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I M M U N O L O G Y

Isocyanic acid–mediated NLRP3 carbamoylation 
reduces NLRP3-NEK7 interaction and limits 
inflammasome activation
Zhenxing Zhang1†, Chao Chen1†, Caiyun Liu1,2, Pengkai Sun1,2, Ping Liu1,  
Shu Fang1,2, Xinjian Li1,2*

Isocyanic acid, as a reactive metabolite synthesized by the enzyme LACC1, can carbamoylate the ε-amino group of 
lysine residues in proteins. However, the role of isocyanic acid in inflammatory response remains elusive. Herein, 
we reveal that lipopolysaccharide stimulation increases LACC1-dependent isocyanic acid production, which 
attenuates inflammation by limiting the NLRP3 inflammasome activation in macrophages primed with lipopolysac-
charide for 8 hours. Mechanistically, isocyanic acid directly carbamoylates NLRP3 at lysine-593 to disrupt NLRP3-NEK7 
interaction, a key step in assembly of active NLRP3 inflammasome. Abrogation of isocyanic acid biosynthesis 
by LACC1/Lacc1 knockout or expression of K593 carbamoylation (K593ca)–deficient NLRP3 mutant promotes 
macrophagic inflammatory response in vitro. Furthermore, Lacc1−/− mice and mice harboring K593ca-deficient 
NLRP3 mutation manifest exacerbated inflammatory response in vivo. Hence, our findings identify isocyanic acid 
as an endogenous immunoregulatory metabolite that limits NLRP3-driven inflammation and provide valuable 
insights into the regulation of NLRP3 inflammasome activation, governed by metabolites.

INTRODUCTION
Inflammasomes function as important innate immune sensors that 
are activated in response to microbial invasion and damage signals 
(1, 2). Numerous different types of inflammasomes and their corre-
sponding activating stimuli have been identified. Among inflamma-
somes, the nucleotide-binding oligomerization domain (NOD)–, 
leucine-rich repeat (LRR)–, and pyrin domain (PYD)–containing 
protein 3 (NLRP3) inflammasome, consisting of the central protein 
NLRP3, the adaptor protein apoptosis-associated speck-like protein 
containing a caspase-recruitment domain (CARD) (ASC, also known 
as PYCARD), the mitotic kinase never in mitosis gene a (NIMA)–
related kinase 7 (NEK7), and the effector protein caspase-1, has 
been studied extensively and was found to be activated by a wide 
spectrum of stimuli (3). Structurally, NLRP3 can be divided into 
three domains: an N-terminal PYD, a C-terminal LRR domain, and 
a central NACHT [an acronym standing for neuronal apoptosis in-
hibitory protein (NAIP), major histocompatibility complex class II 
transcription activator (CIITA), incompatibility locus protein from 
Podospora anserina (HET-E), and telomerase-associated protein 1 
(TP1)] domain (4). The LRR and NACHT domains interacting with 
NEK7 are essential for the NLRP3 inflammasome complex assem-
bly (4). Activation of the NLRP3 inflammasome triggers autocata-
lytic activation of caspase-1 (CASP1), leading to processing the 
proinflammatory cytokines interleukin-1β (IL-1β) and IL-18 for 
their maturation, and cleaving gasdermin D (GSDMD) to induce 
pyroptosis (5, 6). Following the GSDMD cleavage, NINJ1, a 16-kDa 
plasma membrane protein that is evolutionarily conserved and 
found in all higher eukaryotes, induces plasma membrane rupture 
(PMR), which is the final cataclysmic event in lytic cell death (7–10). 

It is known that aberrant activation of NLRP3 inflammasome is the 
etiology of a series of inflammatory, autoimmune, and degenera-
tive diseases (3); thus, a better understanding of the molecular 
mechanisms underlying NLRP3 inflammasome activation remains 
necessary.

Numerous studies have shown that macrophages may undergo 
metabolic reprogramming in response to pathogen invasion. Lac-
case domain containing 1 (LACC1), also known as chromosome 
13 open reading frame 31 (C13orf31) or fatty acid metabolism-
immunity nexus (FAMIN), is a metabolic enzyme highly expressed 
in inflammatory macrophages and serves as a central regulator for 
immune-metabolic function in classically activated macrophages 
(11–14). LACC1 is also a multifunctional purine nucleoside enzyme 
participating in several purine nucleotide metabolic reactions 
(15, 16). In addition, LACC1 may act as an isocyanic acid synthase 
that catalyzes the cleavage of citrulline into ornithine and isocyanic 
acid (17). Notably, as tautomer, isocyanic acid and cyanate can in-
terconvert each other (18). Owing to its highly reactive property, 
isocyanic acid could react with the ε-amino group of a lysine resi-
due to form a homocitrulline residue in target proteins, which 
is also referred as carbamoylation (18). It has been known that 
isocyanic acid–mediated protein carbamoylation is associated 
with the development of renal and cardiovascular disease (19–22). 
However, it is still unknown whether isocyanic acid serves as an 
immune effector.

Here, we demonstrate that isocyanic acid produced by LACC1 di-
rectly carbamoylates NLRP3 at lysine-593 and limits NLRP3 inflam-
masome activation by disrupting the interaction between NLRP3 and 
NEK7 in inflammatory macrophages. In addition, Lacc1−/− mice and 
Nlrp3 K593R mice exhibit exacerbated inflammatory response in the 
inflammation models established by injection of lipopolysaccharide 
(LPS) or monosodium urate (MSU) crystals in vivo. Isocyanic acid 
may thereby be a negative regulator of NLRP3 inflammasome, which 
could provide valuable insights into the regulation of NLRP3 inflam-
masome activation, governed by metabolites.
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RESULTS
LACC1 limits NLRP3 inflammasome activation
Isocyanic acid synthase LACC1 is robustly activated by LPS in murine 
bone marrow–derived macrophages (mBMDMs) (11, 12, 17). Consis-
tent with the previous studies, full induction of LACC1 expression was 
observed in THP-1 cells and immortalized BMDMs (iBMDMs) stim-
ulated with LPS for 8 hours (fig. S1A). Next, to determine whether 

LACC1 is involved in the activation of NLRP3 inflammasome, we 
knocked out LACC1/Lacc1 in THP-1 cells and iBMDMs. As expected, 
loss of LACC1 expression was observed in LACC1/Lacc1-knockout 
(KO) THP-1 cells and iBMDMs stimulated with LPS for 8 hours, as de-
tected by immunoblotting analysis (Fig. 1A). Enzyme-linked immuno-
sorbent assay (ELISA) revealed that LACC1/Lacc1 KO increased the 
releases of IL-1β (Fig. 1B), IL-18 (Fig. 1C), and lactate dehydrogenase 

Fig. 1. LACC1 limits NLRP3 inflammasome activation. PMA-differentiated THP-1 cells and iBMDMs without or with LACC1/Lacc1 KO were stimulated with LPS (100 ng 
ml−1) for 8 hours (A) and then incubated with 10 μM Nig or 5 mM ATP for another 45 min (B to G). P values were calculated using one-way ANOVA (B to E). The data are 
presented as mean ± SD of three (E) or four (B to D) independent experiments. *P < 0.01, #P < 0.05. (A) LACC1 in the lysates of indicated cells was analyzed by immunob-
lotting. (B to D) The release of IL-1β (B), IL-18 (C), and LDH (D) in culture supernatants was determined by ELISA. (E) Pro- and mature caspase-1 and IL-1β, NLRP3, and NEK7 
proteins in whole-cell lysates (WCL), and CASP1 p20 and IL-1β p17 in culture supernatants (Sup) were analyzed by immunoblotting (top). Band intensity of mature cas-
pase-1 (CASP1 p20) and IL-1β (IL-1β p17) in the WCL with normalization to tubulin was shown (bottom). (F) Cleavage of GSDMD was analyzed by immunoblotting. (G) The 
formation of large multimeric ASC complexes was analyzed by immunoblotting.
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(LDH) (Fig. 1D) upon NLRP3 inflammasome activation using nigeri-
cin (Nig) or adenosine triphosphate (ATP) in LPS-primed THP-1 cells 
and iBMDMs. By contrast, LACC1/Lacc1 KO did not alter the LPS-
induced secretion of tumor necrosis factor–α (TNF-α) in THP-1 cells 
and iBMDMs (fig. S1B). Consistently, immunoblotting analysis dem-
onstrated that LACC1/Lacc1 KO promoted the LPS-Nig/ATP–induced 
cleavages of IL-1β and caspase-1 to their mature subunits, which are 
p17 and p20, but did not alter the expression levels of NLRP3 and 
NEK7 in THP-1 cells and iBMDMs (Fig. 1E). Moreover, LACC1/Lacc1 
KO promoted the LPS-Nig/ATP–induced formation of the active N-
terminal fragment of GSDMD (GSDMD-N) (Fig. 1F) and the large 
multimeric ASC complexes (Fig. 1G) in these cells. Additionally, 
quantitative polymerase chain reaction (qPCR) analysis indicated that 
wild-type (WT) and LACC1/Lacc1-KO THP-1 cells and iBMDMs dis-
played similar mRNA levels of NLRP3 inflammasome components, 
including NLRP3/Nlrp3, NEK7/Nek7, ASC/Asc, CASP1/Casp1, IL-1B/ 
Il-1b, IL-18/Il-18, GSDMD/Gsdmd, and NINJ1/Ninj1, upon LPS stim-
ulation (fig. S1C), suggesting that LACC1 is not required for the ex-
pression of NLRP3 inflammasome components in LPS-stimulated 
macrophages. Together, these results support that LACC1 limits NLRP3 
inflammasome activation in macrophages.

Previous study demonstrates that inhibitor of nuclear factor κB ki-
nase subunit β (IKKβ)–mediated NEK7-independent pathway consti-
tutes the predominant NLRP3 priming mechanism in human myeloid 
cells (23). To test whether LACC1 regulated NLRP3 inflammasome 
activity in a NEK7-dependent manner in human macrophages, we 
knocked out LACC1 in WT, NEK7-KO, or IKBKB (the gene coding 
for IKKβ)–KO THP-1 cells. As expected, loss of NEK7, IKKβ, and/or 
LACC1 expression was observed in these cells, as detected by immu-
noblotting analysis (fig. S1D). Consistent with the previous study (23), 
NEK7 KO or IKBKB KO partially inhibited the LPS-Nig–induced re-
leases of IL-1β (fig. S1E), IL-18 (fig. S1F), and LDH (fig. S1G) in THP-
1 cells. However, LACC1 KO increased the LPS-Nig–induced releases 
of IL-1β (fig. S1E), IL-18 (fig. S1F), and LDH (fig. S1G) in WT and 
IKBKB-KO, but not NEK7-KO, THP-1 cells. These data support that 
LACC1 limits NLRP3 inflammasome activation depending on NEK7, 
but not IKKβ, in human macrophages.

To investigate whether LACC1 exerts its immunoregulatory func-
tion depending on the inflammasomes other than NLRP3 inflamma-
some, we tested the effect of LACC1/Lacc1 KO on activation of AIM2 
and NLRC4 inflammasome. Notably, LACC1/Lacc1 KO did not alter the 
releases of IL-1β (fig. S1H) and LDH (fig. S1I), the cleavages of IL-1β and 
caspase-1 (fig. S1J), and the GSDMD-N formation (fig. S1K) when 
the AIM2 inflammasome was activated with poly(deoxyadenylic-
deoxythymidylic) [poly(dA:dT)] transfection in LPS-primed THP-1 
cells and iBMDMs. Similar effects were observed when the NLRC4 
inflammasome was activated with flagellin transfection in LPS-primed 
THP-1 cells and iBMDMs (fig. S1, L to O). Next, we tested the effect of 
LACC1/Lacc1 KO on noncanonical inflammasome signaling, in that 
cytosolic LPS–activated caspase-11 (caspase-4 and caspase-5 in hu-
mans) cleaves GSDMD to induce pyroptosis, and then canonical acti-
vation of NLRP3 inflammasome resulting from pyroptosis-mediated 
K+ efflux triggers the release of IL-1β (24). We observed that LACC1/ 
Lacc1 KO increased IL-1β release (fig. S1P), but not pyroptosis, as mea-
sured by the release of LDH (fig. S1Q) when the noncanonical inflam-
masome was activated with LPS transfection in LPS-primed THP-1 
cells and iBMDMs. Collectively, these data support that LACC1 limits 
canonical and noncanonical activation of NLRP3 inflammasome, but 
not AIM2 and NLRC4 inflammasome.

Isocyanic acid produced by LACC1 limits NLRP3 
inflammasome activation
It has been reported that LACC1 is an enzyme converting citrulline 
into isocyanic acid and ornithine (17). Liquid chromatography–
mass spectrometry (LC-MS) analysis revealed that LPS stimulation 
dramatically increased intracellular levels of isocyanic acid in WT, 
but not LACC1/Lacc1-KO, THP-1 cells and iBMDMs (Fig. 2A). 
Likewise, a moderate increase in intracellular levels of ornithine was 
observed in WT, but not LACC1/Lacc1-KO, THP-1 cells and iBMDMs 
upon LPS stimulation (fig. S2A). Next, to further examine the role 
of LACC1 in the route of isocyanic acid production in inflamma-
tory macrophages, WT and LACC1/Lacc1-KO THP-1 cells and 
iBMDMs were stimulated with LPS for 8 hours in the presence of 
ureido-13C–labeled citrulline in the culture medium. As expected, 
LACC1/Lacc1 KO abrogated 13C-isocyanic acid production in these 
cells upon LPS stimulation (fig. S2B). Together, these data support 
that LACC1 produces isocyanic acid from citrulline in inflamma-
tory macrophages.

Furthermore, to determine whether citrulline is required for isocy-
anic acid production in inflammatory macrophages, THP-1 cells and 
iBMDMs were infected with the control lentiviruses expressing green 
fluorescent protein (GFP) or the lentiviruses expressing arginino-
succinate synthetase-1 (ASS1), an enzyme converting citrulline to 
argininosuccinate (25), under the control of a doxycycline-inducible 
promoter. Following the doxycycline treatment, a depletion of intra-
cellular citrulline was observed in THP-1 cells and iBMDMs ectopi-
cally expressing ASS1 (fig. S2, C and D). LPS stimulation increased 
intracellular isocyanic acid levels in GFP-expressed THP-1 cells and 
iBMDMs (fig. S2E); however, this effect was abrogated by ectopic ex-
pression of ASS1 in THP-1 cells and iBMDMs (fig. S2E). These data 
support that citrulline is required for isocyanic acid production in in-
flammatory macrophages.

Given the observation that LACC1 loss promoted NLRP3 inflam-
masome activation and LACC1 produces isocyanic acid in LPS-
stimulated macrophages, we hypothesized that LACC1-synthesized 
isocyanic acid limits NLRP3 inflammasome activation in inflammato-
ry macrophages. To test this hypothesis, we infected the WT and 
LACC1/Lacc1-KO THP-1 cells and iBMDMs with the control lentivi-
ruses expressing GFP or the lentiviruses expressing cyanase, an enzyme 
degrading isocyanic acid (26), under the control of a doxycycline-
inducible promoter. Following the doxycycline treatment, we found 
that LACC1/Lacc1-KO THP-1 cells and iBMDMs exposed to 1 mM 
exogenous cyanate, a tautomer of isocyanic acid that may interconvert 
with cyanate (18), displayed an intracellular isocyanic acid level similar 
to that of LPS-stimulated WT cells expressing GFP (fig. S2, F and G). 
Strikingly, intracellular isocyanic acid was undetectable when cyanase 
was expressed in these cells (fig. S2, F and G), suggesting that our detec-
tion of intracellular isocyanic acid is reliable. Accordingly, exogenous 
cyanate (1 mM) abolished the exacerbated NLRP3 inflammasome acti-
vation resulting from LACC1/Lacc1 KO, as evidenced by the observa-
tions that LACC1/Lacc1 KO–promoted releases of IL-1β (Fig. 2B), 
IL-18 (Fig. 2C), and LDH (Fig. 2D); cleavages of IL-1β and caspase-1 to 
their active forms (Fig. 2E); formation of GSDMD-N (Fig. 2F); and 
large multimeric ASC complexes (Fig. 2G) were abrogated by pretreat-
ing these cells with 1 mM cyanate before NLRP3 inflammasome activa-
tion, although LACC1/Lacc1 KO did not alter the expression levels of 
NLRP3 and NEK7 in these cells (Fig. 2E). By contrast, similar effects on 
NLRP3 inflammasome activation were not observed when these cells 
were pretreated with the same concentrations of ornithine (fig. S3, A to 
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Fig. 2. LACC1-produced isocyanic acid limits NLRP3 inflammasome activation. (A to G) THP-1 cells and iBMDMs without or with LACC1/Lacc1 KO were stimulated with 
LPS (100 ng ml−1) for 8 hours. (B to G) The LPS-primed macrophages were pretreated without or with indicated concentrations (0.5 and 1 mM) of cyanate (Cya) for 30 min 
and then incubated with 10 μM Nig or 5 mM ATP for another 45 min. (A) Intracellular levels of isocyanic acid (ICA) were detected by LC-MS analysis. (B to D) The release of 
IL-1β (B), IL-18 (C), and LDH (D) in culture supernatants was determined by ELISA. (E) Pro- and mature caspase-1 and IL-1β, NLRP3, and NEK7 proteins in WCL, and CASP1 
p20 and IL-1β p17 in culture supernatants were analyzed by immunoblotting (top). Band intensity of mature caspase-1 (CASP1 p20) and IL-1β (IL-1β p17) in the WCL with 
normalization to tubulin was shown (bottom). (F) Cleavage of GSDMD was analyzed by immunoblotting. (G) The formation of large multimeric ASC complexes was ana-
lyzed by immunoblotting. The data are presented as mean ± SD of three (A and E) or four (B to D) independent experiments. P values were calculated using one-way 
ANOVA (B to E). *P < 0.01, #P < 0.05.
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F). Together, these data suggest that LACC1-synthesized isocyanic acid 
limits NLRP3 inflammasome activation in inflammatory macrophages.

Furthermore, to investigate the effect of exogenous cyanate 
treatment on NLRP3 inflammasome activation in LACC1/Lacc1-
competent macrophages, we treated the LPS-primed WT THP-1 
cells and iBMDMs with 1 mM cyanate before NLRP3 inflamma-
some activation and found that cyanate did not alter the releases of 
IL-1β (fig. S4A), IL-18 (fig. S4B), and LDH (fig. S4C); cleavages 
of IL-1β and caspase-1 to their active forms (fig. S4D); formation of 
GSDMD-N (fig. S4E); and appearance of large multimeric ASC 
complexes (fig. S4F) in these cells, supporting that exogenous cya-
nate treatment cannot exert detectable impacts on NLRP3 inflam-
masome activation in LACC1/Lacc1-competent macrophages.

Next, to test the toxicity of isocyanic acid toward macrophages, 
WT and LACC1/Lacc1-KO THP-1 cells and iBMDMs were treated 
with exogenous cyanate. As expected, treatment with exogenous 
cyanate (0.5 or 1 mM) did not exert significant impact on the viabil-
ity of WT and LACC1/Lacc1-KO THP-1 cells and iBMDMs (fig. 
S4G), suggesting that treatment with exogenous cyanate at a con-
centration no more than 1 mM is not toxic for macrophages.

LACC1 produces isocyanic acid in a urea- and 
MPO-independent manner
It has been reported that isocyanic acid is formed via the decomposi-
tion of urea or myeloperoxidase (MPO)–catalyzed oxidation of thio-
cyanate (19, 21). To examine the effect of urea on LACC1-dependent 
isocyanic acid production in macrophages, WT and LACC1/Lacc1-KO 
THP-1 cells and iBMDMs were infected with the control lentiviruses 
expressing GFP or the lentiviruses expressing urease, an enzyme hydro-
lyzing urea (27), under the control of a doxycycline-inducible promoter. 
Following the doxycycline treatment, intracellular urea was detected in 
GFP-expressed, but not urease-expressed, THP-1 cells and iBMDMs 
without or with LPS stimulation (fig. S5, A and B). Strikingly, urease 
expression (fig. S5A) did not alter the LACC1-dependent isocyanic 
acid production (fig. S5C) in THP-1 cells and iBMDMs upon LPS stim-
ulation. These data suggest that LACC1 produces isocyanic acid in a 
urea-independent manner in LPS-stimulated macrophages. Moreover, 
immunoblotting analysis revealed that MPO expression was undetect-
able in THP-1 cells and iBMDMs without or with LPS stimulation (fig. 
S5D), implying that MPO is also not involved in LACC1-dependent 
isocyanic acid production in inflammatory macrophages.

Isocyanic acid carbamoylates NLRP3 at K593 to disrupt the 
interaction between NLRP3 and NEK7
Given that isocyanic acid could potentially carbamoylate protein ly-
sine residues by a nonenzymatic reaction and ASC and caspase-1 are 
components shared by other inflammasomes, we subsequently hy-
pothesized that the acute and specific effect of isocyanic acid on 
NLRP3 activation may result from carbamoylation of NLRP3 and/or 
NEK7 directly. NLRP3 and NEK7 interact with each other upon 
NLRP3 inflammasome activation (4). To test whether isocyanic acid–
mediated carbamoylation affects the interaction between NLRP3 and 
NEK7 upon NLRP3 inflammasome activation, we reconstituted a 
murine NLRP3 inflammasome in 293T cells stably expressing the 
pore-forming protein GSDMD (28,  29). As expected, immunopre-
cipitation analysis revealed that treatment with exogenous cyanate 
before Nig stimulation disrupted the interaction between NLRP3 and 
NEK7 in 293T cells expressing GSDMD and the reconstituted murine 
NLRP3 inflammasome (Fig. 3A). Consistently, exogenous cyanate 

blocked the release of CASP1 p20, the active form of caspase-1, from 
293T cells upon Nig stimulation (Fig. 3A). Subsequent MS/MS of 
murine NLRP3, immunoprecipitated from 15N-labeled cyanate-treated 
FLAG-tagged NLRP3-overexpressing iBMDMs, showed that cyanate 
carbamoylated (+44.013 Da) multiple lysine residues on NLRP3 (Fig. 
3, B and C, and fig. S6A). To determine the carbamoylation site dis-
rupting the interaction between NLRP3 and NEK7, we mutated the 
carbamoylated lysine (K) residues, which are identified by MS/MS 
analysis, to arginine (R) in NLRP3 protein and utilized these proteins 
to reconstitute a murine NLRP3 inflammasome (29). Immunopre-
cipitation analysis revealed that NLRP3 K593R mutation abrogated 
the cyanate-mediated disruption of interaction between NLRP3 
and NEK7 (Fig. 3D), suggesting that NLRP3 K593 carbamoylation 
(K593ca) is required to disrupt the interaction between NLRP3 and 
NEK7 upon NLRP3 inflammasome activation.

It has been reported that the pathogenic LACC1 mutations, in-
cluding T276fs*2 (30) and A278P (31), are causal for a monogenic 
form of juvenile idiopathic arthritis (JIA). To test the effect of patho-
genic LACC1 mutations on NLRP3 inflammasome activation, we 
reconstituted murine NLRP3 inflammasome in 293T cells stably 
expressing GSDMD. Upon NLRP3 inflammasome activation, ex-
pression of WT LACC1, but not the LACC1 T276fs*2 and A278P, 
significantly increased NLRP3 K593ca and blocked the cleavages of 
caspase-1 and GSDMD to their active forms (fig. S6B). Consistently, 
LC-MS analysis revealed that expression of WT LACC1, but not 
the LACC1 T276fs*2 and A278P, dramatically increased intracellular 
levels of isocyanic acid in these cells (fig. S6C). These data support 
that LACC1 mutations may be causal for the exacerbated NLRP3 
inflammasome activation during JIA progress.

We next performed an in vitro carbamoylation assay by incubating 
cyanate with purified recombinant WT NLRP3 or NLRP3 K593R 
protein (amino acid 139 to 1033 truncation) fused with His-MBP 
(maltose binding protein) tag at the N terminus (fig. S6D). As expected, 
K593ca on WT NLRP3, but not NLRP3 K593R, was detected by a 
custom-designed and specificity-validated anti–NLRP3 K593ca anti-
body (Fig. 4A and fig. S6E). Furthermore, glutathione S-transferase 
(GST) pull-down assay demonstrated that cyanate incubation blocked 
the binding of WT NLRP3, but not NLRP3 K593R, to purified GST-
tagged NEK7 (Fig. 4B and fig. S6D). In line with these in vitro results, 
LPS stimulation dramatically increased NLRP3 K593ca in WT, but not 
LACC1/Lacc1-KO, THP-1 cells and iBMDMs (Fig. 4C); however, cya-
nate treatment recovered the NLRP3 K593ca in LACC1/Lacc1-KO 
THP-1 cells and iBMDMs stimulated with LPS (Fig. 4C). Stoichiome-
try analysis demonstrated that K593-carbamoylated NLRP3 accounted 
for about 80% of total NLRP3 in THP-1 cells and iBMDMs (fig. S6F). 
Moreover, previous studies reported that the majority of NLRP3 pro-
tein is localized in cytosol (32). To examine whether LACC1 is colo-
calized with NLRP3, extracts from THP-1 cells and iBMDMs were 
fractionated into P5 (heavy membrane), P100 (light membrane), and 
S100 (cytosol) fractions by differential centrifugation. Immunoblot-
ting analysis indicated that LACC1 is colocalized with NLRP3 in S100 
fraction (fig. S6G), suggesting that isocyanic acid generated by LACC1 
may carbamoylate NLRP3 in cytosol. Additionally, immunoprecipita-
tion analysis indicated that LACC1/Lacc1 KO increased the LPS-Nig/
ATP–induced interaction between NLRP3 and NEK7 and this effect 
was abrogated by cyanate treatment (Fig. 4D).

Next, to further validate our findings in THP-1 cells and iBMDMs, 
we knocked out endogenous NLRP3/Nlrp3 and reconstitutively 
expressed the counterpart FLAG-tagged WT guide RNA (gRNA)– 
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resistant (r) NLRP3 (rNLRP3) or rNLRP3 K593R mutant (Fig. 4E). 
As expected, LPS-induced NLRP3 K593ca was observed in WT hu-
man (h) or mouse (m) rNLRP3 (h/mrNLRP3)–expressed, but not h/
mrNLRP3 K593R–expressed, THP-1 cells and iBMDMs, as detected 
by immunoblotting analysis (Fig. 4F). Moreover, an increase of LPS-
Nig/ATP–induced interaction between NLRP3 and NEK7 was ob-
served in h/mrNLRP3 K593R–expressed THP-1 cells and iBMDMs 
compared to the cells expressing WT h/mrNLRP3 (Fig. 4G). To-
gether, these data suggest that isocyanic acid carbamoylates NLRP3 
at K593 to disrupt the interaction between NLRP3 and NEK7 upon 
NLRP3 inflammasome activation.

NLRP3 K593ca is required to limit NLRP3 
inflammasome activation
We next investigated the role of NLRP3 K593ca in NLRP3 in-
flammasome activation. As expected, reconstituted expression of h/
mrNLRP3 K593R mutant promoted LPS-Nig/ATP–induced releases 
of IL-1β (Fig. 5A), IL-18 (Fig. 5B), and LDH (Fig. 5C); cleavages of 
IL-1β and caspase-1 to their active forms (Fig. 5D); and GSDMD-N 
formation (Fig. 5E). Furthermore, reconstituted expression of h/
mrNLRP3 K593R mutant also promoted LPS-Nig/ATP–induced 
formation of large multimeric ASC complexes (Fig. 5F). However, 
the exacerbated NLRP3 inflammasome activation resulting from 

Fig. 3. Carbamoylation sites on NLRP3 are identified, and their effects on NLRP3-NEK7 interaction are evaluated. (A) 293T cells stably expressing GSDMD were 
cotransfected with plasmids expressing indicated proteins. Twenty-four hours after transfection, the cells were incubated with indicated concentrations of cyanate for 
30 min and then treated with Nig for another 45 min. Immunoprecipitation was performed using an anti-HA antibody followed by an immunoblotting analysis (left 
panel). Cyanate-mediated disruption of NLRP3-NEK7 interaction was quantified and presented as mean ± SD of three independent experiments (right panel). P values 
were calculated using one-way ANOVA. *P < 0.01. (B) FLAG-NLRP3 immunoprecipitated from the lysate of FLAG-NLRP3–overexpressing iBMDMs treated with 15N-labeled 
cyanate (1 mM) for 1 hour was separated through SDS-PAGE and stained with Coomassie brilliant blue. The indicated protein band matching the molecular weight of 
FLAG-NLRP3 was excised for MS analysis. HC, heavy chain; LC, light chain. (C) Schematic illustration of carbamoylation reaction (top) and carbamoylated lysine (K) residues 
on NLRP3 (bottom) was indicated. (D) 293T cells were cotransfected with plasmids expressing FLAG-tagged WT or indicated NLRP3 mutants, HA-NEK7, V5-ASC, and Myc-
caspase-1. Twenty-four hours after transfection, the cells were incubated with cyanate (1 mM) for 30 min and then treated with Nig for another 45 min. Immunoprecipita-
tion was performed using an anti-HA antibody followed by an immunoblotting analysis.
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reconstituted expression of K593ca-deficient h/mrNLRP3 mutant 
was not influenced by treatment with 1 mM cyanate (Fig. 5, A to F). 
Of note, WT h/mrNLRP3– and h/mrNLRP3 K593R–expressed THP-1 
cells and iBMDMs have similar levels of LACC1 expression (fig. 
S6H) and isocyanic acid production (fig. S6I) upon LPS stimulation. 
These data suggest that isocyanic acid–mediated NLRP3 K593ca is 
required to limit NLRP3 inflammasome activation.

To further characterize the effect of NLRP3 K593ca on NLRP3 
inflammasome activation, LPS-primed THP-1 cells and iBMDMs 
with KO of endogenous NLRP3/Nlrp3 and reconstituted expression 
of WT h/mrNLRP3 or K593ca-deficient h/mrNLRP3 K593R mu-
tant were treated with increasing concentrations of Nig, ATP, and 
MSU crystals for a certain time duration (Nig and ATP for 45 min; 
MSU crystals for 60 min). NLRP3 K593ca deficiency induced a similar 
fold change of IL-1β release in LPS-primed THP-1 cells and iBMDMs 
upon treatments with different concentrations of Nig, ATP, and 
MSU crystals (fig. S6J). Likewise, NLRP3 K593ca deficiency in-
duced a similar fold change of IL-1β release in LPS-primed THP-1 
cells and iBMDMs upon treatments with Nig (10 μM), ATP (5 mM), 

and MSU crystals (300 μg ml−1) for different time durations (fig. 
S6K). These data support that NLRP3 K593ca is required to limit 
inflammasome activation triggered by different NLRP3 activators 
within a wide range of doses and durations of treatment time.

In addition, to ascertain whether LACC1 regulates NLRP3 in-
flammasome activation in a priming time–dependent manner, we 
primed WT and LACC1/Lacc1-KO THP-1 cells and iBMDMs with 
different stimuli, including Toll-like receptor 4 (TLR4) agonist LPS 
and TLR1/2 agonist pam3CSK4 (33) for different time durations. In 
line with the results shown in fig. S1A, full induction of LACC1 ex-
pression and NLRP3 K593ca was observed upon stimulation with 
LPS or pam3CSK4 for 8 hours in WT, but not LACC1/Lacc1-KO, 
THP-1 cells and iBMDMs (fig. S7A). Furthermore, LACC1/Lacc1 
KO increased the releases of IL-1β when these cells were stimulated 
with LPS or pam3CSK4 for 6, 8, and 10 hours, but not 3 hours, be-
fore activation of NLRP3 inflammasome with Nig (fig. S7B). Of 
note, similar results were observed when the WT and LACC1/Lacc1-
KO THP-1 cells and iBMDMs were stimulated with a double con-
centration of LPS or pam3CSK4 (fig. S7, C and D). Together, these 

Fig. 4. Isocyanic acid carbamoylates NLRP3 at K593 to disrupt the interaction between NLRP3 and NEK7. (A) Purified His-MBP–tagged WT NLRP3 or NLRP3 K593R 
was incubated with cyanate (1 mM) for 1 hour. NLRP3 K593ca was detected by immunoblotting. (B) In vitro carbamoylation assay was performed by incubating cyanate 
(1 mM) with purified WT His-MBP-NLRP3 or His-MBP-NLRP3 K593R for 1 hour. Samples were then mixed with GST-NEK7. A GST pull-down assay was performed followed 
by immunoblotting with the indicated antibodies. (C and D) WT and LACC1/Lacc1-KO THP-1 cells and iBMDMs were stimulated with LPS (100 ng ml−1) for 8 hours. The 
LPS-primed macrophages were incubated without or with 1 mM cyanate for 30 min, and NLRP3 K593ca was detected by immunoblotting (C). The LPS-primed macro-
phages were pretreated without or with 1 mM cyanate for 30 min and incubated with 10 μM Nig or 5 mM ATP for another 45 min, and then immunoprecipitation was 
performed using an anti-NEK7 antibody (D). (E) FLAG-tagged WT h/mrNLRP3 or h/mrNLRP3 K593R was reconstitutively expressed in THP-1 cells and iBMDMs with the KO 
of endogenous NLRP3/Nlrp3. Immunoblotting was performed using indicated antibodies. hrNLRP3, human rNLRP3; mrNLRP3, mouse rNLRP3. (F and G) NLRP3/Nlrp3-KO 
THP-1 cells and iBMDMs with reconstituted expression of FLAG-tagged WT h/mrNLRP3 or h/mrNLRP3 K593R were stimulated with LPS (100 ng ml−1) for 8 hours. NLRP3 
K593ca was detected by immunoblotting (F). The LPS-primed macrophages were incubated with 10 μM Nig or 5 mM ATP for another 45 min, and then immunoprecipita-
tion was performed using an anti-FLAG antibody (G).
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data suggest that LACC1 limits NLRP3 inflammasome activation in 
a priming time–dependent manner.

Isocyanic acid–mediated NLRP3 K593ca limits inflammatory 
response in vivo
To further investigate the role of isocyanic acid–mediated NLRP3 
K593ca in inflammatory response in vivo, we used a mouse model of 
sepsis in which LPS was intraperitoneally injected into mice to ana-
lyze the inflammatory response of mouse to LPS injection. Lacc1−/− 
mice (fig. S8A) and Nlrp3 K593R-knockin (KI) mice, which are 
referred to as Nlrp3 K593R mice (fig. S8B), were validated by geno-
typing. In line with the results from in vitro NLRP3 inflammasome 
activation assays, Lacc1−/− mice and Nlrp3 K593R mice exhibited 
poor survival rates (Fig. 6A), elevated serum levels of IL-1β (Fig. 6B) 
and IL-18 (Fig. 6C), and increased clinical score (Fig. 6D), compared 
with their WT siblings after LPS injection. However, the poor sur-
vival rate (Fig. 6A) and exacerbated inflammatory response (Fig. 6, B 
to D) observed in Lacc1−/− mice were abrogated by co-injection of 
LPS with cyanate (100 mg kg−1). Furthermore, LACC1 expression 
(fig. S8C), NLRP3 K593ca (fig. S8C), and intracellular isocyanic acid 
(fig. S8D) were detected in Lacc1+/+, but not Lacc1−/−, peritoneal 

macrophages isolated from mice injected with LPS. By contrast, 
when Lacc1−/− mice were co-injected with LPS and cyanate, Lacc1−/− 
peritoneal macrophages isolated from these mice displayed a level of 
NLRP3 K593ca (fig. S8C) and intracellular isocyanic acid (fig. S8D) 
akin to that in Lacc1+/+ peritoneal macrophages isolated from mice 
injected with LPS. Likewise, NLRP3 K593ca was detected in WT, but 
not Nlrp3 K593R, peritoneal macrophages isolated from mice injected 
with LPS (fig. S8E), although similar levels of LACC1 expression (fig. 
S8E) and intracellular isocyanic acid (fig. S8F) were detected in 
these cells. These data suggest that isocyanic acid–mediated NLRP3 
K593ca is required to limit inflammatory response to LPS in vivo.

Next, we used another mouse model of gout in which MSU crys-
tals, the agent activating NLRP3 inflammasome, were intraperitone-
ally injected into mice to analyze the inflammatory response of 
mouse to injection of MSU crystals. Consistent to the results from 
the mouse model of sepsis, Lacc1−/− mice and Nlrp3 K593R mice 
exhibited elevated serum levels of IL-1β (Fig. 6E) and IL-18 (Fig. 
6F), and increased neutrophil number in the peritoneal lavage fluid 
(Fig. 6G), compared with their Lacc1+/+ or WT siblings after injec-
tion of MSU crystals (30 mg kg−1). Co-injection of MSU crystals 
with cyanate (100 mg kg−1) abrogated the exacerbated inflammatory 

Fig. 5. NLRP3 K593ca limits NLRP3 inflammasome activation. (A to F) NLRP3/Nlrp3-KO THP-1 cells and iBMDMs with reconstituted expression of FLAG-tagged WT h/
mrNLRP3 or h/mrNLRP3 K593R were stimulated with LPS (100 ng ml−1) for 8 hours. The LPS-primed macrophages were pretreated without or with 1 mM cyanate for 
30 min and then incubated with 10 μM Nig or 5 mM ATP for another 45 min. P values were calculated using a two-tailed Student’s t test (A to C). *P < 0.01. (A to C) The 
release of IL-1β (A), IL-18 (B), and LDH (C) in culture supernatants was determined by ELISA. The data are presented as mean ± SD of four independent experiments. 
(D) Pro- and mature caspase-1 and IL-1β protein in the cell lysates were analyzed by immunoblotting. (E) Cleavage of GSDMD was analyzed by immunoblotting. (F) The 
formation of large multimeric ASC complexes was analyzed by immunoblotting.
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response observed in Lacc1−/− mice (Fig. 6, E to G). As expected, 
LACC1 expression (fig. S8G), NLRP3 K593ca (fig. S8G), and intra-
cellular isocyanic acid (fig. S8H) were detected in Lacc1+/+, but not 
Lacc1−/−, peritoneal macrophages isolated from mice injected with 
MSU crystals. However, when Lacc1−/− mice were co-injected with 
MSU crystals and cyanate, Lacc1−/− peritoneal macrophages isolat-
ed from these mice displayed a level of NLRP3 K593ca (fig. S8G) and 
intracellular isocyanic acid (fig. S8H) akin to that in Lacc1+/+ perito-
neal macrophages isolated from mice injected with MSU crystals. 
Likewise, NLRP3 K593ca was detected in WT, but not Nlrp3 K593R, 
peritoneal macrophages isolated from mice injected with MSU crys-
tals (fig. S8I), although similar levels of LACC1 expression (fig. S8I) 
and intracellular isocyanic acid (fig. S8J) were detected in these cells. 
These data suggest that isocyanic acid–mediated NLRP3 K593ca is 
required to limit inflammatory response to MSU crystals in vivo.

Finally, to validate the suppressive effect of NLRP3 K593ca on 
NLRP3 inflammasome activation in primary macrophages, we isolated 

WT and Nlrp3 K593R mBMDMs from WT and Nlrp3 K593R mice, 
respectively. The purity of these mBMDMs was at least 98%, as revealed 
by flow cytometry analysis (Fig. 7A). As expected, LPS-induced NLRP3 
K593ca was observed in WT, but not Nlrp3 K593R, mBMDMs (Fig. 7B). 
In addition, an increase of LPS-Nig/ATP–induced interaction between 
NLRP3 and NEK7 was also observed in Nlrp3 K593R mBMDMs com-
pared to the WT mBMDMs (Fig. 7C). Accordingly, Nlrp3 K593R 
mBMDMs manifested exacerbated NLRP3 inflammasome activation, 
as evidenced by the observations that Nlrp3 K593R KI promoted LPS-
Nig/ATP–induced releases of IL-1β (Fig. 7D), IL-18 (Fig. 7E), and LDH 
(Fig. 7F); cleavages of IL-1β and caspase-1 to their active forms (Fig. 
7G); formation of GSDMD-N (Fig. 7H); and large multimeric ASC 
complexes (Fig. 7I) in mBMDMs. Nevertheless, WT and Nlrp3 K593R 
mBMDMs displayed similar levels of LACC1 expression (Fig. 7J) and 
intracellular isocyanic acid (Fig. 7K) upon LPS stimulation. These re-
sults demonstrate that NLRP3 K593ca may limit NLRP3 inflammasome 
activation in inflammatory primary macrophages.

Fig. 6. Isocyanic acid–mediated NLRP3 K593ca limits inflammatory response in vivo. (A to D) LPS (10 mg kg−1 in 200 μl of PBS), (E to G) MSU crystals (30 mg kg−1 in 
200 μl of PBS), or vehicle (200 μl of PBS) (A to G) were intraperitoneally injected into Lacc1+/+ and Lacc1−/− mice, WT, and Nlrp3 K593R mice. (A to G) Lacc1−/− mice were 
co-injected with LPS or MSU with cyanate [LPS (10 mg kg−1) or MSU crystals (30 mg kg−1) combined with cyanate (100 mg kg−1) in 200 μl of PBS]. P values were calculated 
using the two-tailed log-rank test (A), two-tailed Student’s t test (B, C, and E to G), or linear mixed model (D). Means ± SEM are shown (B to G). *P < 0.01, #P < 0.05. 
(A) Survival of mice (n = 10) was monitored after LPS injection. (B and C) Serum IL-1β (B) and IL-18 (C) levels of mice (n = 6) were measured 8 hours after LPS injection. 
(D) Clinical scores for sepsis severity (maximum score, 15) of mice (n = 10) were shown 8 hours after LPS injection. (E to G) Serum IL-1β (E) and IL-18 (F) levels of mice (n = 6) 
and neutrophil number (G) in the peritoneal lavage fluid of mice (n = 6) were measured 8 hours after MSU crystal injection.
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DISCUSSION
It is well known that NLRP3 inflammasome signaling is associated 
to a wide range of different autoinflammatory diseases, for example, 
Alzheimer’s disease and rheumatoid arthritis (34), highlighting the 
importance of further understanding the precise mechanism by 
which NLRP3 inflammasome is activated and regulated. Here, we 
show that isocyanic acid, an endogenous metabolite generated by 
LACC1-catalyzed cleavage of citrulline, carbamoylates NLRP3 at 
K593 to disrupt the interaction between NLRP3 and NEK7, two key 
components of NLRP3 inflammasome complex, and subsequently 
limits the NLRP3 inflammasome activation in the LPS-primed mac-
rophages. Therefore, our study demonstrates that isocyanic acid is a 
repressor of NLRP3 inflammasome.

NLRP3 and NEK7 form a complex upon NLRP3 inflammasome 
activation, and the interactions between NLRP3 and NEK7 occur at 
multiple surfaces in the LRR and NACHT domains of NLRP3 (4). It 
has been reported that 4-octyl itaconate, a derivative of itaconate, 
blocked the interaction between NLRP3 and NEK7 by dicarboxy-
propylating NLRP3 at C548 (35), an amino acid residue located in 
the helical domain 2 (HD2) of NLRP3 and one of the surfaces at 
which NLRP3 interacts with NEK7 (4). In line with these studies, 
our data show that isocyanic acid disrupts the interaction between 
NLRP3 and NEK7 by carbamoylating NLRP3 at K593, a site that is 
also located in the HD2 of NLRP3, demonstrating that posttransla-
tional modifications of NLRP3 HD2 may be important in regulating 
inflammasome function.

Fig. 7. Deficiency of NLRP3 K593ca exacerbates NLRP3 inflammasome activation in primary macrophages. (A to K) Isolated WT and Nlrp3 K593R mBMDMs (A) were 
stimulated with LPS (100 ng ml−1) for 8 hours (B to K). The LPS-primed macrophages were pretreated without or with 1 mM cyanate for 30 min and then incubated with 
10 μM Nig or 5 mM ATP for another 45 min (C to I). P values were calculated using a two-tailed Student’s t test (D to F and K). N.S., not significant. *P < 0.01. (A) Flow cy-
tometry analysis of mBMDMs isolated from WT or Nlrp3 K593R mouse littermates using antibodies against macrophage surface markers CD11b and F4/80. Purity of the 
isolated macrophages obtained from representative mouse was shown. Isolated WT mBMDMs without staining with antibodies served as a blank control. (B) NLRP3 
K593ca was detected by immunoblotting. (C) Immunoprecipitation was performed using an anti-NLRP3 antibody. The immunoprecipitated protein complexes were ana-
lyzed by immunoblotting. (D to F) The release of IL-1β (D), IL-18 (E), and LDH (F) in culture supernatants was determined by ELISA. The data are presented as mean ± SD of 
four independent experiments. (G) Pro- and mature caspase-1 and IL-1β protein in the lysates of mBMDMs were analyzed by immunoblotting. (H) Cleavage of GSDMD was 
analyzed by immunoblotting. (I) The formation of large multimeric ASC complexes was analyzed by immunoblotting. (J) LACC1 levels were detected by immunoblotting. 
(K) Intracellular isocyanic acid levels were detected by LC-MS analysis. The data are presented as mean ± SD of three independent experiments.
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It has been reported that LACC1 is a metabolic enzyme catalyz-
ing isocyanic acid production from citrulline (17) and LACC1 ex-
pression is up-regulated in inflammatory macrophages (11, 12). Our 
study revealed that intracellular levels of isocyanic acid were dra-
matically up-regulated in THP-1 cells and iBMDMs upon LPS stim-
ulation for 8 hours (Fig. 2A). In addition, intracellular isocyanic 
acid was undetectable when cyanase was expressed in these cells 
(fig. S2, F and G), suggesting that our method for detecting intracel-
lular isocyanic acid is reliable. Furthermore, it is noteworthy that 
exogenous cyanate, as a small-molecule metabolite, must traverse 
the cellular plasma membrane to exert its regulatory effect on intra-
cellular proteins. Our study demonstrates that high concentration 
(1 mM) of exogenous cyanate is needed to replenish intracellular iso-
cyanic acid to the levels comparable to that synthesized by LACC1 
in inflammatory macrophages, implying the low import efficiency 
for exogenous cyanate in these cells.

Previous studies reported that cyanate and its tautomer isocyanic 
acid can be generated via the spontaneous decomposition of urea in 
aqueous solutions (20, 36) or MPO-catalyzed oxidation of thiocyanate 
(37). Our results demonstrated that intracellular urea elimination by 
urease expression did not exert obvious impact on LACC1-dependent 
isocyanic acid production (fig. S5, A to C) and MPO expression was 
undetectable in inflammatory macrophages (fig. S5D). Moreover, the 
LPS-induced increase of intracellular isocyanic acid levels was abol-
ished by LACC1/Lacc1 KO (Fig. 2A). These data strongly support that 
LPS induces isocyanic acid production in a LACC1-dependent man-
ner in inflammatory macrophages.

Additionally, it was reported that LACC1 KO did not significant-
ly alter the levels of IL-1β secreted from U937 cells and macrophages 
obtained from healthy donors and JIA patients harboring loss-of-
function LACC1 mutations displayed similar levels of IL-1β secre-
tion when these cells were stimulated with LPS for 3 hours before 
activation of NLRP3 inflammasome with Nig (14). In line with these 
results, we found that there was no induction of LACC1 expression 
in THP-1 cells and iBMDMs stimulated with LPS for 3 hours (figs. 
S1A and S7, A and C). Accordingly, these findings imply that LACC1 
may not affect NLRP3 inflammasome activation in macrophages 
primed with LPS for 3 hours.

In conclusion, our study unveils an immunoregulatory function 
of isocyanic acid, that is, to attenuate inflammation by limiting the 
NLRP3 inflammasome activation in macrophages. Elucidating the 
anti-inflammatory roles of isocyanic acid would provide us with a 
comprehensive understanding of the regulatory mechanisms un-
derlying NLRP3 inflammasome activation, which warrants further 
in-depth investigations.

MATERIALS AND METHODS
Materials
Rabbit polyclonal antibodies against NLRP3 K593ca were obtained 
from Affinity Biosciences (Jiangsu, China). The polyclonal antibodies 
recognizing NLRP3 K593ca were generated by immunizing a rabbit 
with an NLRP3 K593ca peptide (ERTSYLEK[Kca]LSCKIS) conju-
gated to keyhole limpet hemocyanin (KLH) via the cysteine (C) resi-
due. The rabbit serum was collected and purified with an affinity 
column conjugated with NLRP3 K593 peptide (ERTSYLEKKLSCKIS) 
without carbamoylation followed by binding to an affinity column 
conjugated with the NLRP3 K593ca peptide (ERTSYLEK[Kca]
LSCKIS). The bound antibodies were then eluted and concentrated. 

A working concentration of 1 μg ml−1 was used for immunoblot-
ting analyses.

Primary antibodies recognizing NLRP3 (#15101), hemagglutinin 
(HA) tag (#3724), ASC/TMS1 (#67824), V5 tag (#13202), Myc tag 
(#2278), GSDMD (#97558), IKKβ (#2678), and caspase-1 (#2225) were 
purchased from Cell Signaling Technology. Goat polyclonal anti-
bodies recognizing mouse IL-1β (#AF-401) and MPO (#AF3667) 
were purchased from R&D Systems. Mouse monoclonal antibodies 
recognizing mouse caspase-1 (#AG-20B-0042-C100) were purchased 
from Adipogen. Rabbit monoclonal antibodies recognizing NEK7 
(#ab133514), GSDMD (#ab209845), human IL-1β (#ab254360), 
ASC/TMS1 (#ab155970), ERGIC-53 (#ab125006), and GFP (#ab290) 
were obtained from Abcam. Mouse monoclonal antibodies recog-
nizing tubulin (#sc-23948) and LACC1 (#sc-376231) were obtained 
from Santa Cruz Biotechnology. Antibody against GM130 (#610822) 
was purchased from BD Biosciences. Antibody recognizing TGN38 
(#66477-1-Ig) was obtained from Proteintech. Mouse monoclonal 
antibodies against FLAG tag (#F3165), anti-FLAG M2 affinity gel 
(#A2220), phenylmethylsulfonyl fluoride (PMSF) (#P7626), leupeptin 
(#L2884), IPTG (isopropyl-β-d-thiogalactopyranoside) (#I6758), po-
tassium cyanate (#215074), potassium cyanate-15N (#609358), LPS 
(#L7895), ornithine (#57197), citrulline (#C7629), arginine (#A8094), 
and 2,4(1H,3H)-quinazolinedione (#142026) were purchased from 
Sigma-Aldrich. Citrulline (ureido-13C) (#CLM-4899-PK) was 
purchased from Cambridge Isotope Laboratories. Nig (#tlrl-nig), 
poly(dA:dT) (#tlrl-patn), flagellin (#tlrl-pafla), MSU crystals (#tlrl-
msu), and pam3CSK4 (#tlrl-pms) were purchased from InvivoGen. 
Allophycocyanin (APC) anti-mouse F4/80 (#123115), fluorescein 
isothiocyanate (FITC) anti-mouse/human CD11b (#101205), APC/
Cyanine7 anti-mouse Ly6G (#127623), and Pacific Blue anti-mouse 
CD45.2 (#109819) were purchased from BioLegend. Goat anti-
rabbit immunoglobulin G (IgG) (H+L) cross-adsorbed secondary 
antibody (Alexa Fluor 488) (#A-11008), 30-kDa spin column 
(#88529), EDTA-free protease inhibitors cocktail (#A32965), gluta-
thione agarose (#16100), 4′,6-diamidino-2-phenylindole (DAPI) 
(#D8417), TRIzol (#15596018), Opti-MEM (#31985062), and Lipo-
fectamine 2000 (#11668019) were obtained from Thermo Fisher 
Scientific. Bis(sulfosuccinimidyl)suberate (BS3) (#M9872) was ob-
tained from Abmole. 2-Aminobenzoic acid sodium salt (#A921866) 
was purchased from Macklin. EasyBlot anti-rabbit (#GTX221666- 01) 
and anti-mouse IgG [horseradish peroxidase (HRP)] (#GTX221667-
01) were purchased from GeneTex. HRP-labeled goat anti-rabbit 
IgG (H+L) (#A0208) was obtained from Beyotime. ClonExpress 
MultiS One Step cloning kit (#C113-02) and 2 × Phanta Max Master 
mix (#P515) were obtained from Vazyme Biotech. Spe I restriction 
enzyme (#R3133) was purchased from New England Biolabs. Un-
modified peptides (ERTSYLEKKLSCKIS and ERTSYLEKRLSCKIS) 
were obtained from ChinaPeptides, and carbamoylated peptide 
(ERTSYLEK[Kca]LSCKIS) was obtained from Wu Xi App Tec.

Methods
Cell lines and cell culture conditions
THP-1 cells were obtained from American Type Culture Collection 
(ATCC) and cultured in RPMI 1640 supplemented with 10% heat-
inactivated and dialyzed fetal bovine serum (FBS) (Gibco) and 
penicillin-streptomycin (100 μg ml−1). iBMDMs, 293T cells, and 
293FT cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% heat-inactivated and dialyzed FBS 
(Gibco) and penicillin-streptomycin (100 μg ml−1). The cells were 
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cultured in 5% CO2 at 37°C and routinely tested for mycoplasma 
contamination and authenticated by short tandem repeat (STR) 
profiling. The monocytic THP-1 cells were differentiated into mac-
rophages by incubation with phorbol 12-myristate 13-acetate (PMA) 
(100 ng ml−1) for 2 days before the downstream experiments. Unless 
stated, the LPS (Sigma #L7895) concentration used for treatments 
was 100 ng ml−1.
Generation of Lacc1-KO and Nlrp3 K593R-KI mice
Lacc1+/− mice (strain #T033882) on a C57BL/6J background were 
purchased from GemPharmatech. The heterozygous Lacc1+/− mice 
were intercrossed to generate homozygous Lacc1−/− mice. Hetero-
zygous Nlrp3 K593R-KI mice (referred as Nlrp3 K593R mice) on a 
C57BL/6J background were generated via CRISPR-Cas9–mediated 
genomic editing (GemPharmatech). In brief, gRNA (target sequence: 
5′-CCAGGAGAGAACCTCTTATT-3′) was designed to target the 
genomic area adjacent to Nlrp3 K593R mutation site. The purified 
active Cas9, gRNA, and a single-stranded donor oligonucleotide, 
which was used as a template to introduce the codon mutation of 
AAA to AGG to create Nlrp3 K593R mutation and two synonymous 
codon mutations of ACC to ACT and TCT to AGT to prevent the 
recutting by Cas9, were co-injected into zygotes for production of 
Nlrp3 K593R mice. The heterozygous Nlrp3 K593R mice were inter-
crossed to generate homozygous Nlrp3 K593R mice. Mouse siblings 
at the ages between 6 and 8 weeks were used for NLRP3-associated 
inflammatory response experiments.

All mice were housed under 23 ± 2°C temperature and 50 to 65% 
humidity in specific pathogen–free environment with a 12-hour 
light/dark cycle. The mice were euthanized by CO2 from compressed 
gas cylinders. All animal experimental protocols were approved by 
the Institutional Animal Care and Use Committee of the Institute of 
Biophysics, Chinese Academy of Sciences, under approval number 
SYXK2019030.
Mouse genotyping
To extract mouse DNA genotyping, a small piece of mouse toe 
(~10 mg) was clipped and heated at 98°C for 30 min in 100 μl of 
50 mM NaOH solution. The samples were mixed with equal volume 
(100 μl) of double-distilled water and 10 μl of neutralizing reagent 
(1 M tris-HCl, pH 8.0) and centrifuged at 13,200g for 10 min, and 
then the supernatants were collected and used as templates for the 
downstream PCR amplifications. For Nlrp3 K593R mice, a pair of 
primer spanning the Nlrp3 K593R mutation area was used for PCR 
amplifications. The PCR amplicons were digested with restriction 
enzyme Spe I for 1 hour at 37°C followed by agarose gel electro-
phorese. In addition, the sequences of PCR amplicons were determined 
by Sanger sequencing. For Lacc1−/− mice, the genotyping was per-
formed according to the instructions provided by GemPharmatech. 
For PCR amplicon 1, a PCR product with a size of 374 base pairs 
(bp) was obtained when the samples of DNA extracted from Lacc1+/+ 
or Lacc1+/−, but not Lacc1−/−, mice were used as templates. For PCR 
amplicon 2, a PCR product with a size of 965 bp was obtained when 
the samples of DNA extracted from Lacc1−/− or Lacc1+/−, but not 
Lacc1+/+, mice were used as templates. The sequences of PCR primers 
used for mouse genotyping were listed in table S1.
Murine bone marrow extraction and 
differentiation of mBMDMs
Bone marrow cells (BMCs) were isolated from 6-week-old male 
Nlrp3 K593R mice and their WT littermates. BMCs were flushed 
from tibia and femur bones with cold DMEM under an aseptic 
condition. The BMCs were collected and filtered using a 70-μm cell 

strainer. The cells were harvested by centrifugation at 600g for 5 min 
and then incubated in ACK lysing buffer (150 mM NH4Cl, 10 mM 
KHCO3, 0.1 mM EDTA, pH 7.4) for 3 min at room temperature to 
remove red blood cells. After washing twice with ice-cold phosphate-
buffered saline (PBS), the BMCs were seeded into six-well plates 
(5 × 105 per well) containing 2 ml of differentiation medium [DMEM 
supplemented with 10% ultralow endotoxin FBS, 2 mM l-glutamine, 
penicillin (100 μg ml−1), streptomycin (100 μg ml−1), and macrophage 
colony-stimulating factor (20 ng ml−1) (PeproTech #AF-315-02)]. The 
cells were differentiated for 7 days with replacement of fresh differ-
entiation medium every 3 days. The resultant mBMDMs were har-
vested and used for downstream experiments.
LPS-induced sepsis model
Nlrp3 K593R mice, Lacc1−/− mice, and their WT/Lacc1+/+ siblings 
at the ages between 6 and 8 weeks were intraperitoneally injected 
with LPS (Sigma #L7895) (10 mg kg−1 in 200 μl of PBS) without or 
with cyanate (100 mg kg−1). For cytokine measurements, the blood 
samples were collected 8 hours after LPS injection and serum levels 
of IL-1β and IL-18 were measured by ELISA kits according to the 
manufacturer’s instructions. For survival studies, the survival status 
of each mouse was monitored and recorded every 2 hours. Clinical 
severity of the LPS-injected mice was evaluated by a graded scoring 
system with minor modifications (38). Clinical sepsis severity, quan-
tified with breathing pattern score (0 to 5), activity and movement 
score (0 to 5), and appearance score (0 to 5), was recorded every 
60 min for up to 8 hours after LPS injection.
Peritonitis model induced by MSU crystals
Nlrp3 K593R mice, Lacc1−/− mice, and their WT/Lacc1+/+ siblings at 
the ages between 6 and 8 weeks were intraperitoneally injected with 
MSU crystals (30 mg kg−1 in 200 μl of PBS) without or with cyanate 
(100 mg kg−1). Eight hours after injection of MSU crystals, the mice 
were euthanized in a CO2 chamber. Peritoneal cells were collected by 
flushing the peritoneal cavities of mice with 4 ml of ice-cold PBS un-
der an aseptic condition. The suspension of peritoneal cells was cen-
trifuged at 500g for 5 min at 4°C. The cell pellets were collected, 
resuspended in 0.5 ml of cold PBS, and passed through a 70-μm filter. 
Peritoneal cells were stained with fluorescent dye–conjugated anti-
bodies against neutrophil surface markers (CD45, CD11b, and Ly6G) 
and then loaded onto a BD LSRFortessa flow cytometer equipped 
with FlowJo software. The remaining peritoneal cells were counted 
using a TC20 automated cell counter (Bio-Rad). The number of neu-
trophils in peritoneal lavage fluid was calculated by multiplying 
the total peritoneal cell count with the percentage of neutrophils in 
each sample.
Plasmid construction and mutagenesis
gRNAs targeting LACC1/Lacc1 or NLRP3/Nlrp3 were designed us-
ing an online tool (https://www.zlab.bio/resources). Two predicted 
gRNAs with high KO efficiency were chosen and cloned into the len-
tiCRISPRv2 vector (Addgene #98290) with a selection marker of pu-
romycin. The open reading frames (ORFs) of Nek7 [National Center 
for Biotechnology Information (NCBI) sequence NM_021605.5], 
Asc (NCBI sequence NM_023258.4), Caspase 1 (NCBI sequence 
NM_009807.2), Nlrp3 (NCBI sequence NM_145827.4), and Gsdmd 
(NCBI sequence NM_026960.4) were amplified by PCR from a 
cDNA library derived from iBMDMs and subcloned into plasmid 
vectors including pcDNA3.1, pGEX-4 T1, or lenti-CMV (cytomega-
lovirus) (lentiviral vector with hygromycin resistance). The coding 
sequence of NLRP3 (amino acids 139 to 1033) without PYD was 
subcloned into a modified baculoviral vector pFastBac with an MBP 

https://www.zlab.bio/resources
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tag and a linker peptide YCAKYRA at the N terminus. The plasmids 
encoding NLRP3 mutants (K593R, K171R, K339R, K353R, K373R, 
K380R, K492R, K543R, K675R, and K820R), gRNA-resistant (r) hu-
man (h)/mouse (m) WT NLRP3, or h/mrNLRP3 K593R mutant were 
generated using a ClonExpress MultiS One Step Cloning Kit (Vazyme 
Biotech #C113). DNA fragments encoding cyanase and urease were 
synthesized by Genewiz and ligated into a pLVX-Tet on lentiviral vec-
tor digested with Eco RI and Age I. The sequence information of 
gRNA oligonucleotides and PCR primers used for molecular cloning 
are available in table S1.
Gene KO and generation of stable cell lines
293FT cells (1 × 106) were seeded in 60-mm dishes and cotrans-
fected with 3 μg of lentiCRISPRv2-gRNA plasmid, 1.5 μg of pMD2.G 
plasmid (Addgene #12259), and 1.5 μg of psPAX2 plasmid (Add-
gene #12260) using Lipofectamine 2000 (Thermo Fisher Scientific). 
Forty-eight hours after transfection, supernatants containing lenti-
viruses were harvested, centrifuged at 600g for 10 min, and then 
passed through filters with a pore size of 0.45 μm. THP-1 cells and 
iBMDMs were infected with lentiviruses at an MOI (multiplicity of 
infection) of 1 in the presence of polybrene (8 μg ml−1), followed by 
selection with puromycin (1 μg ml−1) for 7 days. The KO efficiency 
was evaluated by immunoblotting analysis.

For rescued expression of NLRP3 in NLRP3/Nlrp3-KO THP-1 
cells and iBMDMs, lentiviruses expressing FLAG-tagged gRNA-
resistant (r) WT h/mrNLRP3 or h/mrNLRP3 K593R mutant were 
produced and used to infect target cells as mentioned above. Like-
wise, to construct 293T cells stably expressing mouse GSDMD, len-
tiviruses expressing mouse GSDMD were produced and used to 
infect 293T cells as mentioned above. Infected cells were cultured 
with a medium containing hygromycin (200 μg ml−1) for 14 days, 
followed by immunoblotting analysis to evaluate expression of the 
target proteins.
Expression and purification of recombinant proteins
For expression and purification of NEK7 recombinant protein, BL21 
(DE3) cells transformed with pGEX4T-1 NEK7 plasmid were inoc-
ulated in 500 ml of LB medium supplemented with ampicillin (50 μg 
ml−1) and treated with 0.2 mM IPTG when the OD600 (optical den-
sity at 600 nm) of bacterial suspension reached 0.8. After culturing 
overnight at 16°C, the bacterial cells were harvested and resuspended 
in 20 ml of lysis buffer (50 mM tris-HCl, pH 7.5, 500 mM NaCl, 
5 mM MgCl2, 10% glycerol, 1 mM β-mercaptoethanol, and 100 μM 
PMSF). The lysates were sonicated for 15 min on ice followed by 
centrifugation at 18,000g for 30 min at 4°C. The supernatants were 
loaded onto a GSTrap HP column (GE Healthcare Life Sciences) 
followed by elution with 10 mM reduced glutathione. The eluted 
samples were desalted with a 30-kDa spin column and then further 
purified using a Superdex-200 size exclusion column (GE Health-
care Life Sciences).

For expression and purification of NLRP3 recombinant protein, 
1 liter of Sf9 cells (3 × 106 cells ml−1) were infected with baculovi-
ruses expressing His-MBP–tagged NLRP3. Forty-eight hours after 
viral infection, the cells were harvested and lysed by sonication on 
ice in 20 ml of lysis buffer [20 mM tris-HCl, pH 7.5, 200 mM NaCl, 
0.5 mM Tris (2-carboxyethyl)phosphine (TCEP), and 10% glycerol] 
supplemented with protease inhibitor cocktail. The lysates were cen-
trifuged at 18,000g for 30 min at 4°C, and the supernatants were 
loaded onto an amylose resin affinity column followed by elution 
with 25 mM maltose solution in the lysis buffer. The sample was 
desalted with a 30-kDa spin column and then further purified using 

a Superose 6 size exclusion column (GE Healthcare Life Sciences). 
The purified proteins were concentrated and kept in store buffer 
(20 mM tris-HCl, pH 7.5, 150 mM NaCl, 0.5 mM TCEP, 10% glycerol) 
at −80°C for further use. To examine the efficiency of protein puri-
fication, the purified protein samples (∼50 ng) were separated on 
10% SDS–polyacrylamide gel electrophoresis (PAGE) and then stained 
with a Fast Silver staining kit (Beyotime #P0017S) following the 
manufacturer’s instructions.
Immunoblotting and immunoprecipitation
Immunoblotting and immunoprecipitation assays were performed 
as described previously (39). For immunoblotting assay, approxi-
mately 1 × 106 cells grown in six-well plates were washed thrice with 
ice-cold PBS and then lysed in a modified lysis buffer (25 mM tris-
HCl, pH 7.4, 0.1% SDS, 1% Triton X-100, 150 mM NaCl, 0.5 mM 
EDTA, 100 μM leupeptin, and complete protease inhibitor cocktail). 
The cell lysates were centrifuged at 13,200g for 15 min at 4°C. The 
supernatants were collected, and total protein concentration was mea-
sured using a Bicinchoninic Acid (BCA) protein assay kit (Thermo 
Fisher Scientific #23225). Equal amount (30 μg) of the samples was 
separated on 8%, 10%, or 12% SDS-PAGE and then transferred onto 
a 0.22-μm PVDF membrane (Millipore) by a wet transfer. The mem-
branes were probed with specific primary antibodies and then HRP-
conjugated secondary antibodies. The immunoblots were developed 
with SuperSignal West Pico Chemiluminescent Substrate (Thermo 
Fisher Scientific) and visualized using a ChemiScope 6000 Exp in-
strument (Clinx Science Instruments). The band intensity was quan-
tified using the ImageJ software.

For immunoprecipitation experiment, approximately 5  ×  106 
cells grown in 10-cm dishes were lysed in lysis buffer [25 mM tris-
HCl, pH 7.4, 0.1% SDS, 1% Triton X-100, 150 mM NaCl, 0.5 mM 
EDTA, 5% (v/v) glycerol, and complete protease inhibitor cocktail]. 
The cell lysates were centrifuged at 13,200g for 15 min at 4°C, and 
supernatants were collected. To precipitate endogenous proteins, 
the supernatants (2 mg/ml total protein) were incubated with spe-
cific primary antibodies (2 μg ml−1) overnight followed by incuba-
tion with 25 μl of protein A/G magnetic beads (Thermo Fisher 
Scientific) for another 2 hours at 4°C. To precipitate tagged proteins, 
the supernatants (2 mg/ml total protein) were incubated with 25 μl 
of anti-HA nanobody magarose beads (AlpalifeBio #KTSM1335) or 
anti-FLAG M2 affinity gel (Sigma #A2220) for 2 hours at 4°C fol-
lowed by washing thrice with lysis buffer. Immunoprecipitated pro-
tein complexes were analyzed by immunoblotting.
Depletion of K593-carbamoylated NLRP3
A total of 1 × 107 cells grown in 15-cm dishes were stimulated with 
LPS (100 ng ml−1) for 8 hours. The cells were lysed in lysis buffer 
[25 mM tris-HCl, pH 7.4, 0.1% SDS, 1% Triton X-100, 150 mM NaCl, 
0.5 mM EDTA, 5% (v/v) glycerol, and complete protease inhibitor 
cocktail] and centrifuged at 13,200g for 15 min at 4°C to remove the 
debris. One quarter of the cell lysate was incubated with normal IgG 
or NLRP3 K593ca primary antibodies (4 μg ml−1) overnight at 4°C 
in the presence of NLRP3 normal peptide or NLRP3 K593ca peptide 
(10 μg ml−1). The samples were then incubated with 25 μl of protein 
A/G magnetic beads (Thermo Fisher Scientific) for another 2 hours 
at 4°C. The supernatants, immunoprecipitants, and input cell lysates 
were analyzed by immunoblotting. The percentage (%) of NLRP3 
depletion by immunoprecipitation with NLRP3 K593ca antibodies 
was quantified as the deduction of relative NLRP3 band intensity in 
samples immunoprecipitated with NLRP3 K593ca antibodies com-
pared to the sample immunoprecipitated with normal IgG.
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Inflammasome activation assay
Macrophages were plated at a density of 1 × 106 cells per well in 
60-mm dishes 24 hours before treatment with LPS or pam3CSK4. 
Unless stated, the cells were primed with LPS (100 ng ml−1) for 
8 hours and then stimulated with 10 μM Nig for 45 min, 5 mM ATP 
for 45 min, or MSU crystals (300 μg ml−1) for 60 min to activate the 
NLRP3 inflammasome. The LPS-primed cells were also transfected 
with 1.5 μg of poly(dA:dT) or 1.6 μg of purified flagellin using Lipo-
fectamine 2000 (Invitrogen #11668027) to activate AIM2 inflamma-
some and NLRC4 inflammasome, respectively. To noncanonically 
activate NLRP3 inflammasome, the LPS-primed cells were elec-
troporated with 2 μg of LPS using Neon Transfection system (Life 
technologies). After stimulation, supernatants and cell lysates were 
collected separately for further analyses. Released IL-1β and IL-18 
were detected using an ELISA kit (Abcam #ab214025 and #ab100705 
for human IL-1β and mouse IL-1β, respectively; Boster Biological 
Technology #EK0864 and #EK0433 for human IL-18 and mouse 
IL-18, respectively).
LDH assay
The release of LDH from pyroptotic cells was measured using a 
CytoTox 96 nonradioactive cytotoxicity assay kit (Promega #G1780) 
following the manufacturer’s protocol. Briefly, cultural supernatants 
(50 μl) were mixed with equal volume of CytoTox 96 reagent and 
incubated for 30 min at room temperature in the dark. The reaction 
was terminated by adding 50 μl of stop solution into each well. The 
plates were read at absorbance of 490 nm using a BioTek microplate 
reader, and fresh medium served as a background absorbance.
NLRP3 inflammasome reconstitution
NLRP3 inflammasome was reconstituted as described previously 
(29). Briefly, 293T cells stably expressing mouse GSDMD were plated 
in six-well plates at a density of 5  ×  105 per well 16 hours before 
transfection. The cells were cotransfected with plasmids expressing 
murine NLRP3 inflammasome components, including WT FLAG-
NLRP3 or mutated FLAG-NLRP3 (800 ng), V5-ASC (80 ng), HA-NEK7 
(800 ng), and Myc-pro-caspase-1 (400 ng), using Lipofectamine 
2000. The effect of cyanate treatment on activation of reconstituted 
NLRP3 inflammasome was examined 24 hours after transfection.
ASC oligomerization
ASC oligomerization was detected following the procedures de-
scribed previously with minor adjustments (40). Briefly, a total 
number of 1 × 106 cells grown in 60-mm dishes were washed twice 
with ice-cold PBS and then lysed with crosslinking lysis buffer (50 mM 
Hepes, 0.5% Triton X-100, 100 μM PMSF, 100 μM leupeptin, 1 mM 
Na3VO4) on ice for 20 min. The cell lysates were centrifuged at 
6000g for 10 min at 4°C. The pellets were washed twice with 50 mM 
Hepes buffer, resuspended in 200 μl of crosslinking buffer (50 mM 
Hepes, 150 mM NaCl), and then cross-linked with 2 mM BS3 for 
1 hour at 37°C. The cross-linked samples were centrifuged at 6000g 
for 10 min at 4°C. The resulting pellets were dissolved directly in 
2 × SDS sample buffer (40 μl) and then analyzed by immunoblotting.
Cell viability assay
Cells were plated at a density of 5 × 103 cells per well in 96-well plate 
24 hours before cyanate treatment. The cells were treated with 0.5 or 
1 mM cyanate for 30 min, washed twice with PBS, and cultured for 
another 12 hours. Cell viability was measured using a luminescent 
cell viability assay kit (Promega #G7570) following the manufactur-
er’s protocol. Briefly, 100 μl of CellTiter-Glo regent was added into 
each well, and then the samples were incubated for 10 min at room 
temperature to lyse the cells. Luminescence signal was measured 

using a multifunction BioTek microplate reader. Fresh medium served 
as a background absorbance.
Cell fractionation
Cell fractionation was performed according to the previous publica-
tion with minor modifications (32). Two dishes of cells (∼1 × 107 
cells per 15-cm dish) were treated with LPS (100 ng ml−1) for 8 hours 
and then stimulated with 10 μM Nig for 45 min. The cells in each 
dish were washed twice with ice-cold PBS and homogenized in 
500 μl of ice-cold isotonic buffer (0.25 M sucrose, 10 mM tris-HCl, 
pH 7.5, 10 mM KCl, 1.5 mM MgCl2, and protease inhibitor cock-
tail). Cell lysates from the same treatments were combined and cen-
trifuged at 1000g for 5 min at 4°C to remove nucleus pellet (P1). The 
resulting supernatant (S1) was centrifuged at 5000g for 10 min at 
4°C to obtain heavy membrane fraction (pellet, P5), and then this 
supernatant (S5) was further centrifuged at 100,000g at 4°C for 
20 min to obtain the light membrane fraction (pellet, P100) and the 
cytosol fraction (supernatant, S100). The fraction P5 and P100 were 
harvested, washed once with isotonic buffer, resuspended in 100 μl 
of lysis buffer (25 mM tris-HCl, pH 7.4, 0.1% SDS, 1% Triton X-100, 
150 mM NaCl, 0.5 mM EDTA, 100 μM leupeptin, and protease in-
hibitor cocktail), and analyzed by immunoblotting.
RNA extraction and qPCR
RNA extraction and qPCR analysis were performed as described 
previously with minor adjustments (39). Briefly, total RNA was ex-
tracted by the TRIzol regent (Invitrogen) and then reversely tran-
scribed to complementary DNA (cDNA) in a 20-μl reaction using a 
PrimeScript RT Reagent Kit (Takara Bio #RR037A). cDNA was am-
plified with a PerfectStart Green qPCR Super Mix kit (TransGen 
Biotech #AQ602), and qPCR was performed using an ABI Q7 Fast 
Real Time PCR System (Applied Biosystems) following the manu-
facturer’s protocol. ACTB/Actb served as a housekeeping gene. ΔCt 
of a sample was obtained by subtracting the Ct of the target gene 
from the Ct of ACTB/Actb. Relative expression levels of target genes 
in each sample were calculated as 2ΔCt. The sequences of primers 
used for qPCR were listed in table S1.
Dot blot assay
Synthetic peptides (1 mg) were dissolved in 1 ml of ultrapure water 
and serially diluted to different concentrations (200, 20, and 2 ng 
ml−1). Equal volume (1 μl) of each sample was spotted on nitrocel-
lulose membranes, dried for 1 hour, and then blocked with 5% non-
fat milk for 1 hour at room temperature. Following blocking, the 
membranes were probed with primary antibodies (1 μg ml−1) rec-
ognizing NLRP3 K593ca overnight at 4°C and then incubated with 
the HRP-conjugated anti-rabbit antibody for 1 hour at room tem-
perature. Immunoblots were visualized using a ChemiScope 6000 
Exp instrument (Clinx Science Instruments) following development 
with the SuperSignal West Pico Chemiluminescent Substrate (Thermo 
Fisher Scientific).
Flow cytometry
Flow cytometry was performed as described previously with minor 
adjustments (39). To analyze the purity of primary murine macro-
phages, approximately 1 × 106 isolated mBMDMs grown in 60-mm 
dishes were harvested by cell scraper and washed twice with ice-cold 
PBS. The cells were then stained with APC anti-mouse F4/80 and 
FITC anti-mouse CD11b (1 μg ml−1) for 30 min at 4°C. The cells were 
washed twice with ice-cold PBS, transferred to FACS (fluorescence-
activated cell sorting) tubes, and then loaded onto a BD LSRFortessa 
flow cytometer with gating to exclude debris and doublets. A total of 
20,000 cells per sample were analyzed using the FlowJo software.
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In vitro carbamoylation assay
To test the isocyanic acid–mediated NLRP3 K593ca, purified WT 
His-MBP-NLRP3 or His-MBP-NLRP3 K593R protein (200 ng) was 
incubated with 1 mM cyanate for 1 hour at 37°C in 25 μl of reaction 
buffer (25 mM tris-HCl, pH 8.0, 150 mM NaCl, 100 μM PMSF, 
100 μM leupeptin).
GST pull-down assay
Purified WT His-MBP-NLRP3 or His-MBP-NLRP3 K593R protein 
(400 ng per sample) was incubated with 1 mM cyanate for 1 hour at 
37°C in 50 μl of reaction buffer (25 mM tris-HCl, pH 8.0, 150 mM 
NaCl, 100 μM PMSF, 100 μM leupeptin). The samples were then incu-
bated with agarose bead–immobilized GST-NEK7 protein (200 ng) 
for 2 hours at room temperature, followed by washing thrice with a 
modified binding buffer (25 mM tris-HCl, pH 8.0, 150 mM NaCl, 
1% Triton X-100, 100 μM PMSF, 100 μM leupeptin). The immobi-
lized proteins were denatured by boiling in 5 × SDS sample buffer 
(50 μl) for 10 min and then analyzed by immunoblotting.
MS analysis of lysine carbamoylation on NLRP3
iBMDMs without or with FLAG-NLRP3 expression were treated 
with 15N-labeled cyanate (1 mM) for 1 hour. Immunoprecipitated 
FLAG-NLRP3 sample was separated using SDS-PAGE followed by 
staining with Coomassie brilliant blue. The band corresponding to 
FLAG-NLRP3 was excised and digested with trypsin overnight. Di-
gested sample was analyzed on a nanoLC Q-Exactive mass spec-
trometer (Thermo Fisher Scientific) in line with an Easy-nLC 1000 
HPLC system (Thermo Fisher). MS/MS spectra from each LC-
MS/MS run were searched against the mouse NLRP3 sequence us-
ing the Proteome Discoverer (Thermo Fischer Scientific version 
1.4.0.288) searching algorithm with the following criteria: Full 
tryptic specificity was required, two missed cleavages were allowed, 
precursor ion mass tolerance was set to 10 ppm, fragment ion mass 
tolerance was 0.02 Da, and peptide FDR (false discovery rate) was 
set to 1%. Oxidation (M) and homocitrulline (K +44.013 Da) were 
set as variable modifications.
Sample extraction for LC-MS
A total number of 1 × 107 cells seeded in 10-cm dishes were washed 
twice with ice-cold PBS, and then 1 ml of extraction solution com-
posed of methanol and water (8: 2) was added to each dish. The cell 
lysates were harvested using a cell scraper and vortexed at 1000 rpm 
for 10 min at 4°C, followed by centrifugation at 15,000g for 20 min 
at 4°C. The collected supernatant (980 μl) was dried by vacuum 
evaporation using a refrigerated CentriVap Concentrator (Labconco) 
and then reconstituted in optimized volumes (25 μl for isocyanic 
acid; 200 μl for citrulline, ornithine, and urea) of methanol.
Isocyanic acid derivatization and measurement with LC-MS
To measure isocyanic acid concentration, a carbamoylation assay 
was performed as described previously (41) with minor modifica-
tion. Briefly, the extraction sample (25 μl) was incubated with 1.5 μl 
of 1 M acetic acid and 1.5 μl of 1 M 2-aminobenzoic acid for 30 min 
at 42°C water bath. The mixture was then acidified by addition of 2 μl 
of 12 N HCl, followed by centrifugation at 13,000g for 10 min at 4°C, 
and 10 μl of the supernatant was analyzed by a Ultra-performance 
liquid chromatography coupled with quadrupole time of flight mass 
spectrometry (UPLC-QTOF-MS) column (Phenomenex Kinetex 
#00D-4462-AN). The mobile phase was 0.1% formic acid in water 
(A) and 0.1% formic acid in acetonitrile (B). Samples were injected 
into the column and separated at a flow rate of 0.2 ml min−1. Buffer 
gradient was set as follows: 98% A and 2% B during 0 to 2 min, 10% A 
and 90% B during 2 to 7 min, 98% A and 2% B during 7 to 10 min. LC- 

MS was performed on a 6530 Liquid Chromatography/Quadrupole- 
TOF mass spectrometer (Agilent) operated in positive mode. The 
end product of derivatization (2,4-quinazolinedione) was monitored 
at mass/charge ratio (m/z) 163.05. The amount of isocyanic acid in 
each sample was calculated according to the standard curve generated 
by serial concentrations of 2,4-quinazolinedione and then normalized 
to the cell number.
Intracellular metabolite profiling with LC-MS
To measure citrulline, ornithine, and urea concentrations, the sam-
ples were separated by an ACQUITY UPLC BEH HILIC column 
(1.7 μm, 2.1 mm  ×  100 mm; Waters #186003461) with a mobile 
phase composed of solution A (10 mM ammonium acetate in water) 
and solution B (100% acetonitrile). A total volume of 10 μl of sample 
was injected into the column and separated at a flow rate of 0.3 ml 
min−1 at 40°C. Buffer gradient was set as follows: 2% A and 98% B 
during 0 to 1.5 min, 98% A and 2% B during 1.5 to 8 min, 2% A and 
98% B during 8 to 20 min for ornithine; 10% A and 90% B during 0 
to 1.5 min, 98% A and 2% B during 1.5 to 7 min, 10% A and 90% B 
during 7 to 11 min for citrulline; 2% A and 98% B during 0 to 1.5 min, 
98% A and 2% B during 1.5 to 10 min, 2% A and 98% B during 10 to 
15 min for urea. The amount of citrulline, ornithine, and urea in 
each sample was calculated according to the standard curve gener-
ated by serial concentrations of the corresponding metabolites and 
then normalized to the cell number.
13C-isotope labeling study
Macrophages were plated at a density of 1 × 106 cells per well in 60-mm 
dishes in phenol red–free DMEM (Gibco #21063029) supplemented 
with 10% FBS and 2 mM ureido-13C-citrulline (Cambridge Isotope 
Laboratories #CLM-4899-PK). Twenty-four hours later, the medium 
was replaced with fresh medium, followed by treatment of the cells 
with LPS for 8 hours. Cells were washed twice with 10 ml of ice-
cold PBS and then extracted with 1 ml of extraction solution com-
posed of methanol and water (8: 2). The cell lysates were harvested 
using a cell scraper and centrifuged at 15,000g for 20 min at 4°C. The 
collected supernatant (980 μl) was dried by vacuum evaporation us-
ing a refrigerated CentriVap Concentrator (Labconco), followed by 
resuspension in 25 μl of methanol. To detect 13C-labeled isocyanic 
acid, the extraction sample (25 μl) was derivatized with 1.5 μl of 1 M 
acetic acid and 1.5 μl of 1 M 2-aminobenzoic acid for 30 min at 42°C 
water bath, and then acidified by addition of 2 μl of 12 N HCl. 
Aliquoted sample (10 μl) was loaded onto a UPLC-QTOF-MS col-
umn (Phenomenex Kinetex #00D-4462-AN) and separated at a flow 
rate of 0.2 ml min−1 with buffer (A: 0.1% formic acid in water; B: 
0.1% formic acid in acetonitrile) gradient as follows: 98% A and 2% 
B during 0 to 2 min, 10% A and 90% B during 2 to 7 min, 98% A and 
2% B during 7 to 10 min. LC-MS was performed on a 6530 Liquid 
Chromatography/Quadrupole-TOF mass spectrometer (Agilent) 
operated in positive mode. The end product of derivatization (13C-
labeled 2,4-quinazolinedione) was monitored at m/z 164.05.
Statistical analysis
Statistical analyses were performed using the IBM SPSS Statistics 23 or 
GraphPad Prism 8.0.2. All immunoblotting experiments were inde-
pendently repeated at least three times and presented as a representa-
tive example of a single experiment. Sample numbers and experimental 
repeats are described in figure legends. Quantitative data are presented 
as mean ± SD or mean ± SEM. Two-tailed Student’s t test was used 
for comparison of paired variables, and one-way analysis of vari-
ance (ANOVA) was used for comparison of multiple variables. Sur-
vival curves were compared using the two-tailed log-rank test. Clinical 
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scores for sepsis severity of mice were compared using the linear mixed 
model. P values less than 0.05 were considered statistically significant.
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