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SUMMARY
Excessive inflammation caused by abnormal activation of the NLRP3 inflammasome contributes to the path-
ogenesis of multiple human diseases, but clinical drugs targeting the NLRP3 inflammasome are still not avail-
able. In this study, we identify entrectinib (ENB), a US Food and Drug Administration (FDA)-approved anti-
cancer agent, as a target inhibitor of the NLRP3 inflammasome to treat related diseases. ENB specifically
blocks NLRP3 without affecting activation of other inflammasomes. Furthermore, we demonstrate that
ENB directly binds to arginine 121 (R121) of NEK7 and blocks the interaction between NEK7 and NLRP3,
thereby inhibiting inflammasome assembly and activation. In vivo studies show that ENB has a significant
ameliorative effect on mouse models of NLRP3 inflammasome-related diseases, including lipopolysaccha-
ride (LPS)-induced systemic inflammation, monosodium urate (MSU)-induced peritonitis, and high-fat diet
(HFD)-induced type 2 diabetes (T2D). These data show that ENB is a targeted inhibitor of NEK7 with strong
anti-NLRP3 inflammasome activity, making it a potential candidate drug for the treatment of inflammasome-
related diseases.
INTRODUCTION

The nod-like receptors (NLRs) are a class of pattern recognition

receptors (PRRs) in the cytoplasm, and several members of the

family, including NLRP1, NLRP3, NLRP6, Pyrin, and CARD8,

have been reported to form a protein complex called the inflam-

masome and mediate the inflammatory response.1,2 NLRP3 is

one of the most important NLRs and can recognize not only path-

ogen-associated molecular patterns (PAMPs; for example, viral

RNAs, microbial toxins, and nigericin) but also damage-associ-

ated molecular patterns (DAMPs), such as monosodium urate

(MSU) crystals, amyloids, ATP, and cholesterol crystals.3–6

Upon stimulation by those PAMPs and DAMPs, NLRP3 first binds

toNEK7 and subsequently recruits the cysteine proteasepro-cas-

pase-1 via the adapter protein apoptosis-associated speck-like

protein containing a caspase recruitment domain (ASC) to form

the inflammasome.7–9 The assembled NLRP3 inflammasome in-

duces pro-caspase-1 self-cleavage and activation. Then, the acti-

vated caspase-1 not only cleaves pro-interleukin-1b (IL-1b) and

pro-IL-18 to produce mature IL-1b- and IL-18-mediated inflam-

matory responses but also cleaves gasdermin D (GSDMD) to

induce pyroptosis, which is crucial for host defense against path-

ogens and maintaining homeostasis.10–13 However, excessive

activation of the NLRP3 inflammasome can also lead to multiple

inflammatory diseases, including peritonitis, atherosclerosis,
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type 2 diabetes (T2D), experimental autoimmune encephalomy-

elitis (EAE), and neurodegenerative disease.14–17 Therefore, the

NLRP3 inflammasome is a promising drug target for the treatment

of those inflammatory diseases.

In recent years, some small-molecule compounds have been

found to improve inflammatory diseases by targeting the

NLRP3 inflammasome.18 MCC950, CY-09, tranilast, tivantinib,

and oridonin have been reported to interact directly with

NLRP3 to inhibit the assembly and activation of inflammasomes,

thereby alleviating immune responses and inflammatory dis-

eases, such as sepsis, peritonitis, T2D, and EAE.19–24 In addition

to targeting NLRP3, sennoside A, CZL80, and a selective and

irreversible inhibitor of caspase-1 (Ac-YVAD-cmk) have been

found to inhibit inflammasome activation by blocking the activity

of caspase-1 and have shown favorable anti-inflammatory ef-

fects in animal models.25–27 Moreover, targeted inhibitors of

GSDMD, such as necrosulfonamide (NSA), disulfiram (DSF),

dimethyl fumarate (DMF), and fumarate have also been found

to alleviate a variety of inflammatory diseases by inhibiting in-

flammasome activation.28–30 As an important component of

the NLRP3 inflammasome, NEK7 is also an attractive target for

inflammasome activation and treatment of related diseases.

HT-6184 and MRT-3483 are two NEK7 inhibitors identified in

2022 by Halia Therapeutics and Monte Rosa Therapeutics,

respectively, for the treatment of inflammatory diseases;
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MRT-3483 is currently in the preclinical stage, and HT-6184 is in

phase I clinical trials to evaluate safety and tolerability (Clinical-

Trials.gov: NCT05447546). Therefore, it will be a long time before

these compounds are available for clinical use, and there is an

urgent need to develop other NEK7-targeting drugs with high

safety and specificity that are closer to clinical application.

Entrectinib (ENB) is a potent tyrosine multikinase small-mole-

cule inhibitor that targets the oncogenes neurotrophic tropomy-

osin receptor kinase (NTRK), c-ROS oncogene 1 (ROS1), and

anaplastic lymphoma kinase (ALK).31 In 2019, ENB was

approved by the US Food and Drug Administration (FDA) for

the treatment of adults and pediatric patients 12 years of age

and older with solid tumors that have an NTRK gene fusion.

Furthermore, it has now been approved for the treatment of

adults with metastatic non-small cell lung cancer (NSCLC)

whose tumors are ROS1 positive.32 Clinical studies have shown

that ENB has a significant anti-cancer effect, which results in du-

rable disease control and prolonged progression-free sur-

vival.31,33 ENB is a clinical drug that can cross the blood-brain

barrier with a half-life of elimination of 20 h.31 More importantly,

ENB has a high safety profile and is well tolerated by almost all

patients without cumulative toxicity, even at doses up to

600 mg orally once a day continuously for 3 months.34

In this study, we identified that ENB significantly inhibits

NLRP3 inflammasome activation by screening the clinical or

FDA-approved kinase inhibitors in our lab. Mechanistic studies

revealed that ENB directly targets NEK7 at R121, blocking

NEK7-NLRP3 interaction and subsequent inflammasome as-

sembly and activation. Furthermore, ENB showed significant

therapeutic effects in multiple mouse models of NLRP3 inflam-

masome-driven diseases, including lipopolysaccharide (LPS)-

induced systemic inflammation, peritonitis, and T2D, suggesting

that ENB may be a promising candidate for the treatment of

these inflammatory diseases.

RESULTS

Identification of ENB as a potent inhibitor of the NLRP3
inflammasome
To identify drugs that inhibit NLRP3 inflammasome activation,

we screened 195 clinical or FDA-approved kinase inhibitors in

our lab and found that ENB was highly effective in inhibiting in-

flammasome activation in mouse primary bone marrow-derived

macrophages (BMDMs) (Figures S1A and S1B; Table S1). ENB is

a clinical anti-cancer agent approved by the FDA for the treat-

ment of multiple solid tumors and is not cytotoxic to BMDMs

even at higher concentrations (Figure S1C). The half-maximal

inhibitory concentration (IC50) of ENB for MSU-induced IL-1b

production was approximately 0.88 mM, which was similar to

the IC50 of nigericin-induced (IC50 = 0.65 mM) and ATP-induced

(IC50 = 0.73 mM) IL-1b production (Figures 1A–1C). In addition

to inducing IL-1b maturation, NLRP3 inflammasome activation

also promote pyroptosis.10–12 We found that ENB dose-depen-

dently inhibited MSU- and nigericin-induced lactate dehydroge-

nase (LDH) release (Figures S1D and S1E). Moreover, nigericin-

induced cell death and GSDMD cleavage were also potently

blocked by ENB (Figures S1F–S1H). These results indicate that

ENB inhibits NLRP3 inflammasome activation and pyroptosis.
2 Cell Reports Medicine 4, 101310, December 19, 2023
In addition to MSU, nigericin, and ATP, we also examined the

inhibitory effect of ENB on inflammasome activation induced by

other NLRP3 stimuli, including imiquimod,35 alum,36,37 and

SiO2.
38 The results showed that ENB significantly inhibited IL-

1b secretion and caspase-1 cleavage in response to those

stimuli (Figures 1D and 1E). Previous studies have shown that

intracellular LPS induces caspase-11-dependent non-canonical

inflammasome activation, where IL-1b but not LDH release

requires NLRP3.13,39,40 We pretreated pam3CSK4-primed

BMDMs with different concentrations of ENB, followed by trans-

fection with LPS, and found that ENB inhibited IL-1b secretion

and caspase-1 cleavage in a dose-dependent manner without

affecting LDH release (Figures 1F, 1G, and S2A). Consistent

with these results, we found that ENB could also inhibit IL-1b

secretion and caspase-1 cleavage in human THP-1 cells and pe-

ripheral blood mononuclear cells (PBMCs) in a dose-dependent

manner (Figures 1H, 1I, S2B, and S2C). Taken together, these re-

sults suggest that ENB is a common inhibitor of the NLRP3

inflammasome.

ENB specifically inhibits NLRP3 without affecting
activation of other inflammasomes
To investigate the specific effect of ENB on NLRP3 inflamma-

some activation, we pretreat LPS-primed BMDMs with ENB

and then induced AIM2 inflammasome activation by transfection

with poly(dA:dT).41,42 The results showed that ENB had no effect

on poly(dA:dT)-induced caspase-1 cleavage or IL-1b secretion

(Figures 2A and 2B). Similarly, ENB could also not inhibit

NLRC4 inflammasome activation induced by Salmonella enterica

Typhimurium (Salmonella) infection43 (Figures 2C and 2D). In

addition to NLRP3, AIM2, and NLRC4, emerging evidence sug-

gests that Pyrin, NLRP1, NLRP6, and CARD8 are also capable

of forming inflammasomes.1 We next explored whether ENB in-

hibited these types of inflammasome activation and found that

ENB did not affect either Clostridium difficile toxin B (TcdB)-

induced Pyrin44 and Listeria monocytogenes (Listeria)-induced

NLRP645 inflammasome activation or Val-boroPro (VbP)-induced

NLRP1 and CARD8 inflammasome activation (Figures 2E and

2F). In conclusion, these results suggest that ENB specifically in-

hibits NLRP3 without affecting activation of other inflamma-

somes. We then examined whether ENB had an effect on the

priming phase of NLRP3 inflammasome activation. BMDMs

were treated with different concentrations of ENB before LPS

stimulation, and we found that ENB did not affect LPS-induced

pro-IL-1b or NLRP3 expression (Figure 2G). Furthermore, ENB

also had no effect on LPS-induced tumor necrosis factor alpha

(TNF-a) or IL-6 secretion (Figures 2H and 2I), suggesting that

ENB did not affect the priming step of NLRP3 activation.

Together, these data demonstrate that ENB is a specific inhibitor

of the NLRP3 inflammasome.

Since a few compounds, including MCC950,23 CY-09,24 trani-

last,21 tivantinib,19 and b-hydroxybutyrate (BHB),46 have been re-

ported recently to inhibit NLRP3 inflammasome activation, we

therefore compared the inhibitory effect and specificity of ENB

with these compounds on NLRP3 inflammasome activation. The

IC50 of these compounds on nigericin-induced IL-1b production

were tested, and we found that ENB had an effect comparable

with tivantinib and superior to CY-09, tranilast, and BHB in



Figure 1. Identification of ENB as a potent inhibitor of the NLRP3 inflammasome

(A–C) ELISA analysis of IL-1b in culture supernatants (SNs) from LPS-primed BMDMs treatedwith various doses of ENB and then stimulated with 150 mg/mLMSU

for 4 h (A), 5 mM nigericin (B), or 2.5 mM ATP (C) for 30 min.

(D) Immunoblot analysis of IL-1b and cleaved caspase-1 (P20) in SN, pro-IL-1b and pro-caspase-1 (Pro-casp1) in cell lysates (input) from LPS-primed BMDMs

treated with 2 mM ENB and then stimulated with 15 mg/mL imiquimod for 3 h or 300 mg/mL alum or SiO2 for 6 h.

(E) ELISA of IL-1b in SNs from LPS-primed BMDMs treated with 2 mMENB and then stimulatedwith 15 mg/mL imiquimod for 3 h or 300 mg/mL alum or SiO2 for 6 h.

(F) Immunoblot analysis of IL-1b and P20 in SNs and pro-IL-1b and pro-casp1 in input from Pam3CSK4-primed BMDMs treated with various doses of ENB and

then transfected with 0.5 mg/mL LPS for 16 h.

(G) ELISA of IL-1b in SN from Pam3CSK4-primed BMDMs treated with various doses of ENB and then transfected with 0.5 mg/mL LPS for 16 h.

(H) Immunoblot analysis of IL-1b and P20 in SNs and pro-IL-1b and pro-casp1 in input from PBMCs treated with various doses of ENB and then stimulated with

1 mg/mL LPS for 24 h.

(I) ELISA of IL-1b in SNs from PBMCs treated with various doses of ENB and then stimulated with 1 mg/mL LPS for 24 h.

Data represent the mean ± SEM of three (A–C and E) or four (G and I) technical replicates from one of five independent experiments. Statistical analysis was

performed using one-way ANOVA (G and I) or two-way ANOVA (E). *p < 0.05, **p < 0.01, ***p < 0.001.
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inhibiting NLRP3 inflammasome activation. However, MCC950

showed the best inhibitory effect among all compounds

(Figures S3A–S3E). Previous studies have shown that tranilast21

and BHB46 can inhibit nuclear factor kB (NF-kB) signaling, which

was validated by our results.Moreover, we found that tivantinib in-

hibited IL-6 release and pro-IL-1b expression when it was used

prior to LPS priming (Figures S3F and S3G), indicating that tivan-

tinib has a broad anti-inflammatory effect rather than specifically

inhibiting NLRP3 inflammasome activation. Although MCC950

appears to be a specific inhibitor of NLRP3, it has been tested pre-

viously tested in a phase II clinical trial for rheumatoid arthritis (RA)

and found to elevate liver enzyme levels in serum, suggesting that
it may have liver toxicity.47 In contrast, ENB is an FDA-approved

anti-cancer agent with a high safety profile,32 and our results

also confirmed that ENB had no side effects on the heart, liver,

spleen, lungs, and kidneys of mice even with continuous adminis-

tration for 3 months (Figure S3H). Together, these results suggest

that ENB is a safe, potent, and specific inhibitor of the NLRP3

inflammasome.

ENB inhibits NLRP3 inflammasomeactivation by directly
targeting NEK7
We then explored the mechanism by which ENB inhibits activa-

tion of the NLRP3 inflammasome. As an excellent anti-cancer
Cell Reports Medicine 4, 101310, December 19, 2023 3



Figure 2. ENB specifically inhibits NLRP3 without affecting activation of other inflammasomes

(A) Immunoblot analysis of IL-1b and P20 in SNs and pro-IL-1b and pro-casp1 in input from LPS-primed BMDMs treated with 2 mMENB and then stimulated with

5 mM nigericin for 30 min or transfected with 0.5 mg/mL poly(dA:dT) for 4 h.

(B) ELISA of IL-1b in SNs from LPS-primed BMDMs treated with 2 mM ENB and then stimulated with 5 mM nigericin for 30 min or transfected with 0.5 mg/mL

poly(dA:dT) for 4 h.

(C) Immunoblot analysis of IL-1b and P20 in SNs and pro-IL-1b and Pro-casp1 in input from LPS-primed BMDMs treated with 2 mMENB and then stimulated with

5 mM nigericin for 30 min or infected with Salmonella (multiplicity of infection [MOI] = 5) for 4 h.

(D) ELISA of IL-1b in SNs from LPS-primedBMDMs treated with 2 mMENB and then stimulatedwith 5 mMnigericin for 30min or infected with Salmonella (MOI = 5)

for 4 h.

(E) ELISA of IL-1b in SNs from LPS-primed BMDMs treated with 2 mM ENB and then stimulated with 5 mM nigericin for 30 min or 0.5 mg/mL C. difficile toxin B

(TcdB) for 1 h or infected with L. monocytogenes (Listeria; MOI = 10) for 4 h.

(F) ELISA of IL-1b in SNs from phorbol 12-myristate 13-acetate (PMA)-differentiated and LPS-primed THP-1 cells treated with 2 mMENB and then stimulated with

5 mM nigericin for 1 h or 10 mM Val-boroPro (VbP) for 24 h.

(G) Immunoblot analysis of NLRP3 and pro-IL-1b in input from BMDMs treated with various doses of ENB and then stimulated with 50 ng/mL LPS for 3 h.

(H and I) ELISA of TNF-a (H) and IL-6 (I) in SNs from BMDMs treated with various doses of ENB and then stimulated with 50 ng/mL LPS for 3 h.

Data represent the mean ± SEM of four technical replicates from one of five independent experiments. Statistical analysis was performed using two-way ANOVA

(B and D–F). ***p < 0.001.

Article
ll

OPEN ACCESS
drug, ENB has been reported to inhibit tumor growth by blocking

multiple kinases, including NTRK, ROS1 and ALK.31,34 To

investigate whether the inhibitory effect of ENB onNLRP3 inflam-

masome activation is also dependent on these targets, we first

pretreated LPS-primed BMDMs with inhibitors of NTRK and

ALK, including repotrectinib, belizatinib, and larotrectinib, and

then stimulated the cells with nigericin. The results showed that

these inhibitors had no effect onNLRP3 inflammasomeactivation

(Figures S4A and S4B). Moreover, we knocked down ROS1 with

small interfering RNA (siRNA) and found that ROS1 knockdown
4 Cell Reports Medicine 4, 101310, December 19, 2023
neither affected NLRP3 inflammasome activation nor reversed

the inhibitory effect of ENB (Figures S4C–S4E). These results

suggest that the inhibitory effect of ENB on NLRP3 inflamma-

some activation is independent of the previously reported

targets.

Although the detailed mechanism of NLRP3 inflammasome

activation is not yet well understood, several events, including

potassium and chloride efflux, mitochondrial damage, and reac-

tive oxygen species (ROS) production, are widely accepted as

key upstream signals of its activation.48 We first studied whether



Figure 3. ENB suppresses NLRP3 inflammasome assembly by directly targeting NEK7

(A) Immunoblot analysis of ASC oligomerization in cross-linked cytosolic pellets of LPS-primed BMDMs treated with various doses of ENB and then stimulated

with 5 mM nigericin for 30 min.

(B and C) Immunoprecipitation (IP) and immunoblot analysis of the interaction between endogenous ASC (B) or NEK7 (C) and NLRP3 in LPS-primed BMDMs

treated with 2 mM ENB and then stimulated with 5 mM nigericin for 30 min.

(D) IP and immunoblot analysis of HEK293T cells transfected with VSV-NLRP3, FLAG-NEK7, or empty vector plasmids as indicated and treated with 2 mMENB or

1 mM MCC950.

(E) Drug affinity responsive target stability (DARTS) and immunoblot analysis of NEK7, NLRP3, ASC, and pro-casp1 in LPS-primed BMDMs treated with 200 mM

ENB and then performed with pronase (25 ng/mg of protein).

(F) DARTS and immunoblot analysis of NEK7 in HEK293T cells transfected with GFP-NEK7 and then treated with 200 mMENB and pronase (25 ng/mg of protein).

(G) Cellular thermal shift assays (CETSAs) and immunoblot analysis of NEK7 stability in LPS-primed BMDMs treated with 200 mM ENB at different temperatures.

(H) Immunoblot analysis of IL-1b and P20 in SNs, pro-IL-1b, and pro-casp1 in input from pam3CSK4-primed human BLaER1 monocytes treated with various

doses of ENB and then stimulated with 5 mM nigericin for 2 h.

(I) ELISA of IL-1b in SNs from pam3CSK4-primed human BLaER1 monocytes treated with various doses of ENB and then stimulated with 5 mM nigericin for 2 h.

Data represent the mean ± SEM of four technical replicates from one of five independent experiments (I).
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ENB affected potassium efflux, and the results showed that treat-

ment of BMDMs with nigericin significantly reduced intracellular

potassium concentration, but ENB could not reverse potassium

efflux (Figure S5A), suggesting that ENB has no effect on potas-

sium efflux during NLRP3 inflammasome activation. Similarly,

ENBwas also not able to relieve the chloride efflux induced by ni-

gericin (Figure S5B). Next, to explore the effect of ENB on mito-

chondrial damage and mitochondrial ROS production, we

stained for mitochondrial oxidation with MitoSOX and mitochon-

drial damage with MitoTracker, and the results showed that ENB

could not inhibitmitochondrial damage or ROSproduction during

NLRP3 inflammasome activation (Figure S5C). Thus, these re-
sults suggest that ENB inhibits NLRP3 inflammasome activation

downstream of potassium and chloride efflux, mitochondrial

damage, and ROS production.

Because ENB had no effect on the common upstream signals

of NLRP3 inflammasome activation, we hypothesized that it may

directly inhibit assembly of the NLRP3 inflammasome. ASC olig-

omerization has been reported to be one of the most down-

stream steps in inflammasome assembly. Our results showed

that ENB inhibited nigericin-induced ASC oligomerization in a

dose-dependent manner (Figure 3A). Recruitment of ASC by

NLRP3 is a critical step of inflammasome formation. We exam-

ined the interaction between NLRP3 and ASC and found that
Cell Reports Medicine 4, 101310, December 19, 2023 5
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ENB significantly inhibits the endogenous NLRP3-ASC interac-

tion in BMDMs but has no effect on exogenous NLRP3-ASC

interaction in HEK293T cells transfected with vesicular stomatitis

virus (VSV)-NLRP3 and FLAG-ASC (Figures 3B and S5D), indi-

cating that ENB inhibits NLRP3 inflammasome assembly by

acting upstream of the NLRP3-ASC interaction. Further studies

showed that ENB inhibited endogenous and exogenous

NLRP3-NEK7 interaction but did not affect exogenous NLRP3-

NLRP3 interaction (Figures 3C, 3D, and S5E). These results sug-

gest that ENB may specifically block NLRP3 binding to NEK7.

Next, we sought to identify the target protein of ENB.

Because ENB inhibits NLRP3-NEK7 interaction, we hypothe-

sized that it might target NLRP3 or NEK7. By using the drug af-

finity responsive target stability (DARTS) technique, a method

based on the reduction of protease sensitivity of the target pro-

tein in response to drug binding,49 we found that ENB protected

NEK7 from protease-mediated proteolysis but does not affect

the proteolysis of other components of the NLRP3 inflamma-

some, including NLRP3, ASC, and pro-caspase-1, in the pres-

ence of protease pronase (Figure 3E). Similarly, NEK7 proteol-

ysis was also significantly inhibited by ENB in HEK293T cells

overexpressing GFP-NEK7 (Figure 3F). To further confirm this

result, we conducted a cellular thermal shift assay (CETSA) in

BMDMs, a method that allows studies of target engagement

of the drug target in a cellular context.50 The results showed

that ENB significantly enhanced the thermal stability of NEK7

even at higher temperatures compared with the DMSO-treated

group (Figure 3G), indicating that ENB binds to NEK7. Recent

studies have revealed that NEK7 is dispensable for NLRP3 in-

flammasome activation in human BLaER1 cells.51 We exam-

ined the effect of ENB on NLRP3 inflammasome activation in

BLaER1 cells and found that ENB did not inhibit nigericin-

induced caspase-1 cleavage and IL-1b release, confirming

that ENB inhibits NLRP3 inflammasome activation by targeting

NEK7 (Figures 3H and 3I). Thus, these results indicate that ENB

directly targets NEK7 to inhibit NLRP3-NEK7 interaction and

NLRP3 inflammasome assembly and activation.

ENB binds to the R121 residue of NEK7
To explore the nature of the interaction between ENB and NEK7,

we sought to determine whether the inhibitory effect of ENB on

NLRP3 inflammasome activation is reversible. We pretreated

LPS-primed BMDMs with ENB for 15 min and then washed the

cells three times to remove the unbound drug before nigericin

stimulation. The results showed that ENB could not inhibit the

production of IL-1b after washout (Figure 4A), indicating that

the inhibitory effect of ENB on NLRP3 inflammasome activation

is reversible. To further identify which residues on NEK7 bind to

ENB, we investigated the molecular interaction of ENB and tem-

plate structure of human NEK7 (PDB: 6S76) by AutoDock4. The

results showed that ENB was readily docked into the NEK7

pocket with �5.79 kcal/mol binding energy (Figure 4B). More-

over, ENB was predicted to bind to NEK7 by hydrogen bonding

at isoleucine 40 (I40) and R121 (Figure 4C). Next, DARTS was

performed in HEK293T cells overexpressing wild-type (WT) or

mutant NEK7 plasmids. We found that R121A, but not I40A mu-

tation, abolished NEK7 binding to ENB (Figure 4D), suggesting

that ENB binds to R121 of NEK7.
6 Cell Reports Medicine 4, 101310, December 19, 2023
Interestingly, it has been found previously that the R121 resi-

due of NEK7 is located at the interaction interface between

NEK7 and NLRP3.8 We performed a co-immunoprecipitation

assay in HEK293T cells transfected with NLRP3 and NEK7

R121Amutant plasmids and then treated themwith ENB. The re-

sults showed that the R121A mutation significantly inhibited the

interaction between NLRP3 and NEK7, but the inhibition effect

was not further enhanced by ENB treatment (Figure 4E). More-

over, we found that ENB inhibits NLRP3 inflammasome activa-

tion in NEK7 knockout THP-1 cells recombined with human

WT NEK7 but not R121A mutant NEK7 (Figure 4F). These results

indicate that the R121 residue of NEK7 is essential for ENB to

inhibit NLRP3 inflammasome activation. Because the R121 res-

idue is well conserved in different organisms (Figure S6A), we

subsequently confirmed the importance of this site in NEK7-defi-

cient murine immortalized bone marrow-derived macrophages

(iBMDMs). The results showed that ENB had no effect on activa-

tion of the NLRP3 inflammasome in NEK7 R121A mutant cells

(Figures 4G and 4H). Thus, these results indicate that ENB in-

hibits NLRP3 inflammasome activation by binding to the R121

residue of NEK7.

Next, we investigated the binding and functional specificity of

ENB to NEK7. Previous studies have shown that NEK6 and

NEK9, two other members of the NEK family, are highly homol-

ogous to NEK7.52 We analyzed the conservation of R121 in

NEK6 and NEK9 and found that R121 is absent in these two pro-

teins (Figure S6B). Furthermore, we found that ENB binds only to

NEK7, but not to NEK6 or NEK9 (Figure S6C), indicating that the

binding of ENB to NEK7 is specific. Because the original function

of NEK7 is to mediate mitosis to regulate the cell cycle,53 we

treated RAW264.7 cells with ENB and found that it did not affect

the cell cycle (Figures S6D and S6E). In addition to the regulation

of mitosis, NEK7 is also involved in a variety of physiological and

pathological processes, mainly through its kinase activity.54,55

We incubated ENB with recombinant WT, R121A, or K64M (ki-

nase inactive56) mutant NEK7 and found that neither R121A mu-

tation nor ENB treatment affected the kinase activity of NEK7

(Figures S6F and S6G). Together, these results suggest that

ENB specifically binds to NEK7 and inhibits NLRP3 inflamma-

some activation.

ENB inhibits LPS-induced systemic inflammation and
MSU-induced peritonitis
Because ENB significantly inhibited activation of the NLRP3 in-

flammasome in vitro, we subsequently explored its inhibitory ef-

fect in vivo. A previous study has shown that systemic inflamma-

tion is induced by LPS in an NLRP3 inflammasome-dependent

manner.57 We pretreated mice with or without ENB before chal-

lenge with LPS and found that ENB treatment significantly

improved the survival rate of mice and inhibited the production

of IL-1b without affecting the release of TNF-a in serum

(Figures 5A–5C). We further analyzed the function of the liver

and found that ENB treatment diminished hepatic injury, serum

aspartate aminotransferase (AST), and alanine aminotransferase

(ALT) levels after LPS injection (Figures 5D–5F). In addition to

LPS-induced systemic inflammation, we also tested the effect

of ENB on MSU-induced peritonitis. The results showed that

ENB treatment reduced MSU-induced neutrophil infiltration



Figure 4. ENB binds to R121 of NEK7

(A) ELISA of IL-1b in SNs from LPS-primed BMDMs treated with various doses of ENB for 15 min and then washed three times and stimulated with 5 mM nigericin

for 30 min.

(B) Docking complex of NEK7 with ENB. ENB is shown as sticks and colored light green, NEK7 is showed in cartoon and colored light gray, and key amino acid

residues are shown as sticks.

(C) 2D binding mode diagrams of NEK7 and ENB.

(D) DARTS and immunoblot analysis of NEK7 in HEK293T cells transfected with WT, I40A, or R121A mutant FLAG-NEK7 and then treated with 200 mM ENB and

pronase (25 ng/mg of protein).

(E) IP and immunoblot analysis of HEK293T cells transfected with VSV-NLRP3, WT, or R121A mutant FLAG-NEK7 plasmids as indicated and treated with 2 mM

ENB.

(F) ELISA analysis of IL-1b in SNs from NEK7 knockout THP-1 cells recombined with human WT or R121A mutant NEK7 and then stimulated with 5 mM nigericin

for 1 h.

(G) ELISA of IL-1b in SNs from NEK7 knockout iBMDMs recombined with mouse WT or R121A mutant NEK7 and then stimulated with 5 mM nigericin for 2 h.

(H) Immunoblot analysis of P20 in SNs, pro-casp1, and NEK7 in input fromNEK7 knockout iBMDMs recombinedwith mouseWT or R121Amutant NEK7 and then

stimulated with 5 mM nigericin for 2 h.

Data are representative of one replicate of five independent experiments and show asmean ± SEM. Statistical analysis was performed using two-way ANOVA (A,

F, and G). *p < 0.05, ***p < 0.001; NS, not significant, p > 0.05.
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(Figure 5G) and IL-1b production (Figure 5H). Taken together,

these results suggest that ENB has therapeutic effects in mouse

models of LPS-induced systemic inflammation and MSU-

induced peritonitis.

ENB prevents the pathological development of HFD-
induced T2D
In addition to the acute inflammatory diseasesmentioned above,

the NLRP3 inflammasome also contributed to the development

of chronic inflammatory diseases, such as T2D.17,58 Next, we

explore the preventive and therapeutic effects of ENB on T2D

in a high-fat diet (HFD)-induced mouse model. After feeding
C57BL/6J mice an HFD with or without ENB for 16 weeks, we

found that ENB treatment significantly prevented mice from

gaining weight but did not affect food intake (Figures 6A and

S7A). ENB treatment also alleviated the increases in fasting

and fed blood glucose concentrations as well as fasting insulin

concentrations in HFD-fed mice (Figures 6B, 6C, and S7B).

Moreover, by glucose tolerance test (GTT) and insulin tolerance

test (ITT), we found that mice treated with ENB exhibited better

insulin sensitivity and glucose tolerance compared with the con-

trol group (Figures 6D and 6E). In addition, we found that ENB in-

hibited the weight of liver (Figure S7C). Histological analysis of

mouse liver revealed severe hepatic steatosis and lipid
Cell Reports Medicine 4, 101310, December 19, 2023 7



Figure 5. ENB has therapeutic effects in a mouse model of LPS-induced systemic inflammation and MSU-induced peritonitis

(A) Survival analysis of C57BL/6 mice pretreated with vehicle or ENB (10 mg/kg) for 1 h before being intraperitoneally injected with LPS. n = 10 biologically in-

dependent mice.

(B and C) ELISA of IL-1b (B) and TNF-a (C) in serum of C57BL/6Jmice pretreated with vehicle or ENB for 1 h before being intraperitoneally injected with LPS. N = 5

biologically independent mice.

(D) Hematoxylin and eosin (H&E) staining in liver cross-sections from C57BL/6J mice pretreated with vehicle or ENB for 1 h before being intraperitoneally injected

with LPS.

(E and F) Serum AST (E) and ALT (F) levels of C57BL/6J mice pretreated with vehicle or ENB for 1 h before being intraperitoneally injected with LPS. n = 5

biologically independent mice.

(G) Statistical analysis of neutrophil numbers in the peritoneal cavity of C57BL/6J mice pretreated with vehicle or ENB for 1 h before being intraperitoneally

injected with MSU. n = 5 biologically independent mice.

(H) ELISA analysis of IL-1b in the peritoneal cavity of C57BL/6J mice pretreated with vehicle or ENB for 1 h before being intraperitoneally injected with MSU. n = 5

biologically independent mice.

Data represent mean ± SEM. Statistical analysis was performed using generalized Wilcoxon test (A) or one-way ANOVA (B, C, and E–H). *p < 0.05, **p < 0.01,

***p < 0.001; NS, p > 0.05.
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accumulation in HFD-fed mice, which were significantly

improved by ENB treatment (Figure S7D). We next explored

the alleviating effect of ENB on metainflammation in HFD-fed

mice. Bymeasuring IL-1b secretion in serum, liver, and white ad-

ipose tissue (WAT) of HFD-fed mice, we found that ENB has a

good anti-inflammatory effect (Figures 6F, 6G, and 6I). More-

over, cleavage of caspase-1 and GSDMD in the liver of HFD-

fed mice was also suppressed by ENB (Figure 6H). Taken

together, these results indicate that ENB treatment prevents

the pathological development of HFD-induced T2D by inhibiting

NLRP3 inflammasome activation and metainflammation in vivo.
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ENB has a remarkable therapeutic effect on HFD-
induced T2D
We further sought to test whether ENB was effective in reversing

HFD-induced T2D in amousemodel after the disease was estab-

lished. We first fed C57BL/6J mice with HFD for 12 weeks and

then treated these mice with ENB for 4 weeks. The results

showed that ENB significantly reduced theweight gain and effec-

tively controlled fasting and fed blood glucose concentrations in

HFD-fed mice (Figures 7A–7C). Moreover, HFD-fed mice treated

with ENB showed better insulin sensitivity and glucose tolerance

compared with the control group (Figures 7D and 7E). In addition,



Figure 6. ENB has preventive effects in mouse models of HFD-induced T2D

(A) Body weights of C57BL/6 mice were measured at the indicated time points after initiation of the HFD with or without ENB treatment. n = 6 biologically in-

dependent mice.

(B) Fasting blood glucose concentrations of C57BL/6 mice were measured at the indicated time points after initiation of the HFD with or without ENB treatment.

n = 6 biologically independent mice.

(C) Fasting blood insulin concentrations of C57BL/6 mice were measured at week 16 after initiation of the HFD with or without ENB treatment. n = 6 biologically

independent mice.

(D and E) Glucose tolerance test (GTT) (D) and insulin tolerance test (ITT) (E) of C57BL/6 mice were performed at week 16 after initiation of the HFDwith or without

ENB treatment. n = 6 biologically independent mice.

(F) ELISA analysis of IL-1b in serum of C57BL/6J mice were measured at week 16 after initiation of the HFD with or without ENB treatment. n = 6 biologically

independent mice.

(G) ELISA of IL-1b in liver cultured SNs of C57BL/6 mice at week 16 after initiation of the HFD with or without ENB treatment. n = 6 biologically independent mice.

(H) Immunoblot analysis of P20 and GSDMD in liver of C57BL/6 mice at week 16 after initiation of the HFD with or without ENB treatment.

(I) ELISA of IL-1b in white adipose tissue (WAT) culture SNs of C57BL/6 mice at week 16 after initiation of the HFDwith or without ENB treatment. n = 6 biologically

independent mice. Data represent mean ± SEM. Statistical analysis was performed using two-way ANOVA (A–G and I). *p < 0.05, **p < 0.01, ***p < 0.001.
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wedetected IL-1b secretion in serum, liver, andwhite adipose tis-

sue (WAT) of HFD-fed mice and found that ENB effectively

relieved metabolic inflammation (Figures 7F, 7H, and 7I). Histo-

logical analysis of mouse liver revealed that ENB significantly

improved HFD-induced hepatic steatosis (Figure 7G). Thus, our

results demonstrate that ENB has a remarkable therapeutic ef-

fect on HFD-induced T2D.

DISCUSSION

In this study, we identified ENB, an FDA-approved clinical anti-

cancer agent, as a target inhibitor of NEK7 to restrain NLRP3
inflammasome activation and relieve associated inflammatory

diseases, including LPS-induced systemic inflammation, MSU-

induced peritonitis, and HFD-induced T2DM in mouse models,

suggesting that ENB may serve as a potential candidate drug

for the treatment of NLRP3 inflammasome-related diseases.

Abnormal activation of the NLRP3 inflammasome is involved in

the pathogenesis of multiple human diseases, including perito-

nitis, atherosclerosis, T2D, EAE, and neurodegenerative dis-

ease.14–17 Therefore, the NLRP3 inflammasome is a promising

drug target for the treatment of inflammatory diseases. Our clinical

or FDA-approved kinase inhibitor screening results show that the

FDA-approved anti-cancer drug ENB significantly inhibits NLRP3
Cell Reports Medicine 4, 101310, December 19, 2023 9



Figure 7. ENB has therapeutic effects in mouse models of HFD-induced T2D

(A) Body weights of C57BL/6 mice were measured at the indicated time points after initiation of the HFD for 12 weeks and then treated with vehicle or ENB for

4 weeks. n = 6 biologically independent mice.

(B and C) Fasting blood glucose (B) and fed blood glucose (C) concentrations of C57BL/6 mice that were first fed with an HFD for 12 weeks and then treated with

vehicle or ENB for 4 weeks. n = 6 biologically independent mice.

(D and E) GTT (D) and ITT (E) of C57BL/6 mice that were first fed with an HFD for 12 weeks and then treated with vehicle or ENB for 4 weeks. n = 6 biologically

independent mice.

(F) ELISA of IL-1b in serum of C57BL/6J mice that were first fed with an HFD for 12 weeks and then treated with vehicle or ENB for 4 weeks. n = 6 biologically

independent mice.

(G) Representative H&E and oil red O staining of liver sections of C57BL/6J mice that were first fed with an HFD for 12 weeks and then treated with vehicle or ENB

for 4 weeks.

(H and I) ELISA analysis of IL-1b in liver (H) and WAT (I) culture SNs of C57BL/6 mice that were first fed with an HFD for 12 weeks and then treated with vehicle or

ENB for 4 weeks. n = 6 biologically independent mice.

Data represent mean ± SEM. Statistical analysis was performed using two-way ANOVA (A–F, H, and I). *p < 0.05, **p < 0.01, ***p < 0.001.
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inflammasome activation at the submicromolar level with an IC50

value of 0.88 mM but had no inhibitory effect on the activation of

other inflammasomes, indicating that ENB specifically targets

the NLRP3 inflammasome. Previous studies have shown that

NLRP3 inflammasome activation requires two steps; namely,

priming and activation.59 Our results demonstrate that ENB did

not affect the production of IL-6 and TNF-a, indicating that ENB

acts downstream of priming signaling. Moreover, ENB had also

no effect on potassium and chloride efflux, mitochondrial dam-

age, or ROS production, several critical upstream events for

NLRP3 inflammasome activation. Further study revealed that

ENB specifically blocked endogenous and exogenous NLRP3-
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NEK7 interaction, suggesting that it might inhibit NLRP3 inflam-

masome assembly and activation by directly target NLRP3

or NEK7.

As a key component of the inflammasome, NEK7 is also a po-

tential therapeutic target for NLRP3-related diseases.60 Several

inhibitors, such as manoalide, oridonin, and RRx-001 and its

analog have been reported previously to bind to NLRP3 to block

its interaction with NEK7.20,49,61,62 In this study, our results

demonstrated that the FDA-approved clinical anti-cancer agent

ENB directly binds to NEK7 at R121, a key residue located at the

interaction interface between NEK7 and NLRP3,8 to significantly

inhibit NLRP3-NEK7 interaction and inflammasome activation.
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Thus, our results provide evidence showing that ENB could be

used as a candidate drug to control NLRP3 inflammasome acti-

vation by targeting NEK7.

ENB is a multikinase inhibitor with multiple targets, including

NTRK, ROS1 and ALK.31 However, in this study, we confirmed

that the inhibitory effect of ENB on the NLRP3 inflammasome

does not dependon these targets but onNEK7. NEK7 is highly ho-

mologous to two other members of the NEK family, NEK6 and

NEK9.63 To assess the potential off-target effects of ENB, we

explored the binding specificity of ENB to NEK7 and found that

ENB only interacted with NEK7 but not NEK6 and NEK9. In addi-

tion, because NEK7 is a serine/threonine kinase implicated previ-

ously inmitosis,53we tested the effect of ENBon the cell cycle and

found that it did not affect the cell cycle. Furthermore, NEK7 is

involved in multiple cellular processes mainly through its kinase

activity. We performed in vitro kinase activity assays with recom-

binant NEK7 proteins and found that ENB did not affect the kinase

activity of NEK7, indicating that ENB-specific targeting binds to

NEK7 to inhibit NLRP3 inflammasome without off-target effects.

ENB is an anti-cancer drug approved by the FDA for the treat-

ment of multiple solid tumors and NSCLC; it has a highly safety

profile and is well tolerated by almost all patients without cumu-

lative toxicity at doses up to 600 mg orally once a day continu-

ously for 3 months.34 Our results demonstrate that ENB has a

significant therapeutic effect in multiple mouse models of

NLRP3 inflammasome-driven diseases, including LPS-induced

systemic inflammation and MSU-induced peritonitis. Moreover,

ENB also has good preventive and therapeutic effects on T2D,

even at drug concentrations as low as 1 mg/kg. However, the

concentration of ENB needs to reach 10 mg/kg to show better

efficacy in cancer treatment,64,65 suggesting that ENB may be

a preferential treatment for chronic inflammatory diseases.

The pharmacokinetics study of ENB showed that the average

plasma concentration of ENB could reach 1.3 mM after

1 mg/kg administration,64 which was sufficient to inhibit inflam-

masome activation. Indeed, our results also demonstrated that

ENB significantly inhibited secretion of the pro-inflammatory

cytokine IL-1b in serum, liver, and WAT of HFD-fed mice.

The NLRP3 inflammasome has been found to be involved in

the occurrence and development of multiple inflammatory dis-

eases, including EAE, atherosclerosis and Alzheimer’s disease

(AD). However, it is still unclear whether ENB has a therapeutic

effect on those inflammasome-driven diseases; this needs to

be studied further. ENB is a therapeutic drug approved by the

FDA with high clinical safety and excellent anti-inflammasome

activity in vitro and in vivo. Therefore, ENB is a promising clinical

drug for the treatment of NLRP3 inflammasome-driven diseases.

Limitations of the study
In this study, although we revealed that ENB inhibited NLRP3 in-

flammasome activation in vitro and in vivo, because of the limited

availability of primary human cells or a relevant human model, our

results are based solely on cell experiments and mouse models.

Therefore, its clinical application needs to be explored further. In

addition, we demonstrated that the inhibitory effect of the

NLRP3 inflammasome by ENB is independent of NTRK, ROS1,

and ALK in vitro, but whether these targets are involved in the dis-

ease process in vivo remains to be explored. Furthermore, the
NLRP3 inflammasomehas also been reported to affect tumor initi-

ation and progression, but whether the inhibitory effect of ENB on

tumor growth is dependent on NEK7 remains unclear.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse IL-1b R&D Systems Cat#AF-401-NA; RRID:AB_416684

Anti-mouse caspase-1 Adipogen Cat#AG-20B-0042; RRID:AB_2490248

Anti-human IL-1b Proteintech Cat#60136-1-Ig; RRID:AB_10597543

Anti-human caspase-1 Cell Signaling Technology Cat#2225; RRID:AB_2243894

Anti-NLRP3 Adipogen Cat#AG-20B-0014; RRID:AB_2885199

Anti-b-actin Abmart Cat#P30002; RRID:AB_2222847

Anti-ASC Cell Signaling Technology Cat#67824; RRID:AB_2799736

Anti-NEK7 Santa Cruz Cat#SC-50756; RRID:AB_2235871

Anti-NEK6 Abcam Cat#ab133494; RRID:AB_11155676

Anti-NEK9 Abcam Cat# ab18332, RRID:AB_444424

Anti-GSDMD Abcam Cat#ab219800; RRID:AB_2888940

Anti-VSV Sigma Cat#V4888; RRID:AB_261872

Anti-Flag Sigma Cat#F2555; RRID:AB_796202

Chemicals, peptides, and recombinant proteins

Entrectinib TargetMol Cat#T3678

Repotrectinib TargetMol Cat#T4071

Belizatinib TargetMol Cat#T4257

Larotrectinib TargetMol Cat#T5995

Val-boroPro TargetMol Cat#T37861

MSU Sigma Cat#69-93-2

ATP Sigma Cat#34369-07-8

PMA (phorbol-12-myristate-13-acetate) Sigma Cat#P8139

Poly (dA:dT) Sigma Cat#86828-69-5

Protein G agarose Sigma Cat#P7700

Propidium iodide (PI) Sigma Cat#P4170

b-hydroxybutyrate (BHB) Sigma Cat#52017

Pronase Sigma Cat#P5147

Imiquimod MedChemExpress Cat#HY-B0180

Nigericin MedChemExpress Cat#HY-127019

MCC950 MedChemExpress Cat#HY-12815

CY-09 MedChemExpress Cat#HY-103666

Tranilast MedChemExpress Cat#HY-B0195

Tivantinib MedChemExpress Cat#HY-50686

b-Estradiol MedChemExpress Cat#HY-B0141

Alum Thermo Fisher Scientific Cat#77161

Mitotracker Thermo Fisher Scientific Cat#M7512

Pam3CSK4 Invivogen Cat#tlrl-pms

LPS Invivogen Cat#tlrl-peklps

MitoSOX Invitrogen Cat#M36008

DAPI Invitrogen Cat#D21490

MQAE Invitrogen Cat#162558-52-3

Lipofectamine 2000 Invitrogen Cat#11668019

SiO2 InvivoGen Cat#tlrl-sio-2

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse M-CSF Novoprotein Cat#CB34

Human M-CSF Novoprotein Cat#C417

Human IL-3 Novoprotein Cat#CF63

Critical commercial assays

LDH Cytotoxicity Assay Kit Beyotime Cat#C0017

Mouse IL-1b ELISA kit R&D Cat#DY401

Mouse TNF-alpha ELISA kit R&D Cat#DY410

Mouse IL-6 ELISA kit R&D Cat#DY406

Human IL-1b ELISA kit R&D Cat#DY201

Experimental models: Cell lines

HEK-293T ATCC ATCC Cat#CRL-3216

THP-1 ATCC ATCC Cat#TIB-202

RAW 264.7 ATCC ATCC Cat#TIB-71

Experimental models: Organisms/strains

C57BL/6J Jackson Laboratory 000664

Oligonucleotides

Mouse ROS1 forward Sangon 50TGGTACCTACTA

TCCCTGGA’

Mouse ROS1 reverse Sangon 50TCCTTTCCCAAG
TGAAGGCC’

Mouse Gapdh forward Sangon 50GGTGAAGGTCGGTGTGAACG30

Mouse Gapdh reverse Sangon 50CTCGCTCCTGGAAGATGGTG30

Software and algorithms

EndNote X8 EndNote Software https://endnote.com/

Grahpad Prism (v9) GraphPad Software https://www.graphpad.com/

ImageJ 1.47v National Institutes of Health https://imagej.nih.gov/ij/

BioRender BioRender software https://www.biorender.com/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yi Huang

(HY527@ustc.edu.cn).

Materials availability
This study did not generate new unique materials or reagents.

Data and code availability
d All data reported in this paper is available from the lead contact upon request.

d This study does not generate original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
Themale C57BL/6J mice used in this study were purchased fromModel Animal Research Center of Nanjing University. All mice were

specific pathogen-free and housed under a 12 h light–dark cycle at 22�C–24�C with unrestricted access to food and water for the

duration of the experiment. All animal experiment protocols and procedures were approved by the Ethics Committee of Jiangnan

University. The study is compliant with all relevant ethical regulations regarding animal research.
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Cell lines
Primary bone marrow-derived macrophages (BMDMs) were derived from C57BL/6 mice and cultured for 4 days in DMEM supple-

mented with 10% FBS, 1% penicillin/streptomycin (P/S), 1 mM sodium pyruvate, 2 mM L-glutamine and 20 ng/mL recombinant

M-CSF. HEK-293T cells were cultured in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin (P/S), 1 mM sodium py-

ruvate and 2mML-glutamine. THP-1 and BLaER1 cells were cultured in RPMI 1640medium containing 10%FBS and 1%P/S, 1mM

sodium pyruvate and 2 mM L-glutamine. BLaER1 cells were transdifferentiated into monocytes in RPMI 1640 medium containing

10 ng/mL human IL-3, 100 nM b-Estradiol and 20 ng/mL human M-CSF for 5 days. All of the cells were cultured at 37�C under

5% CO2 and routinely tested for mycoplasma contamination.

Primary human PBMCs culture
Human PBMCswere isolated from fresh peripheral blood using Lymphocyte Separation Medium and cultured in RPMI 1640medium

containing 10% FBS, 1% penicillin/streptomycin (P/S), 1 mM sodium pyruvate and 2 mM L-glutamine.

METHOD DETAILS

Inflammasome activation assays
BMDMs were seeded overnight in 12-well plates and the medium was replaced with Opti-MEM supplemented with 1% FBS and

50 ng/mL LPS for 3 h in the following day. The cells were treated with DMSO or inhibitors for 30min and then stimulated with different

inducers, as follows: 5 mM nigericin or 2.5 mM ATP for 30 min; 0.5 mg/mL Clostridium difficile toxin B (TcdB) for 1 h; 15 mg/mL imi-

quimod for 3 h; 150 mg/mLMSU, transfection 0.5 mg/mL poly (dA:dT) for 4 h; 300 mg/mL Alum or SiO2 for 6 h; infected with Salmonella

typhimurium (multiplicity of infection (MOI) = 5) or Listeria monocytogenes (MOI = 10) for 1 h, and then 20 mg/mL gentamicin was

added to the culture medium and the stimulation was continued for another 3 h. For noncanonical NLRP3 inflammasome activation,

BMDMs were primed with 400 ng/mL pam3CSK4 for 4 h and then transfected with 0.5 mg/mL LPS for 16 h through using the Lip-

ofectamine 2000 according to the manufacturer’s protocol (Invitrogen). THP-1 cells were differentiated with 100 nM PMA for 4 h

and then the media was removed. The THP-1 cells were resuspended in new RPMI 1640 medium and seeded overnight in

12-well plates. In the following day, the medium was replaced with Opti-MEM supplemented with 1% FBS and 200 ng/mL LPS

for 3 h. The cells were treated with DMSO or inhibitors for 30 min and then stimulated with 5 mM nigericin for 1 h or 10 mM Val-

boroPro (VbP) for 24 h. Human PBMCs were treated with DMSO or inhibitors for 30 min and then stimulated with 1 mg/mL LPS

for 24 h. Transdifferentiated BLaER1 cells were primed with 1 mg/mL pam3CSK4 for 4 h and then stimulated with 5 mM nigericin

for 2 h. Supernatants were analyzed by ELISA kits according to themanufacturer’s instructions (R&D Systems) or by immunoblotting.

LDH release was measured using the LDH Cytotoxicity Assay Kit (Beyotime).

ASC oligomerization assay
BMDMs were seeded at 13 106 cells/ml in 6-well plates and cultured overnight. In the following day, the medium was replaced with

Opti-MEM supplemented with 1% FBS and the cells were primed with 50 ng/mL LPS for 3 h. After priming, the cells were treated with

DMSOor different doses of ENB for 30min and then stimulatedwith 5 mMnigericin for an additional 30min. Removing themediumand

washing the cells with ice-cold PBS, and then lysing the cells on the shaker with ice-cold NP-40 buffer (50 mM Tris, pH 7.8, 1%

Nonidet-P40, 50 mM NaCl, 5 mM EDTA and 10% glycerol) for 30 min. Cell lysate was collected and centrifuged at 330 3 g for

10 min at 4�C. The pellets were washed in ice-cold PBS for three times and then resuspended in 500 mL ice-cold PBS with 2 mM dis-

uccinimydylsuberate (DSS). The pellets were incubated at room temperature with rotation for 30 min. Samples were centrifuged at

330 3 g for 10 min at 4�C and then the cross-linked pellets were dissolved in 30 mL sample buffer for boiling and blotting.

siRNA interference
33 105 BMDMs were seeded overnight in 12-well plates and the medium was replaced with Opti-MEM. Then, the cells were trans-

fected with 50 nM siRNA by RNAimax according to the manufacturer’s guidelines (Invitrogen). The siRNA was obtained from GE

Dharmacon.

Quantitative real-time PCR
Total RNA extraction of BMDMswere isolated by eusing TRIzol reagent (Invitrogen). RNA (1mg) of each sample was used to generate

cDNA using the M-MLV Reverse Transcriptase kit (Invitrogen) according to the manufacturer’s protocol. Quantitative PCR was per-

formed using the SYBRGreen premix (Takara) in a Roche LightCycler 96. GAPDHwas used as the reference gene. The sequences of

the gene-specific primers used were as follows: Mouse ROS1 forward, TGGTACCTACTATCCCTGGA; Mouse ROS1 reverse, TCCT

TTCCCAAGTGAAGGCC; Mouse GAPDH forward, GGTGAAGGTCGGTGTGAACG, Mouse GAPDH reverse, CTCGCTCCTGGAA

GATGGTG.

Confocal microscopy
3 3 105 BMDMs were seeded on coverslips overnight in 12-well plates and then the medium was replaced with Opti-MEM supple-

mented with 1% FBS and 50 ng/mL LPS for 3 h in the following day. The cells were treated with DMSO or indicated inhibitors for
e3 Cell Reports Medicine 4, 101310, December 19, 2023
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30 min and stimulated with 5 mM nigericin for 30 min, and then stained with 5 mM MitoSOX or 50 nM MitoTracker Red for 30 min.

Removing the medium and washing the cells with ice-cold PBS for three times. Fixing the cells with 4% PFA in PBS for 15 min

and then washing three times with PBST. DAPI was used to stain nuclei. Confocal microscopy images were acquired using a Zeiss

LSM800 equipped with 633 oil immersion objective. All images were analyzed with ImageJ 1.47v software.

Intracellular potassium assay
Tomeasure intracellular potassium, 13 106 BMDMswere seeded overnight in 6-well plates and themediumwas replaced with Opti-

MEM supplemented with 1%FBS and ultrapure LPS (50 ng/mL) for 3 h. The cells were treated with DMSO or different concentrations

of inhibit for 30 min and then stimulated with 5 mM nigericin for 30 min. The medium was removed and the cells were lysed with 3%

ultrapure HNO3. Intracellular K+ measurement was performed by inductively coupled plasma optical emission spectrometry (ICP-

OES) with a PerkinElmer Optima 2000 DV spectrometer using yttrium as the internal standard.

Intracellular chloride assay
Tomeasure intracellular chloride, 53 105 BMDMswere seeded overnight in 12-well plates. and the medium was replaced with Opti-

MEM supplemented with 1%FBS and ultrapure LPS (50 ng/mL) for 3 h. The cells were treated with DMSO or different concentrations

of inhibit for 30 min and then stimulated with 5 mM nigericin for 30 min. The medium was removed and the cells were lysed with

ddH2O. Then, cell lysate was collected and centrifuged at 10,000 3 g. Transferred the supernatants to a 1.5 mL EP tube and mixed

with 50 mL MQAE (10 mM). The absorbance was examined by BioTek Multi-Mode Microplate Readers (Synergy2).

Immunoprecipitation
For endogenous immunoprecipitation assay, BMDMs were seeded in 6-well plates and stimulated with nigericin after DMSO or in-

hibitor treatment, and then the BMDMs were lysed by NP-40 lysis buffer (pH 7.4, 150 mMNaCl, 50 mM Tris, 2 mM EDTA, 0.5% Non-

idet P-40) with complete protease inhibitor. The cell lysates were incubated with anti-ASC or anti-NEK7 antibodies and Protein G

resin overnight at 4�C and then were assessed by western blotting.

For exogenous immunoprecipitation assay, HEK-293T cells were seeded in 6-well plates and transfected with plasmids via Lip-

ofectamine 2000 for 24 h. The cells were collected and lysed by cold NP-40 lysis buffer with complete protease inhibitor. Extracts

were immunoprecipitated with Flag-M2 monoclonal antibody–agarose beads and then were assessed by western blotting.

Drug affinity responsive target stability (DARTS) assay
BMDMs pre-stimulated with 50 ng/mL LPS for 3 h and HEK-293T cells transfected with WT or mutant NEK7 plasmids for 24 h. The

cells were lysed with NP-40 lysis buffer (pH 7.4, 150 mM NaCl, 50 mM Tris, 2 mM EDTA, 0.5% Nonidet (P-40) containing complete

protease inhibitor. Lysates were centrifuged at 10,000 3 g for 10 min at 4�C and the concentration of protein was measured by the

Pierce BCA Protein Assay Kit (Beyotime). The lysates were incubated overnight with ENB in rotation at 4�C, followed by the addition

of protease pronase (25ng enzyme per mg protein, Sigma) for 30 min at room temperature. The reaction was stopped after 33SDS

loading buffer was added and then the samples were analyzed by immunoblotting.

Cellular thermal shift assay (CETSA)
53 105 BMDMs were seeded overnight in 6 cm dishes and then treated with DMSO or ENB for 2 h. The cells were washed twice and

resuspended with 500 mL PBS. The lysates were divided into 8 servings and loaded into the PCR tubes (50mL/tube), and then the

samples were treated with temperature gradients (40, 43, 46, 49, 52, 55, 58, and 61�C) for 5 min followed by cooling on dry ice.

The lysates were transfered to new tube and centrifuged at 20,000 3 g for 20 min at 4�C. The supernatants were added 33SDS

loading buffer and analyzed by immunoblotting.

In vitro kinase activity assay
The kinase activity assay of NEK7 was performed as previously described.66 Briefly, recombinant NEK7 and its substrate b-casein

(Sigma-Aldrich, C6905) were co-incubated in the presence or absence of entrectinib. The kinase activity was analyzed according to

the manufacturer’s instructions of the Kinase Activity Kit (R&D Systems, EA004).

LPS-induced systemic inflammation
Ten-week-old male C57BL/6 mice were intraperitoneally injected with vehicle or ENB (10 mg/kg) for 1 h before intraperitoneally in-

jected with 20 mg/kg LPS (Sigma Aldrich) to induce systemic inflammation. Serum samples were collected 6 h later and centrifuged

at 3000 r/min for 15 min. ELISAwas used to detect the levels of IL-1b and TNF-a according to themanufacturer’s protocol. The levels

of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in serumweremeasured using ALT andAST assay kits (Jian-

cheng, Nanjing China). Liver samples were histologically assessed by H&E staining.

MSU-induced peritonitis
The mouse model of MSU-induced peritonitis was performed as previously described.67 Briefly, ten-week-old C57BL/6 mice were

intraperitoneally injected with vehicle or ENB (10 mg/kg) for 1 h before intraperitoneally with MSU (1 mg/mouse, Sigma Aldrich). After
Cell Reports Medicine 4, 101310, December 19, 2023 e4
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6 h, mice were sacrificed and peritoneal cavities underwent lavage with 5 mL cold PBS. Peritoneal lavage fluid was assessed by flow

cytometry (BD) with the neutrophil markers Ly6G and CD11b for analysis of the recruitment of neutrophils and determined IL-1b pro-

duction by ELISA.

High-fat diet (HFD) and ENB treatment
Six-week-old C57BL/6mice with similar body weights were randomly divided into different experimental groups. For ENB prevention

research, C57BL/6J mice were fed with 60 kcal% HFD from the start of the experiment until week 16, along with intraperitoneal in-

jection of vehicle or ENB (1 mg/kg) every two days. For ENB therapy research, C57BL/6J mice were first fed with 60 kcal% HFD for

12 weeks and then intraperitoneal injection of vehicle or ENB (1 mg/kg) once a day for 4 weeks.

Glucose tolerance or insulin tolerance test
For glucose tolerance test (GTT), mice were fasted for 14 h and then intraperitoneal (i.p.) injection of glucose at 1.5 g/kg for C57BL/6J

mice. Glucose levels at different time points in blood collected from the tail vein were measured by using a One Touch Ultra Blood

Glucose Test System Kit (Lifespan Company, USA).

For insulin tolerance test (ITT), mice were fasted for 4 h and then intraperitoneal (i.p.) injection of human recombinant insulin (Novo

Nordisk) at dose of 1 IU/kg for C57BL/6J mice. Blood glucose levels were measured from the tail veil at 15, 30-, 60-, 90- and 120-min

following insulin injection.

Histological analysis
Fresh mouse liver tissues were fixed in 4.0% formalin buffer for 24 h to stabilize the tissue and sectioned after embedding in paraffin.

The sections with a thickness of 4 mm were stained with hematoxylin and eosin (H&E) or Oil red O using standard procedures. The

slides were examined by Nikon ECLIPSE Ci biological microscope and images were captured with a NikonDS-U3 color digital

camera.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were done using GraphPad Prism V9 software and data are presented as the mean ± SEM. Normality test was

conducted using Shapiro–Wilk test in the SPSS software and all data points followed a normal distribution. Statistical analysis was

carried out with the unpaired Student’s t test for two groups, one-way ANOVA for multiple groups or two-way ANOVAs for groups

containing two elements. No data points were excluded. Sample sizes were selected on the basis of preliminary results to ensure

adequate power. Data were considered significant when the p value <0.05.
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