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NLRP3 is an important innate immune sensor that responses to various signals

and forms the inflammasome complex, leading to IL-1b secretion and pyroptosis.

Lysosomal damage has been implicated in NLRP3 inflammasome activation in

response to crystals or particulates, but the mechanism remains unclear. We

developed the small molecule library screening and found that apilimod, a

lysosomal disruptor, is a selective and potent NLRP3 agonist. Apilimod

promotes the NLRP3 inflammasome activation, IL-1b secretion, and pyroptosis.

Mechanismically, while the activation of NLRP3 by apilimod is independent of

potassium efflux and directly binding, apilimod triggers mitochondrial damage

and lysosomal dysfunction. Furthermore, we found that apilimod induces

TRPML1-dependent calcium flux in lysosomes, leading to mitochondrial

damage and the NLRP3 inflammasome activation. Thus, our results revealed

the pro-inflammasome activity of apilimod and the mechanism of calcium-

dependent lysosome-mediated NLRP3 inflammasome activation.
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Introduction

The role of NLRP3 in major diseases is emerging, including inflammatory diseases,

metabolite disorders and central nervous system diseases (1, 2). Various stimulators could

induce the assembly of NLRP3 inflammasome complex, leading to the autoproteolysis of

caspase-1, which promotes the maturation of IL-1b (3), IL-18 (4) and GSDMD-mediated

pyroptosis (5, 6). These stimulators trigger multiple cellular perturbations, including ion flux

(7–10), lysosome disruption (11–13), mitochondrial damage (14–16) and disturbing vesicular

trafficking (17), to finally mediate the activation of the NLRP3 inflammasome. However, each

hypothesis cannot cover all circumstances. For most NLRP3 agonists, K+ efflux is an universal

requirement. Recently, it has been found that the TLR7 ligand imiquimod and its related
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molecule CL097 activate the NLRP3 inflammasome in a potassium-

independent manner. Imiquimod and CL097 inhibits mitochondrial

complex I to induce ROS production, leading to NLRP3 activation

(18, 19). Hence, the mechanism of NLRP3 activation is associated

with diverse organelles and remains unclear.

Lysosome, the key degradative compartment of the cell, is a

single-membrane cell organelle that contains enzymes to promote

the degradation of molecules from host or invading substance (20).

Lysosomes get involved with many cell processes (21–23) and play

important roles in various diseases (24, 25). Endogenous insolubles

(MSU crystals (12), cholesterol crystals (26, 27), amyloid-b
aggregates (28) and exogenous particulates (silica and alum (11,

29)), could be phagocytosed by lysosomes and induce the NLRP3

inflammasome activation. The accumulation of engulfed crystals in

lysosomes decreases lysosomal pH and promotes the lysosomal

membrane’s destabilization, leading to the release of cathepsins (11,

30, 31). It has been demonstrated that cathepsin inhibitors abrogate

the NLRP3 inflammasome activation, and multiple cathepsins

promote NLRP3 activation, indicating that cathepsins release

mediated by lysosomal acidification is involved in the activation

of NLRP3 inflammasome (30, 32–36). Cytosolic accumulation of

lysosomal proteases and increased permeability of the plasma

membrane that causes K+ efflux are also found to drive NLRP3

inflammasome activation (37). In addition, there is another

mechanism by which phagocytosed crystals or agonists targeting

lysosomes cause ion flux to change the cellular osmotic pressure,

and activate the NLRP3 inflammasome. Thus, the pivotal signal

downstream of lysosomal disruption during NLRP3 inflammasome

activation needs to be further investigated.

Apilimod is a selective PIKfyve inhibitor (38), which abrogates

the synthesis of IL-12 and IL-23 in patients with Crohn’s disease

(CD) (39), rheumatoid arthritis (RA) (40), and psoriasis (41).

PIKfyve plays an important role in maintaining lysosome

morphology through binding to PtdIns3P with its FYVE domain.

Besides, apilimod has anti-viral and anti-tumor effects. In B-cell

non-Hodgkin lymphoma, apilimod disrupts lysosomal homeostasis,

leading to autophagy dysfunction inhibiting tumor cell proliferation

(42, 43). Therefore, apilimod is an effective lysosomal disruptor.

Here, our results showed that apilimod is a newly found

selective and potent NLRP3 agonist. Apilimod stimulation

promoted the secretion of caspase-1 and IL-1b, which are

dependent on NLRP3. Apilimod facilitated calcium release by

lysosomes, to induce mitochondrial damage and ROS production.

Inhibitors targeting lysosomal acidification, calcium flux, and ROS

significantly inhibited apilimod-induced activation of the NLRP3

inflammasome. Taken together, we found that apilimod activates

the NLRP3 inflammasome by promoting lysosomal calcium-

dependent mitochondrial damage.
Material and methods

Mice

C57BL/6J mice were supplied from Shanghai SLAC Laboratory

Animal Limited Liability Company (Shanghai, China). Asc-/- mice
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were furnished by Dr. Vishva M. Dixit Group. Casp1-/- mice were

furnished by Dr. Richard A. Flavell Group. Gsdmd-/- mice were

furnished by Dr. Shu Zhu Group (University of Science and

Technology of China). Nlrp3-/- mice were furnished by Dr. Jurg

Tschopp Group (University of Lausanne). Aim2-/- mice were

furnished by Dr. Bing Sun (Institut Pasteur of Shanghai, Chinese

Academy of Sciences). Mevf-/- mice were furnished by Dr. Feng

Shao (National Institute of Biological Sciences, Beijing). Mice were

maintained in a SPF facility under a 12h/12h light/dark cycle (lights

on at 07:00 and off at 19:00). All animal experiments were

conducted in compliance with the guidelines of the Ethics

Committee of University of Science and Technology of China.
Reagents

Apilimod (No. S6414) was bought from Selleck. Nigericin,

MSU, and poly (A/T) were purchased from Sigma-Aldrich.

Ultrapure LPS, MitoSOX, MitoTracker, DAPI, Lysotracker Green,

MitoTracker Deep Red, MitoTracker Green were acquired from

Invitrogen. MnTBAP was bought from Santa Cruz Biotechnology.

The C3 toxin was a gift from Dr. Tengchuan Jin (University of

Science and Technology of China, Hefei, China). CY-09 was

synthesized from Dr. Xianming Deng (Xiamen University,

Xiamen, China). MCC950 was bought from Selleck. Fluo-4, AM

(HY-101896), ML-SI3 were purchased from MedChemExpress.

BAPTA-AM(A1076) was bought from Sigma-Aldrich. Protein G

agarose (16–266) was bought from Millipore. Anti-Flag (F2555)

antibodies were from Sigma-Aldrich. The anti-mouse NLRP3 (AG-

20B-0014) and the anti-mouse caspase-1 (AG-20B-0042) antibodies

was from AdipoGen. The anti-mouse IL-1b antibody (AF-401-NA)

was obtained from R&D Systems. The anti-b-actin antibody

(66009-1-Ig) was from Proteintech Group. The anti-mouse ASC

antibody (67824S) was from Cell Signaling Technology. The anti-

mouse NEK7 antibody (ab133514) was from Abcam.
Cell preparation and stimulation

BMDMs were isolated from bone marrow and cultured for 6-7

days in DMEM supplemented with 10% FBS, 1% antibiotics and 20

ng/mL M-CSF.

THP-1 cells were cultured in RPMI-1640 supplemented with

10% FBS and 1% antibiotics.

To activate the NLRP3 inflammasome, BMDMs (5×105 cells/

mL) or THP-1 cells (1×106 cells/mL) were planted in 12-well plates,

THP-1 cells were treated with PMA (100nM) for one night, and the

overnight culture media was replaced with Opti-MEM the following

morning. After three hours of priming with 50 ng/mL LPS, BMDMs

were stimulated with apilimod or treated with other agents

(MCC950, CY09, MnTBAP, Baf-A1, or CA-074-Me) according to

the experimental needs for 30 min before the stimulation of

apilimod. THP-1 cells were stimulated with apilimod after

LPS-priming. Using Lipofectamine 2000, cells were transfected

with poly(A/T) (0.5 g/mL) for 2 h. Immunoblotting was used

to evaluate supernatants and cell extracts that had been
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precipitated. Using an LDH Cytotoxicity Assay Kit, LDH release

was quantified (Beyotime).
Confocal microscopy

2 × 105/mL BMDMs were seeded on coverslips (Thermo Fisher

Scientific) in 24-well plates overnight. In the following morning,

BMDMs were treated with or with not agents (MnTBAP, Baf-A1, or

CA-074-Me) according to the experimental needs before stimulated

with apilimod. Thirty minutes before the end of stimulation, the

above BMDMs were stained with MitoTracker Red (50 nM) or

MitoSox (5 mM) or Lysotracker Green (200 nM). Then the

supernatants were removed and the cells were washed three times

with ice-cold PBS and fixed with 4% PFA in PBS for 15 min. After

that, the cells were washed with PBST for three times and stained

with DAPI. After 25 min treatment with Lysotracker Green, the

cells were stained with Hoechst 33342 for 5 min, then observed

under the microscope. The Zeiss LSM 700 was utilized to conduct

confocal microscopy analysis.
ELISA

Supernatants from cell culture and serum were measured for

mouse IL-1b, IL-6 or TNF-a, and human IL-1b (R&D Systems)

according to the manufacturer’s instructions.
Western blot

The proteins in cell supernatant were extracted by methanol-

chloroform method, then directly diluted by 1.5 × Sample buffer.

Denature the samples by boiling the lysates at 95-100˚C for 10

minutes. Polyacrylamide gel electrophoresis was performed, Run

the gel for 30 min at 80 V then 1 h at 120 V. After that, transferred

the proteins from the gel to the PVDF membrane under 90 V for 1

hour. The primary antibody was added and PVDF membrane were

incubated at 4°C overnight. Next day, incubate the membrane with

conjugated secondary antibody in blocking buffer at room

temperature for 1 h. Wash the membrane in three washes of

PBST, then conduct signal development. The development results

were observed with BioRad and analyzed with Image Lab software.
Flow cytometric analyses

Flow cytometry was used to analyze the following

mitochondrial parameters: mitochondrial mass, ROS levels,

lysosome acidification and calcium flux. To measure

mitochondrial mass, cells were stained with MitoTracker green

andMitoTracker deep red at a concentration of 50 nM for 30 min at

37 °C. Mitochondria-associated ROS levels were measured by

staining cells with MitoSOX at a concentration of 5 mM for
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30 min at 37 °C. Lysosome acidification was measured by staining

cells with Lysotracker Green (200 nM) for 30 min at 37 °C. After

staining, cells were washed with PBS and re-suspended in cold PBS

containing 1% FBS for FACS analysis. To measure calcium flux,

incubate the cells with the Fluo-4 AM working solution (2 mM in

calcium-free HBSS) for 40 minutes at 37°C in the dark. After

incubation, wash the cells with calcium-free HBSS to remove any

unbound dye, and analyze by flow cytometry or microscopy.
Determination of intracellular potassium

BMDMs plated in 6-well plates (1.5×106-2×106 cells/well) was

stimulated to active NLRP3 inflammasome and then the cultured

mediums were removed and K+-free PBS was used to rinse cells for

3 times. 1 mL ultrapure HNO3 were added to lyse cells and the

samples were boiled at 100 °C for several times until the powders

were light yellow. After boiling Then, ddH2O was added to dissolve

the precipitated products. The samples were measured of potassium

by inductively coupled plasma optical emission spectrometry with a

PerkinElmer Optima 7300 DV spectrometer.
ASC oligomerization assay

BMDMs were cultured in 6-well plates and exposed to apilimod

for a duration of 2 hours. Following this, the cells were lysed using

TBS buffer, which consisted of 50 mM Tris-HCl (purchased from

GCRF, China), 150 mM NaCl, and 0.5% Triton X-100 (purchased

from Sigma-Aldrich), with a pH of 7.4. Additionally, phosphatase

inhibitor (purchased from Roche) and EDTA-free protease

inhibitor (purchased from Bimake) were added to the lysate. The

cells were incubated on a shaker for 30 minutes at 4 °C and then

centrifuged at 6000 × g/4 °C for 15 minutes to remove the

supernatant. The pellets were washed twice with TBS buffer, and

then resuspended in TBS buffer containing 2 mM fresh

disuccinimidyl suberate (DSS, purchased from Thermo Fisher

Scientific). The cross-linking was carried out at 37 °C for 30 min

with the tubes being flipped every 10 minutes. The samples were

then centrifuged at 6000 × g/4 °C for 15 minutes. The cross-linked

pellets were resuspended in 25 ml of 3 × SDS loading buffer and

boiled at 100 °C for 10 min. Finally, the samples were analyzed by

immunoblotting using an anti-ASC antibody.
Immunoprecipitation

For the endogenous IP assay, BMDMs in 6-well plates were

stimulated with apilimod or nigericin and lysed with NP-40 lysis

buffer containing complete protease inhibitor. The primary

antibodies and Protein G Mag Sepharose were added to the cell

lysates and were incubated overnight at 4°C with rolling incubator.

The antibody-bound proteins were precipitated by protein G beads

and were subjected to immunoblot analysis.
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Drug Affinity Responsive Target Stability
(DARTS) assay

The DARTS experiment was performed following a published

protocol (39). BMDMs were treated with LPS (50 ng/mL) for 3

hours and subsequently lysed with NP-40 lysis buffer containing

complete protease inhibitors. The lysates were then centrifuged at

12,000g for 10 minutes at 4°C and the protein concentration was

determined using a Pierce BCA Protein Assay Kit (Beyotime).

Apilimod was added to the lysates at specified concentrations and

incubated for 1 hour at room temperature with shaking. Pronase

(25 ng enzyme per mg of protein, Sigma) was then added to the

lysates (8 mg protein lysate per reaction) and incubated for 30

minutes at room temperature. The reaction was stopped by adding

3× SDS loading buffer and the samples were subsequently analyzed

by immunoblotting.
Protein expression and purification

The protocol for expression and purification of His-GFP-

NLRP3 has been described previously (44).
SiRNA-mediated gene silencing in BMDMs

BMDMs (3 × 105 cells/ml) were seeded in 12-well plates. To

transfect the cells in each well, Lipofectamine RNAiMAX

(Invitrogen) was used following the manufacturer’s instructions,

with 50 nM of siRNA (siG6pdx) added to each well.BMDMs were

seeded in 12-well plates at a concentration of 3 x 105 cells/ml. To

transfect the cells in each well, Lipofectamine RNAiMAX

(Invitrogen) was used following the manufacturer’s instructions,

with 50 nM of siRNA (siTrpml1, siCtsb) added to each well.
Microscale thermophoresis assay

The Monolith NT.115 instrument (NanoTemper Technologies)

was used to measure the KD value. A range of concentrations of

apilimod (from 0.4 mM to 200 nM) were incubated with 20 mg of

purified His-GFP-NLRP3 protein for 40 min in assay buffer (50 mM

Hepes, 10 mMMgCl2, 100 mMNaCl, pH 7.5, and 0.05% Tween 20).

The samples were loaded into the NanoTemper glass capillaries, and

MST was performed using 100% LED power and 80% MST power.

The KD value was calculated using the mass action equation via the

NanoTemper software from duplicate reads of an experiment.
Statistical analyses

All values are expressed as the mean ± SEM. Statistical analysis

was carried out using the unpaired t-test (GraphPad Software) with

all data points showing a normal distribution. No exclusion of data

points was used. The researchers were not blinded to the

distribution of treatment groups during sample collection and
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data analysis. Sample sizes were selected on the basis of

preliminary results to ensure an adequate power. Data were

considered significant when P-values< 0.05.
Results

Apilimod promotes caspase-1 activation
and IL-1b production in macrophages

To investigate the mechanism of NLRP3 inflammasome

activation, we used the small molecule library, to stimulate LPS-

primed BMDMs for 2 hours, and detected IL-1b concentration in

supernatants by ELISA. By library screening, we found that

apilimod stimuli induces the secretion of IL-1b (data not shown).

To investigate whether apilimod could induce the activation of

inflammasome, mouse bone marrow-derived macrophages

(BMDMs) were primed with LPS for 3 hours and then treated

with apilimod for 2 hours. Apilimod dose-dependently induced IL-

1b secretion and caspase-1 cleavage at concentrations of 2.5-7.5 mM
(Figures 1A, B). It has been reported that apilimod stimulates

lysosomal enlargement and B-lymphoma toxicity at lower

concentrations. Our results showed that low concentration of

apilimod enhances IL-1b secretion induced by nigericin, but

cannot activate inflammasome (Figures S1A, B). When

stimulating BMDMs with apilimod at 17.5 mM, the release of IL-

1b reaches a maximum (Figure S1C). Further, apilimod provoked

the release of lactate dehydrogenase (LDH) (Figure 1C), but had no

effect on the production of TNF-a and IL-6 induced by LPS

(Figures 1D, E). We also stimulated human peripheral blood

mononuclear cells (PBMCs) with apilimod. The release of IL-1b
and the activation of caspase-1 were detected after treatment with

apilimod in a dose-dependent manner (Figures 1F, G).

Taken together, our results confirmed that apilimod can induce

caspase-1 activation and IL-1b production in murine and

human macrophages.
Apilimod activates the NLRP3
inflammasome

To find out the pathway of caspase-1 activation and IL-1b
production induced by apilimod, we stimulated BMDMs from wild-

type (WT), Asc−/− and Caspase-1−/− mice with apilimod. IL-1b
release and caspase-1 activation induced by apilimod are totally

abrogated in Asc−/− and Caspase-1−/− macrophages (Figures 2A, B).

Treatment with apilimod promoted the cleavage of GSDMD in

BMDMs (Figure 2C), which leads to the formation of pores on cell

membrane and pyroptosis. In Gsdmd-/- BMDMs, maturation IL-1b
and p20 were trapped in the cells, and LDH release was also

inhibited (Figures 2D–F). Thus, Apilimod-induced IL-1b
secret ion and cel l death are dependent on GSDMD.

Inflammasome activation is initiated by different kinds of

cytosolic pattern recognition receptors (PRRs) that respond to

various PAMPs or DAMPs. In order to identify the target of

apilimod, we isolated BMDM cells from WT, Nlrp3-/-, Aim2-/-
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and Pyrin-/- mice, then stimulated with apilimod under the same

conditions. The secretion of IL-1b induced by apilimod was

comparable in WT, Aim2-/- and Pyrin-/- (Supplementary Figures

S2A, B) BMDMs, but not in NLRP3-deficient cells (Figure 2G).

Besides, the cleavage of caspase-1 was also blocked in NLRP3-

deficient cells (Figure 2H). To validate the role of apilimod in

NLRP3 inflammasome activation, we pretreated WT BMDMs with

specific NLRP3 inflammasome inhibitors CY-09 (44) or MCC950

(45) respectively, and then stimulated with apilimod. The data

showed that both CY-09 (Figures 2I, J) andMCC950 (Figures 2K, L)

could inhibit apilimod-induced inflammasome activation in a dose-

dependent manner. Taken together, these results indicated that

apilimod specifically activates the NLRP3 inflammasome.
Apilimod promotes the assembly of NLRP3
inflammasome

To investigate the mechanism of apilimod-induced NLRP3

inflammasome activation, we assessed whether apilimod

promotes the assembly of the NLRP3 inflammasome. It has been

demonstrated that the ASC oligomerization is a critical step for the

assembly of the NLRP3 inflammasome, which leads to the

subsequent caspase-1 cleavage (46, 47). Through cross-linking

experiments by disuccinimidyl suberate (DSS) and immunoblot

assay, we found that apilimod induces ASC oligomerization in a

concentration-dependent manner (Figure 3A), suggesting that

apilimod promotes the NLRP3 inflammasome activation

upstream of ASC oligomerization. The interaction between

NLRP3 and ASC is essential for the recruitment of ASC and

subsequent ASC oligomerization (1, 48). We performed a co-

immunoprecipitation experiment, and the results showed that

apilimod considerably increases the endogenous NLRP3-ASC

interaction (Figure 3B). Microscopy images showed that apilimod

promotes the formation of ASC-NLRP3 speck, similarly to cells
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treated with nigericin (Figure 3C). In addition to the interaction

between NLRP3 and ASC, the NLRP3-NEK7 interaction also plays

a vital role in the upstream of NLRP3 inflammasome activation

(49). Apilimod also facilitates the endogenous interaction between

NLRP3 and NEK7 (Figure 3D). All of the above results indicated

that apilimod induces the activation of NLRP3 inflammasome by

promoting the assembly of the complex.
NLRP3 inflammasome activation induced
by apilimod is independent of direct
binding and potassium efflux

The next step was to investigate the cellular mechanism by

which apilimod activates the NLRP3 inflammasome. To detect

whether apilimod binds NLRP3, we applied the drug affinity

responsive target stability (DARTS) assay, which is predicated on

the decrease in protease susceptibility of a target protein upon drug

binding. BMDMs cell lysates were incubated with different

concentrations of apilimod, then digested with the protease

pronase (50). While RRx-001, that was reported to directly bind

NLRP3, effectively inhibits NLRP3 degradation by pronase,

apilimod is unable to prevent protease-mediated proteolysis of

NLRP3 (Figure 4A). Microscale thermophoresis (MST) was

utilized to further verify the direct contact between apilimod and

purified GFP-NLRP3. According to the data, the incubation of

apilimod with purified GFP-NLRP3 caused no alterations in

fluorescence (Figure 4B), indicating that there is no direct binding

between them. Thus, apilimod does not modulate the activation of

NLRP3 via direct interaction.

Cytosolic potassium (K+) efflux has been proposed to be a

common and important upstream event in NLRP3 inflammasome

activation (7, 9). To detect whether apilimod affects the potassium

efflux during NLRP3, we tested the activation of NLRP3 induced by

apilimod and nigericin in medium with different K+ concentrations
DA B

E F G

C

FIGURE 1

Apilimod induces caspase-1 activation and IL-1b secretion. (A–E) BMDMs were first primed with LPS for 3 h, then stimulated with doses of apilimod
(2.5-7.5 mM) for 2 hours. The supernatant of the cell culture was collected. (A) ELISA of IL-1b releases in culture supernatants. (B) Immunoblot
analysis of Active IL-1b and p20 (cleaved caspase-1) in supernatants (SN) and pro-IL-1b, pro-caspase-1 (pro-casp1) and b-actin in cell lysates (Input).
(C) The release of LDH in supernatants (D) TNF-a and (E) IL-6 secretion levels in supernatants were detected by ELISA. (F) Immunoblot analysis of
cleaved IL-1b and caspase-1 (p20) in culture supernatants (SN) and inactive precursor molecule (pro– IL-1b, pro–caspase-1(pro-casp1) in cell lysates
(Input) of PMA-differentiated THP-1 cells stimulated with different doses of apilimod. (G) IL-1b secretion levels of PBMCs in supernatants were
determined by ELISA. The data are from three independent experiments with biological duplicates in each and are shown as the mean ± SEM values
(n = 4 or 3) or are representative of three independent experiments. One-way ANOVA was applied to calculate statistical significance: ***P < 0.001.
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(5 mM, 20 mM, 40 mM). The results showed that high

concentration of extracellular potassium ions significantly inhibits

NLRP3 inflammasome activation induced by nigericin, but not

apilimod (Figure 4C). We also measured cellular concentrations of

potassium after apilimod and nigericin stimulation. Compared with

the untreated control cells, the concentration of intracellular

potassium was not altered by apilimod treatment, whereas it was

substantially reduced after nigercin treatment (Figure 4D). In

summary, the activation of the NLRP3 inflammasome induced by

apilimod is independent of direct binding to NLRP3 and K+ efflux.

The recruitment of NLRP3 to dTGN or endosomes has been

reported to be an important upstream signal of NLRP3 activation.

In Hela cells that stably expressed GFP-NLRP3, apilimod promoted
Frontiers in Immunology 06
NLRP3 redistribution, to form rings in cytoplasm, which is the

same as nigericin treatment (Figure 4E).
Apilimod mediates NLRP3 inflammasome
activation through mitochondrial damage
and reactive oxygen species production

Damaged mitochondria and their released mitochondrial

signals, such as mitochondrial DNA (mtDNA) and mitochondrial

reactive oxygen species (mtROS), are considered upstream events

that contribute to NLRP3 inflammasome activation (14–16). To

verify whether apilimod induces NLRP3 activation through
D
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C

FIGURE 2

Apilimod triggers the activation of NLRP3 inflammasome. (A, B) BMDM cells of wild-type (WT) or caspase1-/- or Asc-/- mice were primed with LPS for
3 hours and then stimulated with apilimod (7.5 mM) for 2 hours. The supernatant of the cell culture was collected. (A) ELISA of IL-1b in the
supernatant. (B) Western blot of IL-1b, cleaved caspase-1 in SN and pro-IL-1b, pro-caspase-1 (pro-casp1), b–actin in cell lysate (Input). (C) LPS-
primed BMDM cells of wild-type (WT) mice were stimulated with apilimod (7.5 mM) for 2 hours. Western blot of IL-1b, cleaved caspase-1 in SN and
cleaved GSDMD, pro-IL-1b, pro-caspase-1(pro-casp1), b–actin in cell lysate (Input). (D–F) LPS-primed BMDM cells of wild-type (WT) or GSDMD-/-

mice were stimulated with apilimod (7.5 mM). (D) ELISA of IL-1b in the supernatant. (E) The release of LDH in supernatants (F) Western blot of IL-1b,
cleaved caspase-1 in SN and pro-IL-1b, IL-1b, pro-caspase-1(pro-casp1), cleaved caspase-1, GSDMD, cleaved GSDMD, b–actin in cell lysate (Input).
(G, H) LPS-primed BMDM cells of wild-type (WT) or Nlrp3-/- mice were stimulated with apilimod (7.5 mM) for 2 hours. (G) ELISA of IL-1b in the
supernatant. (H) Western blot of IL-1b, cleaved caspase-1 in SN and pro-IL-1b, pro-caspase-1(pro-casp1), b–actin in cell lysate. (I–L) LPS-primed
BMDMs were pretreated with CY-09 or MCC950 at different concentrations for 30min and then stimulated with apilimod (7.5 mM) for 2 hours. (I, K)
ELISA of mature IL-1b in the supernatants of BMDMs. (J, L) Western blot analysis of mature IL-1b and cleaved caspase-1 (p20) in supernatants (SN) of
BMDMs and of pro-IL-1b and pro-caspase-1(pro-casp1) in the lysates (Input) of BMDMs. The data are from three independent experiments with
biological duplicates in each and are shown as the mean ± SEM values (n = 3 or 4) or are representative of three independent experiments. One-way
ANOVA or One-way ANOVA was applied to calculate statistical significance: *P < 0.05; ***P < 0.001; NS not significant.
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mitochondrial damage, we detected the mitochondrial status of

BMDMs stained with MitoTracker Red dye after apilimod

stimulation, and observed abnormal mitochondrial fission, which

changed from normal scattered lines to broken points or rods

(Figure 5A). In Nlrp3-/- cells, apilimod also induces mitochondrial

damage and ROS production, indicating that mitochondrial

dysfunction induced by apilimod is upstream of NLRP3

activation (Figures S3A, B). Meanwhile, apilimod stimulation

induces the loss of mitochondrial membrane potential,

determined by dyeing respiring and total mitochondria

(Figure 5B). In accordance with this, mitochondrial reactive

oxygen species (ROS) production was enhanced by apilimod

treatment (Figures 5C, D). MnTBAP is a cell-permeable synthetic

antioxidant with superoxide dismutase-like activity, which can

scavenge ROS effectively in the cytoplasm (51). We pretreated

LPS-primed bone marrow-derived macrophages (BMDMs) with

MnTBAP for 30 min and then stimulated the cells with apilimod.

MnTBAP obviously inhibited mitochondrial ROS production

induced by apilimod (Figure 5C). IL-1b secretion and caspase-1

cleavage induced by apilimod were blocked by MnTBAP, which is

dose-dependent (Figures 5E, F). These results suggested that

apilimod activates the NLRP3 inflammasome in a mitochondrial-

dependent manner.
Frontiers in Immunology 07
Apilimod induces mitochondria damage
and NLRP3 activation through TRPML1-
dependent lysosomal calcium flux

To delineate the upstream mechanisms involved in apilimod-

mitochondria damage induced NLRP3 inflammasome activation,

we first determined whether apilimod impairs the mitochondria-

lysosome interaction which dynamically regulates mitochondrial

fission. Previous study has reported that the contact formation is

promoted by active GTP-bound lysosomal RAB7 (52). We

pretreated LPS-primed BMDM cells with CID1067700, a late

endosome GTPase RAB7 receptor antagonist (53), and then

stimulated with apilimod. The result showed that CID1067700

does not inhibit the secretion of IL-1b induced by apilimod

(Figure S4A) , demonstra t ing that ap i l imod- induced

mitochondrial damage was not caused by direct contact

with lysosomes.

Apilimod can lead to lysosomal dysfunction (43), which has

been reported to play an important role in the activation of NLRP3

inflammasome (11, 12). Inhibition of lysosomal acidification and

cathepsin B have been reported to impair NLRP3 activation. Our

results showed that the mean fluorescence intensity of Lysotracker

green was significantly increased after apilimod stimulation
DA B

C

FIGURE 3

Apilimod promotes the assembly of NLRP3 inflammasome. (A) LPS-primed BMDMs were stimulated with apilimod at different concentrations for 2
hours, then lysed using TBS buffer. The TBS-insoluble pellet of cells was cross-linked with DSS at room temperature for 30 minutes. Crosslinked
ASCs were detected by western blot. (B, D) Endogenous immunoprecipitation (IP) and western blot analysis to evaluate the NLRP3-ASC (B)
interaction and NLRP3-NEK7 interaction (D) in LPS-primed BMDMs pretreated with apilimod for 2 h. (C) LPS-primed BMDMs were stimulated with
apilimod (2 h) or nigericin (0.5 h). Representative immunofluorescence images displaying the subcellular distribution of NLRP3 (green) and ASC (red).
Nuclei (blue) were revealed by DAPI. The merged images are displayed to demonstrate the co-localization of NLRP3 and ASC. The statistical graph
represents the percentage of cells with ASC-NLRP3 speck. All data are representative of three independent experiments. One-wayANOVA or One-
way ANOVA was applied to calculate statistical significance: ***P < 0.001.
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(Figures S4B–D). Bafilomycin A, a blocker of the vascular H+

ATPase system (54), significantly inhibited the lysosomal

acidification induced by apilimod (Figures S4B–D), and apilimod-

induced NLRP3 inflammasome activation (Figures S4E, F).
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Cathepsin B inhibitor CA-074-Me treatment also inhibits

apilimod-induced NLRP3 activation (Figures S4G, H).

Furthermore, bafilomycin A and CA-074-Me inhibited apilimod-

stimulated mitochondrial damage (Figures S4I, J). However,
D

A B

EC

FIGURE 4

Direct binding and ion flow are not required for NLRP3 inflammasome activation by apilimod. (A) LPS-primed BMDMs cell lysates incubated with
indicated doses of apilimod, and then digested with pronase (25 ng/mg of protein), NLRP3, NEK7, pro-caspase-1 (pro-casp1), ASC and b-actin were
detected by western blot. (B) Binding affinity was analyzed by MST between apilimod and purified GFP-NLRP3 protein. HEK-293T cells transfected
with Flag-tagged NLRP3. (C) LPS-primed BMDMs were stimulated with nigericin (5 µM), apilimod (7.5 mM) in medium containing different
concentrations of K+ and secreted IL-1b was measured by ELISA. (D) ICP of intracellular potassium in LPS-primed BMDM cells of Nlrp3-/- mice
stimulated with apilimod (7.5 mM) for 2 hours or nigericin (5 mM) for 20 minutes. (E) Analysis by confocal microscopy of HeLa cells stably expressing
NLRP3-GFP were stimulated with apilimod or nigericin. The data are from three independent experiments with biological duplicates in each and are
shown as the mean ± SEM values (n = 3 or 4) or are representative of three independent experiments. One-way ANOVA or One-way ANOVA was
applied to calculate statistical significance: ***P < 0.001; NS not significant.
D
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FIGURE 5

Apilimod mediates inflammasome activation through mitochondrial damage and reactive oxygen species production. (A) Analysis by confocal
microscopy of LPS-primed BMDMs stimulated with nigericin or apilimod and subsequently stained with MitoTracker Red (50 nM) follow by the DNA-
binding dye DAPI (blue). Scale bar, 20 mm. (B) Analysis by FACS of THP1 cells stimulated with nigericin or apilimod and subsequently stained with
MitoTracker deep red (50 nM) and MitoTracker green (50 nM). (C, D) Analysis by confocal microscopy and FACS of BMDMs stimulated with nigericin
or apilimod and subsequently stained with MitoSOX Red (1 mM). Scale bar, 20 mm. (E, F) LPS-primed BMDMs were pretreated with a ROS inhibitor
(MnTBAP, 150 mM) for 30 min and then stimulated with apilimod for 2 hours. (E) ELISA of IL-1b in culture supernatants. (F) Western blot of IL-1b,
cleaved caspase-1 in supernatants (SN) and pro-IL-1b, pro-caspase-1, b–actin in cell lysate (Input). The data are from three independent experiments
with biological duplicates in each and are shown as the mean ± SEM values (n = 3 or 4) or are representative of three independent experiments.
One-way ANOVA was applied to calculate statistical significance: ***P < 0.001.
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cathepsin B knockdown had no effect on apilimod-induced

inflammasome activation (Figure S4K), indicating that the

inhibitor might has off-target effects.

The other pathway is that phagocyted contents or agonists

targeting lysosomes cause the ion flux of lysosomes to activate the

NLRP3 inflammasome. We found that apilimod treatment

increases cellular calcium, as observed by staining with Fluo-4,

AM probe (Figure 6A). To investigate the role of calcium in

apilimod-induced inflammasome activation, we used the calcium

chelator BAPTA-AM to treat BMDMs before apilimod stimulation.

BATPA was able to inhibit apilimod-induced cellular calcium.

Meanwhile, BAPTA-AM dose-dependently inhibited apilimod-

induced NLRP3 inflammasome activation (Figure 6B). Thus,

NLRP3 activation triggered by apilimod is dependent on cellular

calcium. Next, we used 2-APB, an antagonist of endoplasmic

reticulum calcium channel protein, to pretreat cells before

apilimod stimulation. The results showed that inhibition of ER

calcium flux has no effect on inflammasome activation induced by

apilimod (Figure S5A), indicating that apilimod-induced NLRP3

activation is independent of ER calcium flux. ML-SI3 is an inhibitor

of TRPML1, a calcium channel protein on the lysosome membrane.

ML-SI3 could inhibit apilimod-induced cellular calcium increase

(Figure 6C). Besides, ML-SI3 inhibited the NLRP3 inflammasome
Frontiers in Immunology 09
activation induced by apilimod (Figures 6D, E). Consistent with

previous reports, BAPTA-AM could inhibit nigericin-mediated

calcium efflux and IL-1b production (Figures S6A, B), whereas

ML-SI3 could not inhibit the above processes (Figures S5B, C).

While TRPML1 knockdown had no effects on nigericin-induced

NLRP3 activation, it significantly inhibited apilimod-induced IL-1b
secretion (Figures 6F, G). These data indicated that apilimod activates

the NLRP3 inflammasome by inducing lysosomal calcium flux. Further,

inhibition of calcium flux or lysosomal calcium channel abrogated

mitochondrial damage triggered by apilimod (Figure 6H), while the

inhibition of lysosomal calcium channel did not eliminate mitochondrial

damage induced by nigericin (Figure S6C). Apilimod suppresses the

forward trafficking of endosomes to fusion with lysosomes, which results

in a massive accumulation of endosomes which coalesce into large

vacuoles (55). During apilimod-inducedNLRP3 activation, apilimod also

induced the formation of large vacuoles inmacrophages. Bafilomycin A1

and calcium inhibition by BAPTA-AM could inhibit both NLRP3

activation and vacuoles induced by apilimod. ML-SI3 can effectively

inhibit apilimod-induced NLRP3 activation, but cannot affect vacuoles

formation. Therefore, vacuoles formation triggered by apilimod is not

necessary for NLRP3 inflammasome activation (Figure S7). Collectively,

apilimod promotes calcium flux in lysosomes to induce mitochondrial

damage and following NLRP3 inflammasome activation.
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FIGURE 6

Apilimod damage the mitochondria through inducing lysosomal calcium flux. (A, B) BMDMs were first primed with LPS for 3 hours, then pretreated
with BAPTA-AM (25 mM, 50 mM) for 30 minutes, and stimulated with apilimod for 2 hours. (A) Fluo-4 AM (5 mM) staining of BMDMs after apilimod
treatment, FACS analysis was conducted to show changes in cell calcium flux. (B) ELISA of IL-1b in culture supernatants. (C–E) LPS-primed BMDMs
pretreated with ML-SI3 for 30 min and then stimulated with apilimod. (C) Fluo-4 AM staining of BMDMs after apilimod treatment, FACS analysis was
conducted to show changes in cell calcium flux. (D) ELISA of IL-1b in culture supernatants.(E) Western blot of IL-1b, cleaved caspase-1 in
supernatants (SN) and pro-IL-1b, pro-caspase-1 (pro-casp1), b–actin in cell lysate. (F, G) BMDMs transfected with siRNA against Trpml1 or control
siRNA were primed with LPS for 3 h and were then treated with apilimod or nigericin. The supernatant of the cell culture was collected. (F) Trpml1
mRNA in BMDMs. (G) ELISA of IL-1b in the supernatants of BMDMs. (H) LPS-primed THP-1 cells were pretreated with BAPTA-AM (50 mM) or ML-SI3
(40 mM) for 30 minutes, and stimulated with apilimod for 2 hours. subsequently stained with MitoTracker deep red (50 nM) and MitoTracker green
(50 nM). Analysis by FACS of THP1 cells. The data are from three independent experiments with biological duplicates in each and are shown as the
mean ± SEM values (n = 3) or are representative of three independent experiments. One-way ANOVA was applied to calculate statistical significance:
**P < 0.01; ***P < 0.001.
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Discussion

In this study, we found that aplimod, an inhibitor of the

interleukins IL-12 and IL-23 production, can specifically activate the

NLRP3 inflammasome. Apilimod triggers the NLRP3 inflammasome

activation in a lysosomal-calcium-mitochondria dependent manner.

We discovered apilimod as a novel NLRP3 inflammasome activator

and investigated the cellular mechanism for apilimod activating

NLRP3. Apilimod has the potent to be a molecular probe to help

explore the mechanism of NLRP3 inflammasome activation. NLRP3

can be activated by various agonists, including ATP, nigericin, MSU

crystals, alum, etc. Among them, many activators induce K+ efflux

upstream of NLRP3 inflammasome assembly. And high

concentration of extracellular K+ were reported to inhibit NLRP3

activation. However, recent research found several agonists activate

NLRP3 without altering potassium flux. The TLR7 ligand imiquimod

and its derivative CL097 bypass induction of potassium efflux and

mediate NLRP3 inflammasome activation through directly acting on

mitochondria. Imiquimod and CL097 target to quinone

oxidoreductases NQO2 and mitochondrial complex I to induce

ROS production, leading to NEK7-NLRP3 assembly to form the

inflammasome complex. In our findings, apilimod is also a K+-

independent NLRP3 agonist. But it targets to lysosomes to induce

calcium flux-mediated mitochondrial damage, which is different from

imiquimod and CL097.

Lysosomes are essential cellular organelles for digesting

numerous pathogenic or toxic chemicals absorbed from the

environment (20, 22, 23). The autophagosome frequently fuses

with the lysosome, allowing the degradation of its contents by a

series of enzymes capable of digesting all biological polymers

(proteins, nucleic acids, and lipids). Either way, lysosomes can be

damaged at times, when the cell engulfs particles that are too large

or otherwise too difficult to degrade. This results in the release of

their contents into the surrounding environment. Monosodium

urate crystals, alum, and silica have been reported to cause

lysosomal disruption and the NLRP3 inflammasome activation

(11, 12, 29), but how lysosomes mediate the NLRP3 activation is

unknown. In this investigation, we discovered that apilimod triggers

mitochondrial damage in a lysosomal-dependent way. Apilimod

induces calcium release from lysosomes. Cellular calcium chelating

agent and lysosome calcium channel inhibitor are able to abrogate

api l imod-induced mitochondrial damage and NLRP3

inflammasome activation. Thus, our results indicate the

mechanism that apilimod activates NLRP3 through a lysosome-

calcium-mitochondria pathway.

During the experiment, we noticed that apilimod altered the

morphology of BMDMs. After 15-minute stimulation, dense

vesicles appeared in the cells, which grew in size and would not

vanish over time. The formation of vesicles might be caused by

endosomal dysfunction, which then leads to lysosomal dysfunction,

as established by a review of pertinent literature (54). Bafilomycin

A1 and BAPTA-AM can significantly inhibit both the formation of

vacuoles and the production of inflammasomes. However, while

lysosomal calcium channel inhibitor abrogated NLRP3

inflammasome activation induced by apilimod, it could not
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inhibit vacuoles formation, indicating that vacuoles formation is

not necessary in NLRP3 activation.

Apilimod was previously discovered to be an inhibitor of Toll-

like receptor-induced IL-12 and IL-23 cytokine production, and it

was tested in clinical trials as an immunomodulatory agent for the

treatment of T helper 1 (Th1)- and Th17-mediated inflammatory

diseases. In these trials, healthy volunteers as well as people with

psoriasis, rheumatoid arthritis, and Crohn’s disease were included.

Apilimod induced mild to moderate adverse reactions in treated

patients. In phase II clinical trial, inflammatory disease indications

for apilimod did not achieve the primary end goals, and further

clinical research was stopped (38–41). In this study, we found that

apilimod could promote IL-1b secretion and caspase-1 cleavage in

BMDM cells and human peripheral blood mononuclear cells

(PBMCs). And low concentration of apilimod enhances NLRP3

inflammasome activation. The pro-inflammatory function of

apilimod may explain the side effects and ineffective treatment

outcome in phase II clinical trials.

Collectively, we discovered that apilimod is a new specific

agonist of the NLRP3 inflammasome. Subsequently, we will

utilize mass spectrometry and CRISPR-Cas9 screening techniques

to detect changes in small molecules and proteins in cells treated by

apilimod, to identify the key upstream signals of NLRP3

inflammasome activation.
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7. Muñoz-Planillo R, Kuffa P, Martıńez-Colón G, Smith BL, Rajendiran TM, Núñez
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PIKfyve, a class III PI kinase, is the target of the small molecular IL-12/IL-23 inhibitor
apilimod and a player in toll-like receptor signaling. Chem Biol (2013) 20(7):912–21.
doi: 10.1016/j.chembiol.2013.05.010

39. Sands BE, Jacobson EW, Sylwestrowicz T, Younes Z, Dryden G, Fedorak R, et al.
Randomized, double-blind, placebo-controlled trial of the oral interleukin-12/23
inhibitor apilimod mesylate for treatment of active crohn's disease. Inflamm Bowel
Dis (2010) 16(7):1209–18. doi: 10.1002/ibd.21159

40. Krausz S, Boumans MJ, Gerlag DM, Lufkin J, van Kuijk AW, Bakker A, et al.
Brief report: a phase IIa, randomized, double-blind, placebo-controlled trial of apilimod
mesylate, an interleukin-12/interleukin-23 inhibitor, in patients with rheumatoid
arthritis. Arthritis Rheumatol (2012) 64(6):1750–5. doi: 10.1002/art.34339

41. Wada Y, Cardinale I, Khatcherian A, Chu J, Kantor AB, Gottlieb AB, et al.
Apilimod inhibits the production of IL-12 and IL-23 and reduces dendritic cell infiltration
in psoriasis. PloS One (2012) 7(4):e35069. doi: 10.1371/journal.pone.0035069

42. Ikonomov OC, Sbrissa D, Shisheva A. Small molecule PIKfyve inhibitors as
cancer therapeutics: translational promises and limitations. Toxicol Appl Pharmacol
(2019) 383:114771. doi: 10.1016/j.taap.2019.114771

43. Gayle S, Landrette S, Beeharry N, Conrad C, Hernandez M, Beckett P, et al.
Identification of apilimod as a first-in-class PIKfyve kinase inhibitor for treatment of b-
cell non-Hodgkin lymphoma. Blood J Am Soc Hematol (2017) 129(13):1768–78. doi:
10.1182/blood-2016-09-736892

44. Jiang H, He H, Chen Y, Huang W, Cheng J, Ye J, et al. Identification of a
selective and direct NLRP3 inhibitor to treat inflammatory disorders. J Exp Med (2017)
214(11):3219–38. doi: 10.1084/jem.20171419

45. Coll RC, Robertson AA, Chae JJ, Higgins SC, Muñoz-Planillo R, Inserra MC,
et al. A small-molecule inhibitor of the NLRP3 inflammasome for the treatment of
inflammatory diseases. Nat Med (2015) 21(3):248–55. doi: 10.1038/nm.3806

46. Lu A, Magupalli VG, Ruan J, Yin Q, Atianand MK, Vos MR, et al. Unified
polymerization mechanism for the assembly of ASC-dependent inflammasomes. Cell
(2014) 156(6):1193–206. doi: 10.1016/j.cell.2014.02.008
Frontiers in Immunology 12
47. Dick MS, Sborgi L, Rühl S, Hiller S, Broz P. ASC filament formation serves as a
signal amplification mechanism for inflammasomes. Nat Commun (2016) 7(1):1–13.
doi: 10.1038/ncomms11929

48. Franklin BS, Bossaller L, De Nardo D, Ratter JM, Stutz A, Engels G, et al. The
adaptor ASC has extracellular and'prionoid'activities that propagate inflammation. Nat
Immunol (2014) 15(8):727–37. doi: 10.1038/ni.2913

49. He Y, Zeng MY, Yang D, Motro B, Núñez G. NEK7 is an essential mediator of
NLRP3 activation downstream of potassium efflux. Nature (2016) 530(7590):354–7.
doi: 10.1038/nature16959

50. Lomenick B, Hao R, Jonai N, Chin RM, Aghajan M, Warburton S, et al. Target
identification using drug affinity responsive target stability (DARTS). Proc Natl Acad
Sci USA (2009) 106(51):21984–9. doi: 10.1073/pnas.0910040106

51. Cuzzocrea S, Zingarelli B, Costantino G, Caputi AP. Beneficial effects of Mn (III)
tetrakis (4-benzoic acid) porphyrin (MnTBAP), a superoxide dismutase mimetic, in
carrageenan-induced pleurisy. Free Radical Biol Med (1999) 26(1-2):25–33. doi:
10.1016/S0891-5849(98)00142-7

52. Wong YC, Ysselstein D, Krainc D. Mitochondria–lysosome contacts regulate
mitochondrial fission via RAB7 GTP hydrolysis. Nature (2018) 554(7692):382–6. doi:
10.1038/nature25486

53. Agola JO, Hong L, Surviladze Z, Ursu O, Waller A, Strouse JJ, et al. A
competitive nucleotide binding inhibitor: in vitro characterization of Rab7
GTPase inhibition. ACS Chem Biol (2012) 7(6):1095–108. doi: 10.1021/
cb3001099

54. Yoshimori T, Yamamoto A, Moriyama Y, Futai M, Tashiro Y. Bafilomycin A1, a
specific inhibitor of vacuolar-type h (+)-ATPase, inhibits acidification and protein
degradation in lysosomes of cultured cells. J Biol Chem (1991) 266(26):17707–12. doi:
10.1016/S0021-9258(19)47429-2

55. Choy CH, Saffi G, Gray MA, Wallace C, Dayam RM, Ou Z-YA, et al. Lysosome
enlargement during inhibition of the lipid kinase PIKfyve proceeds through lysosome
coalescence. J Cell Sci (2018) 131(10):jcs213587. doi: 10.1242/jcs.213587
frontiersin.org

https://doi.org/10.1016/j.chembiol.2013.05.010
https://doi.org/10.1002/ibd.21159
https://doi.org/10.1002/art.34339
https://doi.org/10.1371/journal.pone.0035069
https://doi.org/10.1016/j.taap.2019.114771
https://doi.org/10.1182/blood-2016-09-736892
https://doi.org/10.1084/jem.20171419
https://doi.org/10.1038/nm.3806
https://doi.org/10.1016/j.cell.2014.02.008
https://doi.org/10.1038/ncomms11929
https://doi.org/10.1038/ni.2913
https://doi.org/10.1038/nature16959
https://doi.org/10.1073/pnas.0910040106
https://doi.org/10.1016/S0891-5849(98)00142-7
https://doi.org/10.1038/nature25486
https://doi.org/10.1021/cb3001099
https://doi.org/10.1021/cb3001099
https://doi.org/10.1016/S0021-9258(19)47429-2
https://doi.org/10.1242/jcs.213587
https://doi.org/10.3389/fimmu.2023.1128700
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Apilimod activates the NLRP3 inflammasome through lysosome-mediated mitochondrial damage
	Introduction
	Material and methods
	Mice
	Reagents
	Cell preparation and stimulation
	Confocal microscopy
	ELISA
	Western blot
	Flow cytometric analyses
	Determination of intracellular potassium
	ASC oligomerization assay
	Immunoprecipitation
	Drug Affinity Responsive Target Stability (DARTS) assay
	Protein expression and purification
	SiRNA-mediated gene silencing in BMDMs
	Microscale thermophoresis assay
	Statistical analyses

	Results
	Apilimod promotes caspase-1 activation and IL-1β production in macrophages
	Apilimod activates the NLRP3 inflammasome
	Apilimod promotes the assembly of NLRP3 inflammasome
	NLRP3 inflammasome activation induced by apilimod is independent of direct binding and potassium efflux
	Apilimod mediates NLRP3 inflammasome activation through mitochondrial damage and reactive oxygen species production
	Apilimod induces mitochondria damage and NLRP3 activation through TRPML1-dependent lysosomal calcium flux

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


