in CX3CR1 cells and other cell types of control and NLRP3 mutant mice upon tamoxifen treatment. (b, c) Schematic dia-
gram of tamoxifen-induced deletion of neomycin cassette and NLRP3 mutant expression in CX3CR1 cells of NLRP3 mutant mice. (d)
Flow cytometric analysis of brain cells obtained from NLRP3 mutant (Cx3cr1creER/+; Nlrp3+/flox) mice following tamoxifen intraperito-
neal injection (75 mg/kg for 5 days). CX3CR1-YFP+ or CX3CR1-YFP� cells were collected using a FACS Aria III cell sorter (BD), and
DNA was extracted from each cell and assayed by RT-PCR using a probe detecting neomycin and 18S rRNA. (e) Immunoblots from
control (Cx3cr1creER/+; Nlrp3+/+) and mutant (Cx3cr1creER/+; Nlrp3+/flox) mouse BMDMs untreated (Unt) or incubated with 4-hydroxyta-
moxifen (10 mM, 24 h), followed by treatment with LPS alone (0.5 mg/ml, 6 h), ATP alone (2.5 mM, 30 min), or LPS + ATP. Cell culture
supernatants (Sup) or cell lysates (Lys) were immunoblotted with the indicated antibodies. (f) Representative immunofluorescence
image of cochlea sections in PBS- or LPS-treated Nlrp3 mutant mice after staining with anti-F4/80 (red) and anti-GFP antibody
detecting YFP+ cells (green). Scale bars, 200 µm. (g) Quantification of YFP+ cells among F4/80+ cells as calculated by Zen software
in the confocal images as shown in (f). Data were analyzed using unpaired t test. (n = 3 or 4).
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Figure 2. LPS injection into middle ear cavity causes macrophage infiltration into cochlea and blood-labyrinth barrier dis-
ruption. (a) Schematic diagram (upper panel) and injection schedule (lower panel) for LPS injection into the middle ear cavity. Mice
were intraperitoneally injected with tamoxifen (75 mg/kg) once a day for five consecutive days and then were allowed to rest for
one week before LPS injection into the middle ear cavity. The left ear was injected with LPS (25 µg per mice) and the right ear was
injected with PBS as a control for the injection procedure. (b) Representative immunofluorescence image of cochlea sections in
PBS- or LPS-treated control and Nlrp3 mutant mice after staining with anti-F4/80 antibody (green). DAPI represents nuclear signal
(blue). Scale bars, 200 µm. (c) Quantification of F4/80-positive cells per DAPI in the confocal images as shown in (b). (n = 3) (d) Repre-
sentative immunofluorescence image of cochlea sections of PBS- or LPS-treated control and Nlrp3 mutant mice injected with FITC-
labeled dextran. DAPI represents nuclear signal (blue). Scale bars, 200 µm. (e) Quantification of dextran-containing cells per DAPI in
the confocal images as shown in (d). (n = 3) (f) Immunoblots from cochlea tissue extracts of PBS- or LPS-treated control and NLRP3
mutant mice. Data were analyzed using two-way ANOVA with Bonferroni corrections (*P < 0.05, ***P < 0.001, n.s. non-significant).
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activation, was clearly detected in the cochlear extract of
NLRP3 mutant-expressing mice upon LPS injection,
but not in those of control mice, as observed by immu-
noblotting (Figure 2f). These results indicate that mid-
dle ear LPS injection triggered a specific inflammasome
activation in the cochlea of CAPS-associated NLRP3
mutant mice.
Hearing loss model by LPS injection into middle ear
cavity
Next, we checked the vulnerability of the CAPS mouse
to cochlear inflammation-triggered hearing loss in
direct LPS injection into middle ear cavity (Figure 3a).
Hearing function was examined by measuring the
thresholds of auditory brainstem responses (ABRs) in
response to the click stimuli of broadband mixed
sounds or pure tone stimuli at individual frequencies.
ABR thresholds were examined in the left and right
ears injected with LPS and PBS, respectively, in control
or mutant mice 1 day before injection and 1 and 7 days
after injection (Figure 3a). ABR thresholds for click
stimuli were significantly elevated at day 1 post-injection
in LPS-injected ears compared to PBS-injected ears in
both control and mutant mice (P<0.001; Figure 3b),
indicating that LPS injection into the middle ear cavity
causes hearing loss in both control and mutant mice.
However, at day 7 post-injection, the ABR thresholds
were increased in PBS-injected ears and decreased in
LPS-injected ears, showing no significant difference
between LPS- and PBS-injected ears in both control and
mutant mice (P>0.99; Figure 3b). Similar changes
were observed for ABR thresholds of pure tone stimuli,
which were significantly increased at most frequencies
at day 1 post-injection with LPS compared to PBS injec-
tion in both control (Figure S2a) and mutant (Figure
S2b) mice. However, at day 7 post-injection, ABR
thresholds in LPS-injected ears were not significantly
different from those in PBS-injected ears at all frequen-
cies in in both control (Figure S2a) and mutant (Figure
S2b) mice. These results indicate that LPS injection into
the middle ear cavity causes acute hearing loss (at day 1
post-injection), which is alleviated after 7 days in both
control and mutant mice.

We subsequently examined whether the changes in
hearing sensitivity assessed by ABR threshold shifts are
associated with defective outer hair cell function by
measuring the thresholds of distortion product otoa-
coustic emissions (DPOAEs), which reflect cochlear
amplifier function of outer hair cells. Similar to ABR
threshold changes, DPOAE thresholds are significantly
elevated at all frequencies at day 1 post-injection with
LPS compared to PBS in both control (Figure S2c) and
mutant mice (Figure S2d). DPOAE thresholds
decreased in LPS-injected ears at day 7 post-injection
and became similar to those in PBS-injected ears in
both control and mutant mice (Figure S2c, S2d). These
results suggest that the changes in hearing sensitivity
caused by the middle ear cavity injection are closely
associated with defective outer hair cell function.

Since LPS injection into the middle ear cavity caused
hearing loss not only in mutants but also in control
mice, we further analyzed our ABR and DPOAE results
to check whether hearing loss induced by LPS injection
was more severe in mutant mice compared to controls.
Contrary to the results of dextran leakage and inflam-
masome activation (Figure 2e, 2f), there was no signifi-
cant difference in ABR thresholds at all frequencies
between LPS-injected control and mutant mice at days 1
and 7 post-injection (Figure 3c). However, the elevation
of DPOAE thresholds by LPS injection were signifi-
cantly higher in some frequencies in mutants compared
to controls at days 1 and 7 post-injection (Figure 3d). In
contrast to LPS-injected groups, DPOAE thresholds
were not significantly different between PBS-injected
control and mutant mice at days 1 and 7 post-injection
(Figure 3d).

Collectively, these results indicate that LPS injection
into the middle ear cavity induces acute hearing loss in
both control and mutant mice. However, since PBS
injection into the middle ear cavity also caused signifi-
cant elevation of ABR and DPOAE thresholds at several
frequencies at day 7 post injection (Figures 3e, 3f and
S3), the hearing loss appears to be attributed to middle
ear injection procedures, which cause damages in ear
tissues such as tympanic membrane puncture.
Hearing loss model by systemic LPS injection
Our results indicate that even though hearing loss is
induced by LPS injection into the middle ear cavity, the
severity of hearing loss did not differ significantly
between control and mutant mice, suggesting that hear-
ing loss is aggravated by damages that occur in the outer
and middle ears during injection procedures such as
tympanic membrane puncture and middle ear cavity
overflow. Thus, we developed a peripheral inflamma-
tion-induced hearing loss model by intraperitoneal LPS
injection, which does not directly damage outer and
middle ear structures. After testing various injection
schemes, we adopted a repetitive LPS injection scheme:
three times every other day with different concentra-
tions (Figure 4a). Unlike the middle ear cavity injection,
systemic LPS injection resulted in a significant elevation
of ABR and DPOAE thresholds only in mutant mice but
not in wild type mice (Figures 4b-c).

Next, we checked whether systemic LPS injection
can trigger the infiltration of myeloid cells into cochlea.
LPS-mediated peripheral inflammation caused a
marked increase in F4/80 macrophages in the cochlea
of CX3CR1-specific NLRP3 mutant mice (P<0.001) but
not in the control mice (P=0.08; Figure 4d-e). Subse-
quently, we examined whether systemic LPS injection-
mediated hearing loss in our scheme is associated with
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caspase-1-inflammasome activation inside cochlea. In
vivo caspase-1 activity inside the mouse cochlea was
measured using a selective caspase-1-activatable probe,
which emits Cy5.5 fluorescence only in the presence of
active caspase-1.22 To exclude false signals from sur-
rounding tissues, we isolated a whole cochlea from con-
trol and mutant mice and measured fluorescence using
an IVIS intravital imaging system. We observed that
systemic LPS injection led to a robust caspase-1 activa-
tion in the cochlea of NLRP3 mutant mice, which was
much less in control mice (Figure 4f). The caspase-1
fluorescence intensity was significantly higher in LPS-
injected mutant mice than LPS-injected control mice
(P=0.02; Figure 4g), indicating that the increase in cas-
pase-1 activity is more robust in mutant mice due to
excessive NLRP3 inflammasome activation. Consistent
with this result, systemic inflammation caused a robust
IL-1b maturation in the cochlea of NLRP3 mutant mice
but not of control mice (Figure 4h). These results indi-
cate that peripheral inflammation by systemic LPS
injection can trigger a robust inflammasome activation
in the cochlea in an NLRP3-dependent manner.
Cochlea-resident and infiltrating macrophages
contribute to hearing loss induced by systemic LPS
injection in NLRP3 mutant mice
Next, we determined whether cochlea-resident macro-
phages or infiltrating monocytes/macrophages contrib-
uted to hearing loss induced by systemic LPS injection.
Cochlea-resident macrophages are considered yolk sac-
or fetal liver-derived cells, which have a half-life longer
than one month.27,28 In contrast, cochlea-infiltrating
monocytes are bone marrow-derived cells, which can
survive for less than a month.29 Thus, we expected that
1�2 weeks after tamoxifen treatment, mutant forms of
NLRP3 protein would be expressed in both cochlea-resi-
dent and infiltrating macrophages. In contrast, 4�5
weeks after tamoxifen treatment, long-lived cochlea-resi-
dent macrophages would still survive and continue to
express the mutant NLRP3 protein, whereas short-lived
monocytes would die and newly born infiltrating mono-
cytes would express only wild-type NLRP3 protein. On
this basis, we investigated the relative contribution of
resident and infiltrating macrophages to NLRP3-
Figure 3. LPS injection into middle ear cavity causes hearing los
for LPS middle ear injection model. Hearing function was analyzed
after LPS injection (Day 1 and Day 7). (b) ABR thresholds in respon
injected with PBS or LPS and in mutant mice injected with PBS or L
stimuli at individual frequencies between PBS- or LPS-injected con
primary tones set at a frequency ratio (f2/f1) of 1.2 with target freq
thresholds for pure tone stimuli were re-plotted to compare observa
7 days after PBS injection. (b-f) control mice injected with PBS (n = 1
(n = 15). Values and error bars reflect means § S.E.M. Statistical com
roni corrections for multiple comparisons (*P < 0.05, **P < 0.01, ***P
inflammasome-induced hearing loss by comparing
the severity of hearing loss in systemic LPS-injected
mutant mice, 2 or 5 weeks after tamoxifen treatment
(Figure 5a).

On measuring ABR thresholds for click stimuli
broadband mixed sounds 2 weeks after tamoxifen treat-
ment, ABR thresholds of LPS-treated group were signif-
icantly increased at day 1 post-injection compared to
PBS-treated group (P<0.001), and the increased ABR
thresholds persisted until day 7 post-injection
(P=0.004; Figure 5b). We observed similar results 5
weeks after tamoxifen treatment, in which ABR thresh-
olds for click stimuli were significantly increased at
days 1 (P=0.002) and days 7 (P=0.05) post injection
with LPS (Figure 5b). In contrast to click stimuli, ABR
thresholds for pure tone stimuli at individual frequen-
cies exhibited different results 2 and 5 weeks after
tamoxifen treatment. Two weeks after tamoxifen treat-
ment, ABR thresholds were significantly elevated at all
frequencies at day 1 post-injection with LPS (Figure
S4a). Although hearing function was slightly recovered
after 7 days, the threshold shifts remained significant at
all frequencies (Figure S4a). Five weeks after tamoxifen
treatment, ABR threshold shifts were significant only at
high frequencies such as 18, 24, and 30 kHz but not at
lower frequencies such as 6 and 12 kHz at day 1 post-
injection with LPS (Figure S4a). ABR thresholds were
dramatically decreased after seven days, although
threshold shifts at high frequencies were still significant
(Figure S4a). DPOAE measurements also showed simi-
lar results as those of ABRs; DPOAE thresholds were
significantly elevated at day 1 post injection with LPS
both 2 and 5 weeks after tamoxifen treatment. Seven
days after LPS injection, DPOAE threshold shifts
remained significant at all frequencies 2 weeks after
tamoxifen injection, while there were partial recoveries
5 weeks after tamoxifen injection at lower but not higher
frequencies (Figure S4b). Thus, hearing loss caused by
systemic LPS injection appears to be more severe at 2
weeks of tamoxifen injection than 5 weeks. However,
when elevated levels of ABR and DPOAE thresholds
were compared between 2 and 5 weeks, the differences
did not reach statistical significance, although the
threshold elevations were generally greater at most fre-
quencies at 2 weeks than 5 weeks (Figures 5c, 5d).
s in control and NLRP3 mutant-expressing mice. (a) Schedule
1 day before middle ear injection (Before) and on days 1 and 7
se to click stimuli of broadband mixed sounds in control mice
PS. (c) Comparisons of ABR thresholds in response to pure tone
trol and mutant mice. (d) DPOAE thresholds in response to the
uencies at 6, 12, 18, 24, and 30 kHz. (e, f) ABR (e) or DPOAE (f)
tions before and 1 day after PBS injection and those before and
4) or LPS (n = 13); mutant mice injected with PBS (n = 16) or LPS
parisons were determined using two-way ANOVA with Bonfer-
< 0.001, n.s. non-significant).
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Then, we assessed myeloid cell infiltration into
cochlea and dextran leakage in systemic LPS-treated
mice with 2 or 5 weeks interval after tamoxifen treat-
ment. The population of F4/80+ cochlear macrophages
in LPS-treated mice at 2 weeks after tamoxifen treat-
ment was significantly higher than those with 5 weeks
interval (P=0.01; Figures 5e, 5f and S5a). Consistent
with these findings, systemic LPS-induced dextran leak-
age from 2 weeks interval was significantly higher than
5 weeks interval (P=0.005; Figure 5e, 5g and S5b). These
results suggest that myeloid cell infiltration and blood-
labyrinth barrier disruption are more severe at 2 weeks
after tamoxifen treatment when both resident and infil-
trating macrophages express mutant NLRP3 proteins
than 5 weeks when only resident macrophages harbor
mutant NLRP3 proteins.

Collectively, these results suggest that although the
infiltration of macrophages into the cochlea is a key fea-
ture observed in systemic LPS-injected mutant mice,
both infiltrating and resident macrophages contribute
to hearing loss induced by excessive activation of
NLRP3 inflammasome.
Blockade of NLRP3 inflammasome signaling
attenuates systemic LPS-induced cochlear
inflammation
Next, we examined whether the blockade of NLRP3
inflammasome signaling can ameliorate systemic LPS-
induced cochlear inflammation using an NLRP3-spe-
cific inhibitor MCC950, which directly blocks NACHT
domain of NLRP3,30 and an IL-1 receptor antagonist (IL-
1RA), which inhibits the binding of IL-1b (a major
inflammasome product) to IL-1 receptor. MCC950 treat-
ment clearly abrogated LPS- and LPS/ATP-triggered
caspase-1 activation in NLRP3 mutant-expressing
BMDMs (Figure 6a). Further, intraperitoneal injection
of MCC950 significantly reduced IL-1b level in the
serum of NLRP3 mutant mice when challenged with
systemic LPS injection (P=0.02; Figure 6b). Systemic
Figure 4. Systemic LPS injection causes severe hearing loss in NL
(a) Schematic diagram and injection scheme for LPS-mediated syst
IP-injection for 5 days, allowed to rest for a week, and then intraper
ferent concentrations. (b) ABR thresholds in response to click stimu
mutant mice before and 1 day after LPS injection. (c) DPOAE thresh
reflect means § S.E.M. (b, c) control WT mice (n = 4, 8 ears); mutan
mined using two-way ANOVA with Bonferroni corrections for multi
(d) Representative immunofluorescence image of cochlea sections i
ing with anti-F4/80 antibody (red). DAPI represents nuclear signal (b
per DAPI in the confocal images as shown in (d). control mice injecte
(n = 4) or LPS (n = 6). (f) Ex vivo imaging of active caspase-1 in the
caspase-1-activatable probe. Scale bars, 2 mm. (g) Quantification
injected with PBS (n = 3) or LPS (n = 6); mutant mice injected with
way ANOVA with Bonferroni corrections (*P < 0.05, ***P < 0.001, n.
of PBS- or LPS-treated control and NLRP3 mutant mice.
LPS injection resulted in weight loss in both control
and NLRP3 mutant mice, with the mutant mice display-
ing a more severe phenotype than the control mice
(Figure S6a). Both IL-1RA and MCC950 significantly
alleviated systemic LPS-induced weight loss in NLRP3
mutant mice (Figure S6b).

Subsequently, we checked the efficacy of MCC950
and IL-1RA on the systemic LPS injection-induced
cochlear inflammatory phenomenon such as monocyte
infiltration and blood-labyrinth barrier disruption.
IL-1RA or MCC950 was administered daily during the
systemic LPS injection period (Figure 6c). The fluores-
cent intensity of F4/80 representing the macrophage
population, which was remarkably increased by sys-
temic LPS injection, was significantly decreased by IL-
1RA or MCC950 treatment (P<0.001; Figures 6d, e &
S7a). Consistently, the blockade of NLRP3 inflamma-
some signaling significantly reduced systemic LPS-
driven leakage of rhodamine-dextran into the cochlea of
NLRP3 mutant mice (P=0.004, IL-1RA; P<0.001,
MCC950; Figures 6f, g & S7b). These results indicate
that inflammasome-dependent IL-1b production plays a
critical role in systemic inflammation-induced blood-
labyrinth barrier disruption and subsequent macro-
phage infiltration into the cochlea.
Blockade of NLRP3 inflammasome signaling
attenuates systemic LPS-induced hearing loss in NLRP3
mutant-expressing mice
Next, we checked whether the selective inhibition of
NLRP3 by MCC950 treatment can alleviate hearing loss
induced by systemic LPS injection. IL-1RA, a well-
known medication for CAPS,19 was used as a positive
control to compare the therapeutic effect of MCC950.
Similar to the scheme as shown in Figure 6c, IL-1RA or
MCC950 was administered daily during the systemic
LPS injection period and hearing function was mea-
sured 1 day and 7 days after final LPS injection
(Figure 7a). ABR thresholds for click stimuli of
RP3 mutant mice associated with inflammasome activation.
emic inflammation. Mice were administered with tamoxifen via
itoneally injected with LPS three times every other day with dif-
li and pure tone stimuli at individual frequencies in control and
olds before and 1 day after LPS injection. Values and error bars
t mice (n = 3, 6 ears). (b, c) Statistical comparisons were deter-
ple comparisons (**P < 0.01, ***P < 0.001, n.s. non-significant).
n PBS- or LPS-treated control and Nlrp3 mutant mice after stain-
lue). Scale bars, 200 µm. (e) Quantification of F4/80-positive cells
d with PBS (n = 4) or LPS (n = 3); mutant mice injected with PBS
cochlea tissue of control and NLRP3 mutant mice injected with
of caspase-1-dependent fluorescence as in (f). control mice

PBS (n = 5) or LPS (n = 5). (e, g) Data were analyzed using two-
s. non-significant). (h) Immunoblots from cochlea tissue extracts
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broadband mixed sounds, which were elevated by LPS
injection, were slightly decreased following IL-1RA treat-
ment at days 1 and 7 post-injection, but this decrease
was not statistically significant (P=0.42, day 1; P=0.15,
day 7; Figure 7b). In contrast, MCC950 treatment sig-
nificantly reduced ABR thresholds for click stimuli ele-
vated by LPS injection at day 1 post-injection (P=0.008),
and this therapeutic effect on hearing loss was main-
tained until day 7 post-injection (P=0.05; Figure 7b).

The therapeutic effects of IL-1RA and MCC950 were
also examined for individual frequencies. IL-1RA treat-
ment significantly reduced ABR thresholds elevated by
systemic LPS injection at all frequencies except for
6 kHz at day 1 post injection (Figure 7c, green aster-
isks). ABR thresholds were further reduced at day 7
post-injection to a level, which was not significantly dif-
ferent from PBS-injected controls at some but not all
frequencies (Figure 7c). DPOAE thresholds elevated by
LPS were also decreased by IL-1RA treatment to the con-
trol level at some but not all frequencies at day 7 post-
injection (Figure 7d). These results indicate that inhibit-
ing IL-1b binding to its receptor can alleviate hearing
loss induced by excessive inflammasome activation, but
not to control levels at all frequencies. MCC950 treat-
ment also alleviated hearing loss induced by LPS-injec-
tion at day 1 post injection at some frequencies
(Figure 7c). However, at day 7 post-injection, MCC950
treatment further reduced ABR thresholds at all fre-
quencies to levels not significantly different from PBS-
injected controls (Figure 7c). DPOAE thresholds were
also reduced at most frequencies by MCC950 treatment
to levels not significantly different from PBS-injected
controls at day 7 post-injection (Figure 7d). These
results suggest that MCC950 treatment can effectively
alleviate hearing loss induced by excessive NLRP3
inflammasome activation.
Discussion
Inner ear was previously considered an immune-privi-
leged organ protected by the blood-labyrinth barrier.31

However, recent studies have challenged this concept by
revealing the presence of cochlea-resident macrophages
Figure 5. Comparisons of peripheral inflammation-induced hea
fen treatment. (a) Experimental schemes to examine the contribut
induced hearing loss. (b) ABR thresholds in response to click stimul
at 5-weeks post-injection with PBS (n = 3) and LPS (n = 3). (c) ABR th
cies at 2- and 5-weeks post-injection with PBS or LPS. (d) DPOAE thr
and error bars reflect means § S.E.M. (b -d) 2-weeks post-injection
injection with PBS (n = 3, 6 ears) and LPS (n = 3, 6 ears). (e) Represe
or LPS-treated Nlrp3 mutant mice 2 or 5 weeks after tamoxifen inj
(upper panel). Mice were injected with TRITC-dextran 1 h before sac
(f, g) Quantification of F4/80-positive cells (f) or dextran-containing
control mice injected with PBS (n = 2) or LPS (n = 3); mutant mice
were determined using two-way ANOVA with Bonferroni correction
n.s. non-significant).
and antigen-specific immune responses in the inner
ear.32,33 In this context, cochlear inflammation and
immune response are thought to be major contributors
of hearing impairment under certain circumstances.
Sensorineural hearing loss is a common recurrent
symptom of CAPS, a group of autoinflammatory dis-
eases caused by an autosomal dominant mutation in
NLRP3.17�19 However, there are no biochemical studies
demonstrating a direct association between CAPS-
related NLRP3 inflammasome and sensorineural hear-
ing loss. It is thus useful to investigate whether a gain-
of-function NLRP3 mutation can impair hearing ability
in the cochlea.

Unfortunately, there are no proper mouse models to
study the pathogenesis of CAPS-associated hearing loss.
Expression of CAPS-associated NLRP3 mutant in mye-
loid cells using LysM-cre mice caused growth retardation
and lethality of NLRP3 mutant knock-in mice 2�3 weeks
after birth,34,35 which precludes proper hearing function
tests. To avoid deleterious effects of NLRP3 mutation
during the development process, we generated a mouse
model that conditionally expresses NLRP3 D301N
mutant, observed in NOMID patients, in CX3CR1-posi-
tive cells upon tamoxifen injection. CX3CR1+ macro-
phages were reported to be a major immune cell
population in the cochlea.36 Thus, CX3CR1-targeted
expression of NLRP3 mutant can provide a useful model
to clarify the underlying molecular pathological mecha-
nism through which the CAPS-associated NLRP3 muta-
tion causes an inflammation-mediated sensorineural
hearing loss.

Inflammation has been considered a crucial factor
for mediating sensorineural hearing loss.37,38 However,
the pathological mechanism underlying inflammation-
mediated hearing loss remains unclear. Previous stud-
ies showed that inflammation can mediate functional
and structural changes in the inner ear, including sen-
sory hair cell damage and fluid imbalance of inner
ear.37,39�41 In the present study, we clearly demon-
strated that inflammasome activity is critical for the
increased vascular permeability of blood-labyrinth bar-
rier and the subsequent infiltration of myeloid cells
under local and systemic inflammatory conditions. We
ring loss in NLRP3 mutant mice 2 and 5 weeks after tamoxi-
ion of resident and infiltrating macrophages in inflammasome-
i at 2-weeks post-injection with PBS (n = 4) and LPS (n = 5) and
resholds in response to pure tone stimuli at individual frequen-
esholds at 2- and 5-weeks post-injection with PBS or LPS. Values
with PBS (n = 4, 8 ears) or LPS (n = 5, 9 ears) and 5-weeks post-
ntative immunofluorescence image of cochlea sections in PBS-
ection. Cochlea sections were stained with anti-F4/80 antibody
rifice. DAPI represents nuclear signal (blue). Scale bars, 200 µm.
cells (g) per DAPI in the confocal images as shown in (e). (e-g)
injected with PBS (n = 2) or LPS (n = 3). Statistical comparisons
s for multiple comparisons (*P < 0.05, **P < 0.01, ***P < 0.001,
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Figure 6. NLRP3 inflammasome inhibitors mitigate systemic LPS injection-mediated macrophage infiltration and blood-lab-
yrinth barrier disruption in NLRP3 mutant mice. (a) Immunoblots from Nlrp3D301N/+ BMDMs treated with 4-hydroxytamoxifen (10 µM,
24 h), followed by the treatment with LPS alone (0.25 µg/mL, 6 h) or LPS plus ATP (2.5 mM, 30 min) in the presence of MCC950 (0.5 µM or
5 µM). (b) Quantification of IL-1b in the serum of Nlrp3D301N/+mice injected with LPS (0.75 mg/kg, 3 h) and MCC950 (10 mg/kg, 30 min pre-
treatment before LPS). (n = 3) (c) An experimental scheme to examine the therapeutic effects of IL-1RA and MCC950 on systemic LPS injec-
tion-mediated inflammatory phenotypes. (d) Representative immunofluorescence images of cochlea tissue in PBS- or LPS-treated Nlrp3
mutant mice administered with MCC950 (10 mg/kg) or IL-1RA (10 mg/kg) after staining with anti-F4/80 antibody (red). Scale bars, 200 µm.
(e) Quantification of F4/80 positive cells per DAPI in the confocal images as shown in (d). (n = 3) (f) Representative immunofluorescence
image of cochlea sections of PBS- or LPS-treated control and Nlrp3mutant mice injected with TRITC-dextran. DAPI represents nuclear signal
(blue). Scale bars, 200 µm. (g) Quantification of dextran-containing cells per DAPI in the confocal images as shown in (f). PBS (n = 4), LPS
(n = 3), LPS + IL-1RA (n = 3), and LPS + MCC950 (n = 4). Dextran leakage assay in the cochlea tissue using TRITC-labelled Dextran
(1 mg/mouse, 1 h pre-injection, i.v.). Statistical comparisons were determined using one-way ANOVA with Tukey’s corrections for multiple
comparisons (**P< 0.01, ***P< 0.001).
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employed two-independent routes (middle ear cavity
and intraperitoneal injections) of LPS administration
into mice to mimic local and systemic inflammation,
respectively. Regardless of the injection route, LPS
administration triggered a robust inflammasome activa-
tion in the cochlea and profound hearing loss. However,
direct middle ear injection method caused LPS-indepen-
dent hearing impairment after 7 days of injection, most
likely due to structural damages that occurred during
the injection procedure. Thus, we conclude that sys-
temic LPS administration is a more appropriate model
for studying the inflammasome-associated hearing loss
phenomenon.

Given that IL-1RA can mitigate the symptoms of
CAPS to a certain degree,12 inflammasome activation
may be a key phenomenon for the CAPS pathogenesis.
Previous study showed that NLRP3 is expressed in
CX3CR1-expressing macrophages in the cochlea.20

However, it remained elusive whether the inflamma-
some activation really occurs inside the cochlea under
physiological inflammatory conditions. In this context,
our results here provide the first in vivo evidence for cas-
pase-1 and inflammasome activation induced by the
NLRP3 mutant in CX3CR1 macrophages of cochlea in
response to repetitive peripheral inflammation. It will
be interesting to elucidate whether physiological condi-
tions other than peripheral inflammation such as noise
stress and aging also drive cochlear inflammasome acti-
vation.

Our results also indicate that hyperactivation of inflam-
masome signaling by gain-of-function NLRP3 mutation
facilitates the impairment of blood-labyrinth barrier and
the infiltration of monocytes in response to peripheral
inflammation. Furthermore, our data present that NLRP3
mutant-expressing infiltrating cells significantly contribute
to peripheral inflammation-induced hearing loss. There-
fore, we can infer that excessive NLRP3 inflammasome
activity in CX3CR1-positive infiltrating monocytes as well
as cochlea-resident macrophages might damage hearing
ability via inflammasome-dependent mediators including
IL-1b. Particularly, NLRP3-specific inhibitor MCC950
completely blocked the leakage of dextran protein from the
circulation under peripheral inflammation condition. In
contrast, a recent study proposed that MCC950 failed to
inhibit CAPS-associated NLRP3 mutant-mediated caspase-
1 and IL-1b processing.42 However, our data clearly indicate
Figure 7. NLRP3 inflammasome inhibitors alleviate hearing loss
experimental scheme to examine the therapeutic effects of IL-1RA a
activation. (b) ABR thresholds in response to click stimuli of broadba
(n = 3), LPS + IL-1RA (10 mg/kg) (n = 4), and LPS + MCC950 (10 mg/k
individual frequencies in mutant mice injected with PBS, LPS, LPS +
the primary tones set at a frequency ratio (f2/f1) of 1.2 with target fre
1RA (n = 4, 7 ears), and LPS + MCC950 (n = 4, 8 ears). Values and erro
mined using one-way ANOVA with Tukey’s corrections for multiple c
cant). Green symbols indicate statistical significance at each frequ
statistical significance between PBS and LPS + IL-1RA or between PB
icance between LPS and LPS + MCC950.
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that MCC950 remarkably attenuated LPS or LPS/ATP-
induced activation in NLRP3 (D301N)-expressing BMDMs
and significantly reduced systemic LPS-induced events in
NLRP3 mutant mice. Supporting our findings, Tapia-Abel-
lan et al. showed that MCC950 can close the open confor-
mation of active NLRP3 and block the subsequent
activation of autoinflammatory-related NLRP3 mutants.30

It would be interesting to study whether MCC950 efficacy
varies depending on the NLRP3mutation in a future study.
Nevertheless, MCC950 showed more efficient therapeutic
potential than IL-1RA in systemic LPS-driven hearing loss.
These results suggest that inflammasome-derived media-
tors other than IL-1b possibly contribute to the hearing
impairment induced by peripheral LPS administration.

Despite our efforts to clarify the role of NLRP3
mutants in the peripheral inflammation-induced hear-
ing loss, how inflammasome activation in CX3CR1 cells
causes the impairment of outer hair cells or blood-laby-
rinth barriers and the subsequent hearing loss remains
to be fully understood. Furthermore, as we detected sys-
temic changes such as weight loss in NLRP3 mutant
mice by systemic LPS injection, we cannot rule out the
possibility that other systemic effect such as central ner-
vous system (CNS) defects may impair hearing ability
in our model. However, our DPOAE results, which spe-
cifically reflect the function of outer hair cells in the
inner ear, are closely correlated with ABR results, which
reflect hearing sensitivity. Thus, we believe that hearing
loss observed in the LPS injected mice is mainly, if not
all, due to defective cochlear amplifier function of outer
hair cells in the inner ear rather than other systemic
effects.

In conclusion, our study provides the first in vivo
model to mimic hearing loss due to excessive inflamma-
some activation observed in human patients carrying
NLRP3 gain-of-function mutations. Our results validate
the practicality of our mouse model by confirming that
inhibition of IL-1b receptors can alleviate hearing loss
caused by systemic inflammation, and further suggest a
more direct and potent therapeutic modality of targeting
NLRP3-mediated inflammasome itself.
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