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Biphasic JNK signaling reveals distinct MAP3K complexes
licensing inflammasome formation and pyroptosis
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Kinase signaling in the tiered activation of inflammasomes and associated pyroptosis is a prime therapeutic target for inflammatory
diseases. While MAPKs subsume pivotal roles during inflammasome priming, specifically the MAP3K7/JNK1/NLRP3 licensing axis,
their involvement in successive steps of inflammasome activation is poorly defined. Using live-cell MAPK biosensors to focus on the
inflammasome triggering event allowed us to identify a subsequent process of biphasic JNK activation. We find that this
biphasic post-trigger JNK signaling initially facilitates the mitochondrial reactive oxygen species generation needed to support core
inflammasome formation, then supports the gasdermin-mediated cell permeation required for release of active IL-1β from human
macrophages. We further identify and characterize a xanthine oxidase-ROS activated MAP3K5/JNK2 substrate licensing complex as
a novel regulator of the GSDMD mobilization which precedes pyroptosis. We show that inhibitors targeting this MAP3K5 cascade
alleviate morbidity in mouse models of colitis and dampen both augmented IL-1β release and cell permeation in monocytes
derived from patients with gain-of-function inflammasomopathies.
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INTRODUCTION
High-order inflammasome complexes assemble following patho-
genic infection or sterile stress to activate and secrete the inflam-
matory IL-1β, IL-1α, and IL-18 [1–4]. Here, three stepwise
regulatory gates restrict pathological activation of the canonical
inflammasome: (1) Priming: TLR or cytokine-induced innate
immune signaling, transcriptionally upregulates limiting inflam-
masome components (2) Assembly and Activation: ASC oligo-
merizes into a platform to support cleavage of caspase 1 and its
zymogen substrates (3) Release: Active inflammatory cytokines
disperse following gasdermin-mediated exocytosis, cell permea-
tion, and pyroptosis [5, 6]. Additional regulatory and licensing
events that refine checkpoint function by altering biochemical
activities and localizations of select inflammasome components
remain an active area of study [7].
Mitogen-activated protein kinases (MAPKs) serve as central

stress and immune integration hubs during inflammatory
responses [8, 9]. Apart from their well-established role facilitating
TLR priming, the contribution of each major MAPK branch (ERK,
p38, and JNK) during inflammasome triggering has yet to be
clarified [10–13]. Dynamic MAPK nuclear-to-cytosol kinase trans-
location reporter (KTR) biosensors overcome many of the technical
limitations associated with traditional approaches to study MAPKs
in inflammasome activation [14]. First, the dynamic nature of KTRs
affords high temporal resolution allowing analysis of MAPK
activities downstream of prerequisite priming, a key factor
that traditional genetic approaches cannot overcome. Second,

their single-celled nature facilitates signaling investigation prox-
imal to cell death, an event obscured when using population-level
MAPK readouts. Lastly, multiplexing MAPK KTRs with second-
messenger biosensors yields real-time correlations, which coupled
with inhibitors can illuminate causal signaling cascades. Therefore,
MAPK KTRs are valuable tools for studying MAPK dynamics in
inflammasome activation models.
MAPK responses are the composite integration of environmental

response signals from diverse upstreamMAP3Ks [15]. Receptors and
proximal kinases activate MAP3Ks to both regulate specific cellular
processes and contribute to downstream MAP2K/MAPK signaling
cascades, often with the aid of scaffolding proteins [16]. While
MAP3K involvement in innate immune signaling and apoptotic cell
death is widely recognized, prior studies supporting MAPK con-
tributions to inflammasome activation and pyroptotic cell death
remain controversial [13, 17–19]. Since numerous chemical inhibi-
tors of MAPK cascade components have been developed,
identification and characterization of the role of these pathways
during inflammasome triggering may provide new therapeutic
pathways to treat inflammatory morbidities.
Diverse sensory-proximal gain-of-function mutations that sensi-

tize inflammasome seeding underlie many inborn inflammatory
disorders. Neonatal-onset multisystem inflammatory disease
(NOMID) and macrophage activation syndrome (MAS) manifest
from gain-of-function mutations in cryopyrin (NLRP3) and ipaf
(NLRC4) respectively [20]. While molecularly distinct, hyper-
secreted IL-1β and IL-18 both drive inflammatory flares and
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persistent inflammation. Although neutralizing biologics (anakinra,
rilonacept, and canakinumab) alleviate symptoms, small molecules
targeting gasdermin D, the shared executor of pyroptosis required
to release both IL-1β and IL-18, represent an attractive therapeutic
alternative for these diseases [6, 21–23].
Here, we have used a combinatorial approach harnessing

multiplexed biosensors, acute pharmacological screening, and
traditional genetic and biochemical approaches to interrogate
MAPK cascades during inflammasome activation. We delineate
both an unappreciated role for JNK in supporting trigger-phase
mitochondrial ROS (mtROS) production, and a novel MAP3K
substrate licensing complex that facilitates subcellular mobiliza-
tion of GSDMD. Further investigation reveals that mtROS supports
inflammasome formation while xanthine oxidase-induced ROS
production promotes distinct MAP3K activation to facilitate
pyroptosis. Genetics and inhibitors targeting this GSDMD licensing
cascade mitigate disease progression in a whole animal model of
inflammatory colitis and limit IL-1β release from molecularly
distinct inflammasomopathy peripheral blood mononuclear cells
(PBMCs).

RESULTS
JNK is the primary MAPK supporting inflammasome-mediated
IL-1β secretion and pyroptosis in human macrophages
To limit priming-associated interference with interpretation of MAPK
perturbation during triggering, we established an extended priming
regimen with the active signaling component of LPS (KDO-Lipid A
(KLA)) in primary human monocyte-derived macrophages (hMDM),
whereby MAPK prime-induced activity returned close to baseline
levels after 18 h (Fig. S1A). Specific MAPK inhibitors were then applied
1 h prior to NLRP3 inflammasome triggering with nigericin to
investigate trigger-induced MAPK dependencies required for down-
stream inflammasome outputs (Fig. 1A). Kinetic analysis of ASC speck
formation (Fig. 1B, D), IL-1β release (Fig. 1E), and cell permeation
through propidium iodide (PI) uptake (Fig. 1C, F) revealed specific
MAPK involvement during the inflammasome trigger step in hMDM.
While ERK pathway inhibition resulted in little to no delay in ASC
speck formation, IL-1β release, or cell permeation (Fig. 1D–F), p38
inhibition augmented ASC specking without impacting IL-1β release
or cell permeability kinetics, implicating p38 as a negative regulator of
core-inflammasome ASC speck formation (Fig. 1D–F). In contrast, JNK
inhibition led to broad defects in ASC speck formation, diminished
IL-1β release, and delayed PI uptake (Fig. 1D–F).
Extended-prime NLRP3 inflammasome activation in the U937

humanmonocyte line exhibited JNK-supported ASC specking kinetics
comparable to primary hMDM (Fig. S1B–F). Using this system, we
developed a higher-throughput, coupled PI uptake/IL-1β release
assay in 384-well format to permit testing of kinase inhibitors at a
broader concentration range flanking the reported on-target dose
(Fig. S2A, B). This revealed a clear dose-dependent requirement for
JNK, but not p38 or ERK, in both PI uptake (Fig. S2C) and IL-1β release
(Fig. S2D). Additional JNK inhibitors also dampened ASC speck
formation, IL-1β release, and DRAQ7 uptake, supporting inhibitor
specificity (Fig. S2E–G). This JNK requirement persisted irrespective of
the NLRP3 activator as evidenced by diminished IL-1β release from
U937 cells treated with the lysosome damaging dipeptide Leu-
LeuOMe (LLoM) or the mitochondrial reactive oxygen species
(mtROS) stimulator menadione (Fig. S2H, I). These findings allude to
critical JNK signaling dependencies for inflammasome activation and
cell lysis following the inflammasome trigger step in human
macrophages beyond the established NLRP3-licensing role for JNK1
during priming [10, 13].

Single-macrophage MAPK biosensors illuminate biphasic JNK
signaling following inflammasome triggering
Adoption of the MAPK KTR biosensor system permitted
simultaneous single-cell investigation in human macrophages

[14]. We first generated a single lentiviral polycistronic multi-KTR
(mKTR) construct encoding distinct fluorophore reporters for
each major MAPK branch (ERK, JNK, and p38) separated by 2A
autoproteolysis sites (Fig. 2A). Stable expression of this reporter
in human THP1 macrophages (mKTR B6 clone), provided
dynamic single cell readouts of MAPK activation (cytosolic
fluorescence) vs inactivation (nuclear fluorescence) (Fig. 2B). We
confirmed the specificity of each KTR in anisomycin-activated
cells (Fig. S3A–D) and established that the mKTR-B6 cells showed
expected kinetics of ASC speck formation (Fig. S3E, F) and IL-1β
cleavage (Fig. S3G) in response to nigericin. We then examined
parallel, single-cell MAPK dynamics in real-time following NLRP3
inflammasome triggering (Fig. 2C, D). We observed a pattern of
biphasic activation for both JNK and p38 kinases in individual
cells, whereas ERK showed a slight inactivation prior to cell lysis
(Fig. 2C, D). These MAPK activity patterns were confirmed in
population-level western blots from hMDMs (Fig. S3H, I) and
U937 cells (Fig. 2E, F), which also uncovered a temporally-
distinct, isoform-specific activation of JNK with initial activation
of p44 phospho-JNK1 in the first hour followed by delayed
activation of p52 phospho-JNK2 peaking around 2 h after
nigericin stimulation (Fig. 2F). These data together allude to
molecularly distinct, phasic JNK activation steps following
inflammasome triggering that may drive specific intracellular
signaling events. We therefore sought to investigate whether
this might lead to disparate downstream functionality.

Trigger-induced JNK activity spurs mitochondrial ROS
production to tune NLRP3 inflammasome formation
While mtROS influences inflammasome responses [24–26], signal-
ing cascades promoting and responding to ROS dynamics during
the triggering step have not been thoroughly examined. We
employed multiplex live-cell mKTR analysis coupled with chemical
far-red ROS reporters to examine MAPK activity and ROS
generation in parallel. We found that early-phase JNK activation
correlated closely with, and was necessary for, a compartmenta-
lized ROS spike (Fig. 3A, B) that largely colocalized with
mitoTrackerRed (Fig. S4A). The mtROS scavenger mitoTEMPO
correspondingly reduced early ROS production further implying a
mitochondrial origin (Fig. 3C). MitoTEMPO treatment also sig-
nificantly delayed ASC speck formation (Fig. 3D), but failed to
impact PI uptake (Fig. 3E), implying a distinct mechanism
controlling cell permeation downstream of inflammasome
formation.
We then tested MAPK dependencies of post-trigger ROS

induction in DCFDA loaded hMDM. We found that multiple JNK
inhibitors, but not p38 inhibitors, strongly suppressed ROS
production throughout the 5 h time course, at a level comparable
to the global ROS scavenger N-acetyl cysteine (NAC) (Figs. 3F, S4B).
JNK inhibition similarly dampened compartmentalized mtROS
production comparable to the pan-ROS inhibitor DPI (Fig. S4C).
Consistent with our prior findings, JNK inhibition strongly reduced
ASC specking (Fig. 3G), but unlike mitoTEMPO, it prevented
pyroptotic cell permeation measured by either PI uptake (Fig. 3H)
or DRAQ7 imaging (Fig. 3I). While acute, JNK-dependent mtROS
responses support core inflammasome formation, the contrasting
requirement in lytic cell death suggests that a distinct JNK signal
facilitates cell permeation and pyroptosis.

MAP3K inhibitor screening identifies MAP3K5 as a prominent,
specific regulator of cellular pyroptosis
Activation of MAP3K signaling hubs provide functional specifity to
well characterized MAP2K-MAPK activation cascades (Fig. S5A)
[15, 16]. Since JNK facilitates early mtROS/ASC specking, and a
distinct JNK-dependent activity promotes cell lysis, we reasoned
that independent MAP3K signaling scaffolds may explain this
dichotomy. We coupled pan-family specific MAP3K inhibitors (to
overcome known intra-familial paralog redundancies) with the
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384-well PI uptake assay described previously (Fig. S2A, B) to
broadly assess MAP3K involvement in inflammasome-induced cell
permeation (Fig. 4A, B). Inhibition of insulin signaling-related ALK
family kinases, Syk kinase, or stress-response signaling protein

IRE1α resulted in significant delays in PI uptake following nigericin
treatment (Fig. 4A), consistent with existing literature [27–30].
Although few MAP3K inhibitors impaired PI uptake, significant
delays in cell permeation were observed with inhibitors targeting

Fig. 1 JNK Inhibition Blunts Inflammatory Cell-Death and IL-1β Secretion in hMDM. A hMDM were subjected to an 18 h 100 nM KLA
extended prime regimen prior to inflammasome triggering with 10 µM nigericin. B, C Inflammasome formation was evaluated by endogenous
ASC speck imaging (B; White arrows) while pyroptotic cell permeation was evaluated by propidium iodide (PI) uptake (C; Red stain) to analyze
kinetic differences between the two events. Blue indicates Hoechst-stained nuclei. D–F Following 18 h 100 nM KLA priming, individual MAPK
inhibitors (ERK [10 µM U0126], JNK [30 µM JNK-IN-8], p38α [10 µM SB203580], and pan-p38 [30 µM doramapimod]) were applied for 1 h before
inflammasome triggering with 10 µM nigericin to examine roles for MAPKs in ASC specking (D), IL-1β release (E), and cell permeation (F).
D–F Shading represents standard deviation from the mean. Two-way ANOVA followed by Tukey’s multiple comparison test; *p < 0.05,
**p < 0.01. Comparable results were obtained in parallel studies with U937 cells (see Figs. S1 and S2). B–F Data shown are representative of at
least three independent experiments.
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Fig. 2 Single-Macrophage MAPK Biosensors Illuminate Biphasic JNK/p38 Signaling During Inflammasome Activation. A Construct design
of lentivirus and THP1 stable clones expressing multiple kinase translocation reporters (mKTRs) representing each major MAPK branch. B Key
for interpreting augmented or depressed MAPK activity using KTRs. C Live imaging of THP1 mKTR B6 line following differentiation for one day
in 20 ng/mL PMA, treatment with 100 nM KLA for 18 h, and 10 µM nigericin trigger prior to imaging every 5min for 4 h. Yellow arrows indicate
relative activation and purple arrows indicate relative inactivation of KTRs over time. Images are representative of three independent
experiments consisting of four fields per condition. D Nuclear KTR signal was segmented and quantitated in Imaris followed by statistical
graphing on an inverted y-axis in seaborn. Swarm violins representing at least 200 cells for each timepoint were plotted. Internal violin breaks
represent the mean and 95% CI. E Western blot analysis of population-level MAPK dynamics in PMA differentiated U937 cells treated with
100 nM KLA for 18 h preceding the 10 µM nigericin trigger. F Blot densitometry quantitation of population-level MAPK activation from (E).
F Dual y-axes with distinct scales were used to plot more robust p-p38 activation (dashed y-axis) alongside ERK inactivation and JNK activation
(solid y-axis). C–F Data are representative of three independent experiments.
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MAP3K5, at levels comparable to PI uptake defects observed
following JNK inhibition (Fig. 4A, B).
MAP3K5 is a large ROS-responsive kinase that promotes p38

and JNK signaling during apoptotic cell death following DNA
damage, an event also linked to pyroptotic cell death [31–33].
While MAP3K5 has recently been implicated in sustained

activation of p38 and JNK during late-phase toll-like receptor
responses, infection, and autoinflammation [34–36], our extended
priming regimen implies a specific role for MAP3K5 proximal to
inflammasome-induced cell death. Consistent with this idea, post-
prime inhibition of MAP3K5 failed to prevent either ASC specking
or caspase 1 activation, however PI uptake, IL-1β release, and the
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activatory cleavage of pore-forming GSDMD were all impaired
(Fig. 4C, E). These data allude to a pyroptosome-centric role for
MAP3K5 signaling that operates either parallel to or downstream
of inflammasome formation, but precedes and facilitates GSDMD
processing, IL-1β release, and cellular pyroptosis.

MAP3K7 and MAP3K5 regulate distinct JNK activities to
license inflammasome formation and pyroptosis respectively
Since MAP3K7 has been causally linked to the prime-associated
JNK1 activation necessary for NLRP3 phosphorylation [10, 13, 37],
we further investigated the mechanistic impacts of MAP3K7
inhibition specifically during the inflammasome triggering step.
Following extended priming, inhibition of MAP3K7, but
not MAP3K5, dampened trigger-induced mtROS production
(Fig. S5B) and abrogated ASC specking, IL-1β release, and caspase
1 cleavage without exerting significant effects on lytic cell death
(Figs. 4A, D, F, S5C, D); findings consistent with our earlier
mitoTEMPO observations (Fig. 3C–E) and prior studies [38–43].
Furthermore, phosphorylation of the JNK substrate c-Jun was
diminished by both MAP3K5 and MAP3K7 inhibition, corroborat-
ing downstream JNK activation by both MAP3Ks (Fig. 4E, F). Our
findings agree with previously reported, prime-independent roles
for MAP3K7 in core inflammasome formation [13, 37], but further
stress a mechanistic separation between inflammasome formation
and lytic cell death, where MAP3K5 appears to be a key regulator.

Intracellular mobilization of GSDMD is regulated by a
MAP3K5:JNK signaling axis
Although ASC speck formation has been used extensively as an
endpoint to study core inflammasome formation [44], specific
regulators of the subsequent GSDMD pore formation are just
being defined [40, 45, 46]. While proteolysis and assembly of
N-terminal GSDMD oligomers into membrane pores represent
well established bottlenecks in the late pyroptotic response, early
factors that mobilize GSDMD to inflammasomes and further
deliver GSDMD to the plasma membrane are less well understood.
Confocal imaging of endogenous GSDMD in primary hMDM
revealed a KLA-prime associated shift to the perinuclear region,
while inflammasome triggering with nigericin further redistributed
GSDMD to the plasma membrane (Fig. 5A). We found that
nigericin triggering increased staining of pJNK and its colocaliza-
tion with GSDMD, alluding to potential GSDMD regulation by
active JNK (Fig. 5A). Biophysical fluorescence lifetime imaging
(FLIM) also suggested close proximity (<10 nm) of active pJNK and
GSDMD proteins, as shown by GSDMD-induced reduction of the
488-pJNK donor lifetime (Fig. 5B). Inhibition or knockout of
upstream MAP3K5 reduced pMAP3K5 staining (Fig. S6A, B, C),
cytosolic pJNK staining (Figs. 5C, D, S6H, J), and associated
pJNK/GSDMD colocalization (Fig. 5C, D) while downstream JNK
inhibition did not substantially reduce upstream MAP3K5 or
JNK phosphorylation (Figs. 5D, S6B). Importantly, both MAP3K5/
JNK inhibition and MAP3K5 deficiency (but not MAP3K7 inhibi-
tion), dramatically reduced GSDMD plasma-membrane mobiliza-
tion following nigericin triggering (Figs. 5C, E, S6H, I, S7A, B),
supporting a role for the MAP3K5/JNK signaling axis in subcellular
mobilization of GSDMD .

MAP3K5 and JNK2 regulate FL-GSDMD complexes
In light of the data suggesting close proximity of JNK and GSDMD,
and the dependency of intracellular GSDMD mobilization on the
MAP3K5/JNK signaling axis, we sought to investigate whether
these components form a biochemical complex capable of
regulating GSDMD. Co-immunoprecipitation (Co-IP) studies from
macrophages stably expressing low levels of HA-tagged GSDMD
demonstrated that GSDMD constitutively associates with MAP3K5
and the p52 isoform of JNK2, but not JNK1 (Fig. 5F), while
evidence of active pJNK2 association was enriched in primed and
triggered lysates (Fig. 5F, red asterisk).
We then mapped the MAP3K5 domain requirements for JNK2

and GSDMD interaction through fragment co-expression in
inflammasome devoid 293T17 cells. This revealed robust associa-
tion between full-length MAP3K5 and GSDMD, while JNK2 most
strongly associated with fragments containing the C-terminal
coiled-coil domain of MAP3K5 (Fig. 5G). Closer inspection of input
lysates suggested partial band-shifting of GSDMD only in the
presence of full-length MAP3K5 (Fig. 5G, lowest panel, red
asterisk), which may be indicative of GSDMD phosphorylation.
Co-expression of both MAP3K5 and JNK2 with GSDMD-HA in
inflammasome deficient 293T17 cells promoted high molecular
weight GSDMD super-shifting in denaturing, reducing SDS-PAGE
gels (Fig. 5H) which was substantially reduced by lysate treatment
with calf intestinal phosphatase or cell pretreatment with MAP3K5
inhibitor, further indicating regulatory importance of MAP3K5
kinase activity (Fig. 5H, S7C). Together, these data suggest that
MAP3K5 and JNK2 can together promote stable, full-length
GSDMD super-shifting independent of caspase-1 mediated
cleavage.
To investigate whether MAP3K5/JNK2 regulation of GSDMD

mobilization extends to inflammasome-independent processes;
we assessed IFNγ-induced GSDMD PIT formation previously
described in HeLa cells [47–49]. We observed substantial reduction
of GSDMD PIT mobilization following treatment with either
MAP3K5 or JNK inhibitors (Fig. S7D, E). Together these data
suggest that MAP3K5/JNK2 may act broadly as a substrate
licensing complex that redistributes GSDMD to specific subcellular
locations where it can be appropriately deployed in response to a
variety of activation stimuli.

Xanthine oxidase inhibition prevents MAP3K5 activation and
GSDMD mobilization
Since MAP3K5 is a ROS-responsive kinase [32], we evaluated
trigger-induced ROS sourcing in hMDM loaded with DCFDA by
employing general and specific ROS scavengers and inhibitors.
While the global ROS scavenger N-Acetylcysteine (NAC) robustly
prevented DCFDA fluorescence accumulation (Fig. 6A), the mtROS
scavenger mitoTEMPO specifically attenuated early ROS produc-
tion, consistent with prior work [24, 41, 42]. In contrast, a late
phase of ROS production was specifically dampened by the
xanthine oxidase (XO) inhibitor febuxostat (Fig. 6A). This
supported our earlier observation of acute-phase mtROS support-
ing ASC speck formation and led us to speculate whether the later
phase of XO-dependent ROS may be required for MAP3K5 activity
and downstream pyroptosis.

Fig. 3 Trigger-Induced JNK Activity Spurs Mitochondrial ROS Production to Tune Inflammasome Formation. A, B Live confocal imaging of
ROS production via ROSBrite670 in the stable THP1 mKTR B6 line triggered with 10 µM nigericin compared to cells pretreated with 30 µM JNK-
IN-8 (A) and accompanying quantitation (B). C, E, F, H, I Live epifluorescent imaging quantitation of hMDM labeled with green-shifted
chemical biosensor (DCFDA) to measure ROS production (C, F), PI (E, H), or Draq7 (I) to assess cell permeation following a 10 µM nigericin
trigger ±30 µM JNK-IN-8 (JNKi), 10 µM SB203580 (p38αi), 30 µM doramapimod (p38i), 5 mM N-acetyl cysteine (NAC), or 300 µM mitoTEMPO.
D, G Endogenous hMDM ASC speck quantitation performed by high-content imaging under inhibitor conditions described above. B Line
plots of data summarized from at least 200 cells, as in Fig. 2D, represent gated mean cellular fluorescence for each biosensor while shading
represents one standard deviation from the mean. Two-way ANOVA followed by Tukey’s multiple comparison test; **p < 0.01, ***p < 0.001,
****p < 0.0001. A–I Imaging is representative of two (C, D, F, G) or three (A, B, E, H, I) independent experiments consisting of four (A, B), ten
(C, E, F, H, I), or 20 (D, G) independent fields per condition.
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We found that enzymatic inhibition of XO dampened pyroptotic
cell permeation and IL-1β release, without affecting early-phase
ASC specking in response to nigericin (Figs. 6B, S8A, B) implicating
the later-phase of XO-induced ROS in cellular pyroptosis. Likewise,
Co-IP of GSDMD-HA from immortalized bone marrow-derived
macrophages (iBMDM) revealed a conditional association of
GSDMD with XO only after priming and during inflammasome

activation (Fig. 6C) providing a biochemical basis for tuning
GSDMD-dependent pyroptosis.
We then questioned whether XO supports signaling in the

MAP3K5/JNK2/GSDMD pyroptotic licensing axis. Fixed immuno-
fluorescence imaging revealed an increase in active phospho-
MAP3K5 (pM3K5) and phospho-JNK in nigericin triggered hMDM
with pM3K5 subcellular localization mirroring that of GSDMD

C.J. Bradfield et al.

595

Cell Death & Differentiation (2023) 30:589 – 604



(Fig. 6D–G). We find that XO inhibitor pretreatment significantly
reduced trigger-induced pM3K5 and cytosolic pJNK staining and
delayed cell permeation in hMDM to levels comparable to those
achieved with NAC-mediated global ROS scavenging (Fig. 6B,
D–F). Inhibition of XO also attenuated GSDMD redistribution to the
plasma membrane, supporting a role for XO-generated ROS in
regulating GSDMD through the MAP3K5/JNK signaling axis
(Fig. 6D, G, H). In contrast, specific inhibition of acute-phase
mtROS failed to impact pMAP3K5, cytosolic pJNK, or GSDMD
mobilization to the plasma membrane (Fig. 6B, D–H), nor did
MAP3K5 or XO inhibition affect early ROS generation (Fig. S5B,
S8C), suggesting specificity of XO-induced late ROS in the
MAP3K5/JNK2 pyroptotic cascade.

XO:MAP3K5:JNK2 pyroptotic signaling is required for DSS-
induced colitis in mice
Since the mouse model of dextran sodium sulfate (DSS) colitis
relies on GSDMD-induced pyroptosis [43, 50, 51], we reasoned that
selective inhibitors of the XO/MAP3K5/JNK2/GSDMD cascade may
affect DSS-induced morbidity. Accordingly, intraperitoneal injec-
tion of inhibitors for XO (febuxostat), MAP3K5 (selonsertib), and
JNK (SP600125) all reduced DSS-induced colon shortening, weight
loss, and morbidity scores when administered after the start of
DSS treatment (Fig. 7A–D). While these chemical inhibitors
partially alleviated morbidity, Jnk2−/−, but not Jnk1−/− nor
Nlrp3−/− mice, exhibited both complete protection from colon
shortening and reduced weight loss comparable to Gsdmd−/− and
caspase1/11 double knockout mice (Fig. 7B–D, S9A). These effects
are unlikely to be driven by priming defects in PRR-driven innate
immune transcription since Jnk2−/− bone marrow-derived macro-
phages (BMDM) exhibited no defects in Il6, Tnf, or Cxcl10
transcriptional responses to KDO-lipid A (Fig. S9B–D). Nor are
these observations likely to be caused by defective core
inflammasome formation since endogenous ASC specking kinetics
and caspase-1 cleavage in Jnk2−/− BMDM were comparable to
wildtype controls (Fig. 7E, H, S9E, F). Meanwhile, Jnk2−/− BMDM
exhibited diminished IL-1β release, PI uptake, and GSDMD
cleavage following nigericin triggering (Fig. 7F–H), results that
largely phenocopy our earlier findings for MAP3K5 inhibition
(Fig. 4C, E). In contrast, Jnk1−/− BMDM exhibit defective mtROS
production and ASC specking, consistent with a role in the early
trigger-phase JNK response, but fail to limit cell lysis (Fig. S9F–I).
Together, these findings provide in vivo support for the
importance of the XO/MAP3K5/JNK2 signaling cascade in regulat-
ing the pyroptosis contributing to DSS-induced colitis, distinct
from JNK1 involvement in canonical inflammasome formation.

MAP3K5 signaling contributes to IL-1β production in gain-of-
function NLRP3 (NOMID) and NLRC4 (MAS) patient PBMCs
We then investigated the impact of the MAP3K5:GSDMD substrate
licensing complex in monocytes from patients carrying gain-of-
function alleles in cryopyrin (NLRP3: NOMID) or nlrc4 (MAS).
Mutations in these distinct inflammasome seeding components
lead to augmented IL-1β release and manifestation of inflamma-
tory flares in a largely GSDMD-dependent manner [20, 52].

Inhibition of MAP3K5 in these cells both dampened IL-1β release
and significantly delayed PI uptake (Fig. 7I, J). These data suggest
that MAP3K5 inhibitors may provide an alternative to expensive
biologics for management of inflammasome-associated autoin-
flammatory flares.

DISCUSSION
We demonstrate that JNK kinases support IL-1 family cytokine
release beyond their reported roles in inflammasome priming [10].
Here, a trigger-induced early role for JNK1 mobilizes mtROS to
facilitate ASC speck formation in hMDM. A second JNK2 activation
driven by xanthine-oxidase produced ROS and MAP3K5 promoted
GSDMD mobilization and cell lysis suggesting a signaling pathway
parallel to core inflammasome formation. Pharmacological inhibi-
tion of this parallel cascade suppresses inflammatory morbidities
in a whole animal colitis model and limits IL-1 release in cellular
models of distinct gain-of-function inflammasomopathies.
Leveraging extended TLR priming, which better mimics

conditions at PAMP-laden mucosal surfaces, allowed us to
investigate trigger-induced MAPK signaling [13]. This approach
identified reciprocal roles for JNK in supporting, and p38 in
regulating, core inflammasome ASC speck formation and pyr-
optosis, a finding consistent with MAPK pro and anti-regulation
observed in other settings [53]. Multi-MAPK-KTR macrophage lines
(mKTR) revealed trigger-induced, biphasic activation of both JNK
and p38 correlated with early-phase ASC speck formation and
late-phase pyroptotic cell death, prompting us to investigate up
and downstream factors associated with each phase of JNK
activation.
Diverse MAP3Ks promote specific MAPK activities in addition to

contributing to canonical MAPK-AP1 responses. Inhibition of
distinct MAP3Ks during the inflammasome trigger step uncoupled
discrete MAPK signaling origins underlying both inflammasome
formation and pyroptosis. Inhibition of MAP3K7 or knockout of
Jnk1 diminished inflammasome ASC speck formation, but failed to
limit lytic cell death, consistent with literature linking MAP3K7
inhibition to necrolytic cell death and panoptosis [13, 37, 39,
41–43]. In contrast, MAP3K5 inhibition or knockout of Jnk2 limited
the subcellular mobilization and cleavage of GSDMD necessary for
pyroptotic cell permeation, without impairing inflammasome
formation or activation of caspase 1 . We therefore questioned if
signaling intermediates coordinate MAPK activation in inflamma-
some formation and pyroptosis.
Both inflammasome formation and pyroptotic cell death rely on

ROS generation [24, 41]; however, ROS sourcing and associated
signaling during these events is not well understood. We
demonstrate that early JNK, but not p38, promotes trigger-
induced mtROS production, consistent with studies linking
JNK1 signaling to mtROS in other settings [54, 55]. Meanwhile
mtROS scavenging with mitoTEMPO limits ASC specking to levels
observed following JNK inhibition, or deletion of the Jnk1 gene,
and complements prior findings for mtROS during inflammasome
activation [24, 26, 56]. Unexpectedly, scavenging mtROS failed to
reduce GSDMD-mediated cell permeation, a finding consistent

Fig. 4 MAP3K Inhibitor Screening Identifies MAP3K5 as a Prominent, Specific Regulator of Cellular Pyroptosis. A, B Propidium iodide
uptake kinetics in PMA differentiated, 18 h 100 nM KLA primed U937 cells triggered with 10 µM nigericin in the presence of of MAP3K (A) or
MAPK (B) inhibitors at multiples of indicated target-concentrations (Table S1). Data were reduced as in Fig S2B. C, D Kinetics of PI uptake, IL-1β
release, and ASC speck formation in PMA differentiated U937 cells after extended priming followed by triggering with 10 µM nigericin ±30 µM
MAP3K5 inhibitor selonsertib (M3K5i) (C) or 10 µM MAP3K7 inhibitor 7-oxozeanol (M3K7i) (D). E Differentiated U937 cells following extended
priming were triggered with 10 µM nigericin to assess kinetic biochemical cleavage of caspase 1 and GSDMD ±30 µM selonsertib (M3K5i) (E) or
10 µM 7-oxozeanol (M3K7i) (F). A, B Error bars represent standard deviation while shading represents one and two standard deviations from
the cumulative mean of 16 DMSO control samples. C, D Shading represents one standard deviation from the mean. A, B Pair-wise two-tailed
student’s T test of unequal variance; *p < 0.05, **p < 0.01, ***p < 0.001. C, D Two-way ANOVA followed by Tukey’s multiple comparison
test; ***p < 0.001, ****p < 0.0001. A–F Data are representative of at least two (A, B) or three (C, D) experiments containing four replicates per
group (A–D).
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with cell-permeation sufficiency following upstream MAP3K7
inhibition or Jnk1 deletion.
These observations supported distinct regulation of the

pyroptosis-specific MAP3K5/JNK2 signaling node. Since MAP3K5
is normally inactivated by covalent cysteine bridging with

thioredoxin or periredoxin [31, 32], we reasoned that other ROS
sources following inflammasome triggering may facilitate MAP3K5
activation and downstream pyroptosis. Here, XO inhibition, but
not mtROS scavenging, specifically diminished late phase ROS
production, reduced phosphorylation of both MAP3K5 and JNK,

C.J. Bradfield et al.

597

Cell Death & Differentiation (2023) 30:589 – 604



and limited GSDMD mobilization and cell permeation, an
observation accordant with FDA-approved therapies targeting
XO-induced IL-1 release in inflammatory gout [42]. These data
demonstrate that distinct ROS sources differentially contribute to
inflammasome formation and pyroptosis; however, context-
specific variation in ROS sourcing cannot fully be ruled out [40].
While GSDMD regulation has primarily focused on late-phase

pore formation and plasma membrane repair [40, 45, 57–60], we
questioned whether the XO-ROS:MAP3K5:JNK2 signaling chain
functioned as a licensing complex to mobilize GSDMD for
pyroptosis. Immunoprecipitation of GSDMD from macrophages
established constitutive interaction with MAP3K5 and the p52
isoform of JNK2, whereas XO recruitment was conditional
following the nigericin trigger. These interactions, combined with
inhibitor data, support a model where a subpopulation of GSDMD
associates with inactive MAP3K5 and JNK2 which is conditionally
activated by XO-ROS. This activation promotes full-length GSDMD
super-shifting reminiscent of N-terminal oligomerization [61];
however, more studies are needed to clarify how the exact mode
of action relates to cell permeation.
The existence of a new GSDMD-centric regulatory node could

impact multiple inflammasomes. Indeed, PBMCs harboring gain-
of-function mutations in either NLRP3 (NOMID) or NLRC4 (MAS)
inflammasome seeding components secreted less IL-1β and
delayed cell permeation after MAP3K5 inhibition. Similarly,
MAP3K5 cascade inhibitors and genetic deletion of JNK2, GSDMD,
or caspase 1/11, but not NLRP3 or JNK1, alleviated colon
shortening in a pyroptosis-dependent, canonical inflammasome
independent, mouse model of DSS-induced colitis. We addition-
ally find that MAP3K5 inhibition disassembles IFNγ-induced
GSDMD PITs in HeLa cells extending its functional significance
beyond macrophage inflammasomes [49, 62–65] . Similarly, co-
expression of MAP3K5, JNK2, and GSDMD in inflammasome-
deficient 293T17 cells promotes MAP3K5 dependent full-length
GSDMD super-shifting in denaturing, reducing PAGE gels,
suggesting that MAP3K5 operates broadly in GSDMD regulation
that is distinct from, but operates parallel to, inflammasome-
mediated cleavage of GSDMD and associated pore formation.
GSDMD embodies a major bottleneck in inflammatory cytokine
release and its licensing complex may be a suitable therapeutic
target to limit recurrent morbidities of heightened, chronic
secretion of IL-1 family cytokines.

MATERIALS AND METHODS
Mice and cell lines
Mice were maintained in specific-pathogen-free conditions. All procedures
were approved by the NIAID Animal Care and Use Committee (National
Institutes of Health, Bethesda, MD). Mice were euthanized either before the
development of clinical disease or at the defined humane endpoint.

Wild-type B57Bl6N mice were obtained from Taconic. GSDMD KO, NLRP3
KO, Caspase 1/11 DKO, JNK1 KO, and JNK2 KO mice were obtained from
The Jackson Laboratory. ASC knockout mice were a generous gift from the
Flavell lab. Mice were backcrossed where needed and were allowed to
establish stable colonies in the same facility for two generations prior to
use in experiments. Murine BMDM were isolated by aseptic bone flushing
and were differentiated in complete DMEM containing 50 ng/mL mM-CSF
for 6 days. Primary hMDM were obtained as elutriated monocytes from
screened, healthy donors under the NIH Clinical Center IRB-approved
protocol 99-CC-0168 from the NIH Department of Transfusion Medicine
and were differentiated by culturing in complete RPMI containing 50 ng/
mL hGM-CSF for 8 days. U937 (CRL-1593.2) and THP1 (TIB-202) immortal
monocytes were obtained from ATCC, were cultured below a density of
106 cells/mL, and were differentiated into macrophages by a 24 h
incubation in 20 ng/mL PMA. HeLa (CCL-2) were obtained from ATCC.

Isolation of human blood cells
Peripheral blood was collected in tubes containing sodium heparin.
Erythrocytes were removed using ACK lysis buffer (8.3 g/L NH4Cl, KHCO3
1 g/L, EDTA 0.0372 g/L) (Quality Biological, Inc. Gaithersburg, MD) in 0.01 M
Tris–HCl buffer pH 7.4. Blood cells were pelleted and mixed with 10ml of
ACK lysis buffer for 1 min. Cells were washed and resuspended in RPMI.
Cell viability was assessed using trypan blue exclusion (Invitrogen,
Frederick MD).

Chemicals and antibodies
Nigericin, blasticidin, menadione, doramapimod, SB203580, JNK-IN-VIII,
U0126, selonsertib, febuxostat, CC401, JNK-IN-V, takinib, and deabeitic acid
were purchased from Cayman Chemical. DCFDA and ROSBrite670 were
purchased from AAT Bioquest. Hoechst 33342 and Draq7 were purchased
from ThermoFisher. LeuLeuOMe was purchased from ChemImpex.
Propidium iodide and mitoTEMPO were purchased from Sigma Aldrich.
Human IFNγ was purchased from R&D Systems. 16% PFA was purchased
from Electron Microscopy Services. See Supplemental Tables S1 and S2 for
additional chemical and antibody information.

Inflammasome activation
Classical inflammasome activation was stimulated with 10 µM nigericin,
1 mM LeuLeuOMe, or 250 µM menadione. Each agonist was lot validated
to confirm induction of caspase-1 dependent cell-permeation and IL-1β
release.

Fixed immunofluorescence imaging
hMDM were differentiated for 5 days followed by seeding at 1 × 104

cells/well in a 384-well imaging plates while U937 were seeded at 2 × 104

cells/well in a 384-well imaging plate and were differentiated with 50 ng/
mL PMA for 1 day. After differentiation, cells were treated with 100 nM
KLA for 18 h. Respective inhibitors were added 1 h prior to addition of
10 µM nigericin. Nigericin was added to wells at indicated times before
adding paraformaldehyde to a final concentration of 2%. Cells were fixed
for 10 min, permeabilized in cold 70% ethanol, and stored at −20 °C until
use. Wells were warmed to room-temperature and rehydrated for 5 min
in TBS followed by blocking with 2% BSA TBS for 1 h. Primary antibodies

Fig. 5 Intracellular Mobilization of GSDMD is Regulated by a MAP3K5:JNK Signaling Axis. A Coimmunostaining of pJNK and GSDMD in
hMDM following extended priming and 2 h of 10 µM nigericin triggering. Yellow arrows indicate plasma-membrane localization.
B Fluorescence lifetime (FLIM) of 488-pJNK in extended-primed hMDM triggered with 10 µM nigericin for 2 h. FLIM was quantitated as the
reduction of Alexa 488-anti-pJNK fluorescence lifetime in the presence of Alexa 560-anti-GSDMD. C Extended-primed hMDM were treated
with MAP3K5 and JNK inhibitors for one hour before triggering with 10 µM nigericin for 2 h. Cells were stained for pJNK and GSDMD to assess
JNK activation and GSDMD localization. D Enumeration of hMDM pJNK mean cytosolic immunofluorescence following a 10 µM nigericin
trigger ±30 µM M3K5i (selonsertib) or 30 µM JNKi (JNK-IN-8). E Quantitation of plasma-membrane localized GSDMD in hMDM treated as in (C).
F CoIPs were performed on WT iBMDM or iBMDM stably expressing GSDMD-HA in naïve state (−) 100 nM KLA primed for 18 h (P) or
additionally treated with 10 µM nigericin for 1 h (N) by immunoprecipitating HA and immunoblotting for indicated targets. G Protein
interaction mapping was performed by co-expression in 293T17 cells with MAP3K5-FLAG fragments and either JNK2-HA or GSDMD-HA
followed by IP of FLAG and immunoblotting of HA. Yellow arrows represent upshifted band migration. H SDS-resistant GSDMD super-shifting
was performed by co-expressing MAP3K5, JNK2, and GSDMD in 293T17 cells in the presence or absence of MAP3K5 inhibitor [30 µM
selonsertib]. A minimum of six confocal fields were acquired per sample condition per experiment (A–C) while quantitation represents five
confocal (B, E) or 30 epifluorescent (D) fields in each of four replicates per group. B, D Error bars represent standard deviation from the mean.
A, C Pearson’s correlation for pJNK/GSDMD colocalization was calculated by applying identical thresholding to experimental samples using
Imaris. B, E Pair-wise two-tailed student’s T test of unequal variance; *p < 0.05, ***p < 0.001. D Two-way ANOVA followed by Tukey’s multiple
comparison test; *p < 0.05, ****p < 0.0001. A–H Data shown are representative of at two (B, H) or three (A, C–H) experiments.

C.J. Bradfield et al.

598

Cell Death & Differentiation (2023) 30:589 – 604



Fig. 6 MAP3K5:JNK2:GSDMD Signaling is Supported by Xanthine Oxidase ROS Production. A ROS production following extended priming
and 10 µM nigericin triggering was assessed in DCFDA labeled hMDM treated with indicated ROS inhibitors (XOi [300 µM febuxostat], 300 µM
mitoTEMPO, or NAC [5 mM N-acetyl cysteine]). B PI-uptake kinetics in extended-primed, PMA differentiated U937 cells triggered with 10 µM
nigericin in the presence of indicated target-concentrations of ROS inhibitors (Table S1). Data were reduced as in Fig S2B. C CoIP was
performed using iBMDM stably expressing GSDMD-HA as described in Fig. 5F while the presence of xanthine oxidase (XO) was assessed by
immunoblot. D, G Confocal imaging of GSDMD, pJNK, and pMAP3K5 immunofluorescence was assessed in extended-primed hMDM treated
for 1 h with indicated ROS inhibitors (5 mM NAC, XOi: 300 µM Febuxostat, 300 µM mitoTEMPO) followed by 4 h of 10 µM nigericin triggering.
E, F Enumeration of pMAP3K5 and cytosolic pJNK immunofluorescence of samples treated as in (D). H Quantitation of plasma membrane
localization of GSDMD in hMDM following treatment with ROS inhibitors treated as in (G). A Data are represented as the mean of four
replicates per group while error bars represent standard deviation. B Shading represents one and two standard deviations from the
cumulative mean of 16 DMSO control samples. E, F Quantitation was performed by epifluorescent high-content imaging parallel to the
confocal imaging for (D). H GSDMD plasma membrane localization was enumerated from a minimum of 200 cells via confocal microscopy.
B, H Pair-wise two-tailed student’s T test of unequal variance; **p < 0.01, ****p < 0.0001. A, E,F Two-way ANOVA followed by Tukey’s multiple
comparison test; *p < 0.05, **p < 0.01, ****p < 0.0001. A–H Data shown are representative of three experiments.
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were applied at indicated concentrations (Table S2) in 2% BSA TBS for
1 h followed by two washes in TBS. Fluor conjugated secondary
antibodies were applied at a concentration of 1:2000 in 2% BSA TBS
for 30 min followed by four TBS washes. Cells were counterstained in
1 ug/mL Hoechst 33342 in TBS. 384-well plates were imaged on both a
ThermoScientific CX7 epifluorescent high-content imager for quantita-
tions as well as a Leica SP8 confocal microscope for high-resolution
imaging and quantification of colocalization. Colocalization analysis was

performed across parallelly acquired samples with identical thresholding
in Imaris.

ASC Puncta quantitation
Endogenous ASC puncta quantitation was performed by subtracting basal
cytosolic fluorescence from images of unstimulated cells. An ROI was set
by applying a sigmoidal filter to the nuclear Hoechst stain followed by
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expansion of 15 pixels to capture the cell cytoplasm. A spot-detection
algorithm was applied using a box smoothing of four and a sigmoidal
threshold to assure stringent counting of objects with strong signal to
noise ratios. Nuclear ASC was filtered out of the ASC speck count by
applying an area size filter on detected spots. Mean, total, and binary-
thresholded positivity measures were acquired.

ELISA
Elisa for both human and murine IL-1β were purchased from R&D Systems
and were used according to manufacturer protocols. Briefly, 10 µL of
capture antibody diluted in PBS was bound to 384-well NUNC immunosorp
plates for 2 h. Antibody was removed and plates were blocked in PBS
containing 2% BSA for 1 h followed by sample binding for 2 h. Sample was
removed and a mix of biotin-conjugated detection antibody and
streptavidin HRP was applied for 1 h. Plates were washed four times with
PBS containing 0.02% Tween-20. Plates were developed by adding 10 µL of
TMB-Plus substrate for 20min then quenched with 10 µL 2M sulfuric acid.
Plates were read at 450 nm with baseline subtraction from 570 nm on a
BMG-Omegastar. A standard curve was calculated and samples in the
quantitative linear range were interpolated.

PI uptake imaging
hMDM were differentiated with 50 ng/mL GM-CSF for 5 days followed by
seeding at 1 × 104 cells/well in a 384-well imaging plate while U937 were
seeded at 2 × 104 cells/well in a 384-well imaging plate and were
differentiated with 50 ng/mL PMA for 2 days. Cells were then treated with
100 nM KLA for 18 h. Respective inhibitors were added 1 h prior to addition
of 10 µM nigericin. Media was exchanged to label cells in 1 µg/mL Hoechst
33342 in 5% FBS RPMI lacking phenol-red supplemented with 5 µg/mL PI.
A final concentration of 10 µM nigericin was added to wells and kinetic
imaging was performed on a CX7 high-content imager equipped with an
environmental control unit and laser autofocus control. Images were
acquired from ten non-adjacent fields in each well at five-minute intervals
for 12 h. ROI were calculated by nuclear stain and expanded 15 pixels to
encompass the cytoplasm. Basal cytosolic fluorescence from images of
living cells was subtracted and a fixed threshold was applied to gauge PI
positivity. Mean, total, and binary-thresholded measures were acquired for
each cell and were compared to wells fully permeabilized by Triton-X 100.

PI uptake screen
U937 were seeded at 5 × 104 cells/well in a 384-well imaging plate and
were differentiated with 50 ng/mL PMA for 2 days. Cells were then treated
with 100 nM KLA for 18 h. Respective inhibitors were added 1 h prior to
addition of 10 µM nigericin. Media was exchanged to label cells in 1 µg/mL
Hoechst 33342 in 5% FBS RPMI lacking phenol-red supplemented with
5 μg/mL PI. A final concentration of 10 µM nigericin was added to wells
and kinetic imaging was performed on a ClarioSTAR plate reader equipped
with an environmental control unit. Hoechst was quantified prior to kinetic
reads. PI scans were acquired every 15min using bottom-read orbital
averaging for 24 h. PI measurements were ratioed to Hoechst readings to
normalize PI to total cell number. Kinetics of PI uptake in control samples
were calculated in R and further used to gate the kinetic window used for
AUC calculation for parallelly treated samples.

Multiplex MAPK reporter generation
Individual MAPK translocation reporters were a generous gift from Drs.
Markus Covert (Stanford University) and Sergi Regot (Johns Hopkins

University). Individual reporters were amplified with primers containing
sequence-specific 2A cleavage sites (Table S3). Fragments were assembled
with NEB builder into a third generation pLenti-Puro backbone cut with
EcoRI-PacI. The construct was further subcloned into a second-generation
pLenti-Blast at AgeI-BamHI cut sites to allow higher efficiency virus
production.

Lentivirus and stable cell line generation
293T17 cells were grown to log phase and were transfected with 3:1:0.1:0.1
construct:psPAX2:MD.G:pRSV-Rev using Mirus TransIT Lenti. After 48 h, viral
supernatant was harvested and filtered through 0.45 µM cellulose. Crude
viral supernatant was concentrated with LentiX Concentrator and was
stored at −80 °C. Transduction of 1/10 total virus was performed on log-
phase target cells. After 48 h, 10 µg/mL blasticidin or 2 µg/mL puromycin
selection medium was added, and clonal populations were generated by
single-cell limiting dilution. Immortalized bone marrow-derived macro-
phages (iBMDMs) were generated by adding supernatant from J2Cre
oncogenic virus producing cells to differentiated murine BMDM. Cells were
gradually, but fully weaned off their M-CSF growth dependency before use
in experiments.

Biosensor live imaging
5 × 104 of THP1 MKTR clones B6 and K14 were differentiated in complete
RPMI lacking phenol-red containing 50 ng/mL PMA on 12-chamber #1.5
coverglass for 1 day. Cells were then primed with 100 nM KLA for 18 h.
Inhibitor was applied to cells 1 h before imaging. Hoechst 33342 was applied
at 500 ng/mL for 30min prior to imaging. DCFDA labeling was performed at
5 µM for 30min prior to media washout where indicated. ROSbright670 was
added at 10 µM 15min prior to imaging without washout to maintain high
signal to noise ratios. Following labeling, 2 μg/mL Propidium Iodide or 1 µM
Draq7 was added in fresh imaging media supplemented with indicated
inhibitors for the duration of inflammasome activation. Chambers were
mounted on a Leica SP8 confocal microscope equipped with an environ-
mental control chamber. Multiplexed imaging was performed with
sequential scanning to prevent spectral overlap at five-minute intervals
over 3–12 h. Analysis was performed with Imaris or KNIME software wherein
nuclei were identified from cells and ROI were expanded to encompass the
cytosol. Cell boundaries were further defined using the GFP channel as Erk-
mClover regularly displayed detectable levels of cytosolic signal. Nuclear and
cytosol average and total intensities were calculated, and cell tracks were
exported and graphed using seaborn.

Mitochondrial live imaging
5 × 104 U937 cells were differentiated in complete RPMI lacking phenol-red
containing 50 ng/mL PMA on clear-bottom black 384-well plates for 2 days.
Cells were then primed with 200 nM KLA for 18 h. Hoechst 33342 (500 ng/
mL), MitoTrackerRed (5 µM), ROSBrite670 (5 µM) were applied 30min prior
to imaging on a CX7 high-content imager. Pearson’s correlation analysis
was performed with Imaris.

Immunoblotting (IB)
2 × 106 U937 were differentiated in 50 ng/mL PMA for 2 days in each well
of 6-well plates. Cells were treated with 100 nM KLA for 18 h where
indicated. Inhibitors were added 1 h before addition of nigericin to 10 µM
final concentration. Cells were incubated for the indicated times followed
by cell scraping at 4 °C. Cells were washed in PBS followed by lysis in 30 µL
2% Triton-X 100 TBS 2 mM MgCl +2 u/mL Benzonase+ 2x protease

Fig. 7 XO:MAP3K5:JNK2 Pyroptotic Signaling is Required for DSS-induced Colitis in Mice and Supports Inflammatory Responses in
Human Inflammasomopathies. A–D Mice injected intraperitoneally with inhibitors (XO [febuxostat 30mg/kg], JNK [SP600125 30mg/kg], or
MAP3K5 [selonsertib 30mg/kg]) according to the treatment regimen (A), or the indicated knockouts, were assessed for susceptibility to 2%
DSS-induced colitis via monitoring colon shortening (B), weight loss (C), and morbidity score from stool condition (D). E–G BMDM were
assessed for ASC specking (E), IL-1β release (F), and PI uptake (G), following 18 h 100 nM KLA priming and a 10 µM nigericin trigger. H Jnk2−/−

BMDM were primed for 18 h with 100 nM KLA and triggered with 10 µM nigericin to assess activatory cleavage of Caspase 1 (p20) and Gsdmd
(cl-Gsdmd) via western blot. I–J Human PBMC from patients harboring gain-of-function mutations in various inflammasomes (NOMID: NLRP3
and MAS: NLRC4) were assessed for IL-1β release (I) and PI uptake (J) following extended priming −/+ 1 h 30 µM M3K5 inhibitor selonsertib
and 10 µM nigericin triggering. A, B, D Data are represented as the mean of five mice (B–D), sample quadruplicates (E–G), or duplicate wells
(I, J) per group while error bars (B–D, I) and shading (E–G, J) represent standard deviation from the mean. B, I Pair-wise two-tailed student’s T
test of unequal variance; *p < 0.05, ****p < 0.0001. C–G, J Two-way ANOVA followed by Tukey’s multiple comparison test; ****p < 0.0001.
A–J Data shown are representative of two (A–D, I, J) or three (E–H) experiments.
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inhibitor+ 2x phos-stop for 10min. Samples were stored at −80 °C until
use. Upon thawing, samples were mixed by pipetting and were added to
2x LDS sample buffer at a 1:1 ratio. Samples were heated at 95 °C for
10min and were vortexed and centrifuged prior to loading on 12% Bis-Tris
gels. Gels were run at 100 V for 2.5 h in MES running buffer followed by wet
tank transfer (Towbin) at 70 V for 2 h. Ladder was marked with xylene
marker and blots were blocked in 2% BSA 0.05% Tween-20 TBS for 1 h.
Primary antibodies were applied overnight at 4 °C in blocking buffer at
indicated concentrations. Blots were washed twice with TBS-T and
secondary HRP antibody was applied at a concentration of 1:50,000 in
TBS-T for 30min. Blots were washed four times in TBS-T for 5 min each
followed by developing in Dura-ECL or ECL Lightning on a chemidoc. HRP
was inactivated in 0.02% azide for 1 h and blots for alternative species
antibodies were performed. For caspase 1 and GSDMD blots, cells were
exchanged to Optimem supplemented with inhibitors 1 h prior to
commencing nigericin treatment. Supernatants were collected and protein
was precipitated in a final concentration of 80% acetone. Pellets were
resuspended in 2x LDS loading buffer and were sonicated for 1 h to
generate secreted protein samples which were then mixed with respective
cell lysates.

Fluorescence lifetime imaging (FLIM)
Fluorescence lifetime imaging was performed on hMDM cultured on #1.5
glass coverslips using a Leica SP8 WLL Falcon inverted confocal
microscope with a 63X objective (Leica Microsystems, Buffalo Grove, IL).
Cells were stained with pJNK and GSDMD primaries (Invitrogen 700031
and SCBT (64-Y)) and Alexa-488 and Alexa-555 secondaries, respectively.
Analysis of fluorescence time decays were resolved by time-correlated
single-photon counting using an SP8 FLIM FALCON system equipped with
a tunable WLL system set at 488 nm excitation wavelength and at 80mhz
frequency. Images were acquired at 512-512-pixel format, collecting in
excess of 2000 photons per pixel. FRET efficiency transients and FRET-FLIM
Images were analyzed and processed using LASX single molecule
detection analysis software.

Immunoprecipitation (IP)
Lentiviral C-terminally HA-tagged murine GSDMD was generated through
amplification of the ORF from iBMDM cDNA (Table S3). The amplicon was
then assembled into second-generation pLenti-BLAST at AgeI-BamHI cut
sites. Stable iBMDMs expressing low levels of tagged construct were
generated to use for semi-physiologic IP. iBMDMs either expressing or not
expressing tagged GSDMD were plated at 6 × 107 cells in three 15 cm TC
plates for each IP sample. Cells were either left untreated, were treated
with 100 nM KLA for 18 h, or were treated with KLA followed by stimulation
with 10 µM nigericin for 1 h. Samples were cooled on ice in a cold room
where cells were scraped and pelleted followed by lysis in cold 0.2%
Triton-X 100 TBS containing protease inhibitor cocktail and phos-stop.
Insoluble material was removed by centrifugation, input samples were
taken. IP proceeded by adding 20 µL of 50% protein A/G magnetic beads
to samples along with 5 µg HA antibody. Samples were rotated end-over-
end for 2 h at 4 °C. Beads were washed six times in 500 µL lysis buffer
followed by elution in 50 µL 2× LDS sample buffer. Samples were subject
to western blotting as described above.

Biochemical mapping
C-terminally tagged Human GSDMD (HA) and MAP3K5 (FLAG) were
amplified and cloned from hMDM cDNA. Fragments were generated by
subcloning with designated primers (Table S3). Fragments and ORFs were
cloned into pLenti-BLAST at AgeI and BamHI cut-sites. Minimalist
interaction was performed by co-expressing fragments along with full-
length human GSDMD-HA or JNK2-HA in 293T17 cells followed by IP and
western blotting.

CRISPR RNP knockout cell line generation
spCas9x2NLS was purchased from Synthego. sgRNA targeting MAP3K5
were designed in-house and ordered through Genscript. 1 µL of three
sgRNA (50 μM each) was added to 30 pmol spCas9x2NLS and incubated at
4 °C for 10min. 4 × 106 PBS washed U937 cells were resuspended in Neon
buffer R added for a final volume of 12 μL. RNP-cell mix was electroporated
in 10 μL format tips using electrode buffer E (1500 V 10ms x5). Cells were
immediately single-cell plated, amplified, and were screened for effective
gene editing by genomic PCR and western blot.

GSDMD PIT induction
5 × 103 HeLa were plated in 96-well plates. 200 u/mL IFNγ was
administered for 48 h. Inhibitors were applied to cells at indicated
concentrations 1 h prior to cell fixation as described above. Cells were
stained with anti-GSDMD antibody (H-6) and Alexa 660 secondary
(Table S3). Cells were imaged on a CX7 high content imager as described
above and GSDMD PITs were quantitated in accordance with ASC speck
quantitation described above.

DSS colitis
2% 40kD DSS water was administered to age and sex-matched mice for
10 days. Inhibitors were administered intraperitoneally as 200 μL doses
where indicated. Mice were weighed and observed for morbidity
phenotypes each morning while inhibitors were administered in the
afternoon. Mice incurring lethality were excluded from colon-length
analyses. All mouse procedures were performed according to NIAID
Animal Care and Use Committee approved protocols.

qRT-PCR
RNA was extracted from wild-type and JNK2−/− BMDM following
treatment with 100 nM KLA for the indicated times and was further
purified with a Qiagen RNAeasy kit. 500 ng of RNA was used for cDNA
synthesis using Biorad iScript master mix with oligo dT primers according
to manufacturer protocols. For each gene quantitated, ΔΔCT values were
calculated by normalization to the HPRT housekeeping gene once similar
cDNA load was validated. Log2 normalization was performed followed by
plotting in seaborn.
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