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Abstract

The cellular activation of the NLRP3 inflammasome is spatiotem-
porally orchestrated by various organelles, but whether lysosomes
contribute to this process remains unclear. Here, we show the vital
role of the lysosomal membrane-tethered Ragulator complex
in NLRP3 inflammasome activation. Deficiency of Lamtor1, an
essential component of the Ragulator complex, abrogated NLRP3
inflammasome activation in murine macrophages and human
monocytic cells. Myeloid-specific Lamtor1-deficient mice showed
marked attenuation of NLRP3-associated inflammatory disease
severity, including LPS-induced sepsis, alum-induced peritonitis,
and monosodium urate (MSU)-induced arthritis. Mechanistically,
Lamtor1 interacted with both NLRP3 and histone deacetylase 6
(HDAC6). HDAC6 enhances the interaction between Lamtor1 and
NLRP3, resulting in NLRP3 inflammasome activation. DL-all-rac-a-
tocopherol, a synthetic form of vitamin E, inhibited the Lamtor1–
HDAC6 interaction, resulting in diminished NLRP3 inflammasome
activation. Further, DL-all-rac-a-tocopherol alleviated acute gouty
arthritis and MSU-induced peritonitis. These results provide novel
insights into the role of lysosomes in the activation of NLRP3
inflammasomes by the Ragulator complex.
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Introduction

Lysosomes are dynamic organelles that can change their morphol-

ogy, localization, and quantity in response to various stimuli, and in

this manner, contribute to the degradation of extracellular and intra-

cellular waste products (Ballabio & Bonifacino, 2020). In addition to

their degradative roles, recent studies have shown that lysosomes

are involved in a variety of tasks related to nutrient sensing,

immune cell signaling, metabolism, and membrane repair (Perera &

Zoncu, 2016; Jia et al, 2018; Condon et al, 2021). Lysosomes serve

as a signaling hub to integrate extracellular and intracellular stimuli

and thus regulate cellular homeostasis. Furthermore, lysosomes are

closely involved in the regulation of inflammation, and abnormali-

ties in lysosomal function result in a broad range of diseases (Perera

& Zoncu, 2016; Ballabio & Bonifacino, 2020).
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The Ragulator complex, a lysosomal membrane protein, is a pen-

tamer containing Lamtor1/p18, Lamtor2/p14–Lamtor3/MP1, and

Lamtor4/p10–Lamtor5/HBXIP (Yonehara et al, 2017). Lamtor1

wraps around Lamtor2–5 stabilizing the Ragulator complex and the

protein levels of Lamtor2–5 are reduced in cases of Lamtor1 defi-

ciency (Nakatani et al, 2021). The mechanistic target of rapamycin

(mTOR), a master regulator of cellular metabolism, is present in

two distinct complexes, mTORC1 and mTORC2 (Liu & Saba-

tini, 2020). mTOR functions as a serine/threonine kinase regulating

diverse cellular homeostasis like cell proliferation, cell death, pro-

tein synthesis, and autophagy by participating in multiple signaling

pathways (Saxton & Sabatini, 2017; Liu & Sabatini, 2020). The local-

ization of mTORC1 is important for the regulation of activity and it

is activated on lysosomes in response to nutrients. The Ragulator

complex plays a critical role in the mTOR signal transduction path-

way by tethering the mTORC1 complex to the lysosomal surface

(Kim et al, 2008; Sancak et al, 2010; Yonehara et al, 2017). Lamtor1

is directly responsible for anchoring the Ragulator complex to the

lysosomal membrane, where it then tethers the Rag GTPase hetero-

dimers RagA/B and RagC/D (de Araujo et al, 2017; Yonehara

et al, 2017). The pleiotropic roles of the Ragulator complex can reg-

ulate many cellular functions other than those of mTORC1 by inter-

acting with various proteins. The Ragulator complex is a platform

for maintaining cellular homeostasis such as integrin signaling via

Lamtor2–MEK, acidification of lysosomes via V-type ATPase, lyso-

some biogenesis by enhanced TFEB nuclear translocation,

endomembrane damage repair or organelle homeostasis, and the

regulation of migration through interactions with the myosin phos-

phatase–Rho interacting protein (MPRIP; Nada et al, 2009; Yonehara

et al, 2017; Jia et al, 2018; Ballabio & Bonifacino, 2020; Condon

et al, 2021; Nakatani et al, 2021). Several other studies have sup-

ported the role of the Ragulator complex as an inflammatory plat-

form, i.e., for M2 differentiation and TFEB-mediated cytokine

production (Kimura et al, 2016; Hayama et al, 2018). In addition,

the role of the Ragulator complex in the regulation of cell death has

received a great deal of attention (Zheng et al, 2021; preprint:

Colville et al, 2022; Hein & Weissman, 2022). In particular, in recent

years there has been a series of important reports regarding the rela-

tionship between the Ragulator complex and pyroptosis, a type of

inflammatogenic caspase-1-dependent cell death (Evavold et al,

2021; preprint: Devant et al, 2022). In pyroptosis, the Ragulator

complex plays an essential role in the regulation of gasdermin D

(GSDMD) oligomerization and pore formation.

GSDMD is a key regulator of pyroptosis and the secretion of

inflammatory cytokines such as IL-1b and is itself regulated by

inflammasome activation (Evavold & Kagan, 2019). NLR family

pyrin domain-containing 3 (NLRP3) is one of the most well-

characterized inflammasomes, and it reacts to a wide range of

inflammatory infectious and endogenous ligands, such as pathogen-

associated molecular patterns (PAMPs) and damage-associated

molecular patterns (DAMPs; Swanson et al, 2019). After exposure to

PAMPs or DAMPs, NLRP3 binds to apoptosis-associated speck-like

protein containing a CARD (ASC) to form the inflammasome com-

plex, resulting in the cleavage of inactive pro-caspase-1 to produce

active caspase-1 and subsequent cleavage of proinflammatory

cytokines and GSDMD (Franchi et al, 2009). NLRP3 inflammasome

activation and subsequent IL-1b secretion occur via a three-step pro-

cess (Evavold & Kagan, 2019). The first or priming step is the

activation of the nuclear factor kappa B (NF-jB) pathway, leading

to the upregulation of NLRP3 and pro-IL-1b proteins and to changes

in post-translational modifications such as the phosphorylation or

ubiquitination of NLRP3 and ASC. The second or activation step

leads to active inflammasome complex formation and consequently,

the production of the active form of Caspase-1 and GSDMD. The

third step is the release of the mature form of IL-1b out of the cells

through the GSDMD pores. Recently, the involvement of the Ragula-

tor complex in GSDMD regulation has been reported (Evavold

et al, 2021; preprint: Devant et al, 2022). Devant and colleagues

(preprint: Devant et al, 2022) also reported that the Ragulator com-

plex is required for reactive oxygen species (ROS) production, which

enables the oligomerization and pore formation of GSDMD. How-

ever, the precise role of the Ragulator complex in NLRP3 inflamma-

some activation, especially in the activation phase, requires

elucidation.

The activation of NLRP3 inflammasomes is tightly regulated by

numerous processes that are coordinated by its spatiotemporal

dynamics. Upon stimulation, NLPR3 dynamically moves from the

cytosol to the mitochondria-associated membrane (MAM) and

finally to the microtubule-organizing center (MTOC; Chen &

Chen, 2018; Swanson et al, 2019). In the spatiotemporal regulation

of NLRP3 inflammasome activation, histone deacetylase 6 (HDAC6)

reportedly promotes the transport of NLRP3 to the MTOC, where

the NLRP3 inflammasome is activated (Magupalli et al, 2020).

HDAC6 is a member of the class II deacetylase superfamily contain-

ing two active catalytic domains and a ubiquitin-binding domain

(Grozinger et al, 1999; Verdel & Khochbin, 1999). HDAC6 is mainly

localized in the cytoplasm and mediates the deacetylation of tubu-

lin, resulting in the regulation of microtubule dynamics. By interact-

ing with both ubiquitinated proteins and with the dynein motor

complex, HDAC6 regulates the transfer of protein aggregates toward

the MTOC, where aggresome formation takes place (Kawaguchi

et al, 2003). However, the precise mechanisms whereby HDAC6

contributes to inflammasome activation are still unknown.

In this study, we found that the Ragulator complex expressed on

the lysosomal membrane plays a critical role in inflammasome acti-

vation by interacting with HDAC6. We showed that myeloid-specific

Lamtor1-deficient mice exhibited reduced in vivo inflammation

caused by the administration of monosodium urate crystals (MSU)

and alum, which activates the NLRP3 inflammasome. Of note, Lam-

tor1 deficiency in murine macrophages and human monocytic THP-

1 cells abrogated NLRP3 and pyrin inflammasome activation but not

the AIM2 inflammasome. Caspase-1 processing was impaired in

Lamtor1-deficient BMDMs and THP-1 cells. Consistent with these

results, the cleavage of GSDMD caused by inflammasome activation

was reduced, resulting in pyroptosis impairment. Mechanistically,

we found that the Ragulator complex interacted with HDAC6, which

facilitated the interaction between the Ragulator complex and

NLRP3, and that both interactions were required for the activation

of the NLRP3 inflammasome. Moreover, by using a library of natu-

ral compounds to screen for inhibitors that blocked the interactions

between Lamtor1 and HDAC6, we demonstrated that DL-all-rac-a-
tocopherol, which is a synthetically produced form of vitamin E and

not the natural form of D-a-tocopherol, reduced inflammasome acti-

vation. Finally, we also showed that DL-all-rac-a-tocopherol could
alleviate acute gouty arthritis and peritonitis induced by MSU.

Taken together, we have revealed that the Ragulator complex on the
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lysosomal membrane plays a critical role in inflammasome activa-

tion in vitro and in vivo by interacting with NLRP3 via HDAC6, and

that therapeutic applications targeting the interaction between the

Ragulator complex and HDAC6 may be effective for IL-1b-related
diseases.

Results

Lamtor1 is required for NLRP3 inflammasome activation in mice

The Ragulator complex has been shown to be involved in the differ-

entiation of M2 macrophages and the regulation of the production

of inflammatory cytokines, such as IL-6 and tumor necrosis factor-a
(TNF-a), by LPS stimulation (Kimura et al, 2016). However, the

intraperitoneal administration of LPS resulted in a considerable

decrease in serum IL-1b levels in myeloid cell-specific Lamtor1-

deficient mice (Lamtor1flox/flox LysM-Cre; LysM-Lamtor1f/f mice;

Fig EV1). The intraperitoneal injection of alum was found to cause

IL-1b production via the NLRP3 inflammasome (Guarda et al,

2011). In LysM-Lamtor1f/f mice, this decreased the recruitment of

leukocytes, including CD11b+ Ly6G+ neutrophils and CD11b+ Ly6C+

inflammatory monocytes, to the peritoneal cavity, and reduced IL-

1b levels in peritoneal fluid when compared with WT mice (Fig 1A).

We further evaluated the role of Lamtor1 in vivo using a monoso-

dium urate (MSU)-induced acute gouty arthritis model as the MSU

crystals induced IL-1b production by NLRP3 inflammasome activa-

tion (Torres et al, 2009). After MSU crystals were injected into the

tibia-tarsal joint, LysM-Lamtor1f/f mice showed significantly less

ankle swelling than the WT mice (Fig 1B). Histopathological analy-

sis showed that LysM-Lamtor1f/f mice exhibited a marked reduction

in cellular infiltration in the ankle when compared to WT mice

(Fig 1B). These results indicate that Lamtor1 is essential for the acti-

vation of the NLRP3 inflammasome in vivo.

Lamtor1 is required for NLRP3 inflammasome activation in vitro

We next evaluated the in vitro biological effects of Lamtor1 in

NLRP3 inflammasome activation. In addition to Lamtor1 deficient

BMDMs, we generated the human monocytic cell line Lamtor1–KO

THP-1 cells using the CrisprCas9 system to investigate the function

of Lamtor1 in human cells (Fig EV1B; Nakatani et al, 2021). LPS

priming followed by the administration of several NLRP3 inflamma-

some ligands, including nigericin, adenosine triphosphate (ATP),

and the dipeptide glycyl-l-phenylalanine 2-naphthylamide (GPN),

extremely reduced IL-1b release in the LysM-Lamtor1f/f bone mar-

row–derived macrophages (BMDMs; Fig 1C). Additionally, in THP-1

cells, more than 5 Lamtor1–KO single clones were obtained and

▸Figure 1. NLRP3 inflammasome activation is impaired in myeloid-specific Lamtor1 deficiency.

A Effects of myeloid-specific Lamtor1 deficiency on peritoneal IL-1b production, CD11b+ Ly6C+ monocyte recruitment, and CD11b+ Ly6G+ neutrophil recruitment after
an intraperitoneal injection of 600 ll alum solution (20 mg/ml, 6 h), Data are shown as means � SEM. *P < 0.05 and ***P < 0.001 by the Student’s t-test, n = 6
mice (peritoneal IL-1b production) and 4 mice (FACS analysis).

B Effects of myeloid-specific Lamtor1 deficiency in an acute gouty arthritis model. MSU crystals (0.5 mg) or the PBS control were injected intra-articularly into the
tibia-tarsal joint of Lamtor1flox/flox and Lamtor1flox/flox LysM-Cre mice. Mice were assessed for joint swelling using electronic calipers. Images show photomicrographs
(upper panel) and hematoxylin and eosin–stained sections (middle and lower panels) of ankle joints obtained at 24 h. Data are shown as the means � SEM.
***P < 0.001 by the Student’s t-test, n = 7 mice each. Scale bars = 50 lm.

C Effects of Lamtor1 deficiency on IL-1b secretion after NLRP3 inflammasome activation or TLR ligand stimulation. ELISA assay shows IL-1b secretion in supernatants
from Lamtor1flox/flox and Lamtor1flox/flox LysM-Cre BMDMs treated with LPS (200 ng/ml, 4 h), followed by nigericin (15 lM, 1 h), ATP (10 mM, 1 h), or GPN (100 nM,
6 h). Data are shown as the means � SEM. *P < 0.05 and **P < 0.01 by the Student’s t-test, n = 3 biological replicates.

D Effects of Lamtor1 deficiency on IL-1b secretion after NLRP3 inflammasome activation in human THP-1 monocytes. ELISA assay shows IL-1b secretion in super-
natants from WT cells, Lamtor1 KO different single clones, all of which were treated with nigericin (15 lM, 1 h) after priming with PMA (50 nM, overnight). Data
are shown as the means � SEM. ***P < 0.001 by one-way ANOVA, n = 3 biological replicates.

E, F Effects of Lamtor1 deficiency on IL-1b secretion after the induction of endogenous ROS by mitochondrial poisons or the administration of an exogenous
ROS (hydrogen peroxide). ELISA assay shows IL-1b secretion in supernatants after treatment with LPS (200 ng/ml), Rotenone (10 lM), or Antimycin (10 lg/
ml) for 6 h or followed by hydrogen peroxide (3.86 mM). Data are shown as the means � SEM. *P < 0.05 and ***P < 0.001 by the Student’s t-test, n = 3
biological replicates.

G Effects of Lamtor1 reconstitution in Lamtor1-deficient macrophages on IL-1b secretion after NLRP3 inflammasome activation. ELISA assay shows IL-1b secretion in
BMDM supernatants from Lamtor1flox/flox cells, Lamtor1flox/flox LysM-Cre cells, and Lamtor1flox/flox LysM-Cre cells reconstituted with full-length Lamtor1, all of which
were treated with nigericin (15 lM, 1 h) after priming with LPS (200 ng/ml, 4 h). Data are shown as the means � SEM. *P < 0.05 and **P < 0.01 by one-way
ANOVA, n = 3 biological replicates.

H Effects of Lamtor1 deficiency on IL-1b secretion after NLRP3 inflammasome activation in human THP-1 monocytes. ELISA assay shows IL-1b secretion in
supernatants from WT cells, Lamtor1 KO cells, and Lamtor1 KO cells reconstituted with full-length Lamtor1, all of which were treated with nigericin
(15 lM, 1 h) after priming with PMA (50 nM, overnight) and LPS (200 ng/ml, 2 h). Data are shown as the means � SEM. ***P < 0.001 by one-way ANOVA,
n = 3 biological replicates.

I Effects of Lamtor1 deficiency on IL-18 secretion after NLRP3 inflammasome activation in human THP-1 monocytes. ELISA assay shows IL-18 secretion in
supernatants from WT cells, Lamtor1 KO cells, and Lamtor1 KO cells reconstituted with full-length Lamtor1, all of which were treated with nigericin
(15 lM, 1 h) after priming with PMA (50 nM, overnight) and LPS (200 ng/ml, 2 h). Data are shown as the means � SEM. ***P < 0.001 by one-way ANOVA,
n = 3 biological replicates.

J Effects of Lamtor1 deficiency on IL-1b secretion after Pyrin inflammasome activation. ELISA assay showing IL-1b secretion in supernatants from Lamtor1flox/flox and
Lamtor1flox/flox LysM-Cre BMDMs treated with TcdB (0.5 lg/ml, 3 h) after LPS (200 ng/ml, 4 h) stimulation. Data are shown as the means � SEM. **P < 0.01 no sig-
nificant difference by one-way ANOVA, n = 3 biological replicates.

K Effects of Lamtor1 deficiency on IL-1b secretion after AIM2 inflammasome activation. ELISA assay showing IL-1b secretion in supernatants from Lamtor1flox/flox and
Lamtor1flox/flox LysM-Cre BMDMs treated with Poly(dA:dT; 5 lg/ml, overnight) and Lipofectamine 3000 after LPS (200 ng/ml, 4 h) stimulation. Data information: Data
are shown as the means � SEM. n.s no significant difference by one-way ANOVA, n = 3 biological replicates.

Source data are available online for this figure.
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every clone showed impaired IL-1b release in response to LPS prim-

ing and NLRP3 inflammasome stimuli (Fig 1D). However, toll-like-

receptor (TLR) ligand-induced production of IL-6 was elevated in

Lamtor1-deficient BMDMs (Fig EV1C; Kimura et al, 2016; Hayama

et al, 2018). IL-1b release was also impaired in Lamtor1 deficient

macrophages due to the induction of endogenous ROS in response

to mitochondrial poisons or the administration of exogenous ROS

such as hydrogen peroxide, both of which activate the NLRP3

inflammasome activator (Fig 1E and F; Sorbara & Girardin, 2011).

Additionally, re-expression of the exogenous Lamtor1 protein by

lentiviral transduction restored IL-1b secretion in response to inflam-

masome activation in Lamtor1-deficient BMDMs and Lamtor1–KO

THP-1 cells (Figs 1G and H, and EV1D). The release of IL-18 was

also significantly reduced in Lamtor1–KO THP-1 cells and rescued

by the re-expression of exogenous Lamtor1 (Fig 1I). Furthermore,

TcdB-induced Pyrin inflammasome activation was impaired in

Lamtor1-deficient BMDMs (Fig 1J). By contrast, Poly(dA:dT)-

induced AIM2 inflammasome was not suppressed in Lamtor1-

deficient BMDMs (Fig 1K). These results suggest that Lamtor1 is

essential for the activation of the NLRP3 inflammasome and pyrin

inflammasome but not the AIM2 inflammasome.

NLRP3 inflammasome activation is impaired in Lamtor1-deficient
macrophages

We then examined which steps of inflammasome activation are af-

fected by a Ragulator complex deficiency. As expected, pro-caspase-

1 processing was significantly inhibited in Lamtor1-deficient

BMDMs and Lamtor1 KO THP-1 cells (Fig 2A and B). Furthermore,

the cleavage of GSDMD upon NLRP3 inflammasome activation was

also reduced, resulting in the impairment of pyroptosis (Fig 2C and

D). Since the pore formation of GSDMD is essential in IL-1b secre-

tion (Shi et al, 2015; Sborgi et al, 2016), we considered the possibil-

ity that the mature form of IL-1b may be accumulated

intracellularly. However, the mature form of IL-1b was not detected

in the cell lysate, and the reduced IL-1b release was not rescued by

the lentiviral transduction of the activated form of GSDMD (Fig 2E–

G). These results indicate that the dysregulation of GSDMD alone

cannot explain the reduction in IL-1b release in Lamtor1 deficient

macrophages. For the priming phase, protein synthesis after LPS

stimulation was not impaired, except for pro-IL-1b in Lamtor1 defi-

cient BMDMs (Fig 2H). However, the amount of IL-1b released did

not catch up even when an excessive amount of IL-1b was exoge-

nously expressed (Fig 2I). The mature form of IL-1b that was

released was only rescued when the activated form of Caspase-1

(p10 and p20) was transduced in addition to the transduction of IL-

1b (Fig 2I). Taken together, Lamtor1 was found to be essential for

NLRP3 inflammasome activation.

mTORC1 activity is not involved in the inflammasome activation
phase

Next, we investigated the molecular mechanism of NLRP3 inflam-

masome activation by Lamtor1. Since the palmitoylation of the N-

terminal region, the G2 of Lamtor1 is responsible for retaining Lam-

tor1 on lysosomal membranes (Nada et al, 2009), we investigated

the importance of the localization of Lamtor1 on the lysosome by

generating variants of Lamtor1 in which G2 was replaced with ala-

nine (G2A). The G2A-mutant Lamtor1 was transduced into Lam-

tor1–KO THP-1 cells, but IL-1b production was not restored (Fig 3A

and B), suggesting that the anchoring of Lamtor1 on the lysosomal

membrane is crucial for inflammasome activation. Our first hypoth-

esis was thus that reduced mTOR activity in Lamtor1 KO macro-

phages could affect the activation of the NLRP3 inflammasome

(Fig 3C; Kimura et al, 2016). Pretreatment with rapamycin

(mTORC1 inhibitor) before being stimulated with LPS plus nigericin

reduced IL-1b production; however, the reduction due to the pre-

treatment with rapamycin was slight when compared to the IL-1b
reduction in the Lamtor1 KO macrophages (Fig 3D). Moreover,

when LPS was added first and then followed by rapamycin

▸Figure 2. NLRP3 inflammasome activation is impaired in Lamtor1-deficient macrophages.

A, B Effects of Lamtor1 deficiency on Caspase-1 processing after NLRP3 inflammasome activation. Western blot shows caspase-1/p10, pro-caspase-1, Lamtor1, and b-
actin. Lamtor1flox/flox and Lamtor1flox/flox LysM-Cre BMDMs (A) or WT and Lamtor1 KO THP-1 cells (B) were treated with nigericin (15 lM, 1 h) after LPS [200 ng/ml,
for 4 h (BMDM) or 2 h (THP-1)] stimulation. Data are shown as the means � SEM. ***P < 0.001 by the Student’s t-test, n = 3 biological replicates.

C Effects of Lamtor1 deficiency on GSDMD processing after NLRP3 inflammasome activation. Western blot shows GSDMD, Lamtor1, and b-actin. Lamtor1flox/flox and
Lamtor1flox/flox LysM-Cre BMDMs were treated with nigericin (15 lM, 1 h) after LPS (200 ng/ml, 4 h) stimulation. Data are shown as the means � SEM. *P < 0.05 by
the Student’s t-test, n = 3 biological replicates.

D Effects of Lamtor1 deficiency on pyroptosis after NLRP3 inflammasome activation. Lamtor1flox/flox and Lamtor1flox/flox LysM-Cre BMDMs were treated with nigericin
(15 lM, 1 h) after LPS (200 ng/ml, 4 h) stimulation, and the percentage of propidium iodide positive cells was counted by flow cytometry. Data are shown as the
means � SEM. ***P < 0.001 by the Student’s t-test, n = 3 biological replicates.

E Effects of Lamtor1 deficiency on IL-1b dynamics. Western blot shows IL-1b and b-actin. WT cells and Lamtor1 KO cells were treated with nigericin (15 lM, 1 h) after
priming with PMA (50 nM, overnight) stimulation.

F Effects of the active form of GSDMD reconstitution on Lamtor1 KO THP-1 cells. ELISA assay shows IL-1b secretion in supernatants from WT cells, Lamtor1 KO cells,
and Lamtor1 KO cells reconstituted with the active form of GSDMD, all of which were treated with nigericin (15 lM, 1 h) after priming with PMA (50 nM, overnight)
and LPS (200 ng/ml, 2 h). Data are shown as means � SEM. n.s. indicates P > 0.05 by one-way ANOVA, n = 3 biological replicates.

G Confirmation of the reconstitution of the active form Caspase-1 (p10 and p20) or GSDMD (GSDMD-NT).
H Effects of Lamtor1 deficiency on the priming phase. Lamtor1flox/flox and Lamtor1flox/flox LysM-Cre BMDMs were treated with LPS (200 ng/ml, 4 h). Data are shown as

the means � SEM. ***P < 0.001 by the Student’s t-test, n = 3 biological replicates.
I Effects of IL-1b and active form of Caspase-1 reconstitution on Lamtor1 KO THP-1 cells. ELISA assay shows IL-1b secretion in supernatants from WT cells, Lamtor1

KO cells, and Lamtor1 KO cells reconstituted with IL-1b, the active form of Caspase-1, all of which were treated with nigericin (15 lM, 1 h) after priming with PMA
(50 nM, overnight) and LPS (200 ng/ml, 2 h). Data are shown as the means � SEM. ***P < 0.001 by the Student’s t-test and n.s. indicates P > 0.05 by one-way
ANOVA, n = 3 biological replicates.

Source data are available online for this figure.
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treatment to avoid the effect of rapamycin priming, Caspase-1 pro-

cessing was not affected (Fig 3E). IL-1b production was not affected

by the Torin-1 treatment (mTORC1/mTORC2 inhibitor; Fig 3F).

These results indicate that the NLRP3 inflammasome activation

phase is independent of mTORC1 activity.

We have previously reported that the loss of Lamtor1 promotes

the nuclear translocation of the transcription factor EB (TFEB), the

master regulator of the lysosomal biogenesis (Sardiello et al, 2009),

and autophagy (Sardiello et al, 2009), resulting in increased LC3

expression, which is a standard marker for autophagosomes

(Hayama et al, 2018). Therefore, we generated myeloid cell-specific

Lamtor1/TFEB double-knockout mice to investigate whether the

decrease in NLRP3 inflammasome activity in the Lamtor1–KO cells

was caused by enhanced TFEB nuclear translocation (Figs 2B and

EV2A). However, the level of IL-1b production by the Lamtor1/

TFEB double-KO BMDMs upon LPS plus nigericin stimulation was

similar to that by Lamtor1–KO BMDMs (Fig EV2C). These results

indicate that the decrease in IL-1b production in Lamtor1-deficient

macrophages was independent of TFEB nuclear localization.

Lamtor1 interacts with HDAC6

Since Lamtor1 must be present on the lysosome to be involved in

NLRP3 inflammasome activation, and since its action is not through

mTORC1 pathways, we searched for proteins with which Lamtor1

interacts on the lysosome. Lysosomes of THP-1 cells were isolated

using a concentration gradient method to perform quantitative pro-

teomics and thereby screen for proteins mobilized to the lysosomes

upon LPS stimulation. Of the many proteins mobilizing to the lyso-

somes after the LPS treatment, we focused on HDAC6, as the pheno-

type of Lamtor1–KO BMDMs was shown to be similar to that of

HDAC6-KO BMDMs as the NLRP3 and pyrin inflammasomes were

impaired, but AIM2 inflammasome response intact (Magupalli

et al, 2020; Fig 1J and K). Consistent with the aforementioned study,

the activation of the NLRP3 inflammasome in BMDMs was reduced

with the HDAC6 inhibitor treatment (Fig 4A). We thus investigated

whether the interaction of Lamtor1 with HDAC6 was required for

Lamtor1-mediated IL-1b production. Lamtor1 and HDAC6 were co-

immunoprecipitated in HEK293T cells that stably expressed myc-

tagged HDAC6 (HDAC6-myc-HEK293T) and FLAG-tagged Lamtor1

(Lamtor1-FLAG; Fig 4B and C). To confirm the interaction between

endogenous Lamtor1 and endogenous HDAC6, we established

Lamtor1-Flag knocked-in THP-1 cells (Lamtor1-FLAG KI). The inter-

action between Lamtor1 and endogenous HDAC6 was confirmed in

Lamtor1-FLAG KI cells (Fig 4D). We further confirmed the co-

immunoprecipitation of endogenous Lamtor1 and HDAC6 in LPS-

treated THP-1 WT cells, suggesting that this interaction occurred in

physiological conditions (Fig 4E). Moreover, Lamtor1 and HDAC6

interactions were enhanced by LPS stimulation (Fig 4F). We then

examined the interaction of Lamtor1 and HDAC6 in living cells

by performing an in situ proximity ligation assay (PLA), and a

NanoLuc luciferase-based bioluminescence resonance energy trans-

fer (NanoBRET) assay. Endogenous HDAC6 was present in close

proximity to endogenous Lamtor1 after stimulation with LPS plus

nigericin (Fig 4G), and BRET occurred between Lamtor1 and

HDAC6 (Fig 4H). From these experiments, we revealed that

Lamtor1-HDAC6 interactions occurred in single living cells. Further-

more, to identify the essential region for the interaction between

HDAC6 and Lamtor1, we investigated the interactions between

HDAC6 and a truncated form of Lamtor1 (Δ145–161, Met1-Ser144;

Δ95–161, Met1-Val94). Lamtor1Δ145–161 interacted with HDAC6,

but Lamtor1Δ95–161 did not (Fig 4I), suggesting that the region of

Lamtor1 from amino acids 95–144, where alpha 3 and alpha 4 he-

lices are located, is essential for interactions with HDAC6. Consis-

tent with this, the restoration of Lamtor1Δ95–161 in Lamtor1–KO

THP-1 cells failed to rescue the reduction of IL-1b production in

Lamtor1–KO THP-1 cells (Fig 4J). These results indicate that the

interaction of Lamtor1 and HDAC6 on the lysosomal membrane is

important for the activation of the NLRP3 inflammasome.

Lamtor1 interacts with NLRP3 in the presence of HDAC6

HDAC6 reportedly transports the NLRP3 inflammasome to the

MTOC (Magupalli et al, 2020) and interacts with NLRP3 (Hwang

et al, 2015). We therefore examined whether the NLRP3 inflamma-

some component was mobilized to lysosomes by LPS and nigericin

stimulation and whether the interaction between Lamtor1 and

HDAC6 was important for NLRP3 inflammasome activation. We

▸Figure 3. mTORC1 activity is not involved in the inflammasome activation phase.

A Representative images of mutant Lamtor1. PMA-primed Lamtor1 KO THP-1 macrophages reconstituted with full-length or truncated Lamtor1. Scale bars = 5 lm.
B Effects of the Lamtor1 point mutation on IL-1b secretion after NLRP3 inflammasome activation. ELISA assays show IL-1b secretion in THP-1 cell supernatants from

WT cells, Lamtor1 KO cells, and Lamtor1 KO cells reconstituted with full-length Lamtor1 or variants of Lamtor1 in which G2 was replaced with alanine (G2A); all cell
types were then treated with nigericin (15 lM, 1 h) after priming with PMA (50 nM, overnight). Data are shown as the means � SEM. *P < 0.05 and ***P < 0.001 by
one-way ANOVA, n = 3 biological replicates.

C Effects of Lamtor1 deficiency on mTORC1 activity. Immunoblot analysis of Lamtor1flox/flox and Lamtor1flox/flox LysM-Cre BMDMs treated with LPS (200 ng/ml, 4 h).
D Effect of the rapamycin treatment on IL-1b secretion after NLRP3 inflammasome activation. ELISA assay shows IL-1b secretion in supernatants from PMA (50 nM,

overnight) primed WT THP-1 cells treated with rapamycin at the indicated concentration for 2 h, then treated with LPS (200 ng/ml, 2 h) and nigericin (15 lM, 1 h).
Data are shown as the means � SEM. **P < 0.01, and n.s indicates no significant difference by one-way ANOVA, n = 3 biological replicates.

E Effect of rapamycin treatment on Caspase-1 processing. Western blot shows caspase-1/p20. LPS (200 ng/ml, 4 h) primed BMDMs were treated with rapamycin at
indicated concentrations followed by nigericin (15 lM, 1 h). Data are shown as the means � SEM. n.s indicates no significant difference by one-way ANOVA, n = 3 bio-
logical replicates.

F Effect of Torin-1 treatment on IL-1b secretion after NLRP3 inflammasome activation. ELISA assay shows IL-1b secretion in supernatants from WT BMDMs pretreated
with Torin-1 (0, 1, 10, 100, or 250 nM) for 2 h before LPS (200 ng/ml, 4 h) and nigericin (15 lM, 1 h) treatment (left panel). Western blot shows phospho-p70-S6K from
BMDMs pretreated with Torin-1 at the indicated concentrations for 2 h before LPS and nigericin treatment (right panel). Data are shown as the means � SEM. n.s
indicates no significant difference by one-way ANOVA, n = 3 biological replicates.

Source data are available online for this figure.
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first revealed the Lamtor1 bound NLRP3 using a yeast two-hybrid

system (Fig 5A). Then, to examine whether endogenous Lamtor1

interacts with endogenous NLRP3 in living cells, we performed PLA

using anti-Flag and anti-NLRP3 antibodies in Lamtor1-FLAG KI

cells. NLRP3 was found to be proximal to Lamtor1 following stimu-

lation with LPS and nigericin (Fig 5B). Additionally, Lamtor1 and

NLRP3 were co-immunoprecipitated with each other (Fig 5C and D).

Then, to identify whether the complete Ragulator complex forma-

tion is necessary for this interaction, we introduced the Lam-

tor1Δ145–161 mutant (Met1-Ser144) into HEK293T cells that stably

expressed NLRP3-Flag as the Lamtor1Δ145–161 mutant cannot form

the Ragulator complex (Nakatani et al, 2021). The interaction

between NLRP3 and Lamtor1Δ145–161 was significantly reduced

when compared with the interactions between NLRP3 and the full-

length Lamtor1 (Fig 5E and F). This suggests that the complete for-

mation of the Ragulator complex is required for binding to NLRP3.

Furthermore, when HDAC6 expression was interfered with by

shRNA, the interaction between Lamtor1 and NLRP3 was reduced

(Fig 5G). These results indicate that HDAC6 promotes the interac-

tion between Lamtor1 and NLRP3.
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ASC specks originate near the lysosomes

To verify that Lamtor1 functions in the activation phase of the

NLRP3 inflammasome, we observed the localization of Lamtor1 at

the moment of ASC speck formation using live cell imaging, which

can be used as a simple upstream readout for inflammasome activa-

tion (Elliott & Sutterwala, 2015). We established stably expressing

GFP-tagged ASC and tdTomato-tagged Lamtor1 THP-1 cells. After

stimulation with nigericin, ASC specks rapidly formed and Lamtor1

was located near or at the center of the origin of ASC speck forma-

tion (Fig 6A and B; Movies EV1 and EV2). Moreover, ASC speck for-

mation did not occur in GFP-tagged ASC-expressing Lamtor1 KO

cells (Fig 6C). These results suggest that ASC specks originate near

the lysosomes and that Lamtor1 takes part in the inflammasome

activation phase.

DL-all-rac-a-tocopherol inhibits Lamtor1 and HDAC6 interactions

We subsequently attempted to identify the regulatory system

responsible for the activation of the Lamtor1–HDAC6 interaction.

Using the NanoBRET assay, we performed two rounds of screen-

ing using a library of natural compounds and identified DL-all-rac-a-
tocopherol as a potent negative regulator that specifically modulates

the interactions between Lamtor1 and HDAC6 (Fig 7A). To confirm

that DL-all-rac-a-tocopherol attenuates the interaction between Lam-

tor1 and HDAC6, we performed co-immunoprecipitation assays. An

immunoprecipitation assay revealed that the interaction between

HDAC6 and Lamtor1 was reduced in the presence of DL-all-rac-a-
tocopherol (Fig 7B). Treatment of the WT BMDMs with DL-all-rac-

a-tocopherol dose-dependently decreased ATP-induced IL-1b release

(Fig 7C). By contrast, DL-all-rac-a-tocopherol did not affect nuclear

factor jB-dependent priming as measured by IL-6 secretion or by

protein synthesis related to NLRP3 inflammasome activation

(Figs 7D and EV3A). Additionally, DL-all-rac-a-tocopherol adminis-

tration did not inhibit the overall activity of HDAC6, as indicated by

the acetylation of a-tubulin (Fig EV3B). These data suggest that DL-

all-rac-a-tocopherol inhibits the interaction between HDAC6

and Lamtor1 independently of the catalytic activity of HDAC6. a-
tocopherol has three chiral centers in the phytyl tail, resulting in eight

stereoisomeric forms (Burton & Traber, 1990). The synthetic form,

DL-all-rac-a-tocopherol consists of approximately equal amounts of

the eight possible stereoisomers, whereas naturally occurring a -

tocopherol exists only as the RRR-form (D-a-tocopherol; Burton &

Traber, 1990; Ranard & Erdman, 2018). It is of note that the interac-

tion between Lamtor1 and HDAC6 was not prohibited by D-a-
tocopherol (Fig 7E). We compared the inhibitory effects on NLRP3

inflammasome activation and found that DL-all-rac-a-tocopherol
suppressed ATP-induced IL-1b release more than D-a-tocopherol
even though both DL-all-rac-a-tocopherol and D-a-tocopherol have
antioxidant properties (Fig 7F; Hoppe & Krennrich, 2000). Taken

together, DL-all-rac-a-tocopherol inhibits IL-1b release not only due

to the antioxidant effects but also by blocking the interaction

between Lamtor1 and HDAC6.

DL-all-rac-a-tocopherol inhibits inflammasome activation in mice

MSU-induced gouty arthritis and a peritonitis model were used to

investigate whether DL-all-rac-a-tocopherol treatment effectively

decreased IL-1b production in vivo. When MSU crystals with or

without DL-all-rac-a-tocopherol were injected into the tibia-tarsal

joints of mice, those treated with DL-all-rac-a-tocopherol showed

significantly less swelling and cellular infiltration (Fig 7G). Consis-

tent with this, DL-all-rac-a-tocopherol administration reduced

inflammatory responses, as was indicated by the lower levels of cel-

lular infiltration and IL-1b in the peritoneal fluid of the MSU-

induced peritonitis model mice (Fig 7H). DL-all-rac-a-tocopherol did
not affect cell migration although the Ragulator complex reportedly

is implicated in the leukocyte trafficking (Fig EV3C). Collectively,

these results indicate that the interactions between Lamtor1 and

HDAC6 are necessary for NLRP3-inflammasome activation in vivo,

and that DL-all-rac-a-tocopherol may improve the inflammation

caused by inflammasome activation.

◀ Figure 4. Interaction between Lamtor1 and HDAC6 is necessary for inflammasome activation.

A Effects of the HDAC6 inhibitor treatment on IL-1b secretion after NLRP3 inflammasome activation. ELISA assays show IL-1b secretion and caspase-1 processing
(p10) in BMDMs upon NLRP3 inflammasome activation following pretreatment with tubacin (left to right: 10 and 20 mM) or rocilinostat (left to right: 30 and
60 mM). Data are shown as the means � SEM. ***P < 0.001 by one-way ANOVA, n = 3 biological replicates.

B–F Co-immunoprecipitation assay showing the interaction between Lamtor1 and HDAC6. Immunoblot analysis of Lamtor1–Flag co-immunoprecipitated with HDAC6–
myc from lysates of HEK293T cells transfected with the indicated plasmids (B, C), Lamtor1–Flag co-immunoprecipitated with endogenous HDAC6 from the lysate of
Lamtor1-Flag knocked-in THP-1 cells. (D) Endogenous Lamtor1 co-immunoprecipitated with endogenous HDAC6 from lysates of WT THP-1 cells (E, F). Effects of
NLRP3 inflammasome activation on the interactions between Lamtor1 and HDAC6. Co-immunoprecipitation assay shows interactions between Lamtor1 and
HDAC6. Immunoblot analysis of Lamtor1–Flag co-immunoprecipitated with HDAC6–myc from lysates of HEK293T cells transfected with the indicated plasmids. Data
are shown as means � SEM. *P < 0.05 and **P < 0.01 by one-way ANOVA, n = 3 biological replicates.

G PLA to confirm endogenous binding between Lamtor1 and HDAC6. Lamtor1-HDAC6 complexes are shown in red, and nuclei are depicted in blue. In situ PLA signals
were quantified over nine images in each experiment. Data are shown as the means � SEM. ***P < 0.001 by the Student’s t-test. The data are representative of
three experiments that showed consistent results. Scale bars, 10 lm.

H NanoBRET assay to confirm endogenous binding between Lamtor1 and HDAC6 in living cells. HEK293T cells were transiently transfected with NanoLuc-fused Lam-
tor1 and HaloTag-fused HDAC6 using Lipofectamine 2000. Luminescence was measured 48 h after transfection following the addition of Nano-Glo Luciferase Assay
Substrate (Promega). Data are shown as the means � SEM. ***P < 0.001 by the Student’s t-test, n = 3 biological replicates.

I Immunoblot analysis of the truncated form of Flag-tagged Lamtor1 mutant (Δ145–161, Met1–144; Δ95–161, Met1–Val94) co-immunoprecipitated with HDAC6–
myc from lysates of HEK293T cells transfected with the indicated plasmids.

J Effect of truncated Lamtor1 mutant on NLRP3 inflammasome activation in THP-1 cells. ELISA assay showing IL-1b secretion in supernatants from WT cells, Lamtor1
KO cells, Lamtor1 KO cells reconstituted with full-length Lamtor1, and Met1-Val94 Lamtor1 cells; all cell types were treated with nigericin (15 lM, 1 h) after priming
with PMA (50 nM, overnight). Data are shown as the means � SEM. ***P < 0.001 and n.s. indicates no significant difference by the Student’s t-test, n = 3 biological
replicates.

Source data are available online for this figure.
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Discussion

In this study, we found that the Ragulator complex expressed on the

lysosomal membrane plays a critical role in NLRP3 inflammasome

activation by interacting with HDAC6 (Fig 8). Myeloid-specific

Lamtor1-deficient mice showed reduced inflammation in an acute

gouty arthritis model and in both alum- and LPS-induced peritonitis

models. Additionally, Lamtor1 deficiency in murine macrophages

and human monocytic THP-1 cells abrogated NLRP3 inflammasome

activation. Lamtor1 interacted with HDAC6, which augments the

interaction between Lamtor1 and NLRP3. Lamtor1 was located near

or at the center of the origination of ASC speck formation. More-

over, by screening a library of natural compounds, we found that

DL-all-rac-a-tocopherol, a synthetically produced form of vitamin E,

0

2

4

6

8

10

Av
er

ag
e 

po
sit

ive
 s

ig
na

ls 
/ c

el
l

B

WT Lamtor1-Flag KI

C
on

tro
l (

W
T)

TH
P-

1:
an

ti 
Fl

ag
 (L

am
to

r1
) /

 a
nt

i N
LR

P3

La
m

to
r1

 K
I

IB
: V

5

Lamtor1-V5(-)
HEK293T: NLRP3-Flag

IP:Flag

Input

C

25

25

D

IB
: F

la
g

NLRP3-Flag(-)
HEK293T: Lamtor1-V5

IP:V5

Input

140

140

IB
: V

5

HDAC6 KDmock
HEK293T: NLRP3-Flag+Lamtor1-V5

IP:Flag

Input
20

20
IB: HDAC6

140

***

0.0

0.5

1.0

1.5
V5

 (L
am

to
r1

) i
nt

en
sit

y

HDAC6 KDmock

**

IB
: F

la
g

Lamtor1-V5
(-)

HEK293T: NLRP3-Flag

IP:V5
Input

25

IB
: V

5 

140

Lamtor1∆145–161 -V5

E

G

140

F

IB
: V

5

NLRP3-Flag
HEK293T: NLRP3-Flag

IP:Flag

Input
20
25

Lamtor1∆145–161-V5
Lamtor11–161-V5

● ● ●
●●

● ●

20
25

IB
: F

la
g

IP:Flag

Input

140

IP:Flag

InputIB
: F

la
g 140

140

IP:V5

InputIB
: V

5

IP:V5

Input 2525

25

A

IB
: F

la
g IP:Flag

Input

140

NLRP3

Lamtor2

AD
BD

Lamtor1 empty

SC-LW QDO

Lamtor1 empty

NLRP3

Lamtor2

AD
BD

Figure 5. Lamtor1 interacts with NLRP3 in the presence of HDAC6.

A Yeast two-hybrid (Y2H) assays for Lamtor1 interactions with NLRP3. Positive Y2H interaction between Lamtor1 as prey, and NLRP3 as bait. Lamtor2 as prey was
used as a positive control and the empty bait vector as a negative control.

B PLA to confirm endogenous binding between Lamtor1 and NLRP3. Lamtor1–NLRP3 complexes are shown in red, and nuclei are depicted in blue. In situ PLA signals
were quantified over 10 images in each experiment. Data are shown as the means � SEM. ***P < 0.001 by the Student’s t-test. The data are representative of three
experiments that showed consistent results. Scale bars = 5 lm.

C, D Immunoblot analysis of Lamtor1-V5 co-immunoprecipitated with NLRP3–Flag from lysates of HEK293T cells transfected with the indicated plasmids.
E, F Immunoblot analysis of the truncated form of V5-tagged Lamtor1 mutant (Δ145–161, Met1-Ser144) co-immunoprecipitated with NLRP3–flag from lysates of

HEK293T cells transfected with the indicated plasmids.
G Effect of the HDAC6 knockdown on NLRP3–Lamtor1 interactions. Immunoblot analysis of Lamtor1–V5 co-immunoprecipitated with NLRP3–Flag from

lysates of HEK293T cells transfected with the indicated plasmids. Data are shown as the means � SEM. **P < 0.01 by the Student’s t-test, n = 3 biological repli-
cates.

Source data are available online for this figure.
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but not D-a-tocopherol, inhibited the interactions between Lamtor1

and HDAC6 and reduced inflammasome activation. Finally, we

showed that DL-all-rac-a-tocopherol alleviated acute gouty arthritis

and MSU-induced peritonitis.

The question as to how inflammasome activation is regulated is

very challenging, as their activation involves an elaborate process

with a variety of regulators. To investigate the mechanisms of

inflammasome activation, the priming, activation, and secretion

phases are usually discussed separately for convenience, but their

effector molecules and modifications can be interrelated in a series

of steps. Therefore, it is not easy to determine which molecule is

acting in which phase. Recently, Evavold et al (2021) suggested that

the Ragulator complex promotes GSDMD oligomerization at the

membrane but not caspase-1-mediated cleavage of GSDMD

(Evavold et al, 2021). Zheng et al (2021) reported that the Ragulator

complex is required for RIPK1-caspase-8-driven cell death, but it is

not required for canonical or noncanonical inflammasome-induced

signaling (Zheng et al, 2021). Both groups argue that the Ragulator

complex is involved in the secretory phase but not the inflamma-

some activation phase. Actually, the Ragulator complex is involved

in all steps of inflammasome activation, namely the priming, activa-

tion, and secretion phases. However, we have emphasized the role

of the Ragulator complex in the activation phase as we have pro-

vided evidence for the involvement of the Ragulator complex in the

inflammasome activation phase by exhibiting (i) reduced Caspase-1

processing in Lamtor1 deficient macrophages, (ii) restored IL-1b
production in a rescue experiment for the active form of Caspase-1,

and (iii) interactions between Lamtor1 and NLRP3 coordinated by

HDAC6. Considering the implications of these interactions, it is rea-

sonable to conclude that the Ragulator complex is involved in the

inflammasome activation phase.

There are many possible reasons why our conclusions differ from

theirs. For example, the selection of which genes are knocked out

can be influential. As we have shown the importance of specific

interactions between Lamtor1 and HDAC6 / NLRP3, especially the

a3 and a4 helix of Lamtor1, which were required for interactions

with HDAC6, and this means that different interfaces of the Ragula-

tor complex are utilized between interactions with RagA/C and

HDAC6 (Yonehara et al, 2017). Therefore, knockouts of the other

Ragulator-Rag complex proteins such as RagA or RagC may not

detect these functions. Moreover, the difference in the cells analyzed

may be another reason. In this study, primary bone marrow–derived

macrophages and human THP-1 cell lines were mainly used,

whereas in previous studies, immortalized bone marrow–derived

macrophage cell lines were used (Evavold et al, 2021; Zheng

et al, 2021). Whatever the cause, it is of note that every report

including this one has consistently confirmed that the Ragulator

complex positively regulates inflammasome activity in terms of IL-

1b release or pyroptosis when cells are exposed to cellular stress.

Recently, several groups stated that the Ragulator complex con-

trols GSDMD pore formation through several mechanisms, including

the regulation of ROS production, which results in GSDMD oxidiza-

tion and oligomerization (Evavold et al, 2021; Zheng et al, 2021;

preprint: Devant et al, 2022). In this study, IL-1b release reduction

in Lamtor1 deficient macrophages was not rescued by the supply of

exogenous ROS or the induction of endogenous ROS by mitochon-

drial poisons (Fig 1E and F), though ROS can promote the assembly

of NLRP3 inflammasomes (Zhou et al, 2011). In addition, DL-all-

rac-a-tocopherol suppressed IL-1b release more than D-a-tocopherol
even though both have antioxidant properties (Hoppe & Kren-

nrich, 2000). These data suggest there are other mechanisms other

than ROS production during the inflammasome activation phase in

◀ Figure 6. ASC speck originates near the lysosomes.

A, B Representative images of Lamtor1 and ASC. PMA-treated THP-1 cells stably expressing GFP-tagged ASC and tdTomato-tagged Lamtor1 were primed with LPS
(200 ng/ml, 2 h) and then stimulated with nigericin for the indicated duration. Time shows after nigericin stimulation (min:s). Scale bars = 1 lm.

C Effects of Lamtor1 deficiency on ASC speck formation after NLRP3 inflammasome activation. Representative images of PMA-primed THP-1 macrophages stably
expressing GFP-tagged ASC treated with or without LPS (200 ng/ml, 2 h) and nigericin (15 lM, 1 h). Scale bars = 10 lm. Data are shown as the means � SEM.
***P < 0.001, and n.s indicates no significant difference by one-way ANOVA, n = 4 independent experiments.

Source data are available online for this figure.

▸Figure 7. DL-all-rac-a-tocopherol inhibits Lamtor1 and HDAC6 interactions and suppresses inflammasome activation.

A Schematic showing the use of a NanoBRET assay to search for inhibitors of Lamtor1–HDAC6 interactions in a library of natural compounds.
B–F Effects of DL-all-rac-a-tocopherol on the interactions between Lamtor1 and HDAC6. Immunoblot analysis of Lamtor1–Flag co-immunoprecipitated with HDAC6–

myc from lysates of HEK293T cells transfected with the indicated plasmids after pretreatments with the DL-all-rac-a-tocopherol (B) or D -a-tocopherol (E) (10 lM,
overnight). Data are shown as means � SEM. **P < 0.01 by the Student’s t-test, n = 3 biological replicates. IL-1b secretion upon NLRP3 inflammasome activation
after overnight pretreatment with DL-all-rac-a-tocopherol (C) or (D) -a-tocopherol (F) at the indicated concentrations. ELISA assay showing IL-1b secretion in super-
natants from WT THP-1 cells treated with LPS (200 ng/ml, 2 h) and nigericin (15 lM, 1 h) after priming with PMA (50 nM, overnight). Data are shown as means �
SEM. *P < 0.05 by one-way ANOVA, n = 3 biological replicates. (D) IL-6 secretion after overnight pretreatment with DL-all-rac-a-tocopherol. ELISA assay showing IL-
6 secretion in supernatants from WT BMDMs treated with LPS (200 ng/ml, overnight) and DL-all-rac-a-tocopherol at the indicated concentrations (overnight). Data
are shown as means � SEM. n.s indicates no significant difference by one-way ANOVA, n = 3 biological replicates.

G Effects of DL-all-rac-a-tocopherol in an acute gouty arthritis model. MSU crystals (0.5 mg) suspended in 20 ll endotoxin-free PBS or PBS control were injected
intra-articularly into the tibia-tarsal joint (ankle) of C57BL/6 WT mice with or without DL-all-rac-a-tocopherol. Ankle joint swelling at 24 h was assessed with elec-
tronic calipers and with photomicrographs and hematoxylin and eosin–stained sections of ankle joints. Data are shown as means � SEM. **P < 0.01 by the Stu-
dent’s t-test, n = 6 mice. Scale bars = 30 lm.

H Effects of DL-all-rac-a-tocopherol in an MSU-induced peritonitis model. Twelve hours after DL-all-rac-a-tocopherol pretreatment, 100 ll MSU solution (10 mg/ml)
was intraperitoneally injected for 4 h. Peritoneal IL-1b production was then measured by ELISA, and CD11b + Ly6G+ neutrophil recruitment was measured by FACS.
Data are shown as means � SEM. *P < 0.05 by the Student’s t-test, n = 4 mice (control) and n = 5 mice (DL-all-rac-a-tocopherol).

Source data are available online for this figure.

� 2022 The Authors The EMBO Journal 42: e111389 | 2023 13 of 20

Kohei Tsujimoto et al The EMBO Journal



0.0

0.2

0.4

0.6

0.8

Jo
in

t s
w

el
lin

g 
(m

m
)

B
Lamtor1-Flag(-)

HEK293T: HDAC6 myc

DL-all-rac-
α-TocopherolDMSODMSO

C

 IL
-1

β 
co

nc
en

tra
tio

n 
(n

g/
m

L)

A

DL-all-rac-
α-Tocopherol

D
M

SO

**

DMSO
DL-all-rac-α-Tocopherol

α
-T
oc
op
he
ro
l

G

MSU intra articular

IB
: M

yc
 

DMSO
DL-all-rac-α-Tocopherol

H

LP
S fre

e (-)
 

10
0n

M
20

0n
M

1μ
M

2μ
M

5μ
M

0

1

2

3

4

5

IL
-6

 c
on

ce
nt

ra
tio

n 
(n

g/
m

L)

D

0.0

0.5

1.0

1.5
Control

0

0.5

1

1.5

2

DL-all-rac-
α-Tocopherol

Halo-HDAC6 
Lamtor1- Nano-Luc

HEK293-T Compounds Substrates

#1 #320

Br
et

 R
at

io

Control DL-all-rac-
α-Tocopherol

0.0

0.5

1.0

1.5

H
D

AC
6 

in
te

ns
ity

C
D

11
b+

 L
y6

G
+ 

N
eu

tro
ph

il (
×1

06 )

MSU i.p.

0

20
0n

M
50

0n
M

1μ
M

2μ
M

5μ
M
10

μM
20

μM

0

2

4

6

8

DL-all-rac-α-Tocopherol

*
*

**
*

n.s

Lamtor1-Flag(-)
HEK293T: HDAC6 myc

D- α-TocopherolDMSODMSO

0.0

0.5

1.0

0

2

4

6

8
DL-all-rac-α-Tocopherol
D- α-Tocopherol

none

IL
-1

β 
co

nc
en

tra
tio

n 
(n

g/
m

L)

none

1μ
M

2μ
M

5μ
M

10
μM

H
D

AC
6 

in
te

ns
ity

E F

IP: Flag

Input

IB
:F

la
g IP: Flag

Input

180
180

20

20

n.s

*

*IB
: M

yc
 

IP: Flag

Input

IB
:F

la
g IP: Flag

Input

180

180

20

20

D- α-Tocopherol
none

Pe
rit

on
ea

l I
L-

1β
 (n

g/
m

L)

Figure 7.

14 of 20 The EMBO Journal 42: e111389 | 2023 � 2022 The Authors

The EMBO Journal Kohei Tsujimoto et al



Lamtor1 KO macrophages. However, it should be noted that we did

not address whether ROS could rescue the impaired pyroptosis in

Lamtor1-deficient cells. Additionally, the possibility that ROS are

not involved in the impairment of NLRP3 inflammasome activation

in Lamtor1-deficient cells cannot be completely ruled out, as both

sufficient amounts of NLRP3, pro-IL-1b, and gasdermin D and post-

transcriptional modifications such as ubiquitination and oxidation

are likely required for full inflammasome activation. In addition, the

spatiotemporal ROS production and origin of ROS could be impor-

tant for inflammasome activation and pyroptosis induction. In this

context, the relationship between ROS and the Ragulator complex in

inflammasome activation and pyroptosis needs to be further eluci-

dated.

In our model, the Ragulator complex mediates inflammasome

activation not through the mTOR pathway but rather by protein–

protein interactions between the Ragulator complex and HDAC6

and NLRP3. In terms of the relationship between the inflammasome

and mTORC1, Moon et al (2015) reported that mTORC1-induced

HK1-dependent glycolysis regulated NLRP3 inflammasome activity

(Moon et al, 2015). Evavold et al (2021) proposed that mTOR regu-

lates inflammasome-mediated pyroptosis by controlling the produc-

tion of mitochondrial reactive oxygen species (Evavold et al, 2021).

In our experiments, we concluded that mTORC1 activity is not nec-

essary for the direct inflammasome activation phase. However, we

do not deny the involvement of mTORC1 in other phases of inflam-

masome activation. In particular, mTOR may contribute to the prim-

ing phase of inflammasome activation, since it has a significant

effect on transcription. Neither, do we deny the possibility that

mTORC1 is indirectly involved in inflammasome activation as

mTORC1 has pleiotropic effects on various cellular homeostasis, so

that differences in conditions such as drug concentrations and the

cells may easily cause discrepant results.

We demonstrated that the decrease in IL-1b production in

Lamtor1-deficient macrophages was independent of TFEB nuclear

localization based on the results of the Lamtor1/TFEB double-KO

experiments. However, we have to take into account potential com-

pensatory mechanisms involving transcription factor E3 (TFE3), a

MiT/TFE family member, because it has redundant roles with TFEB

in macrophage activation (Pastore et al, 2016) by acting on the same

transcription target, and being regulated by the Ragulator complex

(Villegas et al, 2019).

We have revealed that Lamtor1 interacts with both NLRP3 and

HDAC6 and that the absence of HDAC6 attenuates the interaction

between Lamtor1 and NLRP3. This raises at least two questions:

“What is the role of HDAC6?” and “What is the role of lysosomes?”

To address these questions, we have proposed a model in which the

lysosome has a dual nature, that is, positively regulating inflamma-

some activation through interactions with HDAC6 while simultane-

ously negatively regulating the inflammasome through degradation.

Previous studies showed that HDAC6 interacted with NLRP3

(Hwang et al, 2015) and promoted the transportation of NLRP3 from

the trans-Golgi network to the MTOC via microtubules through an

aggresome-like mechanism (Magupalli et al, 2020). Considering that

the pericentriolar region was enriched in lysosomes (Ren et al,

2009), we have suggested that the Ragulator complex on lysosomes

may serve as a scaffold that allows NLRP3 transported by HDAC6 to

locally increase in density and to form aggresome-like formations.

On the other hand, the MTOC, in which HDAC6 transports NLRP3,

HDAC6
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Lysosome

Lamtor1
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Figure 8. The Ragulator complex regulates inflammasome activation through interactions with NLRP3 augmented by HDAC6.

The Ragulator complex expressed on the lysosomal membrane interacts with HDAC6, which augments the interactions between Lamtor1 and NLRP3, resulting in the

activation of the inflammasome.
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acts as a hub to promote the fusion of autophagosomes with lyso-

somes. It has been shown that autophagy dysfunction can lead to

the excessive activation of NLRP3 inflammasomes (Paik et al, 2021)

and HDAC6 processes aggresomes at the MTOC for the autophagic

degradation of ubiquitinated pathological aggregates (Kawaguchi

et al, 2003). In this context, the Ragulator complex may facilitate

proximity between NLRP3 and lysosomes by interacting with

HDAC6 and function as a built-in checkpoint for inhibiting NLRP3

inflammasome activation, thus allowing for the immediate degrada-

tion of the inflammasome.

Our findings indicate a potential therapeutic target for various

diseases in which inflammasomes are abnormally activated. Inflam-

masomes are involved not only in inflammatory diseases such as

gout and autoinflammatory syndromes but also in chronic inflam-

mation caused by various metabolic disorders and neurological dis-

eases such as dementia (Swanson et al, 2019). Therefore, there is a

need to develop therapeutic agents that target inflammasomes.

Colchicine, an approved drug for gout and other inflammasome-

related diseases, broadly inhibits intracellular function by blocking

microtubule polymerization (Deftereos et al, 2022). In this study,

we have shown that DL-all-rac-a-tocopherol, a synthetic form of

vitamin E, may be a potential therapeutic agent that targets inflam-

masomes by inhibiting the interactions between the Ragulator com-

plex and HDAC6. DL-all-rac-a-tocopherol is already used worldwide

for the treatment of hypertension-related symptoms, dyslipidemia,

and peripheral circulation disorder with potential antiplatelet effects

(Singh et al, 2005; Wallert et al, 2019). Its efficacy has been thought

to be due to its antioxidant effects. However, we suggest another

mechanism, namely that DL-all-rac-a-tocopherol inhibits inflamma-

some activation. Our data showed that D-a-tocopherol did not

inhibit the Lamtor1-HDAC6 interaction, and that the DL-all-rac-a-
tocopherol reduced IL-1b production more than D-a-tocopherol.
These data suggest that the effect of DL-all-rac-a-tocopherol cannot
be explained by the antioxidant effect. Although further research is

required, for instance, to determine which of the optical isomers of

DL-all-rac-a-tocopherol has the highest specificity, this agent can be

used to treat chronic NLRP3 inflammasome-related inflammatory

diseases.

Collectively, we have provided evidence that the Ragulator com-

plex expressed on the lysosomal membrane plays a critical role in

inflammasome activation by interacting with NLRP3, which is aug-

mented by HDAC6. Furthermore, inhibition of the interaction

between Lamtor1 and HDAC6 may be an effective therapeutic target

for NLRP3 inflammasome-related diseases.

Materials and Methods

Mice

Lamtor1flox mice were generated by Dr. Shigeyuki Nada as described

previously (Soma-Nagae et al, 2013). TFEBflox transgenic mice were

provided by Dr. Andrea Ballabio (Settembre et al, 2012), and LysM-

Cre transgenic mice were provided by Dr. Shizuo Akira (Takeda

et al, 1999). Genotyping was performed using primers 50-AAGGATT
CGGAGTTAGAGACTAGGAC-30 and 50-TGAGGATTCGAGTGGTGAG
ATACGA-30 for the Lamtor1flox and Lamtor1 alleles, 50-GTAG
AACTGAGTCAAGGCATACTGG-30 and 50-CAGCCCCTTACCAGCGT

CCC-30 for the TFEBflox and TFEB alleles, and 50-CTTGCTGTGTGT
TGTTCTGTGCTGAGG-30 and 50-GCATAACCAGTGAAACAGCATTG
C-30 for the LysM-Cre-Tg mice. Myeloid-specific Lamtor1�/� mice

were generated by crossing two strains and backcrossing the progeny

to C57BL/6J mice approximately 10 times. Mice were housed under

specific pathogen-free conditions with a 12 h light/dark cycle, at a

temperature of 22 � 2°C, and a relative humidity of 50 � 5%. Mice

were fed a standard mouse chow diet, and 3–5 mice were housed in

the same cage. The application of animal experiments was approved

by the ethical board of the graduate school of medicine, Osaka

University (28-008-034). All experiments were performed according

to the regulations of Osaka University. Eight- to twelve-week-old mice

were used in all experiments. Both male and female mice were used;

however, sex was always matched in each experiment. Mice were

randomized into control and experimental groups.

Cells and cell cultures

BMDMs were differentiated as previously described (Kimura

et al, 2016). In brief, bone marrow cells from the femur and tibia

were subjected to red blood cell lysis, and the surviving cells were

cultured for 6 days in a differentiation medium. The differentiation

medium was comprised of Dulbecco’s minimum essential medium

(DMEM; Nacalai Tesque, Kyoto, Japan; 50% of total volume), L929

cell culture supernatant (30%), heat-inactivated fetal bovine serum

(FBS; Gibco, Thermo Fisher Scientific, Waltham, MA; 20%), and

penicillin/streptomycin (1%). THP-1, a human acute monocyte

leukemia cell line, was obtained from ATCC (TIB-202), and cultured

in RPMI 1640 (Nacalai Tesque) supplemented with 10% FBS, 1%

penicillin/streptomycin, and 0.05 mM 2-mercaptoethanol. THP-1

cells were differentiated with 50 nM phorbol 12-myristate 13-acetate

(PMA; Sigma-Aldrich, St. Louis, MO) for 1 day. All cells were main-

tained at 37°C in 5% CO2.

Antibodies, reagents, and fluorescent dyes

Reagents were obtained from the suppliers listed in the

Appendix Table S1.

NanoBRET

Plasmids of HDAC6 tagged with NanoLuc donor at the amino termi-

nus (HDAC6–HTN) and Lamtor1 tagged with NanoLuc acceptor at

the carboxy terminus (Lamtor1-NLF-C) were generated using an In-

Fusion HD Cloning Kit (Takara Bio, Shiga, Japan) according to the

manufacturer’s instructions. In brief, cDNA fragments of human

Lamtor1, NLRP3, and HDAC6 were ligated to homologous

sequences by overlapping PCR using the primers listed in

Appendix Table S1, then cloned into the EcoRI-SacI sites of the

pNLF1-C [CMV/Hygro] Vector (Accession Number KF811458) for

Lamtor1, and the EcoRI-SacI sites of pHTN HaloTag CMV-neo Vec-

tor (Accession Number JF920304) for NLRP3 and HDAC6 using the

In-Fusion HD Cloning Kit. The transfection of HEK293T cells for the

luciferase assays was carried out using Lipofectamine 2000 (Invitro-

gen, Waltham, MA, USA). Following the addition of Nano-Glo Luci-

ferase Assay Substrate (Promega, Madison, WI, US), luminescence

was measured 48 h after transfection using a GloMax Discover

Microplate Reader (Promega, Madison, WI, USA).
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Chemical compound library screening

A phytochemical library was obtained from Prestwick Chemical.

HEK293T cells transiently expressing HDAC6 HTN and Lamto1-NLF-

C, which were treated overnight with chemical compounds diluted to

a concentration of 10 lM with DMEM. HDAC6-Lamtor1 interactions

were examined using the NanoBRET assay, as described above.

In situ PLA

A Duolink In Situ PLA Kit (Sigma-Aldrich, St. Louis, MO, USA) was

used for in situ PLAs according to the manufacturer’s instructions.

At least 10 fields were observed per sample.

Yeast two-hybrid assay

A yeast two-hybrid assay was performed as previously described

(Nakajo et al, 2016). In brief, the PJ69-4A strain was co-transformed

with the pACT2 AD and pFBT9 BD plasmids. The transformed cells

were grown on an SC-LW (SD/-Lue/-Trp) plate for 3 days at 30°C.

Five independent colonies were re-streaked on an SC-LW plate and

QDO (SD/-Ade/-His/-Leu/-Trp) followed by incubation for 3 days at

30°C.

Inflammasome activation

BMDMs (1 × 106 cells/ml) were seeded in 6-well, 24-well, or 96-

well plates overnight. Then, after pretreatment with LPS (200 ng/

ml) for 4 h, BMDMs were further stimulated with ATP (5 mM) or

nigericin (15 lM) for 60 min unless otherwise indicated, or with

GPN (200 nM) overnight. To investigate AIM2 inflammasome acti-

vation, macrophages were primed with LPS (200 ng/ml), then trans-

fected with poly(dA:dT; 5 lg/ml) using Lipofectamine 2000

(Invitrogen, Waltham, MA, USA). To investigate pyrin inflamma-

some activation, macrophages were primed with LPS (200 ng/ml)

followed by stimulation with TcdB (0.5 lg/ml for 3 h).

Western blotting

Cells were solubilized in buffer A [1% Nonidet P-40 (NP-40),

50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 5% glycerol,

2% n-octyl-b-D-glucopyranoside] with proteinase inhibitor (Roche,

Basel, Switzerland), vortexed for 10 min, and centrifuged at

20,000 g for 15 min at 4°C. Supernatants were mixed with

2 × Laemmli sample buffer containing 2-mercaptoethanol and dena-

tured for 5 min at 95°C. The reduced samples were electrophoresed

in 4–12% Bis–Tris gels (Life Technologies, Carlsbad, CA, USA),

transferred to nitrocellulose membranes, and blotted with the anti-

bodies listed in Appendix Table S1. Protein concentrations in SDS–

PAGE gel bands were determined using ImageJ software (NIH,

Bethesda, MD, USA), and statistical analysis was performed using

the Student’s t-test for two samples and two-way ANOVA for more

than two samples.

Immunoprecipitation

HEK293T cells were transfected with the indicated plasmids

using Lipofectamine 3,000 (Invitrogen, Waltham, MA, USA) and

incubated for 24 h. Cells were solubilized with buffer A and cen-

trifuged at 20,000 g for 15 min at 4°C. Immunoprecipitation was

performed using the Dynabeads Protein G Immunoprecipitation Kit

(10007D, Invitrogen, Waltham, MA, USA). Briefly, after the binding

of the antibody to magnetic beads (10 min at room temperature,

with rotation), cell lysates and antibody-coated beads were mixed

and incubated for 30 min at room temperature. After three washes,

proteins were eluted with 2 × Laemmli sample buffer containing 2-

mercaptoethanol and denatured for 5 min at 95°C. The samples

were separated by SDS–PAGE and blotted with the indicated anti-

bodies.

Lyso-IP

Lysosomes were isolated from 3.0 × 107 cells treated with 200 ng/

ml LPS for 2 h using the Minute Lysosome Isolation Kit (Invent

Biotechnologies, Plymouth, MN, USA) according to the manufac-

turer’s instructions. Saturated ammonium sulfate was added to frac-

tionate the eluted protein solution to 25, 50, 75, or 100% of the

original volume. Each fraction was purified by methanol–chloro-

form precipitation and dissolved in a PTS solution, then denatured

by heating on a 95°C block incubator for 5 min. Dithiothreitol

(Wako, Osaka, Japan) was used for Cys reduction and iodoac-

etamide (Wako, Osaka, Japan) was used for Cys alkylation. Then,

1% volume of 1 lg/ll mass spectrometry–grade trypsin (Trypsin

Gold, Promega, Madison, WI, USA) was added and the solution

was incubated overnight at 25°C. Trypsinized protein solution was

fractionated into eight fractions using an SDB-SCX stage tip (GL-

Science, Tokyo, Japan). Eight samples from the first fraction of sat-

urated ammonium sulfate were purified with the C18 tip (C-tip,

AMR), dried by centrifuge concentrator, and dissolved in a 0.1%

aqueous solution of formic acid (FA). The fractionated samples

were aligned to an LC–MS system (LC: NanoElute, MS: tims TOF

Pro, Bruker, Billerica, MA, USA); LC-mobile phase A: 0.1% FA in

water; B: 0.1% FA in acetonitrile; separation column: Nikkyo C18

column NTCC-360 (75 lm × 150 mm, 3-lm particle). The LC sepa-

ration gradient was set from 2% B to 35% B in 60 min at a

400 nl/min flow rate. The acquired mass spectrometry data were

analyzed using a MASCOT server (ver. 2.7, Matrix Science) with

the SwissProt database, and the data from the eight fractions were

combined using Scaffold software (Proteome Software, Portland,

OR, USA).

Pharmacological inhibition

BMDMs were primed with 200 ng/ml LPS with or without the

HDAC6 inhibitor rocilinostat (30 mM; Selleckchem, Houston, TX,

USA) or tubacin (5–40 mM; Enzo Life Sciences, New York, NY,

USA). Four hours after the drug treatment, inflammasome activa-

tion was performed with ATP for 60 min. To examine the effect

of the mTOR inhibitors, BMDMs were primed with LPS before or

after the Rapamycin or Torin-1 treatment at the indicated concen-

tration for 4 h. Afterward, inflammasome activation was per-

formed with nigerichin for 60 min. To examine the effects of the

DL-all-rac-a-tocopherol, BMDMs were pretreated overnight with

DL-all-rac-a-tocopherol at the indicated concentrations, then stim-

ulated with LPS. The inflammasome activators were added as

described above.
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Expression vector cloning

The generation of cDNA encoding Lamtor1 (Met1-Pro161) fused C-

terminally to the 3 × FLAG tag of Lamtor1 was previously described

(Nakatani et al, 2021). A mutant fragment of Lamtor1 in which G2

was replaced with alanine (G2A) was ligated to the 3 × FLAG

sequence by overlapping PCR using the primers listed in the

Appendix Table S1. Each cDNA fragment was then cloned into the

NotI–BamHI sites of the CSII-EF-IRES2-Venus vector provided by Dr.

Hiroyuki Miyoshi (Keio University) using the In-Fusion HD Cloning

Kit (Takara, Shiga, Japan). cDNA encoding the full-length or trun-

cated form of Lamtor1 was fused C-terminally to the 3 × V5 tag and

a truncated cDNA fragment of human Lamtor1 (DT145–161, Met1-

Ser144, deletion of C-terminal tail; D95–161, Met1-Val94, deletion of

loop, a3, a4 helix, and C-terminal tail) was fused C-terminally to the

3 × FLAG sequence, which was synthesized by Eurofin Genomics

(Tokyo, Japan) and cloned into the NotI–BamHI sites of vector CSII-

EF-IRES2-Venus using the In-Fusion HD Cloning Kit. To generate

cDNA encoding full-length Lamtor1 fused C-terminally tdTomato,

Lamtor1 was cloned into tdTomato-N1 vectors, then cloned into the

NotI–BamHI sites of CSII-EF-IRES2-Venus vector using the In-Fusion

HD Cloning Kit. cDNA encoding full-length NLRP3 was fused at the

C-terminus to a 3 × FLAG tag and cloned into the lentiviral vector

CSII-EF-IRES2-Venus. cDNA encoding full-length ASC was fused at

the C-terminus to GFP and cloned into the EcoRI–Kpn1 sites of

pEGFP-N1. For the generation of cDNA encoding HDAC6 (Met1-

Gly1286) fused C-terminally to the 3 × Myc tag, pcDNA3.1-HDAC6-

FLAG (Addgene plasmid #30482), which was subcloned into the

NotI–HpaI sites of vector CSII-EF-IRES2-Venus using the In-Fusion

HD Cloning Kit. cDNA encoding Caspase-1 p10 and p20 was ligated

to the 3 × FLAG sequence by overlapping PCR and cloned into

the NotI–BamHI sites of the CSII-EF-IRES2-Venus vector using the

In-Fusion HD Cloning Kit. A vector carrying the active form of

GSDMD (NT-GSDMD) was synthesized by VectorBuilder Japan

(Yokohama, Japan). pcDNA-HDAC6-FLAG was a gift from Tso-Pang

Yao (Kawaguchi et al, 2003) and tdTomato-N1 was a gift from

Michael Davidson, Nathan Shaner, and Roger Tsien (Shaner et al,

2004). Transfectants were selected and single clones were screened

by western blotting. For the yeast two-hybrid assay, the cDNAs of

HDAC6, Lamtor1, Lamtor2, and NLRP3 were ligated into pACT2 or

pFBT9 vectors.

Generation of knockout or knockdown cell lines

Lamtor1-deficient THP-1 cells were generated as previously

described (Nakatani et al, 2021). HDAC6 knockdowns were per-

formed using lentiviral plasmids expressing shRNAs specific for

human HDAC6, and the target sequence was CGGTAATGGAACT-

CAGCACAT (TRCN0000004842, Sigma-Aldrich).

CRISPR-Cas9 generation of THP-1 knock-in cell lines carrying flag
tag sequences for the Lamtor1 gene

To generate THP-1 knock-in cell lines carrying Flag tag to the C-

terminus of Lamtor1, cells stably expressing Cas9 were co-

transfected with a mixture of several sgRNAs and donor double-

stranded (ds) DNA using Avalanche-Omni transfection reagent (EZ

Biosystems). Target sequences used for the knock-in of Flag tag

were 50-CCTGAGACAGAGAGGGGCCGGGG-30, 50-GACCTGAGACAG
AGAGGGGCCGG-30, and 50-CCTGGAGACCTGAGACAGAGAGG-30.
The dsDNA donor template used to insert the Flag tag sequence into

the Lamtor1 gene was designed with 500-bp homologous arms

flanking the CRISPR-Cas9 cleavage site, and each protospacer adja-

cent motif sequence was mutated to avoid targeting by the sgRNA/

Cas9 complex. After the isolation of the monoclonal cell popula-

tions, knock-in of Flag tag was confirmed by western blotting.

Enzyme-linked immunosorbent assay

Serum cytokine levels were measured using the DuoSet ELISA

Development System (R&D Systems).

Immunostaining and fluorescence microscopy

For immunostaining, cells were fixed with 4% paraformaldehyde

and permeabilized with 0.1% Triton X-100 in PBS, before incuba-

tion with primary antibodies followed by Alexa Fluor secondary

antibodies. Nuclei were stained with DAPI in a mounting medium

(ProLong Gold with DAPI, Thermo). For imaging with multiple

channels, extensive control experiments were performed to ensure

that there was no nonspecific staining or crosstalk between chan-

nels. These control experiments included: (i) using cells that lacked

one of the proteins of interest, and (ii) performing staining without

one of the primary or secondary antibodies. Fluorescence images of

fixed cells were obtained with an FV3000 confocal laser scanning

microscope (Olympus, Tokyo, Japan).

Crystal-induced ankle arthritis model

C57BL/6 WT mice were subcutaneously anesthetized with ketamine

and xylazine, and MSU crystals (0.5 mg) suspended in 20 ll
endotoxin-free PBS or the PBS control was injected intra-articularly

into the right and left tibia-tarsal joints, respectively. DL-all-rac-a-
tocopherol (100 mM, 10 ll) was injected into the left tibia-tarsal

joint once with MSU crystals. After 24 h, joint sizes were measured

by blinded electronic caliper and mice were euthanized to collect

joints for hematoxylin and eosin staining.

Mouse peritonitis model

C57BL/6 WT or myeloid-specific Lamtor1 KO mice were intraperi-

toneally injected with LPS (10 mg/kg) or 600 ll alum solution

(20 mg/ml) for 6 h, or with 100 ll MSU solution (10 mg/ml) for

4 h. The IL-1b content in serum (LPS) and lavage fluid (alum) was

measured by ELISA. To assess the effect of DL-all-rac-a-tocopherol,
4 mg was injected intraperitoneally with 1 mg MSU crystals. For the

screening of immune cell populations, peritoneal infiltrating cells

were stained with the indicated antibodies and analyzed on a FACS

Canto II (BD Biosciences).

Statistical analysis

All statistical analyses were conducted using GraphPad Prism version

8. Normally distributed data were compared using the Student’s t-test

or one-way ANOVA plus post hoc analysis, and are presented as the

means � SEM. A value of P < 0.05 was considered significant.
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Data availability

All data derived from the quantitative proteomics analysis of the iso-

lated lysosomes has been deposited in the publicly available Pro-

teomics Identification database under the accession code PXD033497

(https://www.ebi.ac.uk/pride/archive/projects/PXD0033497).

Expanded View for this article is available online.
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