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NACHT, LRR, and PYD domains–containing protein 3 (NLRP3)
inflammasome activation is beneficial during infection and vacci-
nation but, when uncontrolled, is detrimental and contributes to
inflammation-driven pathologies. Hence, discovering endogenous
mechanisms that regulate NLRP3 activation is important for disease
interventions. Activation of NLRP3 is regulated at the transcriptional
level and by posttranslational modifications. Here, we describe a
posttranslational phospho-switch that licenses NLRP3 activation in
macrophages. The ON switch is controlled by the protein phospha-
tase 2A (PP2A) downstream of a variety of NLRP3 activators in vitro
and in lipopolysaccharide-induced peritonitis in vivo. The OFF switch
is regulated by two closely related kinases, TANK-binding kinase 1
(TBK1) and I-kappa-B kinase epsilon (IKKe). Pharmacological inhibi-
tion of TBK1 and IKKe, as well as simultaneous deletion of TBK1 and
IKKe, but not of either kinase alone, increases NLRP3 activation. In
addition, TBK1/IKKe inhibitors counteract the effects of PP2A inhi-
bition on inflammasome activity. We find that, mechanistically,
TBK1 interacts with NLRP3 and controls the pathway activity at a
site distinct from NLRP3-serine 3, previously reported to be under
PP2A control. Mutagenesis of NLRP3 confirms serine 3 as an impor-
tant phospho-switch site but, surprisingly, reveals that this is not
the sole site regulated by either TBK1/IKKe or PP2A, because all
retain the control over the NLRP3 pathway even when serine 3 is
mutated. Altogether, a model emerges whereby TLR-activated TBK1
and IKKe act like a “parking brake” for NLRP3 activation at the time
of priming, while PP2A helps remove this parking brake in the pres-
ence of NLRP3 activating signals, such as bacterial pore-forming
toxins or endogenous danger signals.
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NACHT, LRR, and PYD domains–containing protein 3
(NLRP3) inflammasome is a cytosolic innate sensor that

detects the loss of cellular homeostasis induced by pathogens or
tissue injury (1). Activation of innate sensors, including NLRP3, is
critical for innate instruction of adaptive immunity (2). The
NLRP3 inflammasome function is thus important for antimicro-
bial defenses and for the success of vaccine adjuvants, particularly
those that contain a mixture of synthetic TLR4 agonists and
NLRP3 activators (e.g., GLA-SE and MPL-QS21) (3–7). NLRP3
activators are structurally diverse and how they are sensed remains
poorly understood. However, they all promote oligomerization of
NLRP3 and its association with the effector enzyme, procaspase-1,
through the adaptor molecule ASC (apoptosis-associated speck-
like protein containing a CARD) (8). Clustering of procaspase-1
within the inflammasome complex results in its activation, self-
cleavage, and the cleavage and secretion of key proinflammatory
cytokines such as interleukin (IL)-1β and IL-18. In many cases, a
cell with activated inflammasome dies through caspase-1–directed
osmotic lysis (“pyroptosis”) and, thereby, releases cytoplasmic
proteins that serve as alarmins (9). This initiates an inflammatory
response that recruits more phagocytes to the site of insult to

destroy invading pathogens and to remove dead cells and debris
(1). If the inciting agent is cleared, the NLRP3 response wanes
and the homeostatic state is restored.
NLRP3 activity is generally transient and beneficial in antimi-

crobial defenses and vaccine responses. By contrast, in inherited or
acquired inflammatory conditions, particularly those associated
with aging (e.g., atherosclerosis, Parkinson’s disease, and Alz-
heimer’s disease), protracted NLRP3 activation leads to or con-
tributes to a pathological state (1, 10–13). In inherited diseases,
NLRP3 activity is triggered by NLRP3-activating mutations (14).
In acquired inflammatory diseases, NLRP3 is inadvertently trig-
gered by the loss of cell homeostasis, for example due to the ac-
cumulation of reactive oxygen species, or by membrane damage in
myeloid cells during phagocytosis of protein aggregates such as
organic crystals (e.g., cholesterol and uric acid), α-synuclein, or
fibrillar amyloid-β (8). In many conditions, myeloid cells have been
identified as drivers of inflammation and the deletion of NLRP3
has been shown to be protective in preclinical models (10–12).
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The current clinical treatment strategy to inhibit the NLRP3
pathway is to block the downstream IL-1β signaling using IL-1
receptor antagonists or IL-1β antibodies (15). This strategy has not
always been effective, most likely because it targets only one of the
several mediators of the inflammasome activation response. Logi-
cally, then, the target to fully control NLRP3 inflammasome acti-
vation selectively would be NLRP3 itself.
Activation of NLRP3 is regulated transcriptionally, to control

messenger RNA (mRNA) expression (16, 17), posttranscrip-
tionally, to control mRNA stability (18), and by several post-
translational modifications (PTMs), to control protein activity (8,
19). The latter are critical especially in chronic conditions where
persistent NLRP3 expression occurs and NLRP3 transcriptional
control is lost (20–22). PTMs, such as ubiquitination (23–29),
phosphorylation (30–35), SUMOylation (36), and acetylation (37),
prime NLRP3 for activation, while also maintaining it in a signaling-
incompetent state in the absence of an activating signal (8). For
example, NLRP3 deubiquitination in response to priming and ac-
tivating signals permits inflammasome assembly (23, 24, 28). Re-
cently, it was reported that in immortalized bone marrow–derived
macrophages (iBMDMs) phosphorylation of serine 5 (S5 in human,
S3 in mouse) blocks the association of NLRP3 with ASC and,
thereby, inhibits the formation of the inflammasome (32). Con-
versely, upon inflammasome activation, NLRP3-S5 is dephos-
phorylated by the phosphatase PP2A (protein phosphatase 2A) to
license NLRP3 activation (32).
The report by Stutz et al. (32) offered a new strategy to control

NLRP3 activation but raised several important questions: How
conserved is the ON switch, does it work in vivo, and which ki-
nase controls the OFF switch? In addressing these questions, we
describe here the in vivo relevance of the PP2A ON switch and
its ability to control NLRP3 activation downstream of most
known NLRP3 priming and activating signals. We also report
that the two closely related kinases TBK1 (TANK-binding kinase
1) and IKKe (I-kappa-B kinase epsilon) act like an OFF switch
for the NLRP3 pathway that counteracts the PP2A ON switch
phosphatase to balance NLRP3 activity. Importantly, TBK1 and
IKKe activation is induced downstream of TLRs that prime
NLRP3 expression, suggesting that the same signals/kinases that
prime NLRP3 expression also introduce brakes to prevent its
premature activation without a bona fide signal 2. The serine/thre-
onine kinase AKT was recently reported to inhibit NLRP3 through
phosphorylation on NLRP3-serine 5 in humans (serine 3 in mice)
such that NLRP3 activity is attenuated in metabolically active cells
(38). Mechanistically, we find that TBK1 and IKKe control the
NLRP3 pathway, in part by controlling the activity of AKT, but also
that TBK1/IKKe control extends beyond AKT. First, TBK1 interacts
with NLRP3 even when AKT is inhibited and when the AKT-target
site, NLRP3-serine 3, is mutated. Second, our mutagenesis of
NLRP3 confirms serine 3 as an important phospho-switch site, but it
surprisingly reveals that, unlike for AKT (38), this is not the sole site
in the NLRP3 complex regulated by either TBK1/IKKe or PP2A, as
all retain control over the NLRP3 pathway activity even when serine
3 is mutated. The discovery of endogenous phospho-switches that
control NLRP3 activation offers potential drug targeting opportu-
nities to control dysregulated NLRP3-driven conditions.

Results
PP2A Phosphatase ON Switch Licenses the NLRP3 Inflammasome Activity
Downstream of Multiple TLRs in Mouse and Human Macrophages.
PP2A’s modulation of NLRP3 activity was first described using
iBMDMs (32). It remained unclear how conserved PP2A’s control
is among a variety of inflammasome stimuli, other inflammasomes,
in vivo and between species. To address these questions, we induced
inflammasome activation in mouse primary BMDMs or human
blood monocyte–derived macrophages (HMDMs). We primed
BMDMs to induce NLRP3 and pro–IL-1β expression using several
TLR ligands serving as the inflammasome-priming signal 1:

lipopolysaccharide (LPS) (TLR4 ligand), zymosan (TLR2/dectin-1
ligand), or Pam3CSK4 (TLR2/TLR1 ligand) for 4 h or Poly(I:C)
(TLR3 ligand) for 1 h. We induced the activation of the NLRP3
inflammasome using either the K+ efflux–dependent signals 2, the
bacterial pore-forming toxin nigericin for 1 h (39) or the endoge-
nous particle monosodium urate (MSU) for 5 h (40), or using the
K+ efflux-independent signal 2, TLR7 agonist R837 for 3 h (41)
(Fig. 1A). The PP2A inhibitor okadaic acid (32) was added 15 to
30 min before signal 2 (Fig. 1A). The specificity of okadaic acid for
the PP2A phosphatase has been previously described as ∼100- to
200-fold higher vs. PP1 (42). A role of PP2A in NLRP3 activation
downstream of LPS and nigericin activation has also been validated
in immortalized macrophages using PP2A small interfering RNA
(siRNA) (32).
As previously reported, LPS and nigericin activated NLRP3

and induced the classical hallmarks of inflammasome activation:
secretion of IL-1β (Fig. 1B) and caspase-1 self-cleavage and se-
cretion of the caspase 1 p20 fragment (Fig. 1H). Treatment with
okadaic acid, used at 1 μM, blocked these NLRP3-dependent
responses (Fig. 1 B and H). We tested three different suppliers
of okadaic acid (SI Appendix, Fig. S1A) and in all three cases we
measured a decrease in IL-1β secretion (SI Appendix, Fig. S1 A
and B) and protection from cell death (SI Appendix, Fig. S1C).
Importantly, the NLRP3-independent tumor necrosis factor
(TNF) secretion was not affected (SI Appendix, Fig. S1D).
Okadaic acid also blocked NLRP3 activation induced by zymo-
san, Pam3CSK4, and Poly(I:C) with either nigericin, MSU, or
R837 stimulation (Fig. 1 C–J). Like PP2A inhibitors, PP2A de-
letion using siRNA reduced inflammasome-dependent IL-1β
secretion (Fig. 1K) but not inflammasome-independent TNF
secretion in iBMDMs (SI Appendix, Fig. S1 E and F). Thus, the
PP2A-sensitive phospho-switch appears to be a broad mecha-
nism of NLRP3 inflammasome regulation downstream of mul-
tiple TLRs in mouse BMDMs.
To investigate whether the PP2A-dependent phospho-switch is

conserved in humans we induced inflammasome activation with
LPS and nigericin in HMDMs as described before (21). Also in
these cells we found that okadaic acid fully blocked the secretion of
IL-1β (Fig. 1L) and cleavage of caspase-1 (Fig. 1M), indicating that
licensing of the NLRP3 pathway by PP2A is conserved in humans.
Finally, to test whether the PP2A phospho-switch controls

other inflammasomes, we analyzed AIM2 (Absent in melanoma 2)
and NLRC4 (NLR family CARD domain–containing protein 4)
inflammasome responses in the presence of okadaic acid. Okadaic
acid was added before transfection of BMDMs with calf thymus
DNA or flagellin, which activate AIM2 and NLRC4, respectively.
Okadaic acid only partially reduced AIM2-mediated responses
(IL-1β release and viability) (SI Appendix, Fig. S1 G and H), and it
did not affect NLRC4 inflammasome response (IL-1β release and
viability) (SI Appendix, Fig. S1 I and J).

PP2A ON Switch Licenses the NLRP3 Inflammasome Activity In Vivo.
To validate the above findings in vivo, we selected LB-100, a
PP2A inhibitor used in clinical trials for cancer (43) and first
confirmed its effects on the NLRP3 inflammasome in vitro. Sim-
ilarly to okadaic acid, LB-100 inhibited all NLRP3-dependent
responses (IL-1β, viability, and caspase-1 secretion) (SI Appen-
dix, Fig. S2 A–C and E), albeit at a slower rate, as it needed a
longer time (2 to 4 h) to exert effects similar to those observed
with okadaic acid treatment (PP2A inhibitor 1) for 30 min. LB-100
did not affect priming of the NLRP3 inflammasome as it did not
block the LPS-induced TNF secretion (SI Appendix, Fig. S2D) or
the induction of pro–IL-1β expression (SI Appendix, Fig. S2E).
We then used the in vivo acute peritonitis model induced by

LPS and adenosine 5′-triphosphate (ATP) (Fig. 2A), where LB-
100 was dosed with LPS, and after 4 h, ATP was administered for
15 min. LB-100 completely blocked IL-1β secretion in the peri-
toneal lavage without altering TNF secretion (Fig. 2 B and C). If
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Fig. 1. PP2A acts as a human/mouse conserved ON switch to license NLRP3 responses downstream of multiple TLRs. (A) BMDMs were primed with 100 ng/mL
ultrapure LPS, 1 μg/mL Pam3CSK4, and 100 μg/mL zymosan for 4 h or 2.5 μg/mL Poly(I:C) for 1 h, followed by stimulation with 5 μM nigericin for 1 h or 70 μM
R837 for 3 h or 150 μg/mL MSU for 5 h. Cells were treated with the PP2A inhibitor okadaic acid (1 μM) for 15 to 30 min before nigericin, R837, or MSU
stimulation. After stimulation, cell supernatants were collected and cells lysed. (B–D, F, and G) IL-1β cytokine secretion was measured in the BMDM super-
natants using ELISA. Because IL-1β is not transcriptionally induced after 1 h of Poly(I:C) priming [optimal priming time for Poly(I:C)], inflammasome-dependent
cell death was used as a readout instead, measured by LDH release assay in E. (H–J) Caspase-1 was detected in BMDM supernatants (SN) and cell lysates (XT)
using Western blot. One representative Western blot is shown. IL-1β data are shown as mean + SEM from pooled results of three independent experiments,
except in B where data are shown as mean + SEM from two independent experiments and E where LDH data are mean + SD of triplicates from one ex-
periment and in F where IL-1β data are mean + SD of triplicates from one experiment representative of four. (K) IL-1β cytokine secretion after PP2A
knockdown was measured in iBMDM supernatants using ELISA. Data are shown as a mean + SD of triplicates from one representative of three independent
experiments. In conditions where not enough cells were available for triplicates, duplicates were seeded. (L) HMDMs were primed for 4 h with 100 ng/mL LPS,
followed by stimulation with 5 μM nigericin for 1 h. Cells were treated with the PP2A inhibitor okadaic acid (1 μM) 15 min before adding nigericin.
Supernatants were collected and IL-1β cytokine secretion was measured using ELISA. (M) Caspase-1 was detected in HMDM cell lysates (XT) using Western
blot, with one representative Western blot shown. Data in L are shown as mean + SEM from pooled results of two independent experiments with four donors,
with one representative Western blot shown in M. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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anything, there was a trend for increased TNF secretion, sug-
gesting that the PP2A inhibitor LB-100 may prevent cell death
(pyroptosis) when it inhibits the NLRP3 inflammasome, thereby
allowing prolonged TNF release from live peritoneal cells. Im-
portantly, we showed that IL-1β secretion in this peritonitis
model is dependent on the NLRP3 inflammasome as IL-1β se-
cretion was greatly reduced in the NLRP3 knockout (KO) mice
(Fig. 2D). At this time point LB-100 did not significantly change
the percentage of CD11b+ myeloid cells in the peritoneum (SI
Appendix, Fig. S2 F, G, and H).
Collectively, these data indicate that the PP2A ON switch

licenses the NLRP3 inflammasome activity in vivo.

Pharmacological PP2A Activation Is Not Sufficient to Activate the
NLRP3 Inflammasome Pathway. Previous (32) and our results above
suggest that to prevent unwanted activation, NLRP3 is maintained in
a signaling-incompetent state through a posttranslational phospho-
brake present both in mice and humans. The brake is removed by
the action of the phosphatase PP2A. In order to answer the question
whether PP2A activation can, on its own, activate the NLPR3
inflammasome pathway, we primed primary BMDMs with LPS
(signal 1) for 4 h and stimulated them with nigericin (signal 2) for 1
h. The pharmacological PP2A activator DBK-1154 (44) was added
30 min before nigericin (SI Appendix, Fig. S3A). We found that
PP2A activation did not alter IL-1β or TNF secretion (SI Appendix,
Fig. S3 B and D) or cell viability (SI Appendix, Fig. S3C) in either
basal or LPS + nigericin–stimulated condition. The activity of PP2A
activator was confirmed using a phosphatase activity assay (SI Ap-
pendix, Fig. S3E). Together, these data suggest that PP2A acts as a
licensing signal whose activity is necessary but not sufficient, on its
own, to activate the NLRP3 inflammasome.

TBK1 and IKKe Kinase Act as an OFF Switch to Limit NLRP3 Inflammasome
Activation. If a phosphatase controls the ON switch, a kinase must
control the OFF switch. In an endeavor to identify NLRP3 pathway
regulators, we unexpectedly discovered that a number of reported
TBK1/IKKe inhibitors increased inflammasome activation (Fig. 3 A
and C). The kinase domains of TBK1 and IKKe are closely related
and most inhibitors block both of their activities. The assay that we
used to carry out these studies was based on detection of fluorescent
ASC-mCherry in stably transfected iBMDMs, where ASC specks
are induced after cell stimulation with 1 μg/mL LPS for 2 h and
10 μM nigericin for 2 h (Fig. 3A). The image-based assay was val-
idated using the pharmacological NLRP3 inhibitor MCC950 (also
known as CRID3), which decreased ASC speck formation (Fig. 3 B,
Right) in a concentration-dependent manner with an IC50

(concentration that inhibits response by 50%) of 24 nM (Fig. 3 B,
Left). The PP2A inhibitor okadaic acid also inhibited NLRP3 ac-
tivation by decreasing speck formation in a concentration-
dependent manner with an IC50 of 0.2 μM (Fig. 3C). Surprisingly,
the TBK1/IKKe inhibitors MRT 68601, BX 795, and MRT 67307
each enhanced ASC speck formation in a concentration-dependent
manner (Fig. 3C). They also completely or partially reversed the
okadaic acid effect on ASC speck in a concentration-dependent
manner (Fig. 3C). Collectively these results suggest that the
TBK1 and/or IKKe kinase play an important role in controlling the
NLRP3 inflammasome OFF switch and act against the PP2A
phosphatase ON switch to balance NLRP3 pathway activity.
To rule out the indirect, transcription-dependent effects of

prolonged TBK1/IKKe inhibition on NLRP3 inflammasome re-
sponses, we tested the compounds using the priming and activation
paradigms: Compounds were either added after LPS priming or
were used in an acute, transcription-independent inflammasome
activation protocol. In one set of experiments, primary BMDMs
were primed with LPS for 3.5 h then treated with TBK1/IKKe in-
hibitors (10 μM) for 30 min, before stimulation with 2.5 μMnigericin
for 1 h. Nigericin was used at a subsaturating dose, to allow the
detection of increased responses (Fig. 3D). In a second set of ex-
periments, we used a well-characterized transcription-independent
NLRP3 activation assay (23). We added the TBK1/IKKe inhibi-
tors (10 μM) 30 min before LPS priming for another 30 min, fol-
lowed by nigericin stimulation for 1 h (Fig. 3F). In these assays, too,
TBK1/IKKe inhibitors (MRT 67307, inhibitor 1 and MRT 68601,
inhibitor 2) increased the NLRP3 inflammasome responses of IL-1β,
IL-18 secretion, caspase-1 cleavage, and LDH release, without af-
fecting TNF release (Fig. 3 E and G). Results were recapitulated in
primary human macrophages, HMDMs (Fig. 3H), even with signal 2
(nigericin) alone, further supporting the idea that TBK1 and/or
IKKe may be a new, conserved OFF switch for the NLRP3 pathway.
We also tested whether TBK1/IKKe affected the activity of

other inflammasomes such as AIM2 or NLRC4 and utilized the
methodology described above, with the TBK1/IKKe inhibitor 2
added 30 min before stimulation with calf-thymus DNA or fla-
gellin for 1 h and 4 h in iBMDMs or 4 h in BMDMs (SI Ap-
pendix, Fig. S4A). TBK/IKKe inhibitors did not affect AIM2 and
NLRC4 responses (IL-1β secretion and cell death) (last two bars
on the right in all panels of SI Appendix, Fig. S4 B–E). However,
prolonged time required to detect AIM2 and NLRC4 inflam-
masomes activation in BMDMs meant prolonged exposure to
TBK1/IKKe inhibitor (4 to 5 h). This led to increased basal re-
sponses to LPS alone in the presence of TBK1/IKKe inhibitor,
making indirect effects of TBK1/IKKe inhibition on apoptosis, or
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Fig. 2. PP2A ON switch licenses the NLRP3 inflammasome activity in vivo. (A) WT or NLRP3 KOmice, 8 to 12 wk old, were injected i.p. with either PBS (control)
or 1 μg LPS with or without 10 μg LB-100. After 3 h 45 min mice were injected i.p. with either PBS (control) or 200 μL of 25 mM ATP. Fifteen minutes later, mice
were killed and peritoneal cavity was washed with 5 mL ice-cold PBS and 3% FBS to obtain peritoneal lavage for downstream analysis. (B) IL-1β concentration
levels in the peritoneal lavage of WT mice treated with or without LB-100 was measured by ELISA. (C) TNF concentration levels in the peritoneal lavage of WT
mice treated with or without LB-100 was measured by ELISA. (D) IL-1β concentration levels in the peritoneal lavage of WT and NLRP3 KO mice treated with or
without LB-100 was measured by ELISA. In all panels dots represent individual mice and columns depict mean + SEM. Data shown are pooled from three
independent experiments in B and C or two independent experiments in D. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Fig. 3. TKB1/IKKe inhibitors increase NLRP3 inflammasome activation and reverse PP2A effects in vitro. (A) The schematic shows ASC-mCherry iBMDMs
treatment with 1 μg/mL LPS in combination with compounds for 2 h and subsequently 10 μM nigericin (subsaturating dose of nigericin for iBMDMs) for 2 h,
after which PFA was added. (B) ASC speck visualization and quantification after LPS and nigericin treatment in the presence of the NLRP3 inhibitor MCC950.
(C) Concentration response curve of okadaic acid (Top Left) effect on ASC speck formation or concentration response curve of MRT 68601 (Top Right), BX 795
(Bottom Left), and MRT 67307 (Bottom Right) effect on ASC speck formation in the presence or absence of a fixed concentration of okadaic acid (1 μM). Data
shown are mean ± SEM from pooled results of three or more (B and C) independent experiments. (D and F) Primary BMDMs were primed with 100 ng/mL LPS
for 4 h (chronic priming) or 30 min (acute priming) followed by stimulation with 2.5 μM nigericin (subsaturating dose of nigericin for BMDMs) for 1 h. Cells
were treated with the TBK1/IKKe inhibitor 1 (MRT 67307) or TBK inhibitor 2 (MRT 68601), each at 10 μM, for 30 min before nigericin stimulation in the chronic
assay or 30 min before LPS stimulation in the acute assay. Supernatants and cell lysates were collected 1 h after nigericin addition. (E) IL-1β and TNF cytokine
secretion were measured using ELISA; cell viability was measured by LDH release assay. (G) Because IL-1β is not transcriptionally induced in the acute
inflammasome priming assay, IL-18 secretion was used as a readout of inflammasome stimulation. IL-18 was measured by ELISA. Caspase-1 was measured in
cell supernatants and lysates using Western blot. Data are shown as mean + SD of triplicates from one experiment representative of three for E and G. (H)
HMDMs were primed with 100 ng/mL LPS for 4 h followed by stimulation with 2.5 μM nigericin (subsaturating dose of nigericin for HMDMs) for 1 h. IL-1β
cytokine secretion was measured using ELISA. Caspase-1 was measured in cell supernatants and lysates using Western blots. Data are shown as mean + SD of
triplicates from one representative of two independent experiments with one representative Western blot. *P < 0.05, ***P < 0.001, ****P < 0.0001.
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on the autophagy pathway, a well-known regulator of the NLRP3
inflammasome, hard to control in the long-term assays.

TBK1 and IKKe Are Related Kinases That Can Compensate for Each
Other’s Function in Limiting NLRP3 Activity. Because TBK1 kinase is
closely related with the IKKe kinase, most TBK1 inhibitors also
block IKKe (45, 46). Furthermore, in several signaling pathways
these kinases can compensate for each other’s function (47–50).
To test whether TBK1, IKKe, or both, can act as an OFF switch
for the NLRP3 pathway we analyzed NLRP3 activation in
macrophages lacking TBK1, IKKe, or both. TBK1 deletion in
mice is lethal but can be reversed by simultaneous deletion of
TNF (51, 52). So, we first analyzed NLRP3 inflammasome ac-
tivation in WT, Tnf−/−;Tbk1+/− (labeled as TNF/TBK1 HET) or
Tnf−/−Tbk1−/− (labeled as TNF/TBK1 KO) BMDMs. Cells were
stimulated with LPS for 4 h (in chronic inflammasome priming
assay) or 0.5 h (in acute inflammasome priming assay) followed
by a subsaturating dose (2.5 μM) of nigericin for 1 h in the
presence or absence of a TBK1/IKKe inhibitor (10 μM of MRT
68601) (Fig. 4A). We confirmed TBK1 deletion by Western blot
and then measured NLRP3-dependent IL-1β and IL-18 secre-
tion by enzyme-linked immunosorbent assay (ELISA) (Fig. 4B),
NLRP3-dependent caspase-1 cleavage by Western blot (SI Ap-
pendix, Fig. S5A), and NLRP3-dependent cells death by LDH
release assay (SI Appendix, Fig. S5B). We found that NLRP3
responses to either ultrapure LPS (upLPS) or less pure Sigma LPS
(sLPS) and nigericin were similar between wild-type (WT) and
TBK1-deficient cells (Fig. 4B, gray bars) and that NLRP3 re-
sponse were similarly boosted in all cells by TBK1/IKKe inhibitors
(Fig. 4B, red bars). The results were recapitulated in the undif-
ferentiated human THP-1 monocyte line (Fig. 4C), suggesting
again the conserved mechanism. Fully PMA-differentiated THP-1
macrophages were not used, because PMA differentiation was
affected by TBK1 deficiency. Therefore, NLRP3 inflammasome
responses are intact in cells lacking TBK1 only.
To test whether in the absence of TBK1, IKKe may be com-

pensating for TBK1 function in limiting NLRP3 pathway activity
we repeated the acute inflammasome activation assay in WT and
IKKe KO iBMDMs, before and after deletion of TBK1 using
TBK1 siRNA. Cells were primed with LPS for 0.5 h and then
stimulated with nigericin for 1 h. Inflammasome response was
measured by IL-18 secretion. When compared to WT cells,
Ikk«−/− (IKKe KO) iBMDMs always had reduced IL-18 secretion
in response to LPS + nigericin, suggesting a requirement for IKKe
in the priming of NLRP3 pathway. However, TBK1 deletion by
siRNA (Fig. 4 D and E) in IKKe KO iBMDMs, but not in
WT cells, boosted the IL-18 secretion and NLRP3-dependent
caspase-1 cleavage (SI Appendix, Fig. S5C). Thus, we conclude
that IKKe likely plays two roles in NLRP3 pathway, one in
priming of NLRP3 activation and the other in switching off the
excessive NLRP3 activity. The latter role IKKe shares with TBK1.
AKT was recently described as an OFF switch kinase for

NLRP3-serine 5 (serine 3 in mice) (38). Because AKT is the
best-known downstream target of TBK1, we tested whether
TBK1 inhibition affects AKT activity in BMDMs. Data revealed
that in BMDMs stimulated with LPS the TBK1/IKKe inhibitor did
not prevent TBK1 activation at position serine172, as expected (45),
but it almost completely abrogated phosphorylation of TBK1 target,
AKT, and many of the downstream AKT phospho-substrates
(Fig. 4F). Thus, TBK1 may limit NLRP3 activity, at least in part,
by controlling the activity of AKT.
To better understand the mechanism of NLRP3 regulation by

TBK1, we tested whether TBK1 can interact with NLRP3 in cells
and, if so, whether the interaction is dependent on AKT activity
and the AKT-substrate site, NLRP3-S3. We first ectopically
expressed hemagglutinin (HA)–tagged mouse TBK1 with FLAG-
tagged mouse NLRP3 in HEK293T cells and analyzed TBK1-
NLRP3 interaction using coimmunoprecipitation experiments in

the presence or absence of AKT inhibitor (Fig. 4G). Data
revealed that, when overexpressed, TBK1 binds to NLRP3 and
that binding is independent of AKT activity. AKT inhibitor re-
duced AKT phosphorylation in HEK293T cells, as expected, but it
did not affect TBK1–NLRP3 binding (Fig. 4G).
To test whether TBK1–NLRP3 interaction is dependent on

the AKT-substrate site NLRP3-serine 3, we then expressed
TBK1 in HEK293T cells with either WT NLRP3 or NLRP3-
serine 3 mutants, S3A and S3D. We predicted that in these con-
structs S3A would mimic dephosphorylated and active NLRP3,
while S3D would mimic constitutively phosphorylated and inactive
NLRP3. Data revealed that, when overexpressed, TBK1 binds to
NLRP3, either WT or serine 3 mutants (Fig. 4H), indicating that
the TBK1–NLRP3 interaction likely occurs at a site distinct from
serine 3. Thus, TBK1 binding to NLRP3 is independent of AKT
and the AKT-target site, NLRP3-serine 3.
We were unable to coimmunoprecipitate the endogenous

TBK1 and NLRP3 in macrophages, suggesting that interaction is
transient, or indirect. However, we were able to use proximity
ligation assay (PLA) and microscopy to capture the interaction
between active, endogenous phospho-TBK1 and endogenous
NLRP3 in LPS-primed THP1 macrophages, as early as 30 min
upon LPS stimulation (Fig. 4I and SI Appendix, Fig. S6A). The
interaction was not detected in unstimulated cells or in cells
stained with isotype control antibodies. Furthermore, we detected
the strongest PLA colocalization signal 30 to 60 min upon LPS
stimulation (SI Appendix, Fig. S6 A and B), corresponding well to
the kinetic of TBK1 activation in LPS-treated macrophages
(Fig. 4F). These results are consistent with a recent study that
reported the presence of phosho-TBK1 in the NLRP3 signaling
complex using proteomics and microscopy (53). Thus, TBK1 in-
teracts with the NLRP3 complex in macrophages and limits its
activity. As TBK1 activation is induced downstream of TLRs that
prime NLRP3 expression, a model emerges that the same signals
that prime NLRP3 expression also introduce brakes that prevent
its premature activation without a bona fide signal 2.
To further define how TBK1 and IKKe control NLRP3 ac-

tivity, we tested whether they regulate the interaction of NLRP3
with the upstream activating kinase NEK7 after priming signal 1, or
downstream formation of ASC specks upon detection of activating
signal 2. We found that NLRP3 interaction with NEK7 was similar
in control iBMDMs and iBMDMs treated with TBK1/IKKe inhib-
itor (Fig. 4J). However, the formation of ASC specks was markedly
increased in response to LPS + nigericin as early as 30 min post-
activation in the presence of TBK1/IKKe inhibitor (Fig. 4K), further
supporting the increased caspase-1 activation, cell death, and cyto-
kine secretion response in the absence of TBK1/IKKe brake. Be-
cause the activity of AIM2 and NLRC4 inflammasomes, which share
the downstream effectors with NLRP3, was not equally boosted by
TBK1/IKKe inhibition (SI Appendix, Fig. S4), data suggest that
TBK1/IKKe brake controls either the NLRP3 itself or its direct
interacting partner.

Serine 3 (Serine 5 in Humans) Is an Important Phospho-Switch for
NLRP3 but Is Not the Sole Site Controlled by Either PP2A or TBK1/
IKKe. TBK1 activity in the NLRP3 pathway can be in part
explained by its control over AKT. AKT inhibits NLRP3 through
phosphorylation on NLRP3-serine 5 in humans (serine 3 in mice).
Mutagenesis of NLRP3-serine 3 makes the pathway insensitive to
further AKT control, suggesting that serine 3 is indeed the main
site of AKT action (38). To genetically confirm that serine 3 is the
phospho-switch site in NLRP3 pathway and to test whether this is
also the sole site under TBK1/IKKe control, we subcloned mouse
WT NLRP3, nonphosphorylable S3A or phospho-mimetic S3D
mutants into retroviral vectors. We expressed these constructs in
Nlrp3-deficient (NLRP3 KO) mouse bone marrow progenitors
prior to differentiating cells into mature BMDMs. All constructs
expressed equally well in NLRP3 KO cells, as measured by the

6 of 11 | PNAS Fischer et al.
https://doi.org/10.1073/pnas.2009309118 TBK1 and IKKe act like an OFF switch to limit NLRP3 inflammasome pathway activation

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009309118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009309118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009309118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009309118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009309118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009309118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2009309118/-/DCSupplemental
https://doi.org/10.1073/pnas.2009309118


expression of green fluorescent protein (GFP) encoded by the
same plasmid carrying the NLRP3 mutants (SI Appendix, Fig. S7).
In agreement with our hypothesis and with the findings from
immortalized lines (32), WT and nonphosphorylable/active S3A
mutants transduced in NLRP3 KO macrophages enabled LPS/
nigericin–induced inflammasome-dependent IL-1β secretion and
NLRP3 release from cells with active inflammasome, while the
phospho-mimetic/inactive S3D mutant was completely unrespon-
sive to inflammasome stimulation (Fig. 5 A, Top Left, and B), de-
spite similar inflammasome-independent TNF secretion in BMDMs
expressing each of the three constructs (Fig. 5 A, Bottom Left).
These data confirm serine 3 as an important phospho-switch site for
the NLRP3 pathway in primary BMDMs.
If serine 3 is the sole site in the NLRP3 pathway controlled by

PP2A, or TBK1/IKKe, then the nonphosphorylable/active S3A
mutant should make the NLRP3 pathway insensitive to PP2A or
TBK1/IKKe inhibitors. Surprisingly, we found that, unlike for AKT
(38), this was not the case for either TBK1/IKKe or PP2A, as the
BMDMs expressing S3A were as sensitive to PP2A (okadaic acid at
1 μM) and TBK1/IKKe inhibitor (MRT 68601 at 10 μM) as
WT cells (Fig. 5 A, Top, Fig. 5 C, Top, and Fig. 5D). Both inhibitors
affected inflammasome-dependent IL-1β, but not inflammasome-
independent TNF secretion (Fig. 5 A, Bottom, and Fig. 5 C, Bot-
tom). Together, the data suggest that serine 3 is actually not the sole
site in the pathway regulated by either the TBK1/IKKe or PP2A, as
both the kinases and the phosphatase retained their control over
NLRP3 activity even when serine 3 is mutated.

Discussion
Activation of the NLRP3 inflammasome can be beneficial during
infection and vaccination. Nonetheless, when NLRP3 activity is
uncontrolled and chronic, it becomes detrimental and contrib-
utes to inflammation-driven pathology in several diseases, such
as Alzheimer’s disease and atherosclerosis. In healthy individ-
uals, therefore, there must exist a licensing mechanism that
prevents unwanted NLRP3 inflammasome responses. Here, we
characterized one such mechanism. A recent study (32) identi-
fied PP2A as the ON switch for NLRP3 in iBMDMs. The report
by Stutz et al. (32) raised several important questions: How
conserved is the ON switch, does it work in vivo, and which ki-
nase controls the OFF switch? In addressing these questions, we
first discovered that the PP2A ON switch is conserved in mouse
and human macrophages, downstream of most known NLRP3
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Fig. 4. TBK1 and IKKe kinase act as an OFF switch to limit NLRP3 inflam-
masome activation. (A) BMDMs were primed with 100 ng/mL ultrapure LPS
or crude Sigma LPS (L4391) for 4 h (chronic priming) or 30 min (acute
priming) followed by stimulation with 2.5 μM nigericin (subsaturating dose
for BMDMs) for 1 h. Cells were treated with the TBK1/IKKe inhibitor MRT
68601 at 10 μM for 30 min before nigericin stimulation in the chronic assay
or 30 min before LPS stimulation in the acute assay. (B) IL-1β or IL-18 cytokine
secretion were measured using ELISA after chronic and acute stimulation,
respectively. TBK1 deletion was confirmed using Western blot. (C) Undif-
ferentiated WT or TBK1 KO THP-1 monocytes were primed with 1 μg/mL
ultrapure LPS or crude Sigma LPS (L4391) for 4 h followed by stimulation
with 2.5 μM nigericin for 1 h. IL-1β secretion was measured using ELISA and
TBK1 deletion was confirmed using Western blot. (D) Transfection sche-
matic. WT or IKKe KO iBMDMs were incubated with Lipofectamine RNAi-
MAX transfection reagent with 10 nM TBK1 siRNA or with 10 nM scrambled
siRNA for 72 h. Cells were then primed with 1 μg/mL ultrapure LPS for 30
min, followed by stimulation with 10 μM nigericin for 1 h min, after which
supernatants were collected and cells lysed. (E) IL-18 secretion was measured
using ELISA and TBK1 deletion was confirmed using Western blot. IL-18 data
from siRNA2 were not available in all repeats so were not included in the
final ELISA analysis. Data for WT and IKKe KO iBMDMs are from the same
experiment, plotted in two separate panels because ELISAs was run on two
separate 96-well plates due to large number of samples and conditions. Each
siRNA result is thus compared to its own scrambled control. The y axes were
also matched within each experiment for comparison. (F) Representative
Western blot for AKT substrate, TBK1, and AKT phosphorylation after a

time-course stimulation of WT BMDMs treated with 100 ng/mL LPS, in the
presence or absence of 10 μM TBK1/IKKe inhibitor MRT 68601, added 30 min
before LPS. (G) Coimmunoprecipitation of mouse FLAG-NLRP3 and mouse
HA-TBK1 ectopically expressed in HEK293T cells using transient transfection.
NLRP3 was immunoprecipitated from samples using anti-NLRP3 antibody or
isotype control (ictrl). One micromolar AKT inhibitor MK2206 was added
60 min before cell lysis. (H) Coimmunoprecipitation of mouse FLAG-NLRP3
WT, S3A or S3D, and mouse HA-TBK1 ectopically expressed in HEK293T cells
using transient transfection. (I) PLA analysis to detect interaction between
endogenous phosho-TBK1 and NLRP3 (or isotype control) in PMA-
differentiated THP1 macrophages 30 min after LPS stimulation. Representa-
tive 63× images are shown. Quantification of all cells is in SI Appendix. (J)
Coimmunoprecipitation of endogenous NEK7 and NLRP3 from WT iBMDMs
(or control NLRP3 KO cells) before and after LPS stimulation in the presence
of a vehicle control or 10 μM TBK1/IKKe inhibitor MRT 68601 added 30 min
before LPS. (K) ASC speck isolation after DSS cross-linking from iBMDMs
stimulated with LPS + nigericin in the presence or absence of 10 μM TBK1/
IKKe inhibitor MRT 68601, added 30 min before nigericin. In all cells 10 μM of
caspase-1 inhibitor VX-765 was added 30 min before TBK1/IKKe inhibitor
MRT 68601 to prevent cell death and loss of ASC specks. Data are shown
as mean + SD of triplicates from one experiment representative of two for B,
of three for C and E, one representative Western blot from two experiments
for F, G, and J and three for H and K, and one representative PLA experiment
of two for I. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 5. NLRP3 serine 3 is not the sole site licensed for activation by either PP2A or TBK1/IKKe. (A) NLPR3 KO bone marrow was retrovirally transduced to
express WT or serine 3 NLRP3 mutants. Resulting BMDMs were primed for 4 h with 100 ng/mL LPS, followed by stimulation with 5 μM nigericin for 1 h. Cells
were treated with vehicle control (Left) or okadaic acid used at 1 μM (Right) for 30 min before nigericin stimulation. Supernatants were collected and IL-1β
and TNF cytokine secretion were analyzed by ELISA. Data for vehicle and inhibitor treatments were from the same experiment, plotted in two separate panels
because ELISA was run on two 96-well plates due to the large number of samples and conditions. Responses of NLRP3 mutants (in the absence or presence of
inhibitors) were analyzed relative to their internal NLRP3 WT control. The y axes were also matched within each experiment for comparison. Data are shown
as mean + SE of mean of pooled results from three independent experiments for vehicle control and two experiments for okadaic acid. (B) NLRP3 protein was
detected in supernatants (SN) and cell lysates (XT) from transduced NLRP3 KO BMDMs stimulated as in A. One representative blot is shown. (C) NLRP3 KO
BMDMs expressing WT or serine 3 NLRP3 mutants were prepared as in A. Cells were then primed for 4 h with 100 ng/mL LPS, followed by stimulation with 2.5
μM nigericin for 1 h. A subsaturating concentration of nigericin was used here to allow detection of increased inflammasome responses in TBK1/IKKe
inhibitor-treated cells. Cells were treated with vehicle control (Left) or 10 μM TBK1/IKKe inhibitor MRT 68601 (Right) for 30 min before nigericin stimulation.
Supernatants were collected and IL-1β and TNF cytokine secretion were determined using ELISA as in A. Data are shown as mean + SD or triplicates from one
representative of two independent experiments. (D) Key LPS + nigericin–treated samples from A and C were reanalyzed on the same plate to allow statistical
comparison of cells treated in the absence or presence of TBK1/IKKe or PP2A inhibitors. Data are shown as normalized mean + SD of triplicates from one
representative of two independent experiments. ***P < 0.001, ****P < 0.0001.
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priming and activating signals, and that it works in vivo to control
NLRP3-driven inflammation. We then identified that TBK1 and
IKKe act as a novel OFF switch for NLRP3 pathway. Using phar-
macological and genetic approaches we showed that blockade or
deletion of both TBK1 and IKKe, but neither kinase alone, enhance
the responses downstream of the NLRP3 inflammasome activation.
In addition, TBK1/IKKe inhibitors counteract the effects of PP2A
inhibition on inflammasome activity, suggesting that TBK1 and
IKKe work to oppose the action of the PP2A ON switch. Mecha-
nistically, we find that TBK1/IKKe may be limiting NLRP3 activity,
at least in part, by controlling the activity of another known NLRP3
OFF switch kinase, AKT. However, TBK1/IKKe control also goes
beyond AKT, as TBK1 interacts with NLRP3 and acts at a site
distinct from NLRP3-serine 3, previously reported to be under the
AKT control. Mutagenesis of NLRP3 confirms serine 3 as an im-
portant phospho-switch site but surprisingly reveals that, unlike for
AKT, this is not the sole site regulated by either TBK1/IKKe or
PP2A, as all retain the control over the NLRP3 pathway even when
serine 3 is mutated. Together, we propose that TBK1 and IKKe act
as an OFF switch for the NLRP3 pathway, that they can compensate
for each others function in this process, and that they can counteract
the PP2A ON switch phosphatase to balance NLRP3 activity.
TBK1 and IKKe are serine/threonine kinases activated down-

stream of many TLRs, which also prime the NLRP3 pathway.
Thus, the OFF brake is likely introduced by TLRs through TBK1/
IKKe at the time of NLRP3 expression and priming to prevent
spontaneous NLRP3 activation in the absence of signal 2. The
OFF brake is then only removed by the action of the PP2A
phosphatase upon the detection of the inflammasome-activating
signal 2, such as the bacterial pore-forming toxin nigericin or the
endogenous danger signal, ATP. Interestingly, TBK1 and IKKe
introduce a similar posttranslational phospho-brake on RIPK1, to
block other death pathways, apoptosis (54), and necroptosis (47).
Together these findings point to a conserved mechanism of cell
survival, induced downstream of various TLRs, through TBK1 and
IKKe, that allows the initiation of inflammatory responses, by
putting the brakes on cell death pathways. These brakes are only
removed upon the loss of cellular homeostasis, licensing the death
of a compromised cell. Interestingly, another broader inhibitor of
PP1 and PP2A phosphatases, calyculin A, was reported to block
AIM2 and NLRC4 responses (55), suggesting that phospho-
switches exist in other inflammasomes as well but are likely reg-
ulated by distinct phosphatases, such as PP1.
The exact targets in the NLRP3 pathway phosphorylated by

TBK1 or IKKe will need future evaluation. Proteomics analyses
of iBMDMs proposed serine 3 of NLRP3 (serine 5 in humans) as
the PP2A-sensitive site. Using an NLRP3-S3D mutant to mimic
phosphorylated and inactive NLRP3, we genetically confirmed
that serine 3 is one phospho-switch for the NLRP3 pathway in
mice. A recent study, published during the course of this work,
identified AKT as the direct kinase for serine 5 (serine 3 in mice)
(38). AKT is the best-known target of TBK1, and we found that in
BMDMs TBK1 inhibition blocked AKT activation and the phos-
phorylation of downstream AKT substrates, including, presum-
ably, NLRP3-serine 3. Thus, we propose that, at the time of
priming, TLRs activate TBK1 and its main downstream substrate,
AKT, to put a brake on NLRP3 activation. The phospho-brake is
then removed by the action of PP2A only upon detection of signal
2 and the loss of cellular homeostasis.
If the serine 3 residue was the sole site controlled by PP2A, or

TBK1/IKKe, then our next hypothesis was that the non-
phosphorylable/active S3A mutant should make the NLRP3
pathway insensitive to PP2A or TBK1/IKKe inhibitors. However,
this was not the case as both WT and S3A mutant NLRP3 were
still sensitive to both PP2A and TBK1 inhibition. Thus, while
serine 3 is an important phospho-switch this is not the sole site
regulated by either TBK1/IKKe and PP2A in NLRP3 pathway.
In support of this conclusion, we found that TBK1 interacts with

NLRP3 at a site distinct from serine 3 and maintains this interaction
even when AKT activity is inhibited. Future proteomic analyses of
NLRP3 complexes in the presence or absence of PP2A or TBK1/
IKKe inhibitors should identify the TBK1 substrate in the NLRP3
complex. It was suggested that cellular trafficking of ASC depends
on PP2A inhibition of ASC-associated kinase IKKα, and this may
be an additional PP2A-sensitive step in the NLRP3 pathway (56).
In most assays we used TBK1/IKKe inhibitors for 30 min only,

to focus the study on direct, transcription-independent control of
NLRP3 activity. This also allowed us to separate the role of
TBK1/IKKe in TLR signaling, i.e., NLRP3 pathway priming, from
their role in also limiting the premature NLRP3 activity. However,
it is important to note that in the long term, TBK1 is also a major
inducer of type I interferons and autophagy (57, 58), both of which
are well-known negative regulators of NLRP3 inflammasome pro-
tein expression and availability. Thus, in a larger view, the direct
posttranslational phospho-switches, like the one described here,
likely work in combination with other, transcription-dependent
mechanisms to limit NLRP3 availability and activity.
Finally, in the absence of NLRP3 activating signal 1 or 2, the

nonphosphorylable/active NLRP3-S3A mutant did not show
spontaneous pathway activation. These data support results from
other mutagenesis studies (30, 32, 38) and a general model that
multiple posttranslational sites control NLRP3 activation. In-
terestingly, when mutated they all appear nonredundant in the
control of pathway activity. Hence, we hypothesize that NLRP3
PTMs are interdependent, like they are in the nuclear factor κB
pathway, and likely work in a linear manner to control different
steps of NLRP3 activation such as NLRP3 protein stabilization,
trafficking to the activation site, activation-induced conforma-
tional change, ATP binding, and oligomerization.
Multiple targeting strategies to control NLRP3 activity at

different points in the pathway will need to be developed, as ac-
quired resistance to a single therapeutic target is a common issue.
Mice expressing dominant active, patient-associated NLRP3 mu-
tations taught us a lot about what happens when the NLRP3
pathway is constitutively turned on (59). Here we used an NLRP3-
dependent peritonitis model, induced by LPS and ATP, as
proof-of-principle evidence that the PP2A-sensitive phospho-
switch works in vivo and can control NLRP3-driven inflamma-
tion. Drugs that modify PP2A activity are currently in trials for
cancer (43, 60). If such drugs turn out to inhibit or activate the
NLRP3 inflammasome pathway in a disease setting, this will be an
important mechanism of action that we need to understand. It is
critical to characterize the endogenous mechanisms (61), like the
one we described here, by which unwanted NLRP3 inflammasome
activation in healthy people is prevented, and to use this knowl-
edge to turn the pathway ON or OFF, as needed, when designing
knowledge-based therapies or vaccines.

Materials and Methods
Mice and Cells. C57BL/6 mice were purchased from Charles River. NLRP3 KO
(B6.Nlrp3tm1Vmd) mice were obtained from Kevin Maloy, University of
Glasgow,Glasgow, Scotland, andwereoriginally fromVishvaDixit,Genentech, San
Francisco, CA. In-house-bred C57BL/6 mice were used as a source of bone marrow
cells for generation of bone marrow–derived macrophages in vitro. All mice were
housed and bred under specific pathogen-free conditions, and all studies were
performed in accordance with the ethical standards approved by the HomeOffice
and the University of Oxford. WT and IKKe KO iBMDMs were generated by
Jonathan Kagan, Harvard University, Cambridge, MA. WT, Tnf−/−;Tbk1+/− (TNF/
TBK1 HET) or Tnf−/−Tbk1−/− (TNF/TBK1 KO) bonemarrowwas from Cevayir Coban
and Michelle Sue Jann Lee, University of Tokyo, Tokyo, Japan.

In Vivo Peritonitis Model. Either male or female WT or NLRP3 KO mice be-
tween 8 and 12 wk old were injected intraperitoneally (i.p.) with either
phosphate-buffered saline (PBS) (Fisher, 10010023) or 1 μg LPS (Sigma, L4391),
with or without 10 μg LB-100 (Cambridge Bioscience, L0400). Three hours and
45 min later mice were injected i.p. with either PBS (control) or 200 μL of
25 mM ATP (Sigma, A2383). Four hours after LPS injection (and 15 min after
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ATP injection), mice were killed by CO2 asphyxiation and their peritoneal
cavities were washed with 5 mL ice-cold PBS containing 3% fetal bovine serum
(FBS) (Fisher, 16000044). The washing liquid was spun down at 600 × g for
5 min to remove the cells and the remaining peritoneal lavage was collected
and stored at −20 °C for subsequent cytokine measurement by ELISA.

Flow Cytometry. For staining with extracellular markers, cells were first
treated with Fc block (Biolegend, 101320) in PBS (Fisher, 10010023) with 3%
FBS for 30 min. Then, the following antibodies were added: CD3-APC Cy7
(Biolegend, 100221), CD19-APC Cy7 (Biolegend, 115530), CD11c-APC (Biolegend,
117309), CD11b-BV785 (Biolegend, 101243), and live-dead dye (Fisher, L10119),
and cells were further incubated on ice in the dark for another 30 min. Cells
were then washed with PBS and fixed with 4% paraformaldehyde (PFA) (Fisher,
28908) for 15 min at room temperature. Samples were acquired on a LSR II
cytometer (BD) and data were analyzed using FlowJo software.

Generation of Primary Mouse BMDMs. BMDMs were generated by differen-
tiating them from total mouse bone marrow for 7 d with recombinant
macrophage colony-stimulating factor (M-CSF) (50 ng/mL, Immunotools,
11343118). Cells were cultured in complete macrophage medium consisting of
RPMI (Fisher, 21875091) with 10% FBS (Gibco, certified low endotoxin,
1600044), 1× Pen/Strep/Glutamine (Fisher, 10378016), and 10 to 25 mM Hepes
(Fisher, 15630056) at 37 °C with 5% CO2 and supplemented with fresh media
containing 50 ng/mL M-CSF on day 5. After day 7 of differentiation, cells were
replated and on day 8 cells were stimulated for inflammasome experiments.

Generation of HMDMs. Peripheral blood mononuclear cells were isolated
using Ficoll gradient from healthy donors from NHS Oxford blood bank (REC
11/H0711/7). CD14+ magnetic beads (Biolegend, 8802-6834-74) were used to
positively select monocytes. CD14+ cells were differentiated into macrophages
by culturing them for 7 d with M-CSF (100 ng/mL, Immunotools, 11343118).
Cells were cultured in IMDM (Fisher, 21980032) with 10% FBS (Gibco, certified
low endotoxin, 1600044) and 1× Pen/Strep/Glutamine (Fisher, 10378016) at
37 °C with 5% CO2 and supplemented with fresh media containing 100 ng/mL
M-CSF on day 5. After day 7 of differentiation, cells were replated and on day
8 cells were stimulated for inflammasome experiments.

Culturing of the ASC-mCherry iBMDM Line. ASC-mCherry reporter stably
transfected mouse iBMDM cells were a kind gift from David Brough, Uni-
versity of Manchester, Manchester, United Kingdom, and described previ-
ously (62). Cells were grown in culture media made of Dulbecco’s modified
Eagle’s medium (Thermo Fisher, 31966021), 10% FBS (Fisher, 31966021), and
1% penicillin/streptomycin at 37 °C/5% CO2. They were trypsinized with
TrypLE (ThermoFisher 12605010) for 5 min and centrifuged at 1,000 × g. Cell
count and viability were measured using a cell counter and cells seeded for
the experiments as described in the relevant sections.

Retroviral Transduction of Primary BMDMs. Retroviral particles for transduc-
tion were produced by transfecting the Platinum-E (PlatE) retroviral pack-
aging cell line (eBioscience, RV-101) with a pMIGRMCS retroviral packaging
plasmid expressing GFP, as well as FLAG-tag or a FLAG-tagged WT NLRP3,
S3A NLRP3, or S3D NLRP3 constructs. Transfection media was replaced after
24 h with RPMI (Fisher, 21875091) containing 10% FBS (Gibco, certified low
endotoxin, 1600044) and 1× Pen/Strep/Glutamine (Fisher, 10378016) and
PlatE cells were moved to 32 °C. Supernatants containing retroviral particles
were collected after 24 h, filtered through 0.45-μm low-protein-binding fil-
ters (Merck Millipore, SLHVR33S), and mixed with 250 μL transfection mix
(final: 20 mM Hepes, 6 μg/mL polybrene, and 50 ng/mL M-CSF). Bone marrow
cells from NLRP3 KO mice were plated 1 d earlier with 50 ng/mL M-CSF to
initiate proliferation of myeloid progenitors. On the day of transduction, bone
marrow cells were collected and counted and 10 × 106 cells per construct were
resuspended in the virus-containing supernatant mix. The cells containing each
construct were seeded in four wells of non–tissue-culture-treated six-well plates at
2.5 × 106 cells per well with 2.5 mL viral supernatant. Cells were spinfected at
1,000 × g at 32 °C for 2 h. Media was topped up and supplemented with another
2 mL of RPMI (Fisher, 21875091) with 10% FBS (Gibco, certified low endotoxin,
1600044), 1× Pen/Strep/Glutamine (Fisher, 10378016), and 50 ng/mLM-CSF (50 ng/
mL, Immunotools, 11343118) and incubated overnight at 37 °C, 5% CO2. The
same spinfection procedure was repeated on day 2 of bone marrow differenti-
ation. The medium was replaced on day 4 with fresh medium containing 50 ng/
mL M-CSF. Transduced bone marrow cells were collected on day 6 of differenti-
ation and aliquots were analyzed by flow cytometry (BD Canto, BD Biosciences)
for transduction efficiency by GFP expression. The remaining transduced BMDMs
were seeded in tissue-culture-treated 96-well plates (Corning, 3595) at a density of
1 × 106 cells/mL and incubated for adherence overnight. On day 7, the inflam-
masome activations assays were conducted as described below.

Additional methods are provided as SI Appendix.

Data Availability. All study data are included in the article and/or supporting
information.
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