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SUMMARY

Intrinsic apoptosis resulting from BAX/BAK-medi-
ated mitochondrial membrane damage is regarded
as immunologically silent. We show here that
in macrophages, BAX/BAK activation results in
inhibitor of apoptosis (IAP) protein degradation to
promote caspase-8-mediated activation of IL-1b.
Furthermore, BAX/BAK signaling induces a parallel
pathway to NLRP3 inflammasome-mediated cas-
pase-1-dependent IL-1b maturation that requires
potassium efflux. Remarkably, following BAX/BAK
activation, the apoptotic executioner caspases,
caspase-3 and -7, act upstream of both caspase-8
and NLRP3-induced IL-1bmaturation and secretion.
Conversely, the pyroptotic cell death effectors
gasdermin D and gasdermin E are not essential
for BAX/BAK-induced IL-1b release. These findings
highlight that innate immune cells undergoing
BAX/BAK-mediated apoptosis have the capacity
to generate pro-inflammatory signals and provide
an explanation as to why IL-1b activation is often
associated with cellular stress, such as during
chemotherapy.

INTRODUCTION

Mitochondrial or ‘‘intrinsic’’ apoptosis is an evolutionarily

conserved, BCL-2 family-regulated process that promotes the

death and phagocytic clearance of stressed, damaged, or in-

fected cells. Triggered by a diverse range of cellular stressors,

such as growth factor withdrawal, infection, and anti-cancer che-
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motherapeutics, intrinsic apoptosis ensues when activated BAX

and/or BAK oligomers insert into and permeabilize the mitochon-

drial outer membrane, releasing cytochrome c into the cytosol

(Strasser and Vaux, 2018). Subsequently, cytosolic cytochrome

c nucleates formation of the cytochrome c/APAF-1/caspase-9

apoptosome. Active caspase-9 in turn engages executioner cas-

pases, such as caspase-3 and caspase-7, which are common to

both the death receptor and mitochondrial apoptotic signaling

pathways. The apoptotic caspase cascade mediates many of

the hallmarks of apoptosis, such as membrane blebbing and

phosphatidylserine exposure. Despite this, caspases are ulti-

mately dispensable for intrinsic apoptotic cell death, as irrevers-

ible mitochondrial membrane damage caused by BAK and BAX

ensures the cells’ demise (Ekert et al., 2004;Marsden et al., 2002).

In viable cells, the activation of BAX and BAK (BAX/BAK) is

directly held in check by pro-survival BCL-2 family members,

including BCL-XL, BCL-2, BCL-W, A1 (BFL-1), and MCL-1

(Kale et al., 2018). Exposure to cytotoxic stimuli often triggers

BAX/BAK activation via the induction of pro-apoptotic BH3-

only proteins (e.g., BIM, NOXA, PUMA) that potently antagonize

pro-survival BCL-2 proteins. Consequently, a number of anti-

cancer BH3-mimetic compounds have been developed that

exhibit exquisite specificity for several BCL-2 proteins (e.g.,

ABT-737 targeting of BCL-2, BCL-XL, BCL-W; Oltersdorf et al.,

2005; van Delft et al., 2006) or individual family members (e.g.,

S63845 targeting of MCL-1 [Kotschy et al., 2016] and ABT-199

targeting of BCL-2 [Souers et al., 2013]). Pre-clinical models

and subsequent clinical studies have validated their efficacy

against cancer (Roberts et al., 2016), and remarkably, emerging

studies show how BCL-XL targeted BH3 mimetics might be re-

purposed to induce death specifically in pathogen-infected

host cells to eliminate microbial infection (Speir et al., 2016).

Apoptotic cell death is classically regarded as immunologi-

cally silent. This feature is achieved, in part, by limiting plasma
rts 25, 2339–2353, November 27, 2018 ª 2018 The Authors. 2339
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Figure 1. Loss of BCL-XL and MCL-1 in Macrophages Triggers BAX/BAK-Mediated Apoptosis

(A–C) Wild-type (WT) BMDMs were treated with BH3-mimetic ABT-737 (1 mM) alone and/or with protein synthesis inhibitors cycloheximide (CHX; 20 mg/mml),

episilvesterol (EPI; 500 nM), homoharringtonine (HHT; low 500 nM and high 1,000 nM), and MCL-1 inhibitor (S63845; 10 mM). In some cases, cells were pre-

treated with the pan-caspase inhibitor Q-VD-OPh (QVD; 40 mM).

(A and C) Cell death was assessed by flow cytometric analysis of PI uptake. Data are mean + SEM, n = 3 mice, one of two experiments.

(B) Cell lysates were analyzed by immunoblot after 6 hr. Represents one of two experiments. See also Figure S1.

(D–F)WT andBcl-xL�/�BMDMswere pre-treatedwithQVD (40 mM) for 30min, as indicated, and culturedwith CHX (20 mg/mL), EPI (500 nM), HHT (1,000 nM), and

S63845 (10 mM) for a further 5–6 hr. Cell death was measured by PI uptake and flow cytometry. Data are mean + SEM, n = 3 mice/group, one of at least two

experiments.

(G and H) WT and Bax�/�Bak�/� BMDMs were treated with ABT-737 (1 mM) alone and/or CHX (20 mg/mL), EPI (500 nM), and S63845 (10 mM) for 6 hr, and cell

viability was assessed by flow cytometric analysis of PI uptake. Data are mean + SEM, n = 3 mice/group, one of three experiments.
membrane breakdown and the lytic release of cellular contents

and via the display of ‘‘find me’’ and ‘‘eat me’’ signals to trigger

the rapid phagocytic clearance of apoptotic bodies (Fuchs and

Steller, 2015). Several studies have also documented how

apoptotic caspases inactivate specific inflammatory signaling

pathways (Rongvaux et al., 2014; White et al., 2014) and cyto-

kines (Giampazolias et al., 2017; L€uthi et al., 2009). Despite these

observations, recent genetic evidence acquired from the study

of innate immune cells has shown that death receptor apoptotic

signaling, initiated by TNF receptor 1 (TNFR1), Fas, or Toll-like

receptors (TLR), can induce potent inflammatory responses

both in vitro and in vivo (Feltham et al., 2017). The inflammatory

potential of apoptotic signaling in innate immune cells is perhaps

best highlighted by the occurrence of hyperinflammatory dis-
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ease in humans and mice with mutations or deficiency in nega-

tive regulators of TNFR1 and TLR cell death pathways, such as

the inhibitor of apoptosis (IAP) family members X-linked

IAP (XIAP) and cellular IAP1 (cIAP1) (Lawlor et al., 2017; Vince

and Silke, 2016). Of note, we and others have shown that in

most of these cases the TLR- or TNFR1-induced death receptor

initiator caspase, caspase-8, drives activation of the potent

pro-inflammatory cytokine IL-1b in innate immune cells

(Chen et al., 2018; Gaidt et al., 2016; Lawlor et al., 2015; Maelfait

et al., 2008; Moriwaki et al., 2015; Vince et al., 2012; Wicki et al.,

2016; Yabal et al., 2014).

Activated caspase-8 can directly process precursor IL-1b

to its mature bioactive 17 kDa form (Bossaller et al., 2012;

Maelfait et al., 2008; Vince et al., 2012). In some circumstances,



Figure 2. BCL-XL and MCL-1 Targeting Renders Macrophages Sensitive to Caspase-1 and IL-1b Activation

WT and Bcl-xL�/� BMDMs were primed for 2–3 hr with LPS (50 ng/mL), pre-treated with QVD (20–40 mM) in the final 30 min of priming, as indicated, and treated

with CHX (20 mg/mL), EPI (500 nM), HHT (1,000 nM), S63845 (10 mM), or compound A (Cp. A) (911; 1,000 nM) for 5–6 hr or nigericin (10 mM) for 1 hr.

(A, B, and H) Cell death was measured by PI uptake and flow cytometry.

(C and E) Cell lysates and supernatants were analyzed by immunoblot.

(legend continued on next page)
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particularly following IAP loss in murine macrophages (Lawlor

et al., 2015, 2017; Vince et al., 2012) or TLR stimulation of human

monocytes (Gaidt et al., 2016), caspase-8 can also trigger

NOD-like receptor-3 (NLRP3) inflammasome assembly to acti-

vate the inflammatory caspase, caspase-1. Caspase-1 subse-

quently cleaves IL-1b, and with canonical inflammasome

triggers it also facilitates IL-1b release via activation of the mem-

brane pore-forming protein, gasdermin D (GSDMD). As such,

GSDMD is required for efficient caspase-1-mediated cell lysis,

pyroptosis, and, in many cases, the release of bioactive IL-1b

(He et al., 2015; Kayagaki et al., 2015; Shi et al., 2015). Whether

apoptosis signaling emanating from the essential intrinsic

apoptotic effector proteins BAX and BAK can generate pro-

inflammatory signals, akin to death receptor signaling in innate

immune cells, remains unclear.

RESULTS

Loss ofMCL-1 and BCL-XL Triggers BAX/BAK-Mediated
Cell Death in Macrophages
Protein synthesis inhibitors, such as cycloheximide (CHX), epis-

ilvesterol (EPI), and homoharringtonine (HHT; omacetaxine

mepesuccinate), rapidly deplete the short-lived pro-survival

BCL-2 family member MCL-1 (Goodall et al., 2016; Lindqvist

et al., 2012), which can be a major contributor to their clinical ef-

ficacy (e.g., HHT) in killing cancer cells (Chen et al., 2011; Tang

et al., 2006). Similar to these compounds, we recently discov-

ered that Legionella bacteria inhibit host macrophage protein

synthesis to decreaseMCL-1 levels (Speir et al., 2016). However,

in this scenario, antagonism of BCL-XL is also required to induce

rapid cell death of infected macrophages, suggesting that both

MCL-1 and BCL-XL are required for macrophage survival.

Consistent with this idea, we found that wild-type (WT) bone

marrow-derived macrophages (BMDMs) were not sensitive to

cell death following treatment with the BH3 mimetic ABT-

737, a potent inhibitor of BCL-XL, BCL-W, and BCL-2 (Figures

1A and S1A). However, BMDMs rapidly succumbed to

apoptotic caspase activation and cell death when ABT-737

was combined with CHX, EPI, or HHT (Figures 1A, 1B, S1A,

and S1B). Protein synthesis inhibition depleted total cellular

MCL-1 upstream of caspase activity (i.e., MCL-1 loss was

not blocked upon pan-caspase inhibition with Q-VD-OPh

[QVD]; Figures 1B and S1B). Importantly, specific inhibition of

MCL-1 using S63845 (Kotschy et al., 2016; Merino et al.,

2017) in combination with chemical targeting or genetic defi-

ciency of BCL-XL mirrored results with protein synthesis inhibi-

tion, demonstrating that MCL-1 and BCL-XL are critical for

macrophage survival (Figures 1C–1F). As expected, pan-cas-

pase inhibition using QVD (Figures 1B and 1F) or genetic dele-
(D, F, andG) IL-1b levels weremeasured in supernatants by ELISA. n = 3mice/grou

experiments. See also Figure S1.

(I–L) BMDMsderived fromMcl-1flox/flox/RosaCreER and indicatedMcl-1flox/+/RosaCr

(4HT) for 24 hr. Subsequently, 4HTwas removed andmedia replaced.Cellswere pr

of priming, as indicated. BMDMs were subsequently treated with ABT-737 (1 mM)

MCL-1 levels (two independentmice shown in I) and (J) caspase-1 and IL-1b activa

experiments. (K) IL-1b levels were measured in supernatants by ELISA, and (L) ce

independent experiments, with different symbols representing independent exper
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tion of BAX and BAK (Figures 1G and 1H) blocked the rapid cell

death induced by functional loss of BCL-XL and MCL-1, con-

firming that the cell death observed was a result of mitochon-

drial apoptosis.

Loss ofMCL-1 andBCL-XL Triggers BAX/BAK-Mediated
Activation of IL-1b
We have documented that inflammasome activation resulting

from treatment with soluble (e.g., ATP, nigericin) or particulate

(e.g., alum) NLRP3 activators was not altered upon deletion of

BAX/BAK or overexpression of BCL-2, demonstrating that mito-

chondrial apoptosis is dispensable for canonical NLRP3 activity

(Allam et al., 2014; Lawlor et al., 2013). We were therefore sur-

prised to observe that MCL-1 depletion following treatment

with protein synthesis inhibitors CHX, EPI, or HHT, or the

MCL-1 inhibitor S63845, not only induced caspase-dependent

cell death (Figures 2A, 2B, and S1C) but also increased the

cleavage and release of inflammasome-associated caspase-1

and IL-1b in lipopolysaccharide (LPS)-primed Bcl-xL�/� BMDMs

compared with WT cells (Figures 2C–2F and S1D). In contrast,

TLR-induced TNF secretion was not affected by BCL-XL defi-

ciency (Figure S1E). Likewise, IL-1b release (Figure 2G), cell

death (Figure 2H), and TNF secretion (Figure S1F) were all com-

parable between LPS-primed WT and Bcl-xL�/� BMDMs in

response to treatment with the canonical NLRP3 activator niger-

icin, or stimulation with the Smac mimetic compound A (Cp. A;

antagonizes IAPs) that triggers alternative caspase-8-driven

activation of NLRP3 (Lawlor et al., 2015).

To genetically confirm that MCL-1 loss was requisite for

macrophage cell death and IL-1b activation following BCL-XL

targeting, we treated Mcl-1fl/fl/Rosa-creER BMDMs with 4-hy-

droxytamoxifen (4HT) to generate MCL-1-deficient macro-

phages (Glaser et al., 2012; Okamoto et al., 2014). Of note,

Mcl-1fl/fl animals express a 13-residue extended N terminus

MCL-1, termed MCL-1-fN (Okamoto et al., 2014), which can

be distinguished from WT MCL-1 by immunoblot (Figure 2I).

Importantly, the genetic deletion of MCL-1 mirrored results

obtained by chemical MCL-1 targeting, with significant cas-

pase-1 and IL-1b activation and secretion (Figures 2J and 2K),

as well as cell death (Figure 2L), induced upon BCL-XL inhibition

with ABT-737, but not BCL-2 targeting with ABT-199.

To establish if BAX/BAK activation was obligatory for cas-

pase-1 and IL-1b cleavage and secretion following MCL-1 and

BCL-XL loss, we next treated LPS-primed WT and BAX/BAK-

deficient macrophages with the protein synthesis inhibitor

CHX, or the MCL-1-specific inhibitor S63845, and ABT-737. In

accord with previous findings, LPS and CHX treatment alone

induced IL-1b proteolysis in a BAX/BAK-independent manner

(Figures 3A and 3B), presumably via direct TLR4-induced
p.Mean + SEM, n = 3mice/group. Data are representative of one of at least two

eERorMcl-1+/+control animalswere treatedwith 100nMof 4-hydroxy tamoxifen

imed for 2–3hrwith LPS (50 ng/mL), withMCC950 (2 mM)added in the last 30min

or ABT-199 (1 mM) for 20–24 hr. (I and J) Cells were analyzed by immunoblot for

tion and secretion detected by immunoblot. Data reflect one of two independent

ll death was measured by PI uptake and flow cytometry. For (K) and (L), n = 3

iments containing up to three technical replicates. Mean + SEM.



Figure 3. Loss of BCL-XL and MCL-1 Promotes BAX/BAK-Induced NLRP3 and IL-1b Activation

(A–D)WT andBax�/�Bak�/�BMDMswere primed for 2–3 hr with LPS (50 ng/mL), treated in the last 15–30min of priming with QVD (20–40 mM) orMCC950 (2 mM),

as indicated, and treated with ABT-737 (1 mM) and/or CHX (20 mg/mL) for 6 hr or S63845 for 20 hr. (A) IL-1b and (D) TNF levels were measured in supernatants by

(legend continued on next page)
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caspase-8 activity (Allam et al., 2014; Maelfait et al., 2008; Vince

et al., 2012). However, chemical targeting of MCL-1 (CHX or

S63845) and BCL-XL (ABT-737) markedly increased caspase-1

cleavage and IL-1b secretion, as well as cell death, in WT

BMDMs, and this was dependent on BAX and BAK (Figures

3A–3C and S2A–S2D). Importantly, the failure to activate IL-1b

and caspase-1 in BAX/BAK-deficient BMDMs did not result

from general defects in cytokine production, as reflected by

equivalent pro-IL-1b production and TNF secretion in WT and

Bax�/�Bak�/� BMDMs (Figures 3B, 3D, S2A, and S2E).

BAX/BAK Signaling Activates the NLRP3 Inflammasome
Mitochondrial damage has been suggested to activate NLRP3 or

AIM2 via mtDNA release and direct binding to these inflamma-

some sensors (Dang et al., 2017; Nakahira et al., 2011; Shimada

et al., 2012). We therefore hypothesized that NLRP3 or AIM2

were the most likely inflammasomes triggered by BAX/BAK.

Upon activation, these inflammasome sensors recruit the

adaptor protein, ASC, which oligomerizes to form a single pro-

tein aggregate (so-called ASC speck) to facilitate proximity-

mediated activation of caspase-1. Indeed, ABT-737 and CHX

treatment of LPS-primed WT, but not Bax�/�Bak�/� BMDMs,

resulted in endogenous perinuclear ASC speck formation (Fig-

ure 3E). To test the role of NLRP3 in BAX/BAK-dependent

IL-1b activation, we first inhibited NLRP3 using the specific

chemical inhibitor MCC950 (Coll et al., 2015). NLRP3 inhibition

reduced BAX/BAK-mediated IL-1b release and completely pre-

vented caspase-1 processing in WT BMDMs but did not affect

cell death (Figures 2J–2L, 3A, 3C, and S2A). In agreement with

these data, incubating WT BMDMs with high levels of extracel-

lular potassium to prevent NLRP3 activation via potassium efflux

(Muñoz-Planillo et al., 2013; Pétrilli et al., 2007) abrogated

BAX/BAK-dependent ASC speck formation but did not prevent

apoptosis (i.e., nuclear condensation; Figure 3E). In contrast,

the canonical NLRP3 activator nigericin induced potassium

efflux-dependent ASC speck formation in both WT and

Bax�/�Bak�/� macrophages (Figure 3E). MCC950 or high extra-

cellular potassium treatment also reduced IL-1b and caspase-1

processing and secretion in BCL-XL-deficient BMDMs upon

LPS and CHX treatment (Figures 3F and S2G). In contrast,

NLRP3 inhibition did not alter cell death and TNF release in

BCL-XL-deficient BMDMs, compared with WT cells (Figures

3G and S2F). Collectively, these results suggest that BAX/BAK

signaling culminates in IL-1b activation, at least in part, via

NLRP3 inflammasome assembly.

We next sought to genetically confirm that NLRP3 is the major

activator of caspase-1 downstream of BAX/BAK signaling.

Similar to MCC950 treatment, genetic deletion of NLRP3 pre-
ELISA. Data are mean + SEM, n = 3 mice/group. (C) Cell viability was assessed by

n = 3 mice/group. (B) Cell lysates and supernatants were analyzed by immunobl

(E) WT and Bax�/�Bak�/� BMDMs were primed for 2–3 hr with LPS (50 ng/mL), a

addition of ABT-737 (1 mM) and/or CHX (20 mg/mL) for�3 hr, or nigericin (10 mM) fo

assessed by confocal microscopy (403 objective). One of three independent expe

independent experiments. Scale bar, 10 mm.

(F and G) WT and Bcl-xL�/� BMDMs were primed for 2–3 hr with LPS (50 ng/mL)

indicated, and treated with CHX (20 mg/mL) for a further 5–6 hr. (F) IL-1b levels w

measurement of PI uptake by flow cytometric analysis. Data are mean + SEM, n
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vented ABT-737/CHX- and ABT-737/S63845-induced cas-

pase-1 activation and impaired IL-1b secretion (Figures 4A, 4B,

S3A, and S3B) but had no effect on cell death or TNF production

(Figures 4C, 4D, and S3C). Deficiency in caspase-1 (and cas-

pase-11; due to the 129 strain-associated inactivating cas-

pase-11mutation; Kayagaki et al., 2011) had comparable effects

to NLRP3 loss (Figures 4A–4D andS3A–S3C). On the other hand,

deletion of the DNA-sensing AIM2 inflammasome had no impact

on BAX/BAK-induced IL-1b and caspase-1 activation (Figures

S3D and S3E). Importantly, examination of ASC speck formation

in WT and Nlrp3�/� BMDMs confirmed that NLRP3 is required

for ASC speck formation upon ABT-737 and CHX treatment,

akin to the canonical NLRP3 activator nigericin (Figure 4E).

Interestingly, inhibition of caspase activity using QVD blocked

ASC speck formation in WT BMDMs following ABT-737 and

CHX treatment (Figure 4E), suggesting that BAX/BAK-induced

caspase activity acts upstream to trigger NLRP3.

In view of the contribution of caspase-1 in IL-1b secretion dur-

ing BAX/BAK signaling, we also queried the role of GSDMD.

Activation of BAX/BAK using ABT-737 and CHX induced

GSDMD cleavage, and this was detected at the same time as

caspase-1 processing (Figure S3F). However, GSDMD was not

necessary for BAX/BAK-dependent IL-1b release or cell death

(Figures 4F, 4G, S3G, and S3H), nor did GSDMD loss affect

TNF production (Figures 4H and S3I). This contrasts the impor-

tant role of GSDMD for canonical, nigericin-induced NLRP3

responses (Figure 4I).

BAX/BAK-Induced Caspase-1 Activation Occurs
Coincident with the Degradation of IAP Proteins and the
Activation of Caspase-8
The deletion of NLRP3 or caspase-1 only partly reduced BAX/

BAK-driven IL-1b cleavage and release (�50%; Figures 4A and

4B) and, at later time points, had little impact on ABT-737/CHX

responses (Figure S3A). This partial dependence on NLRP3 for

IL-1b activation is reminiscent of the effect of Smac-mimetic

Cp. A in LPS-primed macrophages (Figures 4B and 5A) (Lawlor

et al., 2015; Vince et al., 2012). Cp. A is a mimetic of the natural

IAP antagonist SMAC/DIABLO (Du et al., 2000; Verhagen et al.,

2000; Vince et al., 2007), which can be released from damaged

mitochondria into the cytosol to antagonize IAPs. Previously,

we documented how genetic, chemical, or physiological (i.e.,

via TNFR2 signaling) loss of the IAPs, particularly cIAP1 and

XIAP, induces caspase-8 activity to cleave pro-IL-1b directly

and also activate the NLRP3-caspase-1 inflammasome (Lawlor

et al., 2015, 2017; Vince et al., 2012; Yabal et al., 2014). We

therefore hypothesized that BAX/BAK activation might trigger

IAP loss to promote NLRP3 and IL-1b activation. As predicted,
measurement of PI uptake by flow cytometric analysis. Data are mean + SEM,

ot. Data represent one of three experiments. See also Figure S2.

nd treated with KCl (60 mM) in the last 30 min of priming, as indicated, prior to

r 30–40min. ASC speck formation (Alexa 647; red) and nuclei (DAPI; blue) were

riments, with the exception of KCl treatment, which is analyzed in a further two

, treated with MCC950 (2 mM) or KCl (60 mM) in the final 30 min of priming, as

ere measured in supernatants by ELISA, and (G) cell viability was assessed by

= 3 mice/group, one of at least two experiments. See also Figure S2.



Figure 4. NLRP3 Is Required for ASC Speck Formation and Caspase-1 Activation Downstream of BAX/BAK Signaling

(A–D) WT, Nlrp3�/�, and Caspase-1�/� BMDMs were primed for 3 hr with LPS (50 ng/mL) and treated with ABT-737 (1 mM) and/or CHX (20 mg/mL) for 6 hr or

nigericin (10 mM) for 1 hr. (A) IL-1b and (D) TNF levels were measured in supernatants by ELISA. Data are mean + SEM, n = 3 mice/group. (B) Cell lysates and

supernatants were analyzed by immunoblot. (C) Cell viability was assessed bymeasurement of PI uptake by flow cytometric analysis. Data aremean + SEM, n = 3

mice/group. Data represent one of three experiments.

(legend continued on next page)
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specific activation of BAX/BAK triggered significant cIAP1 loss in

LPS-primed macrophages, and this correlated with the activa-

tion of caspase-8, caspase-1, and IL-1b, akin to Cp. A treatment

(Figures 4B, 5B, and S1B).

To circumvent the fact that LPS and CHX (or EPI) treatment

alone promotes direct TLR-TRIF activation of caspase-8 (Mael-

fait et al., 2008), we subsequently evaluated BAX/BAK-mediated

events in the absence of TLR priming. Importantly, treatment of

unprimed BMDMs with ABT-737 and CHX, or the MCL-1 inhibi-

tor S63845, was sufficient to trigger cIAP1 and XIAP loss, cas-

pase-8 activation, and cleavage of caspase-1 (Figures 5C–5E

and S4A). Furthermore, these events were dependent on

BAX/BAK (Figures 5C and S4A), and caspase-1 processing re-

mained NLRP3 dependent (i.e., abrogated by high extracellular

potassium or MCC950; Figures 5D and S3F). These findings

demonstrate that BAX/BAK activity causes IAP loss, caspase-8

activation and NLRP3 inflammasome signaling even in the

absence of a TLR priming stimulus.

BAX/BAK activation not only induced the rapid degradation of

cIAP1 but also triggered XIAP loss and the cleavage of the cas-

pase-8 inhibitor c-FLIP, within �3 hr (Figures 5E, 5F, and S4A).

Pan-caspase inhibition with QVD failed to rescue cIAP1 loss

but did limit XIAP depletion and c-FLIP cleavage (Figures 5E,

5F, and S4B). In comparison, pre-treatment with the proteasome

inhibitor MG132 alone did not significantly alter cIAP1 or XIAP

degradation (Figures 5E, 5F, and S4B). Therefore, BAX/BAK-

induced XIAP degradation is dependent on caspase activity,

while cIAP1 loss must occur by a combination of events or

possibly through another degradation pathway.

BAX/BAK Signaling-Induced Caspase-8 Can Activate
IL-1b in the Absence of NLRP3
We queried whether BAX/BAK-induced caspase-8 activity

might also cleave IL-1b directly and engage NLRP3, as occurs

upon IAP depletion (Lawlor et al., 2015). As caspase-8 defi-

ciency in mice is embryonic lethal because of unrestrained nec-

roptotic cell death (Kaiser et al., 2011; Oberst et al., 2011), we

examined BAX/BAK signaling in mice lacking necroptotic re-

ceptor interacting protein kinase-3 (RIPK3) and caspase-8

ubiquitously (Ripk3�/�Caspase-8�/�) or specifically in myeloid

cells (Caspase-8LysMcreRipk3�/�). In line with our previous find-

ings (Allam et al., 2014), Ripk3�/�Caspase-8�/� BMDMs ex-

hibited reduced precursor IL-1b and TNF levels in response to

LPS treatment, which subsequently reduced IL-1b release

following nigericin stimulation (Figures 6A, 6B, S4C, and S4D).

In comparison, LPS-mediated inflammasome priming, and

hence nigericin-induced IL-1b activation, was less affected

in Caspase-8LysMcreRipk3�/� cells, most likely because of

incomplete caspase-8 deletion (Figures 6A, S4C, and S4D).

Importantly, caspase-8 deficiency prevented LPS and CHX-

induced IL-1b activation (Figures 6A, 6C, and S4E). However,
(E) WT andNlrp3�/�BMDMswere primed for 2–3 hr with LPS (50 ng/mL), treated w

to addition of ABT-737 (1 mM) and/or CHX (20 mg/mL) for �3 hr. ASC speck fo

microscopy (403 objective). One of two independent experiments. Scale bar, 10

(F–I) WT andGsdmd�/� BMDMswere primed for 3 hr with LPS (50 ng/mL) and trea

for 1 hr. (F and I) IL-1b and (H and I) TNF levels were measured in supernatants b

assessed by measurement of PI uptake by flow cytometric analysis. Data are me
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surprisingly, in both LPS-primed Ripk3�/�Caspase-8�/� and

Caspase-8LysMcreRipk3�/� BMDMs, IL-1b and caspase-1 acti-

vation were not prevented upon combined treatment with

ABT-737/CHX or ABT-737/S63845 (Figures 6A, 6C, S4E, and

S4F), and cell death was comparable with WT responses (Fig-

ures S4G and S4H). The appreciable, albeit significantly

reduced, levels of IL-1b observed in caspase-8-deficient cells

following ABT-737 and CHX stimulation was the result of

NLRP3 signaling, as MCC950 limited residual IL-1b activation

(Figures S4E and S4F). These results contrasted to those

observed following IAP antagonist (Cp. A) treatment,

where the caspase-1 and IL-1b secretion (Figures 6A and 6D)

and cell death (Figure S4G) observed in LPS-primed

WT cells was abolished in both Ripk3�/�Caspase-8�/� and

Caspase-8LysMcreRipk3�/� BMDMs. Therefore, although cas-

pase-8 activation contributes to direct IL-1b proteolysis upon

BAX/BAK activation, BAX/BAK signaling requires a distinct cas-

pase to engage the NLRP3 inflammasome.

BAX/BAK Activation Triggers NLRP3 via Caspase-3 and
Caspase-7 Activity
BAX/BAK signaling activates the effector caspases, caspase-3

and caspase-7. Recent reports have shown that active cas-

pase-3 can cleave auto-inhibited gasdermin E (GSDME) to

promote pyroptotic-like cell death through the membrane

pore-forming activity of the GSDME N-terminal fragment

(Rogers et al., 2017; Wang et al., 2017). Considering that BAX/

BAK-induced NLRP3 activation was inhibited by preventing

cellular potassium ion efflux, we speculated that GSDME could

allow potassium ion efflux downstream of BAX and BAK to

trigger NLRP3. Upon activation of BAX/BAK in BMDMs, we

observed both robust caspase-3 processing and GSDME cleav-

age to the active N-terminal fragment that was unaffected by

MCC950 treatment (Figures 1B and S5A). However, analysis of

caspase-3-deficient and GSDME-deficient macrophages re-

vealed that neither of these proteins was essential for NLRP3

activation, IL-1b secretion, and cell death following ABT-737

and CHX treatment (Figures S5B–S5E).

We next considered the possibility that caspase-3 and -7 may

act together to trigger NLRP3, particularly as apoptotic caspase

activity has been associated with decreased intracellular potas-

sium ion levels (Bortner and Cidlowski, 2007; Park and Kim,

2002). To test this notion, we generated fetal liver-derived mac-

rophages (FLDMs) lacking both caspase-3 and -7. Remarkably,

LPS-primed Caspase-3�/�Caspase-7�/� FLDMs treated with

ABT-737 and CHX exhibited markedly reduced IL-1b secretion

and cell death compared with control cells, despite normal

TNF production (Figures 7A–7C and S6) and comparable canon-

ical NLRP3 responses to nigericin (Figures S5F and S6). The lack

of BAX/BAK-induced IL-1b release in caspase-3- and -7-defi-

cient macrophages was associated with a loss of ASC speck
ith QVD (40 mM) or KCl (60 mM) in the last 30min of priming, as indicated, prior

rmation (Alexa 647; red) and nuclei (DAPI; blue) were assessed by confocal

mm.

ted with ABT-737 (1 mM) and S63845 (845; 10 mM) for 24 hr or nigericin (10 mM)

y ELISA. Data are mean + SEM, n = 3 mice/group. (G and I) Cell viability was

an + SEM, n = 3 mice/group. One of three experiments See also Figure S3.



Figure 5. BAX/BAK-Induced NLRP3 and IL-1b Activation Correlates with IAP Loss and Caspase-8 Processing

(A) WT,Nlrp3�/�, andCaspase-1�/�BMDMswere primed for 3 hr with LPS (50 ng/mL) and treatedwith Smacmimetic Cp. A (1 mM) for a further 6 hr. Supernatants

were assayed for IL-1b secretion by ELISA. Data are the mean + SEM, n = 3 mice/group. One of three experiments.

(B) WT and Bax�/�Bak�/� BMDMs were primed with LPS for 3 hr and then treated with ABT-737 (1 mM) and/or CHX (20 mg/mL) or EPI (500 nM) for 6 hr, as

indicated. Cell lysates and supernatants were analyzed by immunoblot. Data are one of at least two independent experiments

(C) Unprimed WT and Bax�/�Bak�/� BMDMs were treated with ABT-737 (1 mM) and/or CHX (20 mg/mL) or S63845 (10 mM) for 6 hr, as indicated. Cell lysates and

supernatants were analyzed by immunoblot. Data represent one of at least two independent experiments.

(D) UnprimedWTBMDMswere pre-treated withMCC950 (2 mM) or KCl (60mM) for 30min, as indicated, and stimulated with ABT-737 (1 mM) and CHX (20 mg/mL)

or S63845 (10 mM) for up to 6 hr. Cell lysates and supernatants were analyzed by immunoblot. Data represent one of two independent experiments.

(E and F) Unprimed WT and Bcl-xL�/� BMDMs were pre-treated for 30 min with QVD (20–40 mM) or MG132 (MG; 5 mM) prior to stimulation with ABT-737 alone

and/or S63845 for a further 2 hr. Cell lysates were analyzed by immunoblot. Data represent one of at least two independent experiments.

See Figure S4A.
formation (Figure 7D) and reduced IL-1b and caspase-1 pro-

cessing and secretion (Figures 7E and S6). The loss of cas-

pase-3 and -7 in LPS-primed FLDMs did not restore XIAP levels,

although it greatly reduced BAX/BAK-induced caspase-8 activa-

tion (Figures 7E and S6). Therefore, BAX/BAK signaling activates

caspase-3 and -7 to induce both NLRP3 and caspase-8-depen-

dent IL-1b activation.
DISCUSSION

Contrary to the assumption that mitochondrial apoptosis univer-

sally shuts down inflammatory responses, we have discovered

that the activation of BAX/BAK in macrophages triggers pro-in-

flammatory IL-1b maturation and release. Our data show that

the activation of caspase-3 and -7 downstream of BAX/BAK
Cell Reports 25, 2339–2353, November 27, 2018 2347



Figure 6. BAX/BAK-Induced Caspase-8 Activity Contributes to IL-1b Cleavage but Is Not Required for NLRP3 and Caspase-1 Activation

(A) WT, Caspase-8LysMcreRipk3�/�, and Ripk3�/�Caspase-8�/� BMDMs were primed for 3 hr with LPS (50 ng/mL) and treated, as indicated, with ABT-737 (1 mM)

and/or CHX (20 mg/mL), or with Cp. A (1 mM) for 6 hr, or with nigericin (10 mM) for 1 hr. Cell lysates and supernatants were analyzed by immunoblot. One of at least

two experiments.

(B–D) TNF (B) and IL-1b (C and D) were assayed in supernatants by ELISA. Data are mean + SEM, n = 3 mice/group of one of two experiments.

See related Figure S4.
promotes caspase-8-mediated cleavage and activation of IL-1b

and also results in potassium ion efflux to trigger NLRP3 inflam-

masome formation. These findings may have relevance to anti-

cancer chemotherapeutics that can activate BAX and BAK and

also trigger NLRP3 (Ghiringhelli et al., 2009; Sauter et al., 2011;

Westbom et al., 2015).

The genetic or chemical targeting of BCL-XL and MCL-1

specifically triggered BAX/BAK activation and apoptosis in

macrophages. When combined with an inflammasome priming

stimulus to induce precursor IL-1b expression and elevate

NLRP3 levels, the activation of BAX/BAK sufficed to trigger

caspase-1 and IL-1b processing and secretion. Notably, these
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events correlated with BAX/BAK-mediated degradation of the

IAP family members cIAP1 and XIAP, which we have docu-

mented to critically suppress caspase-8-driven IL-1b activation

following TLR or TNFR1 ligation (Lawlor et al., 2017). Consistent

with our model for IL-1b activation upon the chemical or genetic

loss of IAPs (Lawlor et al., 2015, 2017), BAX/BAK-induced IL-1b

activation also resulted in caspase-8-mediated cleavage and

maturation of IL-1b.

How BAX/BAK signaling causes IAP loss remains unclear. The

permeabilization of mitochondrial membranes releases a num-

ber of mitochondrial proteins, such as SMAC/DIABLO, capable

of binding to and inhibiting IAP function (Verhagen et al., 2007).



Figure 7. BAX/BAK-Induced Caspase-3

and -7 Activity Promotes Both Caspase-8

and NLRP3 Activation

(A–C) Control (littermates: Caspase-3+/�

Caspase-7+/�, Caspase-3+/�Caspase-7+/+) and

Caspase-3�/�Caspase-7�/� FLDMs were primed

for 3 hr with LPS (50 ng/mL) and treated in the last

30min of primingwithMCC950 (2 mM), as indicated,

and then treated with ABT-737 (1 mM) and/or CHX

(20 mg/mL) for 6 hr or nigericin (10 mM) for 1 hr. (A)

IL-1b and (B) TNF levels were measured in super-

natants by ELISA. (C) Cell viability was assessed by

lactate dehydrogenase (LDH) release and are pre-

sented as optical density (OD) at 490 nM. Data are

mean + SD of triplicate wells, n = 7 control mice and

n = 4 Caspase-3�/�Caspase-7�/� mice.

(D) Control and Caspase-3�/�Caspase-7�/�

FLDMs were primed for 3 hr with LPS (50 ng/mL),

pretreated with MCC950 (2 mM) in the last 30 min,

as indicated, prior to addition of ABT-737 (1 mM)

and/or CHX (20 mg/mL) for �3 hr or nigericin

(10 mM) for 1 hr. ASC speck formation (Alexa 647;

red) and nuclei (DAPI; blue) were assessed by

confocal microscopy (403 objective). n = 3 control

mice and n = 2 Caspase-3�/�Caspase-7�/� mice.

Scale bar, 10 mm.

(E) Control (littermates: Caspase-3+/�Caspase-7+/�,
Caspase-3+/�Caspase-7+/+) and Caspase-3�/�

Caspase-7�/� FLDMs (1 3 105/well) were primed

for 3 hr with LPS (50 ng/mL) and then treated with

ABT-737 (1 mM) and/or CHX (20 mg/mL) for 6 hr.

Supernatants and cell lysates were subjected to

immunoblot for the specified proteins. n = 2 mice/

group. Data represent one of two experiments.

See Figures S5 and S6.
It is possible that redundancy among mitochondrial IAP-binding

proteins exists, as a recent report demonstrated that deletion of

two mitochondrial IAP-binding proteins, SMAC/DIABLO and

OMI, failed to prevent IAP degradation upon intrinsic apoptosis

activation (Giampazolias et al., 2017). Consistent with other

studies (Deveraux et al., 1999), our data also show that XIAP

can be cleaved by caspases downstream of BAX/BAK, which

may act to ensure efficient loss of XIAP activity independent of,

or in conjunction with, the release of mitochondrial IAP-binding

proteins.
Cell Report
Unexpectedly, we observed that BAX/

BAK-induced caspase-8 processing

and activation required the downstream

effector caspases, caspase-3 and -7,

which may act to directly process pro-

caspase-8 in a feedforward loop to ensure

rapid cell death (Ferreira et al., 2012; Tang

et al., 2000). It will be interesting to define

whether IAP loss is important for optimal

BAX/BAK-mediated caspase-3 and -7 ac-

tivities or only allows efficient processing

of pro-caspase-8. Of note, the IAPs are

also critical repressors of non-canonical

NF-kB (Varfolomeev et al., 2007; Vince

et al., 2007), and their degradation
following BAX/BAK activation has recently been reported to acti-

vate non-canonical NF-kB to initiate inflammatory cytokine pro-

duction, particularly upon caspase inhibition (Giampazolias

et al., 2017). Therefore, BAX/BAK-driven IAP degradation can,

in some circumstances, promote both pro-death and pro-inflam-

matory signaling cascades.

Robust BAX/BAK-mediated NLRP3-caspase-1 activation

required the effector caspases, caspase-3 and -7, but did

not rely on caspase-8 or the pyroptotic effectors GSDMD

and GSDME. This is likely to reflect the fact that BAX/BAK
s 25, 2339–2353, November 27, 2018 2349



signaling, via the apoptotic effector caspases, caspase-3

and -7, triggers membrane damage or potassium ion channel

activation, leading to decreased intracellular potassium ion

stores and NLRP3 inflammasome formation. Precisely how

potassium ion efflux occurs as a result of caspase-3 and -7

activity remains unclear. Apoptosis-induced activation of po-

tassium ion channels has been suggested to promote cell

shrinkage and even death (Kunzelmann, 2016), yet our data

demonstrate that potassium ion loss downstream of BAX/

BAK is not required for cell death and is not critically depen-

dent on caspase-1/-11 or the caspase-3 lytic effectors

GSDMD and GSDME, respectively. Regardless, when taking

into consideration the fact that potassium ion efflux is required

for pyroptotic caspase-11-induced (Baker et al., 2015; R€uhl

and Broz, 2015), apoptotic caspase-8-induced (Conos et al.,

2017), and necroptotic MLKL-induced (Conos et al., 2017;

Gutierrez et al., 2017) NLRP3 inflammasome activation,

these results highlight how disruption of membrane integrity

resulting from genetically distinct programmed cell death

pathways can culminate in pro-inflammatory NLRP3 inflam-

masome responses.

It has been proposed that mitochondrial apoptotic signaling

and consequent oxidized mtDNA release drives NLRP3 inflam-

masome responses following treatment with canonical NLRP3

activators, such as nigericin and ATP (Shimada et al., 2012).

However, even the data of Shimada et al. (2012) showed

that oxidized mtDNA acts mainly through the AIM2 inflamma-

some, and its ability to signal to NLRP3 is, by comparison,

limited. Moreover, genetic experiments using mice deficient

in BAX/BAK and caspase-9 demonstrated that canonical

NLRP3 responses were not affected by the loss of mitochon-

drial apoptosis (Allam et al., 2014). A recent study also re-

ported that cells depleted of mtDNA can respond normally

to the canonical NLRP3 activator ATP to induce IL-1b

release (Dang et al., 2017). Nevertheless, despite these con-

troversies, it is clear that cell death-inducing agents, including

cancer chemotherapeutics, can activate IL-1b. It will therefore

be informative to genetically define which of these clinically

useful compounds, in addition to BH3 mimetics, might

trigger BAX/BAK-mediated IL-1b to affect anti-cancer immune

responses.
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T.M., and Núñez, G. (2013). K+ efflux is the common trigger of NLRP3 inflam-

masome activation by bacterial toxins and particulate matter. Immunity 38,

1142–1153.

Nakahira, K., Haspel, J.A., Rathinam, V.A., Lee, S.J., Dolinay, T., Lam, H.C.,

Englert, J.A., Rabinovitch, M., Cernadas, M., Kim, H.P., et al. (2011). Auto-

phagy proteins regulate innate immune responses by inhibiting the release

of mitochondrial DNA mediated by the NALP3 inflammasome. Nat. Immunol.

12, 222–230.

Newton, K., Sun, X., and Dixit, V.M. (2004). Kinase RIP3 is dispensable for

normal NF-kappa Bs, signaling by the B-cell and T-cell receptors, tumor ne-

crosis factor receptor 1, and Toll-like receptors 2 and 4. Mol. Cell. Biol. 24,

1464–1469.

Oberst, A., Dillon, C.P., Weinlich, R., McCormick, L.L., Fitzgerald, P., Pop, C.,

Hakem, R., Salvesen, G.S., and Green, D.R. (2011). Catalytic activity of the

caspase-8-FLIP(L) complex inhibits RIPK3-dependent necrosis. Nature 471,

363–367.

Okamoto, T., Coultas, L., Metcalf, D., van Delft, M.F., Glaser, S.P., Takiguchi,

M., Strasser, A., Bouillet, P., Adams, J.M., and Huang, D.C. (2014). Enhanced

stability of Mcl1, a prosurvival Bcl2 relative, blunts stress-induced apoptosis,

causesmale sterility, and promotes tumorigenesis. Proc. Natl. Acad. Sci. U SA

111, 261–266.

Oltersdorf, T., Elmore, S.W., Shoemaker, A.R., Armstrong, R.C., Augeri, D.J.,

Belli, B.A., Bruncko, M., Deckwerth, T.L., Dinges, J., Hajduk, P.J., et al.

(2005). An inhibitor of Bcl-2 family proteins induces regression of solid tu-

mours. Nature 435, 677–681.

Park, I.S., and Kim, J.E. (2002). Potassium efflux during apoptosis. J. Biochem.

Mol. Biol. 35, 41–46.
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Mouse monoclonal anti-XIAP (MBL; M044-3) MBL International Corporation Cat#M044-3; RRID: AB_592998

Goat polyclonal ant-IL-1b R&D Systems Cat#AF-401-NA; RRID: AB_416684

Rabbit polyclonal anti-caspase-1 Santa Cruz Biotechnology Cat#sc-514; RRID: AB_2068895

Mouse monoclonal anti-caspase-1 Adipogen Cat# AG-20B-0042-C100; RRID: AB_2490248

Rat monoclonal anti-caspase-8 In house N/A

Rabbit polyclonal anti-cleaved caspase-8 Asp387 Cell Signaling Technology Cat#9429; RRID: AB_2068300

Rabbit polyclonal anti-BAX Cell Signaling Technology Cat#2772; RRID: AB_10695870

Rabbit polyclonal anti-BAK Millipore Cat#06-536; RRID: AB_310159

Mouse monoclonal anti-NLRP3 Adipogen Cat#AG-20B-0014_C100; RRID: AB_2490202
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Rabbit monoclonal anti-GSDME Abcam Cat#ab215191; RRID: AB_2737000

Goat anti-rabbit (H+L) highly cross adsorbed

secondary antibody Alexa Fluor 647

Invitrogen Cat#A-21245; RRID: AB_2535813

Chemicals, Peptides, and Recombinant Proteins

LPS InvivoGen Cat#tlrl-3pelps

Cycloheximide SIGMA-Aldrich Cat#C7698

Episilvesterol In house N/A

Homoharringtonine Enzo Life Sciences Cat# ALX-350-236-M005

S-63845 Active Biochem Cat#A-6044

ABT-737 Active Biochem Cat#A-1002

MG132 SIGMA-Aldrich Cat#SML1135
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911 (Cp. A) TetraLogic Pharmaceuticals N/A
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MCC950 In house Provided by A. Roberson and M. Cooper,

University of Queensland, Australia
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Mouse IL-1 beta/IL-1F2 DuoSet ELISA R&D Systems Cat#DY401

Mouse IL-1beta ELISA kit DAKEWEI Cat#DKW12-2012-096

Mouse TNF alpha ELISA Ready-SET-Go! Kit eBioscience Cat#5017331

Cyto Tox 96 Non-Radioactive Cytotoxicity assay kit Promega Cat#G1780

Cytotoxicity detection kit from Roche Sigma Cat#11644793001

Experimental Models: Organisms/Strains

Mouse: Bcl-xLflox/floxLysM-Cre Speir et al., 2016 N/A
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Kayagaki et al., 2015
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Mouse: Aim2�/� Jones et al., 2010 N/A

Mouse: Caspase-3�/� Kuida et al., 1996 N/A

Mouse: Caspase-7�/� Lakhani et al., 2006 N/A

Software and Algorithms

ZEN 2012 version 8.1 software Zeiss https://www.zeiss.com/microscopy

FIJI software (Image merging) Schindelin et al., 2012 https://fiji.sc

Image Lab software. Bio-Rad http://www.bio-rad.com

WEASEL version 2.7 software WEHI http://www.frankbattye.com.au/Weasel/

Prism 7 (version 7.0d) GraphPad Software https://www.graphpad.com/

scientific-software/prism/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by Kate Lawlor (kate.lawlor@

hudson.org.au).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All mice were housed under standard conditions at the Walter and Eliza Hall Institute of Medical Research (WEHI), Australia, and the

National Institute of Biological Sciences (NIBS), China. All procedures were approved by the WEHI Animal Ethics Committee

(Australia) or the Institutional Animal Care and Use Committee at NIBS (China). None of the mice used in our experiments had

been previously used for other procedures. The animals presented a healthy status and were employed independently of

their gender for generating macrophages. Caspase-3 and Caspase-7 heterozygous mice (Kuida et al., 1996; Lakhani et al.,

2006) were intercrossed to yield littermate control (Caspase-3+/�, Caspase-7+/�, Caspase-3+/�Caspase-7+/�), Caspase-3�/�

(Caspase-3�/�Caspase-7+/+, Caspase-3�/�Caspase-7+/�) and Caspase-3�/�Caspase-7�/� embryos. Bcl-xLflox/flox and

Caspase-8flox/floxRipk3�/� (Beisner et al., 2005; Newton et al., 2004) mice were crossed with the LysM-Cre transgenic mice to

conditionally delete BCL-XL and caspase-8 (and RIPK3) in myeloid cells; they are referred to as Bcl-xL�/� (Speir et al., 2016) or

Caspase-8LysMcreRipk3�/�. Baxflox/floxBak�/� mice (Takeuchi et al., 2005) were crossed with Vav-Cre transgenic mice (or compound

knockouts used) to generate mice lacking BAX/BAK in the hematopoietic system and are referred to as Bax�/�Bak�/� mice.

Mcl-1flox/flox Rosa26-Cre-ERT2 (homozygous Cre), Ripk3�/�Caspase-8�/�, Caspase-1�/�, Nlrp3�/�, Gsdmd�/�, and Gsdme�/�

and Aim2�/� mice have been previously described (Glaser et al., 2012; Jones et al., 2010; Kayagaki et al., 2015; Kuida et al.,

1995; Martinon et al., 2006; Rickard et al., 2014; Shi et al., 2015; Wang et al., 2017). C57BL/6 and C57BL/6 Ly5.1 mice were pur-

chased from WEHI Bioservices (Kew, Australia). Female and male mice were at least 6 weeks old at the time of experimentation.

To expand numbers of Bax�/�Bak�/� mice available for derivation of macrophages, bone marrow and fetal liver cells (�E13.5)

were harvested from Bax�/�Bak�/� and WT CD45.2 donor mice. C57BL/6 Ly5.1 (CD45.1) mice were lethally irradiated (2 3 550R)

and injected intravenously with 3-5x106 cells and allowed to reconstitute for 8 weeks. Levels of reconstitution were assessed using

CD45 markers and flow cytometry.
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Macrophages
To generate macrophages, bone marrow cells harvested from femoral and tibial bones (6-14 week-old animals of either gender,

or > 12 weeks post bone marrow transplantation), or fetal liver cells obtained from E13.5-14 embryos, were cultured in Dulbecco’s

modified essential medium (DMEM) containing 10% fetal bovine serum (FBS, Sigma), 50 U/ml penicillin and 50 mg/ml streptomycin

(complete media) and supplemented with 20% L929 cell conditioned medium for 6 days (37�C, 10% CO2). Unless otherwise indi-

cated, macrophages were routinely plated at 4x105 cells/well in 24-well tissue culture plates (BD Falcon) or 2x105 cells/well in

96-well flat bottom tissue culture plates. Alternatively, macrophages were plated at 3x105 or 1x105 cells in 24-well or 96-well

non-tissue culture treated plates, respectively, for flow cytometric analysis. Macrophages were primed where indicated with LPS

(50-100 ng/ml Ultrapure, InvivoGen), for 2-3 hr prior to stimulation as indicated with Cycloheximide (CHX, 20 mg/ml, SIGMA-Aldrich),

Episilvesterol (EPI, 500 nM, synthesized by J. Chambers and M. Rizzacasa) according to Rizzacasa et al., (Adams et al., 2009),

Homoharringtonine (HHT, 500-1000 nM, Enzo Life Sciences), MCL-1 inhibitor S63845 (Kotschy et al., 2016)(10 mM, Active Biochem),

ABT-737 (1 mM, Active Biochem), MG132 (5 mM, SIGMA-Aldrich), QVD (10-40 mM, QVD, MP Biomedicals), 911 (1 mM, Cp. A,

TetraLogic Pharmaceuticals), Nigericin (10 mM, SIGMA-Aldrich), KCl (60 mM, SIGMA-Aldrich), MCC950 (2 mM, CP-456773 sodium

salt, PZ0280). In some experiments, due to a lower affinity for mouse MCL-1, S63845 was added two times over a 24 hr period,

spaced at least 8 hr apart. At specified times supernatants were harvested for cytokine analysis. Supernatants and cells were pre-

pared in reduced sample buffer for immunoblot analysis, and to evaluate cell viability.

METHOD DETAILS

Cell Viability
To evaluate cell viability, supernatants were harvested. Adherent cells from non-tissue culture treated plates were removed using

5 mM EDTA in phosphate buffered saline (PBS) (�3-5 min incubation, room temperature) and these cells added to the supernatants.

Dead cells were stained detected by propidium iodide (1-2 mg/ml, PI) uptake and were measured by flow cytometric analysis on a

FACS Calibur instrument and Cell quest software (BD Biosciences). FACs data were analyzed using WEASEL version 2.7 software

(in-house). In certain experiments (as defined in the figure legends), cell death was evaluated by measuring the release of lactate de-

hydrogenase (LDH) into supernatants using a cytotoxicity detection kit (LDH) (Roche and Promega) based on the manufacturer’s

instructions.

Cytokine analysis
IL-1b (R&D and DAKEWEI, DKW12-2012-096) and TNF (Ebioscience) ELISA kits were routinely used to assay cell supernatants for

cytokine levels according to the manufacturer’s instructions.

ASC specking
Immunofluorescence of endogenous ASC specks was performed as described (Conos et al., 2017). 8-well m-slides (Ibidi) were

coated with 15 mg/ml poly-L-lysine (SIGMA-Aldrich), before relevant BMDMs/FLDMs were seeded at 2x105 cells per well. Cells

were primed with LPS (50 ng/ml) for 2-3 hr, treated with or without QVD (40 mM), MCC950 (2 mM) or KCl (60 mM) and stimulated

with ABT-737 (1 mM) and CHX (20 mg/ml) for �3 hr, or Nigericin for 1 hr. Cells were then fixed with 4% paraformaldehyde for

30 min, before blocking and permeablizing cells [Permeabilization buffer: PBS, 10% (v/v) FCS, 0.5% Triton X-100] for 1 hr at

room temperature, prior to staining for perinuclear ASC using rabbit anti-ASC (N-15; 1:500; Santa Cruz Biotechnology) overnight

at 4�C. Cells were then stained with a secondary donkey anti-rabbit Alexa647 antibody (A-21245; 1:1000; Invitrogen) for 1 hr at

room temperature, before nuclear staining with DAPI (1 mM) for 5-10 min. Between each step cells were washed 2-3 times with per-

meabilization buffer or PBS. Cells were imaged using a Zeiss LSM 780 confocal microscope; 3 3 3 tile scans with Z stacks were

obtained for each experimental condition using a 40x oil objective with Immersol 518 F (Zeiss) and acquired with ZEN 2012 version

8.1 software (Zeiss). Image channels were merged and displayed asmaximum projection before conversion to tagged image bitmap

file (TIFF) using FIJI software (Schindelin et al., 2012).

Immunoblotting
Cell lysates and supernatants (reduced and denatured) were separated on 4%–12% gradient gels (Invitrogen), proteins transferred

onto nitrocellulose membrane (Amersham), and ponceau staining performed to evaluate loading accuracy. Membranes were

blocked with 5% skimmed milk in PBS containing 0.1% Tween 20 (PBST) for 0.5-1hr and were then probed overnight with primary

antibodies (all diluted 1:1000 unless noted otherwise): Mouse b-actin (Sigma; A-1798), GAPDH (Proteintech, 60004-1-lg), cIAP1

(1:500 ALX-803-335; Alexis Biochemicals), XIAP (MBL; M044-3), pro andmature IL-1b (R&D Systems; AF-401-NA), pro- and cleaved

caspase-1 (Santa Cruz; sc-514)(Adipogen; AG-20B-0042-C100), pro-caspase-8 (in-house), cleaved caspase-8 Asp387 (Cell

Signaling; 9429), BAX (Cell Signaling; 2772), BAK (Millipore; 06-536), NLRP3 (Adipogen; AG-20B-0014_C100), MCL-1 (Cell Signaling;

5453), BCL-XL (in-house), BCL-2 (in-house), caspase-3 (Cell Signaling; 9662), caspase-7 (Cell Signaling; 9492), c-FLIP (Adipogen;

AG-20B-0005), GSDMD (Abcam; ab209845) and GSDME (Abcam; ab215191). Relevant horseradish peroxidase-conjugated

secondary antibodies were applied for at least 1-2 hr. Membranes were washed four to six times in PBS-Tween between antibody
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incubations. Antibodies were diluted in PBS-Tween containing 5% skimmedmilk. Membranes were developed using ECL (Millipore)

on an X-OMAT developer (Kodak) or using the ChemiDoc Touch Imaging System (Bio-Rad) and Image Lab software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry data were analyzed using WEASEL version 2.7 software. Error bars (SEM or SD) were calculated using Prism 7

(version 7.0d) as indicated in the figure legends. The number of times each experiment was repeated, and the number of animals

used per experiment, are detailed in the figure legends.
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