
ARTICLE
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The nucleotide-binding domain, leucine-rich-repeat containing family, pyrin domain-containing 3 (NLRP3) inflammasome is
essential in inflammation and inflammatory disorders. Phosphorylation at various sites on NLRP3 differentially regulates
inflammasome activation. The Ser725 phosphorylation site on NLRP3 is depicted in multiple inflammasome activation scenarios,
but the importance and regulation of this site has not been clarified. The present study revealed that the phosphorylation of Ser725
was an essential step for the priming of the NLRP3 inflammasome in macrophages. We also showed that Ser725 was directly
phosphorylated by misshapen (Msn)/NIK-related kinase 1 (MINK1), depending on the direct interaction between MINK1 and the
NLRP3 LRR domain. MINK1 deficiency reduced NLRP3 activation and suppressed inflammatory responses in mouse models of acute
sepsis and peritonitis. Reactive oxygen species (ROS) upregulated the kinase activity of MINK1 and subsequently promoted
inflammasome priming via NLRP3 Ser725 phosphorylation. Eliminating ROS suppressed NLRP3 activation and reduced sepsis and
peritonitis symptoms in a MINK1-dependent manner. Altogether, our study reveals a direct regulation of the NLRP3 inflammasome
by Msn family kinase MINK1 and suggests that modulation of MINK1 activity is a potential intervention strategy for inflammasome-
related diseases.
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INTRODUCTION
The nucleotide-binding domain, leucine-rich-repeat containing
family, pyrin domain-containing 3 (NLRP3) inflammasome plays a
key role in host defense against pathogens [1, 2]. NLRP3 senses a
variety of danger-associated molecular patterns (DAMPs) and
pathogen-associated molecular patterns (PAMPs) during infection
and tissue damage. It forms a cytosolic multimeric protein
complex to process the maturation of caspase-1 and the release
of several proinflammatory cytokines, including interleukin-1β (IL-
1β) and IL-18 [3–5]. However, dysregulated activation of the
NLRP3 inflammasome is closely related to various inflammatory
disorders and inflammation-related diseases, including sepsis,
type-2 diabetes (T2D), gout and acute peritonitis [1, 4, 6–10].
Classic NLRP3 inflammasome activation follows a 2-step model
that requires priming and assembly [11]. PAMPs or cytokines, such
as IL-1β and tumor necrosis factor (TNF), regulate the priming
step, which is essential for the upregulation of the transcription
levels of NLRP3 and other inflammasome components [12].
Numerous PAMPs or DAMPs drive the subsequent activation step,

which involves the activation of multiple upstream signaling
events [4, 13].
Phosphorylation extensively regulates the activation of NLRP3,

which may be phosphorylated during different inflammasome
phases, including the unstimulated, priming, activation, and
resolution phases. Song et al. demonstrated that JNK1-mediated
NLRP3 phosphorylation at the Ser194 residue was a key molecular
priming event that poises NLRP3 for self-association and
inflammasome assembly [14]. Notably, the phosphorylation of
NLRP3 activates or inhibits the activation of NLRP3 [14–18].
Previous research showed that phosphatase 2A-induced inflam-
masome assembly via dephosphorylation of the NLRP3 pyrin
domain, and phosphatase and tensin homolog deleted on
chromosome 10 directly interact with and dephosphorylate NLRP3
to enable NLRP3–ASC (apoptosis-associated speck-like protein
containing a CARD) interaction, inflammasome assembly, and
activation [17, 19]. Therefore, in-depth exploration of the roles of
phosphorylation and the responsible kinases in the regulation of
NLRP3 inflammasome activation may reveal therapeutic targets of
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the NLRP3 inflammasome and treatments for NLRP3-related
inflammatory diseases. According to the protein phosphorylation
site database PhosphoSitePlus (phosphosite.org), Ser725 (the
locus corresponding to human NLRP3 S728) is one of the most
highly phosphorylated sites in mouse NLRP3, but its function and
the kinase responsible for this site is not known [14, 17].
Misshapen (Msn)/NIK-related kinase 1 (MINK1) is a serine-

threonine kinase protein in the GCK protein family [20–22]. MINK1
is described as a signaling mediator of the MAP kinase cascades,
and it is also named MAP4 kinase 6 (MAP4K6) [20]. MAP4K6 also
plays a role in mediating Ras-induced senescence downstream of
reactive oxygen species (ROS) in ovarian epithelial cells [23].
MINK1 is involved in various biological processes, such as
neurodegeneration, thymocyte selection, and platelet function
[24–27]. MINK1 kinases play a role in the Hippo pathway and
activate LATS1/2 in parallel to MST1/2, which affects tumor
immunity [28, 29]. Our recent research revealed the contribution
of MINK1 in regulating Th17 cell differentiation [30]. We found that
the knockout of MINK1 in mice resulted in Th17 cell accumulation
and increased susceptibility to EAE. However, dysregulated
activation of T cells did not result in spontaneous inflammatory
symptoms in MINK1 knockout mice, which suggests additional
roles of MINK1 in other cell types.
MINK1 expression is highly enriched in myeloid cells and to a

lesser extent in dendritic cells. Therefore, we further investigated
its function in macrophages. We report that MINK1 deficiency
suppressed NLRP3 inflammasome activation and IL-1β secretion in
macrophages. We demonstrated that ROS activated MINK1 and
promoted NLRP3 activation via direct phosphorylation of the
Ser725 residue in the NLRP3 LRR domain, which is as an essential

priming event for NLRP3 self-interaction and oligomerization.
Disruption of MINK1 kinase activity by ROS scavengers markedly
alleviated the activation of NLRP3 in vivo and improved the
pathogenesis of inflammatory diseases. Our research reveals a
new regulatory function of MINK1 kinase in macrophages and
provides a previously unknown mechanistic explanation for ROS
activation of the NLRP3 inflammasome.

RESULTS
MINK1 promotes NLRP3-dependent caspase-1 maturation and
IL-1β production
To assess the possible involvement of MINK1 kinase in NLRP3
inflammasome activation, we treated LPS-primed bone marrow-
derived macrophages (BMDMs) from WT and Mink1−/− mice with
different agonists. Mink1−/− BMDMs showed impaired NLRP3
inflammasome activation triggered by ATP, nigericin, and alum
compared to WT BMDMs, which was reflected by reduced levels of
IL-1β cleavage and caspase-1 maturation (Fig. 1A) and lower IL-1β
and IL-18 secretion (Fig. 1B). A reduction in IL-1β secretion from
Mink1−/− BMDMs was observed under optimal and suboptimal
ATP concentrations (1–3mM) (Fig. S1A). NLRP3-dependent ASC
oligomerization and ASC speck formation were also decreased in
Mink1−/− BMDMs (Fig. 1E, F). These results suggest a requirement
of MINK1 for NLRP3 inflammasome activation. Notably, LPS-
induced expression of pro-IL-1β and procaspase-1 and the
secretion of TNF-α and IL-6 were not changed under different
stimulation conditions (Fig. 1A, C, Fig. S1B–D). We further
investigated the role of MINK1 during the activation of other
inflammasomes. We found that MINK1 deficiency did not affect

Fig. 1 Myeloid MINK1 is essential for NLRP3 inflammasome activation. A, B BMDMs from Mink1+/+ and Mink1−/− mice primed with LPS and
stimulated with different secondary signals, including ATP, nigericin, aluminum salts (Alum), and monosodium urate crystals (MSU).
Supernatants (SN) and cell extracts (lysate) were analyzed using immunoblotting (A). Supernatant IL-1β and IL-18 were analyzed using ELISA
(B). C, D BMDMs from Mink1+/+ and Mink1−/− mice primed with LPS and stimulated with ATP, poly (dA:dT), and Salmonella. SN and lysate were
analyzed using immunoblotting (C). SN IL-1β was also analyzed using ELISA (D). E, F BMDMs from Mink1+/+ and Mink1−/− mice primed with
LPS and stimulated with ATP followed by immunoblotting for ASC oligomerization analysis in cross-linked cytosolic pellets (E). Representative
immunofluorescence images and quantification of ASC speck formation are shown in F. *p < 0.05, two-tailed unpaired Student’s t test was
used for B and D. The ELISA and western blot results are representative of three independent experiments
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the activation of AIM2 or NLRC4, triggered by poly (dA:dT)
transfection and Salmonella Typhimurium infection, respectively,
which indicates the specific function of MINK1 in NLRP3 activation
(Fig. 1C, D, Fig. S1E). Together, these results demonstrate the
essential role of MINK1 kinase in promoting NLRP3 inflammasome
activation in macrophages.

MINK1 ablation ameliorates acute NLRP3-dependent
inflammation
We next used LPS-induced sepsis and alum-induced peritonitis
models to evaluate the contribution of MINK1 to the NLRP3-
mediated inflammatory response in vivo. A significant decline
of IL-1β and IL-18 levels in serum was observed in Mink1−/− mice

Fig. 2 MINK1 ablation ameliorates acute inflammation. A Mink1+/+ and Mink1−/− mice were intraperitoneally injected with LPS (25mg/kg),
and IL-1β, IL-18, IL-6, and TNF-α in serum were measured using ELISA after 4 h. Data are the means ± SD (n= 20 mice/group). B The survival
rates of Mink1+/+ and Mink1−/− mice injected with LPS (20mg/kg, n= 14 in Mink1+/+ and n= 16 in Mink1−/−). Surface staining of FLICA was
performed on macrophages (gated on F4/80+ cells) from the peritoneal cavity, spleen and blood from Mink1+/+ and Mink1−/− mice to
determine the proportion of activated caspase-1 macrophages (C) and the intensity of caspase-1 activation (D). Numbers in or adjacent to
outlined areas (or in quadrants) indicate the percentages of cells in each throughout. E Representative histology of liver and lung
(hematoxylin and eosin stained) from Mink1−/− and WTmice 4 h after LPS (25mg/kg) injection. Scale bar represents 100 μm. F, G Mink1+/+ and
Mink1−/− mice were intraperitoneally injected with alum (2mg per mouse), and peritoneal fluid was washed out 6 h later for cell surface
staining to determine the percentages and cell number of neutrophils between the two groups. F Data are the means ± SD (n= 6 mice/
group). Peritoneal IL-1β and TNF-α levels in Mink1−/− and WT mice were also detected using ELISA (G). *p < 0.05, *p < 0.01, ***p < 0.001, two-
tailed unpaired Student’s t test for A, F, and G, and Kaplan–Meier method for mouse survival (B). The ELISA and flow cytometry results are
representative of three independent experiments
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compared to WT mice in the sepsis model, but the production of
TNF-α and IL-6 remained comparable (Fig. 2A). After the injection
of LPS, the survival rate of Mink1−/− mice was substantially
improved compared to wild-type mice (Fig. 2B). We next
performed fluorescent activity-based probe FLICA (FAM-7YVAD-
FMK) staining to detect caspase-1 activation. Decreased activation
of caspase-1 in peritoneal macrophages (PMs), spleen macro-
phages, and peripheral blood mononuclear cells (PBMCs) from
Mink1−/− mice was observed compared to WT mice (Fig. 2C, D).
Further statistical analysis confirmed the reduced frequency and
reduced fluorescence intensity of FLICA+ macrophages in
Mink1−/− mice (Fig. S2A, B). After LPS injection, Mink1−/− mice
also showed reduced inflammatory cell infiltration, edema,
interstitial hyperemia, hemorrhage, and alveolar collapse tissue
damage in the lung (Fig. 2E, right). Similar results were observed in
the liver tissue (Fig. 2E, left). Mink1−/− mice also showed milder
inflammatory symptoms than control mice in the alum-induced
acute peritonitis experiment, which was evidenced by decreased
numbers of neutrophils and IL-1β levels in the peritoneal fluid
(Fig. 2F, G). However, the frequency of neutrophils (CD45+

CD11b+ Gr-1+) and TNF-α release in the peritoneal flush fluid
showed no difference between the WT and Mink1−/− mice
(Fig. 2G). Taken together, our results demonstrate that MINK1
kinase promotes NLRP3-mediated acute inflammatory responses.

MINK1 relies on its kinase activity to promote NLRP3
activation
We investigated the mechanism of MINK1 promotion of the
activation of the NLRP3 inflammasome. We first checked the
signaling pathways that were essential for the priming of NLRP3
inflammasome activation [31–33]. No significant difference was
found in the upstream events of NLRP3 activation in BMDMs from
Mink1−/− and WT mice (Fig. S3A). RT–qPCR analyses also showed
that the RNA expression levels of NLRP3 inflammasome compo-
nents remained unaffected by MINK1 deficiency (Fig. S1F).
Considering that the expression of procaspase-1 and pro-IL-1β
was also unaltered (Fig. 1A, C), we concluded that the regulation
of NLRP3 activation by MINK1 was independent of its effect on the
expression of essential NLRP3 components in macrophages.
MINK1 is a member of the mammalian GCK family of kinases,

which exhibit multiple functions that are highly dependent on
kinase activity [34, 35]. Protein phosphorylation regulates NLRP3
activation [19, 36]. Therefore, we next investigated whether the
kinase activity of MINK1 was essential for promoting NLRP3
inflammasome activation. MINK1 is composed of an N-terminal
catalytic domain (kinase domain), a C-terminal citron homology
(CNH) domain (regulatory domain), and an intermediate region
(Fig. 3A and [34]). We reconstituted Mink1−/− BMDMs with the
MINK1 kinase domain or regulatory domain. We found that the
overexpression of the kinase domain, but not the regulatory
domain, restored ATP-induced IL-1β secretion and caspase-1
activation (Fig. 3B, C), but TNF-α release was not affected (Fig. 3D).
To further corroborate this result, we reconstituted the NLRP3
inflammasome in HEK293T cells with WT MINK1 and a MINK1K54R

mutant that abrogated MINK1 kinase activity. We found that the
inactive MINK1K54R mutant did not induce caspase-1 maturation or
IL-1β secretion compared to the WT protein (Fig. 3E, F, Fig. S3B).
Collectively, these results suggest that the kinase activity of MINK1
is required for NLRP3 inflammasome activation.

MINK1 directly interacts with NLRP3
We next investigated whether MINK1 directly interacted with key
components of the NLRP3 inflammasome. Immunoprecipitation
(IP) assays of BMDMs and PMs found that ATP stimulation
promoted the specific binding of endogenous MINK1 kinase to
NLRP3 but not to other components, including ASC, procaspase-1,
pro-IL-1β, or NEK7 (Fig. 3G, Fig. S3D–G). Immunofluorescence
results also revealed substantial colocalization of MINK1 and

NLRP3 (Fig. 3H and Fig. S3C). When coexpressed in HEK293T cells,
an interaction of MINK1 kinase and NLRP3 was also found (Fig. 3I).
We further mapped the physical domains responsible for the
MINK1-NLRP3 interaction in HEK293T cells. We found that the
MINK1 kinase domain directly bound to NLRP3, but mutant
MINK1K54R (which had ablated kinase activity) lost the ability to
bind to NLRP3 (Fig. 3J, K). These results further confirmed the
function of MINK1 kinase and its kinase activity in NLRP3
inflammasome activation. When different NLRP3 truncated
mutants were expressed with MINK1 in HEK293T cells, only the
LRR domain of NLRP3 was capable of binding with MINK1 (Fig. 3L).
These results suggest that MINK1 promotes NLRP3 inflammasome
activation via direct interaction with NLRP3.

MINK1-mediated NLRP3 phosphorylation is essential for
inflammasome activation
To determine whether MINK1 phosphorylated NLRP3 directly, we
used Phos-tagTM SDS–PAGE to detect the phosphorylation of
NLRP3. Significantly decreased phosphorylation of NLRP3 was
observed in Mink1−/− BMDMs (Fig. 4A, Fig. S4A). We also
performed mass spectrometry (MS) analysis of NLRP3 in MINK1-
overexpressing cells, which led to the detection of Ser725
phosphorylation (Fig. 4B, Fig. S4B). To further investigate how
the phosphorylation of this residue affected NLRP3 activation, we
reconstituted the NLRP3 inflammasome in HEK293T cells with WT
NLRP3, an NLRP3S725A mutant (to mimic dephosphorylation), or
the NLRP3S725D and NLRP3S725E mutants (to mimic phosphoryla-
tion). We found that ATP-induced caspase-1 activation and IL-1β
production were abrogated in NLRP3S725A cells but remained
intact in cells that were reconstituted with WT, NLRP3S725D, or
NLRP3S725E (Fig. 4C, D). When these mutants were overexpressed
in BMDMs from Nlrp3−/− mice, NLRP3S725D and NLRP3S725E

restored ATP-induced IL-1β and IL-18 secretion and caspase-1
activation to the level of WT cells, but NLRP3S725A did not induce
these effects (Fig. 4E, F). None of these manipulations affected the
production of TNF-α (Fig. 4E). These results suggest that MINK1-
mediated phosphorylation at Ser725 is essential for NLRP3
activation.

MINK1 promotes NLRP3 self-association
NLRP3 self-association is a critical step in inflammasome assembly
and activation [14]. Therefore, we investigated whether phosphor-
ylation at the S725 site of NLRP3 mediated by MINK1 affected the
assembly of the NLRP3 inflammasome. Flag-tagged NLRP3, with or
without the S725 mutation, was cotransfected with HA-tagged
NLRP3 in HEK293T cells. We found that the S725A mutation
limited NLRP3 self-interaction but the S725D and S725E mutations
significantly enhanced the interaction (Fig. 4G). Similarly, a
reduction in NLRP3 self-interaction was also observed in cells
overexpressing the kinase-dead MINK1 protein (Fig. 4H, Fig. S4D).
To investigate potential structural mechanisms underlying
phosphorylation-induced changes in NLRP3, we performed
symmetric docking of human NLRP3 and NEK7 protein subunits.
Because this site is well conserved in different organisms (Fig. S4C),
we used the structure of human NLRP3 in the database as a
template. The calculated score of the complex of the S728A
(dephosphorylation-mimicking) mutant was significantly
decreased compared to the WT (Fig. 4I–K), but S728E showed
no significant difference (Fig. S4E), which suggests that the
dephosphorylation-mimicking mutant complex is less stable than
the WT. These results revealed a regulatory role for S725
phosphorylation in NLRP3-NLRP3 interactions.

ROS activates MINK1 kinase to prime the activation of NLRP3
ROS activated MINK1 and our previous study showed that NAC
(ROS scavenger) treatment profoundly reduced the kinase activity
of MINK1 [23, 37]. ROS also serves as a priming factor for the
NLRP3 inflammasome [38, 39]. We next asked whether MINK1-
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mediated NLRP3 phosphorylation and activation were down-
stream events following ROS production. We found that the levels
of total ROS and mitochondrial ROS production in LPS-primed
BMDMs stimulated with ATP were comparable between Mink1−/−

and the control (Fig. 5A), which indicates that MINK1 ablation does

not affect mitochondrial damage in NLRP3 activation. We next
treated BMDMs with the ROS scavenger NAC or Mito-TEMPO (a
mitochondria-targeted superoxide dismutase mimetic with super-
oxide and alkyl radical scavenging properties) under different
stimuli [30, 40, 41]. We found that IL-1β and caspase-1 maturation

Fig. 3 MINK1 directly interacts with NLRP3 and regulates NLRP3 activation via its kinase activity. A Schematic diagram of the structure of the
MINK1 protein. B–D BMDMs from Mink1−/− mice primed with LPS retrovirally transduced with pHAGE empty vector, pHAGE-CNH domain, or
pHAGE-Kinase domain stimulated with ATP. Supernatants (SN) and cell extracts (lysate) were examined using immunoblotting (B). IL-1β and
TNF-α secretion was determined using ELISA (C, D). E, F Reconstruction of NLRP3 activation in HEK293T cells by overexpressing NLRP3
inflammasome activation-related components with HA-MINK1 or HA-MINK1-K54R. Supernatants (SN) and cell extracts (lysate) were
determined using immunoblotting (E). IL-1β secretion was determined using ELISA (F). G IP and immunoblot analysis of the interaction
between endogenous MINK1 and NLRP3 inflammasome activation-related components in BMDMs primed with LPS then stimulated with ATP.
H Representative confocal images of HEK293T cells overexpressing HA-MINK1 (red) and Flag-NLRP3 (green). Scale bar represents 50 μm. I IP
and immunoblot analysis of the interaction between Flag-MINK1 and HA-NLRP3. J IP and immunoblot analysis of the interaction between
Flag-NLRP3 and HA-MINK1 or HA-MINK1-K54R. K IP and immunoblot analysis of the interaction between HA-NLRP3 and the Flag-kinase
domain. L IP and immunoblot analysis of the interaction between HA-MINK1 and full-length or truncated NLRP3. *p < 0.05, one-way ANOVA
was used for C and D, and two-tailed unpaired Student’s t test was used for F. The ELISA, IF, and western blot results are representative of three
independent experiments
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and IL-1β secretion were critically compromised by these
treatments (Fig. 5B, C, Fig. S5B–E), but TNF-α release was not
affected by NAC or Mito-TEMPO treatment (Fig. S5A, E). More
importantly, NAC or Mito-TEMPO treatment failed to further
suppress IL-1β and caspase-1 maturation in Mink1−/− cells (Fig. 5B,
C, Fig. S5B–E). In vitro kinase activity assays further confirmed that
the activation of MINK1 was a direct priming event after LPS
treatment, which was significantly reduced by the removal of ROS
(Fig. 5D, F), in accordance with the suppressed IL-1β and caspase-1
maturation and IL-1β secretion after treatment with NAC or Mito-
TEMPO (Fig. 5D, E, Fig. S5F, G). These results indicate that ROS

scavengers reduced NLRP3 inflammasome activation in vitro in a
MINK1-dependent manner at the priming stage.

NAC alleviates the NLRP3-mediated acute inflammatory
response in a mouse model and human cells
To determine whether reduced NLRP3 inflammasome activation
upon NAC treatment resulted in pathological improvements in
acute inflammation, we again performed in vivo LPS-induced
sepsis with or without NAC treatment at different time points. We
found that serum levels of IL-1β and IL-18 were consistently lower
in the NAC-treated groups, although the reduction rates varied

Fig. 4 MINK1-mediated NLRP3 phosphorylation at Ser725 is critical for inflammasome activation. A Phos-tagTM SDS–PAGE was used to detect
phosphorylated NLRP3 in BMDMs primed with LPS and stimulated with nigericin. B IP was performed after overexpressing MINK1 and NLRP3
in HEK293T cells, followed by phosphorylation mass spectrometry to show the phosphorylated residue. C, D Reconstruction of NLRP3
activation in HEK293T cells, supernatants (SN) and cell extracts (lysate) was determined using immunoblotting (C). IL-1β release was
determined using ELISA (D). ELISA analyses of IL-1β, IL-18, and TNF-α in culture supernatants (E) or immunoblot analysis of p17 and p20 (F)
from Nlrp3−/− BMDMs transduced with mouse WT or mutant NLRP3-expressing lentivirus and primed with LPS and stimulated with ATP. G IP
and immunoblot analysis of the aggregation of NLRP3 after overexpressing HA-NLRP3 with different Flag-NLRP3 in HEK293T cells. H IP and
immunoblot analysis of the aggregation of NLRP3 after overexpressing Flag-MINK1, Flag-MINK1-K54R, and different tagged NLRP3 in
HEK293T cells. I–K The structural model of WT NLRP3-NEK is shown in blue, and serine 728 is shown in red. The inset shows the detailed
conformation (J), and the S728A mutant is shown in K. The inset shows the detailed conformation. The score (in the unit of R.E.U.) reflecting
the structural stability was calculated by Rosetta for WT NLRP3-NEK and the S728A mutant (I). *p < 0.05, **p < 0.01, ***p < 0.001, one-way
ANOVA was used for D and E, two-tailed unpaired Student’s t test was used for I. The ELISA and western blot results are representative of three
independent experiments
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between groups (Fig. 6A–C). The secretion of TNF-α and IL-6 was
similar (Fig. S6A, B). Prophylactic treatment with NAC showed the
most beneficial effects, and NAC treatment afterward was the least
effective. FLICA staining assays revealed blunted LPS-induced
caspase-1 activation in macrophages from NAC-treated mice
(Fig. 6D). NAC supplementation significantly improved the survival
of mice challenged with LPS (Fig. 6F). These results confirmed the
protective role of NAC supplementation in acute inflammation.
Notably, we found that NAC treatment in Mink1−/− mice produced
limited improvements in inflammatory symptoms, as evaluated by
the survival rate and the proportion of FLICA+ macrophages,
which was consistent with our in vitro results (Fig. 6E, F). These
results demonstrate that ROS are the major upstream activator of
MINK1 in promoting NLRP3 inflammasome activation.
We examined whether similar mechanisms existed in humans.

We performed similar treatments in PBMCs freshly isolated from
healthy donors. The results showed that NAC and Mito-TEMPO
suppressed IL-1β production in a dose-dependent manner (Fig. 6G,
H). We used siRNA to knockdown MINK1 in the human THP-1 cell
line (Fig. S6C) and found that ROS scavenging reduced NLRP3
activation only in the control group but not in MINK1 knockdown
cells (Fig. 6I). Taken together, these results indicate that MINK1 in
macrophages contributes to the progression of NLRP3-dependent
inflammation in mice and humans, which suggests that MINK1 is a
potential target for treating NLRP3-related inflammatory diseases
in human patients.

DISCUSSION
The phosphorylation of NLRP3 at different residues contributes to
NLRP3 activation [14, 17, 19]. However, contradictions between

these findings and the mechanisms remain. The present study
found that the phosphorylation of NLRP3 at Ser725 was a critical
priming step in the upregulated expression for inflammasome
activation. This single amino acid phosphorylation in the LRR
domain of NLRP3 facilitates its self-association. We also demon-
strated that MINK1 kinase activity triggered by ROS following LPS
stimulation mediated this phosphorylation. Therefore, we revealed
an undiscovered regulatory pathway associated with NLRP3
priming.
Previous studies in human macrophage studies reported that

NLRP3 S728 (equivalent to the murine NLRP3 S725 residue) was a
phosphorylation site. However, Song et al. and Stutz et al.
considered that phosphorylation of Ser728 was not essential for
human NLRP3 activation [14, 17], which contradicts our findings.
To clarify these results, we used human macrophage cells and
confirmed that the S728 mutation in human NLRP3 impaired
inflammasome activation. The reason for this inconsistency may
be the different experimental settings. However, a nonpho-
sphorylation mutation at the S728 residue did reduce NLRP3
activation in these previous reports to a lesser extent than in the
present study [14, 17]. Therefore, the importance of this residue,
and its phosphorylation status, must be reevaluated.
We previously showed that MINK1 knockout in mice increased

Th17 cell polarization and the susceptibility to EAE [30]. However,
we did not observe a spontaneous autoimmune phenotype in
MINK1-deficient mice. MINK1 is widely expressed in different
immune cells, and it may exert immune regulatory roles in other
immune cells. We investigated its possible role in macrophages
because macrophages are a major cell type mediating inflamma-
tory responses. We demonstrated a regulatory role of MINK1 in
NLRP3 priming and inflammasome activation. Therefore, the

Fig. 5 ROS activates MINK1 kinase to prime the activation of NLRP3. A LPS-primed BMDMs from Mink1−/− and WT mice were stimulated with
ATP, and total ROS and mitochondrial ROS levels were measured by ROS and MitoSOX incorporation using flow cytometry. B, C LPS-primed
BMDMs from Mink1−/− and WT mice were treated with NAC (3mM) 30min before imiquimod (a small-molecule ligand of Toll-like receptor-7
(TLR7)) stimulation. Supernatants (SN) and cell extracts (lysate) were analyzed using immunoblotting (C), and supernatants were analyzed
using ELISA for IL-1β (B). D–F LPS-primed BMDMs were treated with NAC 30min before imiquimod stimulation, MINK1 was
immunoprecipitated, and in vitro kinase assays were performed with myelin basic protein as the substrate in the presence of ATP-γ-S. The
reaction products were immunoblotted with an antithiophosphate ester antibody (D). Supernatants were analyzed using ELISA for IL-1β (E),
and the fold change of kinase activity was quantified and is presented in F. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed unpaired Student’s t
test was used for F, and ANOVA was used for B and E. The flow cytometry, ELISA, and western blot results are representative of three
independent experiments
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insufficient inflammasome activation in MINK1 KO mice may
counterbalance the proinflammatory effect of increased Th17
differentiation and avert spontaneous inflammation.
Many infectious and stress signals activate the NLRP3 inflam-

masome to elicit inflammatory responses. ROS are a major
intermediate activator of the NLRP3 inflammasome in the priming
and activation stages [42, 43]. The function of ROS in NLRP3
activation is well confirmed, and ROS elimination and blockade of
cellular antioxidant responses inhibit NLRP3 inflammasome
activation [12, 44–46]. However, the mechanisms or pathways
responsible for this process remain elusive. Thioredoxin-
interacting protein (TXNIP) and the transcription factor nuclear
factor erythroid 2-related factor 2 (Nrf2), which are the two major
responders to oxidative stress, are links between ROS and NLRP3
activation. Zhou et al. proposed a model in which TXNIP released
from TRX during oxidative stress bound to NLRP3 directly to

activate the inflammasome [47]. Park et al. demonstrated that
TXNIP promoted the activation of inflammasomes indirectly, and
TXNIP inhibited the transcriptional activity of NF-κB to attenuate
the LPS-induced upregulation of inducible nitric oxide synthase
(iNOS) [48]. However, these mechanisms are not supported by
genetic evidence, because wild-type and Txnip−/− macrophages
secrete similar levels of IL-1β upon exposure to different stimuli
[49]. The transcription factor Nrf2 is essential for antioxidant
responses. Previous studies demonstrated that macrophages from
Nrf2−/− mice secreted less IL-1β than wild-type cells in response to
NLRP3 activators, and several different mechanisms were pro-
posed. Nrf2 is in a complex comprised of Keap1 and the
mitochondrial outer-membrane protein PGAM5 in its resting
state. ROS causes dissociation of Nrf2 from the complex, and it
translocates to the cytosol and interacts with ASCs to activate the
inflammasome [50]. Some of the Nrf2 translocates to the nucleus

Fig. 6 NAC significantly alleviates the acute inflammatory response mediated by NLRP3 activation in human and mouse cells. A Schematic
diagram of NAC treatment model. B, C Eight-week-old mice were intraperitoneally injected with LPS (25 mg/kg), followed by different NAC
treatments at different time points. Serum was collected to detect IL-1β and IL-18. Data are the means ± SD (n = 6 mice/group). D Surface
staining of F4/80 and FLICA on macrophages in spleens from C57BL/6 (B6) mice to determine the intensity of caspase-1 activation. E Surface
staining of F4/80 and FLICA on peritoneal macrophages from Mink1+/+ and Mink1−/− mice to determine the proportion of activated caspase-1
macrophages. F Survival rate of Mink1+/+ and Mink1−/− mice injected with 20 mg/kg LPS. G, H PBMCs were freshly isolated from healthy
donors and LPS-primed PBMCs with NAC or Mito-TEMPO before imiquimod or nigericin stimulation. Supernatant IL-1β was analyzed using
ELISA. I LPS-primed THP-1 cells were treated with Mito-TEMPO before nigericin stimulation. Supernatants (SN) and cell extracts (lysate) were
analyzed using immunoblotting. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA was used for B–E, G, and H, and the Kaplan–Meier method
was used for mouse survival F. The ELISA and western blot results are representative of three independent experiments
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and upregulates heme oxygenase-1 expression, which activates
the inflammasome at the priming stage [51]. Nrf2 also upregulates
the expression of antioxidant genes and downregulates the
expression of TXNIP to mediate the activation of NLRP3 [42].
However, Nrf2 does not appear to play a direct role in priming,
and all of the above-proposed mechanisms are indirect processes
that involve transcriptional regulation [52]. Consistent with
previous findings that ROS activates the kinase activity of MINK1,
our findings offer a more attractive mechanism by which PAMP-
and DAMP-induced ROS activate MINK1 to prime NLRP3 activation
via direct phosphorylation. This posttranslational mechanism may
be fast and efficient, which is consistent with the general
characteristics of rapid NLRP3 inflammasome activation.
Abnormal activation of the NLRP3 inflammasome is closely

related to many human diseases [1, 4, 16]. NLRP3 activation and IL-
1β accumulation mediate inflammation during viral infection in
the lung and the pathogenesis of ARDS, such as in severe COVID-
19 [53]. Therefore, targeting NLRP3 may have great potential in
the treatment of these diseases. The delineation of MINK1
function in inflammasome activation shown in the present study
adds MINK1 as a promising candidate in the treatment of NLRP3-
related diseases because the targeting of kinases is a highly
practical approach.

MATERIALS AND METHODS
Mice
Mink1−/− mice (on a C57BL/6J background) were generated as described
previously [27, 30]. Nlrp3−/− mice (on a C57BL/6J background) were kindly
provided by Prof. Di Wang (Zhejiang University). C57BL/6 (B6) mice were
purchased from the Model Animal Research Center of Nanjing University.
All mice were housed in a specific pathogen-free facility in the Laboratory
Animal Center of Zhejiang University in accordance with the National
Institute of Health Guide for Care and Use of Laboratory Animals. The
animal experimental protocols were approved by the Review Committee
of Zhejiang University School of Medicine (Approval No. ZJU20210015) and
were performed in compliance with institutional guidelines. The mice for
the experiment were aged 6–8 weeks and weighed 20–25 g.

Human samples
PBMCs were isolated from peripheral blood from six healthy volunteers
aged 20–30 years (three men and three women) who provided informed
consent. Briefly, human peripheral blood samples were centrifuged, and
the serum was discarded. The samples were resuspended in PBS and
added to Lympholyte-H (Cedarlane). The mesospheric cells were collected
and spread into six-well plates after centrifugation. Cells were treated after
24 h. Prior written informed consent was given by the donors, and
approval was obtained from the Zhejiang University School of Medicine
(Approval No. 2021–076).

Cells
Mouse bone marrow cells (BMDMs) were flushed from tibias and femurs
with chilled Dulbecco’s modified Eagle’s medium (DMEM) and cultured in
DMEM supplemented with 10% fetal bovine serum, 1% penicillin/
streptomycin, and 10 ng/mL macrophage colony stimulating factor
(PeproTech) to generate BMDMs. Mouse PMs were harvested 4 days after
thioglycolate (Merck) injection. Stimulation conditions were performed as
described previously [16]. Briefly, cells were primed with LPS (500 ng/mL)
for 3.5 h in Opti-MEM, followed by stimulation with various NLRP3
inflammasome activators: 2 mM ATP (30min); 10 µM nigericin (30 min);
200 µg/mL MSU (5 h); and 300 µg/mL aluminum salts (5 h). For AIM2
inflammasome activation, poly(dA:dT) (1 µg/mL) was transfected using
Lipofectamine 2000 (3 mL/mg DNA) (Invitrogen). For NLRC4 inflammasome
activation, S. Typhimurium was grown overnight in Luria-Bertani broth, and
BMDMs were infected for 1 h with Salmonella culture (1:100) then
incubated for another 1 h in the presence of gentamycin. For reconstruc-
tion of the NLRP3 inflammasome in HEK293T cells, cells were seeded into
six-well plates at 5 × 105 per well in complete cell culture medium. After 24
h, the cells were transfected with plasmids expressing pro-IL-1β (1 µg),
Myc-procaspase-1 (60 ng), HA-ASC (150 ng), HA-NLRP3 (200 ng), and
MINK1 or its mutants (200 ng) using Lipofectamine 2000. Forty-eight

hours later, the cells were stimulated with NLRP3 inflammasome activators,
and cell lysates and precipitated supernatants were further analyzed using
western blotting and ELISA.

Reagents
Primary antibodies against NLRP3 (AdipoGen), mouse IL-1β (R&D Systems),
mouse caspase-1 (p20) (AdipoGen), NEK7 (Santa Cruz Biotechnology), ASC
(Santa Cruz Biotechnology), and MINK1 (NOVUS) were used for western
blotting. For stimulation, MSU, nigericin, ATP and poly(dA:dT) were
purchased from Sigma-Aldrich, and LPS, MitoTracker, and MitoSOX were
obtained from Invitrogen. The Salmonella was a gift from Prof. Di Wang.
The FAM-FLICA-caspase-1 assay kit was obtained from Immunochemistry.
The cytoTox 96 nonradioactive cytotoxicity assay kit for LDH release was
obtained from Promega. Phos-tagTM SDS–PAGE was obtained from Wako.

Protein precipitation from supernatant
Briefly, supernatants from different stimulation conditions were collected
and centrifuged to remove the precipitate, then 1/4 volume of chloroform
and 1 volume of methanol were added to the supernatant. The samples
were centrifuged at room temperature, 12000 rpm for 5 min. The methanol
layer was aspirated, and 1 volume of methanol was added. The samples
were centrifuged at room temperature, 12000 rpm for 5min again. The
samples were air dried or dried on a heat block at 50 °C for 5 min. The dried
samples were lysed in cell lysis buffer.

Flow cytometry and cell sorting
The antibodies and reagents used for surface staining were fixed viability
dye, anti-CD45 (APC-Cyanine7, 30-F11), anti-CD11b (PE, N418), anti-Gr-1
(FITC, RB6–8C5), and anti-F4/80 (APC-F4/80), all from BioLegend. Samples
were run on an LSR Fortessa (BD) or NovoCyte (ACEA). Cell sorting was
performed by Beckman Moflo Astrios EQ. Data were analyzed using FlowJo
v10 software.

ROS and mitochondrial ROS measurements
Total ROS was measured using a Reactive Oxygen Species Assay Kit from
Beyotime (Cat. S0033). Cells were incubated with antibody after stimula-
tion in the incubator for 30min, rinsed in PBS, and analyzed using
NovoCyte flow cytometers. Mitochondrial ROS was measured following
incubation with 5mM MitoSOX in PBS for 30min at 37 °C. The cells were
rinsed in cold PBS and analyzed using NovoCyte flow cytometers. Data
were processed using FlowJo v10 software.

Western blotting and IP
Cells were lysed in cell lysis buffer (100mM Tris-HCl, 4% SDS, 20% glycerol,
2% 2-mercaptoethanol, and 0.05% bromophenol blue, 1 mM PMSF, and
protease inhibitors). The samples were boiled and separated on 10% or
12% SDS–PAGE gels and transferred to nitrocellulose membranes
(Millipore). The membranes were blocked with 5% BSA in TBST (0.5 M
NaCl, Tris-HCl, pH 7.5, and 0.05% [vol/vol] Tween 20) for 1 h at room
temperature. After incubation with primary and secondary antibodies, ECL
blotting reagents (Thermo Fisher) were used for immunoblot detection.
For transfection and coimmunoprecipitation, constructs were transfected
into HEK293T cells using polyethyleneimine (PEI) or Lipofectamine 2000.
After 24 h, the cells were collected and resuspended in cell lysis buffer. Cell
lysates were immunoprecipitated by incubation of lysates with 1–10 µg
antibody overnight at 4 °C, and antibody–protein precipitates were pulled
down with SureBeads Protein A (or protein G) magnetic beads (Bio-Rad
Laboratories). The presence of immunocomplex proteins was determined
using western blot analysis.

ASC oligomerization and ASC speck formation
ASC oligomerization and speck formation conditions were established as
previously described [15]. After stimulation, BMDMs were rinsed in PBS,
and 500 µL ice-cold buffer (50mM Tris-HCl pH 7.6, 0.5% Triton X-100, 0.1
mM PMSF, and a protease inhibitor cocktail) was added. Cells were
scraped, lysed, and centrifuged at 330 × g for 10 min, and the pellets were
washed twice and resuspended in 500 µL PBS. Disuccinimidyl suberate (2
mM) was added to the resuspended pellets and incubated at room
temperature for 30min with rotation. Samples were centrifuged and
resuspended in SDS loading buffer for western blotting.
For ASC speck formation, BMDMs were seeded and cultured overnight

on glass coverslips. The following day, the cells were primed with LPS and
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treated with ATP in the presence or absence of the indicated inhibitors.
The cells were fixed in 4% paraformaldehyde followed by ASC and DAPI
staining.

Immunofluorescence staining and confocal microscopy
Briefly, 2 × 105 BMBMs were plated on coverslips overnight. After blocking
with 5% BSA (Sigma), cells were incubated with primary antibodies
overnight at 4 °C in PBS containing 1% BSA. After three washes in PBS with
Tween 20 (PBST), the cells were incubated with secondary antibodies in
PBS for 1 h at room temperature, rinsed in PBST, and mounted with
mounting media containing DAPI (Sigma). Confocal microscopy analyses
were performed using a Zeiss LSM880/800 or Nikon A1R.

ELISA
Supernatants from cell cultures and sera were collected, and the
concentrations of IL-1β, IL-18, IL-6, and TNF-α (all from Thermo Fisher)
were determined according to the manufacturer’s instructions.

Quantitative PCR (qPCR) with reverse transcription
RNA was extracted using a total RNA extraction reagent (Vazyme Biotech).
Complementary DNA was synthesized using HiScript® II Reverse Tran-
scriptase (Vazyme Biotech) according to the manufacturer’s instructions.
qPCR was performed using SYBR Green (Vazyme Biotech) on a CFX96
Touch Real-Time PCR (Bio-Rad). All samples were individually normalized to
β-actin. The primers are shown in Supplementary Table 1.

MS analysis
MINK1 and NLRP3 were cotransfected into HEK293T cells using PEI. After
24 h, cells were collected and resuspended in cold cell lysis buffer. Extracts
were immunoprecipitated with Flag-M2 monoclonal antibody–agarose
beads and dissolved in sample buffer. Cell lysates were separated on
SDS–PAGE, followed by in-gel digestion, desalting, and analysis with the
assistance of the Tsinghua University Protein Research Technology Center.
Data analysis was performed with Maxquant (v1.6.8.0).

In vivo animal model
Mink1−/− and WT mice were injected intraperitoneally with LPS or
aluminum salts. For the sepsis model, mice were sacrificed 4 h after LPS
challenge (25 mg/kg body weight), and the serum levels of IL-1β, IL-18,
and TNF-α were measured using ELISA (Thermo Fisher). For the acute
peritonitis model, mice were sacrificed 6 h after alum (2mg per mouse)
challenge. Flow cytometry was used to detect the proportion of
neutrophils in the peritoneal flushing fluid, and the release of IL-1β
and TNF-α was also detected using ELISA. For the survival model,
mice were challenged with LPS (20 mg/kg body weight) and observed
up to 30 h.

In vitro kinase activity assay
MINK1 kinase was immunoprecipitated in cell lysates of LPS-stimulated
macrophages and MEFs using a MINK1 antibody and protein A/G-
Sepharose. Beads were washed three times with lysis buffer and two
times with 1× kinase assay buffer. For kinase reaction in vitro, beads
containing MINK1 were incubated with 20 µg purified substrates myelin
basic protein, 50 μM ATP, 10× kinase assay buffer, and 1× protease
inhibitor cocktail at 30 °C for 30min with flicking. All kinase assay reactions
were stopped with 5× SDS loading buffer, boiled at 100 °C for 5 min, and
subjected to immunoblot analysis with an antithiophosphate antibody.

Human NLRP3-NEK7 symmetric docking
The input model was the cryo-EM structure of NLRP3 bound to NEK7
[Protein Data Bank (PDB) ID:6npy] [54, 55]. A total of 100 models were
relaxed using the relax application [56] in the Rosetta suite. The model with
the lowest energy was used for symmetric docking. Point mutation S728A
was introduced by the backrub application [57] in Rosetta. The models of
mutants were again relaxed by Rosetta before docking.
The symmetric docking application [58] was used to dock. A total of

10,000 models were generated for each docking trial. After docking, the
top ten models with the lowest scores were chosen as candidates. The
model with the lowest score among the largest cluster of the top ten
models was used as the representative model.

Statistical analysis
All results are presented as the means ± SEM or SD. All the data were
tested for normal distributions. Statistical analyses were performed using
Student’s t test (two-tailed unpaired) for two groups, ANOVA for
multigroup comparisons and the Kaplan–Meier method for mouse survival
were performed as indicated using GraphPad Prism 8, unless otherwise
noted. Differences were considered significant when p < 0.05.
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