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SUMMARY

Pyroptosis has emerged as a key mechanism by which inflammasomes promote host defense against
microbial pathogens and sterile inflammation. Gasdermin D (GSDMD)-mediated cell lysis is a hallmark of py-
roptosis, but our understanding of cell death signaling during pyroptosis is fragmented. Here, we show that
independently of GSDMD-mediated plasma membrane permeabilization, inflammasome receptors engage
caspase-1 and caspase-8, both of which redundantly promote activation of apoptotic executioner caspase-
3 and caspase-7 in pyroptotic macrophages. Impaired GSDMD pore formation downstream of caspase-1
and caspase-8 activation suffices to unmask the apoptotic phenotype of pyroptotic macrophages. Combined
inactivation of initiator caspase-1 and caspase-8, or executioner caspase-3 and caspase-7, is required to
abolish inflammasome-induced DEVDase activity during pyroptosis and in apoptotic Gsdmd " cells. Collec-
tively, these results unveil a robust apoptotic caspase network that is activated in parallel to GSDMD-mediated

plasma membrane permeabilization and safeguards cell death induction in pyroptotic macrophages.

INTRODUCTION

Pyroptosis is initiated downstream of inflammasome assembly
in activated innate immune cells (Broz and Dixit, 2016; Lamkanfi
and Dixit, 2014). It has emerged as a powerful defense mecha-
nism of the host against microbial pathogens (de Vasconcelos
and Lamkanfi, 2020). It also drives detrimental autoinflammation,
sepsis, and non-alcoholic steatohepatitis (NASH) by promoting
passive secretion of interleukin-1p (IL-1B) and alarmins (Kanne-
gantiet al., 2018; Xiao et al., 2018; Xu et al., 2018). Pyroptosis in-
duction by inflammasomes is considered a linear pathway in
which murine inflammatory caspase-1 and caspase-11 and hu-
man caspase-1, caspase-4, and caspase-5 cleave gasdermin D
(GSDMD) to release the N-terminal GSDMDy domain that forms
higher-order oligomeric pores in the plasma membrane to
induce osmotic swelling and early cell lysis (Aglietti et al., 2016;
Ding et al., 2016; Kayagaki et al., 2015; Liu et al., 2016; Sborgi
et al., 2016; Shi et al., 2015). This is in marked contrast to
apoptosis, in which parallel maturation of apoptotic executioner
caspase-3 and caspase-7 by initiator caspase-8 and caspase-9
results in cleavage of hundreds of substrates that orchestrates
the coordinated disassembly of the cell without spilling the intra-
cellular content in the extracellular environment (Nagata and Ta-
naka, 2017).

Gheck for
Updates

A wealth of recent findings suggests extensive cross-talk be-
tween inflammatory and apoptotic caspases (de Vasconcelos
and Lamkanfi, 2020; Fritsch et al., 2019; Newton et al., 2019;
Van Opdenbosch and Lamkanfi, 2019). We and others previ-
ously demonstrated that apoptosis-associated speck-like pro-
tein containing a CARD (ASC) specks serve as cytosolic scaf-
folds for inflammasome-mediated caspase-8 activation and
induction of apoptosis in caspase-1-deficient macrophages in
response to stimuli of the Nirc4, Nirp1b, AIM2, or NIrp3 inflam-
masome pathways (Lee et al., 2018; Pierini et al., 2012; Puri
et al., 2012; Sagulenko et al., 2013; Van Opdenbosch et al.,
2017). Moreover, an early study showed that caspase-1
activates the apoptotic executioner caspase-7 in wild-type mac-
rophages in response to stimuli of the NIrp3 and Nirc4 inflamma-
somes (Lamkanfi et al., 2008). Yet, the molecular mechanisms in
inflammasome-activated macrophages that regulate the switch
from pyroptosis to apoptosis signaling remains unclear.

Here, we demonstrate that pyroptosis induced by the Nirp1b,
NlIrc4, and NIrp3 inflammasomes in wild-type macrophages ex-
hibits hallmark apoptotic features, including activation of
apoptotic caspase-3 and caspase-7, DEVDase activity, and
cleavage of apoptotic substrates. We show that inflammasome
receptors independently engage caspase-1 and caspase-8,
both of which redundantly promoted activation of apoptotic
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Figure 1. Pyroptosis Features a Caspase-3/
7 Signature

(A and C) Macrophages of the indicated geno-
types were left untreated or stimulated with LeTx
(A) or FlaTox (C) in media containing the caspase-
3/7 activity (DEVD) probe and imaged on an In-

staurosporine
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cucyte platform.

(B) Macrophages of the indicated genotypes were
left untreated or pretreated with MG132 (10 uM) for
30 min prior to being stimulated with LeTx in media
containing the DEVD probe. Cells were imaged
over time on an Incucyte platform.
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Results from Incucyte experiments are plotted as
the number of positive cells relative to a PI-
stained, Triton-x100-treated well (considered
100%). Values represent mean + SD of technical
duplicates of a representative experiment from
three biological repeats.
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executioner caspase-3 and caspase-7 in parallel to GSDMD-
mediated plasma membrane permeabilization in wild-type macro-
phages. Combined inactivation of initiator caspase-1 and cas-
pase-8, or executioner caspase-3 and caspase-7, was required
to abolish inflammasome-induced DEVDase activity during
pyroptosis as well as in apoptotic Gsdmd™~ cells. Notably,
impaired GSDMD pore formation downstream of caspase-1 and
caspase-8 activation sufficed to unmask the apoptotic phenotype
of pyroptotic macrophages. Collectively, these results unveil a
robust apoptotic caspase network that is activated in parallel to
GSDMD-mediated plasma membrane permeabilization to safe-
guard cell death induction in pyroptotic macrophages.

RESULTS

DEVDase Activity and Cleavage of Apoptotic Substrates
during Pyroptosis

Although peptide substrates may lack selectivity for individual
caspases, DEVDase activity is considered a hallmark of cas-
pase-3 and caspase-7 activity that precedes secondary necro-
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bone-marrow-derived macrophages
(BMDMs) of C57BL/6J (B6) mice that
hemizygously express a Bacillus anthra-
cis lethal toxin (LeTx)-sensitive Nirp1b
allele (B6N™15%) (Figure 1A). A steep in-
crease in DEVDase activity occurred
~90 min after LeTx intoxication and coin-
cided with the pyroptotic plasma mem-
brane permeabilization-associated in-
crease in propidium iodide (PI)
fluorescence intensity (Figures 1A and
S1A). As control setups, we observed a
gradual increase in DEVDase activity over time that mirrored PI
positivity when we induced apoptosis in staurosporine-treated
B6N™®* macrophages (Figures S1B and S1C). As expected
(Boyden and Dietrich, 2006; Van Opdenbosch et al., 2014; Van
Opdenbosch et al., 2017), LeTx-challenged B6 BMDMs re-
mained Pl negative (Figure S1A), confirming that a functional
Nirp1b allele is required for LeTx-induced cell lysis. LeTx-intoxi-
cated B6 macrophages were also devoid of DEVDase activity
(Figure 1A), demonstrating that a functional Nirp1b allele is also
required to promote the LeTx-induced DEVDase response in
B6N™P* macrophages. The NiIrp1b inflammasome uniquely re-
quires proteasomal activity for inducing pyroptosis (Fink et al.,
2008). Accordingly, pretreatment with the proteasome inhibitor
MG132 prevented LeTx-induced DEVDase activity (Figure 1B)
and Pl positivity (Figure S1D) in LeTx-intoxicated B6N"™'"* mac-
rophages. These results show that NIrp1b-induced pyroptosis is
associated with DEVDase activity.

To assess whether DEVDase activity accompanies pyroptosis
induced through additional inflammasome pathways, we stimu-
lated wild-type B6 macrophages with FlaTox, a synthetic fusion
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Figure 2. Caspase-1 and Caspase-8 promote
Activation of Caspase-3 and Caspase-7 during
Pyroptosis
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of the Bacillus anthracis (B. anthracis) lethal factor N-terminal region
fused to Legionella pneumophila flagellin (LFn-FlaA) that selectively
activates the NIrc4 inflammasome when targeted to the cytosol with
B. anthracis protective antigen (PA) (Van Opdenbosch et al., 2017;
von Moltke etal., 2012). Increased DEVDase activity in FlaTox-stim-
ulated B6 BMDM s (Figure 1C) occurred concomitant with plasma
membrane permeabilization as measured by Pl staining (Fig-
ure S1E). Loss of Nirc4 abrogated FlaTox-induced DEVDase activ-
ity and Pl staining (Figures 1C and S1E), demonstrating that DEV-
Dase activity is induced following Nlrc4 activation.

Consistent with NIrp1b- and Nirc4-mediated pyroptosis being
associated with increased DEVDase activity, western blot analysis
confirmed cleavage of well-established apoptosis markers in py-
roptotic cell lysates (Figure 1D). Caspase-mediated cleavage of

3

Time (hours)

Caspase-1 and Caspase-8
Redundantly Drive Inflammasome-
Induced DEVDase Activity

We next sought to confirm that pyroptosis-
associated DEVDase activity genuinely re-
flects caspase-3/7 activity. Because mice
with a combined loss of caspase-3 and caspase-7 are lost
shortly after birth (Lakhani et al., 2006), we bred BeN"PP+
mice with animals harboring conditionally targeted Casp3 and
Casp7alleles (Casp3/7"°¥™%) (Saavedra et al., 2018). Downre-
gulated expression of caspase-3 and caspase-7 in BMDMs
with cell-permeable active Cre protein (TAT-Cre) (Peitz et al.,
2002) relative to untreated B6N™'P*Casp3/77°¥"°X BMDMs
was confirmed by western blot analysis (Figure S1F). Deletion
of these executioner caspases in TAT-Cre-treated
BN+ Casp3/7"°/x BMDMs abolished the induction of
DEVDase activity following stimulation with FlaTox (Figure 2A)
and LeTx (Figure 2B), confirming that DEVDase activity was
driven by activation of executioner caspase-3 and caspase-7
in pyroptotic cells.

4
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To further define the signaling mechanism controlling pyroptotic
DEVDase activity, we bred B6N™'"* mice to Casp1~/~Casp11~/~
and Asc™~ mice to generate B6“"™'P*Casp1~/~Casp?1~'",
B6N"P1P*Asc™/~ and B6N"P'P*Casp1~/~Casp11~/~Asc™’~ mice,
respectively. We and others previously showed that ASC is
dispensable for activation of caspase-1 and induction of pyropto-
sis by the Nirc4 and NIrp1b inflammasomes, whereas it is essen-
tial for caspase-8 recruitment and activation (Broz et al., 2010; Lee
et al., 2018; Mascarenhas et al., 2017; Pierini et al., 2012; Puri
et al., 2012; Sagulenko et al., 2013; Van Opdenbosch et al.,
2017). As reported previously (Broz et al., 2010; Guey et al,,
2014; Van Opdenbosch et al., 2014), pyroptotic plasma mem-
brane rupture was not impaired in FlaTox- and LeTx-treated
BN+ and B6N™P*Asc '~ BMDMs (Figures S1G and S1H).
Furthermore, DEVDase activity following activation of the
NIrp1b and Nirc4 inflammasomes continued unabated in
B6N™°*Asc™~ BMDMs (Figures 2C and 2D), suggesting that
caspase-8 is dispensable or may act redundantly with caspase-
1 for promoting pyroptotic DEVDase activity. Analysis of
B6N™°*Casp1~/~Casp11~/~ BMDMs showed that preventing
LeTx- and FlaTox-induced caspase-1 activation delays, but it is
not sufficient to abolish DEVDase activity and Pl staining (Figures
2C, 2D, S1G, and S1H). Contrastingly, combined loss of ASC and
caspase-1 fully prevented Nirc4- and Nirp1b-induced DEVDase
activity and Pl staining (Figures 2C, 2D, S1G, and S1H), suggest-
ing that both caspase-1 and caspase-8 mediate inflammasome-
induced DEVDase activity. We confirmed (Lee et al., 2018;
Mascarenhas et al., 2017; Van Opdenbosch et al., 2017) that
LeTx- and FlaTox-induced caspase-8 maturation was abolished
inBeN™°*Casp1~/~Casp11~/~Asc™'~ macrophages (Figure S1l),
further supporting the notion that caspase-1 and ASC-dependent
caspase-8 activation redundantly drive Nirpib- and Nirc4-
induced DEVDase activity. To directly test this hypothesis, we es-
tablished a colony of mice with combined losses in inflammatory
caspase-1 and caspase-11 together with caspase-8 in a RIPK3-
deficient background to prevent embryonic lethality caused by
Casp8 deletion (Kaiser et al., 2011; Oberst et al., 2011). Both DEV-
Dase activity and incorporation of the cell-impermeant cytotox-
icity dye Sytox Green were abrogated in BMDMs from these ani-
mals that had been stimulated with FlaTox (Figures 2E and S1J).
Paralleling these results, Salmonella enterica serovar Typhimu-
rium (S. Typhimurium) infection failed to mount DEVDase activity
and cell lysis in Casp?~/~Casp11~/"Ripk3~'~Casp8~'~ macro-
phages (Figures 2F and S1K). Contrastingly, both DEVDase activ-
ity and Sytox Green positivity were detected when wild-type
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BMDMs and macrophages lacking caspase-1 and caspase-11,
alone or together with RIPK3, were stimulated with FlaTox (Fig-
ures 2E and S1J) or infected with S. Typhimurium (Figures 2F
and S1K). Collectively, these results imply that caspase-1 and
caspase-8 redundantly activate apoptotic executioner caspases
in pyroptotic cells parallelly to the induction of GSDMD-mediated
plasma membrane permeabilization.

Impaired GSDMD Pore Formation Downstream of
Caspase-1 and Caspase-8 Activation Unmasks
Apoptosis

Based on our detection of DEVDase activity in pyroptotic macro-
phages and the observation that caspase-1 and caspase-8
redundantly activate executioner caspase-3 and caspase-7,
we hypothesized that GSDMD-induced pore formation and cell
lysis may mask a background apoptotic program in pyroptotic
cells. In order to eliminate confounding effects of GSDMD-medi-
ated cell lysis, we further dissected the function and signaling
mechanism of this caspase cascade in a GSDMD-deficient
background. Consistent with previous reports showing that ca-
nonical inflammasome activation triggers an alternative cell
death response in GSDMD-deficient macrophages (de Vascon-
celos et al., 2019; Goncalves et al., 2019; He et al., 2015; Kaya-
gaki et al., 2015; Tsuchiya et al., 2019), release of the lytic cell
death marker lactate dehydrogenase (LDH) was blunted in cul-
ture media of LeTx-treated B6N""'**Gsdmd~~ cells and Fla-
Tox-stimulated Gsdmd ™~ BMDMs (Figures 3A and 3B). Howev-
er, careful analysis of DIC micrographs showed cells with a
shrunken and blebbing appearance that are reminiscent of
apoptosis and distinct from the classical swollen morphology
of pyroptotic macrophages (Figures 3C and 3D). In agreement,
flow cytometric analysis of LeTx- and FlaTox-induced cell death
in respectively B6N™°*Gsdmd '~ and Gsdmd '~ BMDMs iden-
tified a population of ~45% apoptotic cells that was positive for
the early apoptosis marker Annexin-V while being impermeable
to PI (Annexin-V*/PI7). In contrast, GSDMD-proficient pyroptotic
macrophages displayed Annexin-V and Pl co-staining (Annexin-
V*/PI*) (Figures 3E and 3F). A kinetic analysis of DEVDase activ-
ity further corroborated these results. The number of DEVDase-
positive cells was comparable in pyroptotic B6N"™1** and
apoptotic B6N™'®*Gsdmd '~ macrophages following LeTx or
FlaTox stimulation (Figure 3G). DEVDase activity was delayed
in apoptotic macrophages relative to pyroptotic cells (Figures
3G and 3H), although this could at least partially be due to less
efficient cytosolic uptake of the fluorogenic substrate in early

Figure 3. Defective GSDMD Pore Formation Unveils Activation of an Apoptotic Caspase Network by the Nirp1b and Nirc4 Inflammasomes
(A, C, E, and J) Macrophages of the indicated genotypes were left untreated or stimulated with LeTx for 2 h. Culture supernatants were analyzed for LDH activity
(A), cells were imaged under a confocal microscope (C) or analyzed by fluorescence-activated cell sorting (FACS) for Annexin-V/PI positivity (E), and cell lysates

were immunoblotted for the indicated proteins (J).

(B, D, F, and J) Macrophages of the indicated genotypes were left untreated or stimulated with FlaTox for 2 h. Culture supernatants were analyzed for LDH activity
(B), cells were imaged under a confocal microscope (D) or analyzed by FACS for Annexin-V/PI positivity (F), and cell lysates were immunoblotted for the indicated

proteins (J).

(G and H) Macrophages of the indicated genotypes were left untreated or stimulated with LeTx (G) or FlaTox (H) in media containing DEVD probe and Pl and

imaged on an Incucyte platform.

(1) GSDMD"%°N knockin homozygous (GSDMD 105N or wild-type (GSDMD 1105N*/*) macrophages were treated with FlaTox in media containing DEVD probe

and Pl and imaged on an Incucyte platform.

Percentages of all Incucyte experiments were calculated as the number of positive cells relative to a Pl-stained, Triton-x100-treated well (considered 100%).
Values represent mean + SD of technical duplicates of a representative experiment from three biological repeats. All scale bars represent 10 um.
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apoptotic cells. Notably, BMDMs from mice expressing an inac-
tive GSDMD''%N mutant that is impaired in inducing pyroptotic
cell lysis (Kayagaki et al., 2015) phenocopied Gsdmd ™~ macro-
phages (Figure 3l), demonstrating that inflammasome-mediated
apoptosis induction was not unique to GSDMD-deficient macro-
phages and that impaired GSDMD pore formation downstream
of caspase-1 and caspase-8 activation suffices to unmask in-
flammasome-induced apoptotic hallmarks in macrophages. Un-
like BEN™12*Gsdmd '~ macrophages, Gsdmd ™~ macrophages
(that lack expression of a LeTx-responsive Nirp1b allele) failed to
induce apoptosis (Figures S2A and S2B) as well as PI staining
and DEVDase activity (Figure S2C) in response to LeTx intoxica-
tion. Paralleling results in LeTx-intoxicated B6N"™'** macro-
phages (Figures 1B and S1D), the proteasome inhibitor MG132
inhibited the induction of DEVDase activity and Pl staining in
LeTx-stimulated B6N™1P*Gsdmd '~ macrophages (Figure S2D).
Thus, expression of a functional Nirp1b allele is required for
LeTx-induced apoptosis in GSDMD-deficient macrophages.
Similarly, we confirmed that Nirc4 acts upstream of FlaTox-
induced apoptosis, because Nirc4~'~Gsdmd ™'~ macrophages
were unresponsive to FlaTox (Figure S2E). These results demon-
strate that activation of the Nirp1b and Nirc4 inflammasomes in
the absence of GSDMD expression culminates in apoptosis.
Next, we compared the caspase cascade that underlies the
apoptotic response in GSDMD-deficient BMDMs to the set of
caspases that is activated during pyroptosis in GSDMD-profi-
cient (wild-type) macrophages. Consistent with its apical role in
inflammasome signaling, we observed prominent caspase-1
maturation in lysates of both apoptotic B6N™'°*Gsdmd '~ and
pyroptotic B6N™'°* macrophages that had been stimulated
with LeTx (Figure 3J). Similarly, FlaTox potently induced cas-
pase-1 maturation in apoptotic Gsdmd ™~ and pyroptotic wild-
type (B6) macrophages (Figure 3J). Consistent with previous re-
ports (Gurung et al., 2014; Man et al., 2013; Van Opdenbosch
et al., 2017), weak maturation of procaspase-8 was observed
in pyroptotic macrophages (Figure 3J). LeTx- and FlaTox-
induced apoptosis in GSDMD-deficient macrophages was asso-
ciated with substantially increased caspase-8 cleavage (Fig-
ure 3J). Notably, levels of caspase-7 maturation were compara-
ble in pyroptotic and apoptotic cells (Figure 3J), whereas
caspase-3 cleavage was more prominent during apoptosis (Fig-
ure 3J). NiIrp1b signaling was required for LeTx-induced
apoptotic caspase activation because activation of caspase-1,
caspase-3, caspase-7, and caspase-8 was abolished in
Gsdmd ™~ macrophages that lack a LeTx-responsive Nirp1b
allele (Figure S2F). Together, these findings support the notion
of an apoptotic caspase activation network in pyroptotic cells
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that is further accentuated in the absence of GSDMD-mediated
cell lysis.

Caspase-1 and Caspase-8 Independently Activate
Caspase-3 and Caspase-7 and Apoptosis in GSDMD-
Deficient Macrophages

We and others (Lee et al., 2018; Mascarenhas et al., 2017; Van
Opdenbosch et al., 2017) have shown that ASC is critical for
LeTx- and FlaTox-induced caspase-8 activation and induction
of apoptosis in caspase-1-deficient macrophages (Figure S1l).
In marked contrast, ASC deletion failed to protect GSDMD-defi-
cient BMDMs from undergoing LeTx- and FlaTox-induced
apoptosis (Figures 4A and 4B). Furthermore, western blot
analysis revealed that - albeit significantly reduced -
B6N"P1P*Gsdmd~'~Asc ™/~ macrophages continued to mature
caspase-8 (Figure 4C). Moreover, cleavage of the apoptotic
executioner caspase-3 and caspase-7 was abundant in both
ASC-sufficient and ASC-deficient B6N™'®*Gsdmd ™'~ macro-
phages (Figure 4C). In agreement, LeTx- and FlaTox-induced
DEVDase activity was reduced, but not abolished, in
B6N"P1P*Gsdmd~'~Asc ™/~ macrophages (Figures 4D and 4E).
These results imply that activation of caspase-1 in GSDMD-defi-
cient cells elicits maturation of caspase-8, caspase-3, and cas-
pase-7 independently of the previously uncovered ASC-cas-
pase-8 axis that drives apoptosis in caspase-1-deficient cells
(Lee et al., 2018; Mascarenhas et al., 2017; Van Opdenbosch
et al., 2017). Transgenic overexpression of anti-apoptotic Bcl2
in BMDMs of B6N"™1°*Gsdmd~~Bc/2™ mice (Domen et al.,
1998) failed to curb the kinetics of LeTx- or FlaTox-induced DEV-
Dase activity (Figures S2G and S2H), suggesting that Bax/Bak
pore formation may not be critical for inflammasome-mediated
activation of apoptotic executioner caspases.

In order to directly assess the role of caspase-8, we generated
Ripk3~'~Casp8~'~ macrophages in a B6N"™**Gsdmd '~ back-
ground. A dynamic analysis of DEVDase activity and Pl incorpo-
ration demonstrated that these cell death markers were compa-
rably induced in caspase-8/Ripk3-deficient and control
B6N"P1P*Gsdmd '~ macrophages (Figures 4F and 4G). Addition-
ally, LeTx- and FlaTox-induced maturation of caspase-1 and
apoptotic executioner caspase-3 and caspase-7 in these cells
was comparable to levels seen in caspase-8/Ripk3-sufficient
B6N"P1**Gsdmd '~ BMDMs (Figure 4H). These findings demon-
strate that in marked contrast to caspase-1-deficient macro-
phages (Lee et al., 2018; Van Opdenbosch et al., 2017), cas-
pase-8 is dispensable for activation of caspase-3
and caspase-7 in macrophages lacking GSDMD expression.
A functional implication of these results is that unlike in

Figure 4. Caspase-1 and Caspase-8 Act Redundantly in GSDMD-Deficient Macrophages for Activation of Caspase-3 and Caspase-7

(A-C) Macrophages of the indicated genotypes were left untreated or stimulated with either LeTx or FlaTox for 2 h. Cells were imaged under a confocal mi-
croscope (A) or analyzed by FACS for Annexin-V/PI positivity (B), and cell lysates were immunoblotted for the indicated proteins (C).

(D and E) Macrophages of the indicated genotypes were left untreated or stimulated with either LeTx (D) or FlaTox (E) in media containing DEVD probe and Pl and

imaged on an Incucyte platform.

(F and G) Macrophages of the indicated genotypes were left untreated or stimulated with either LeTx (F) or FlaTox (G) in media containing DEVD probe and Pl and

imaged on an Incucyte platform.

(H) Macrophages of the indicated genotypes were left untreated or stimulated with either LeTx or FlaTox for 2 h, and cell lysates were immunoblotted for the

indicated proteins.

Percentages of all Incucyte experiments were calculated as the number of positive cells relative to a Pl-stained, Triton-x100-treated well (considered 100%).
Values represent mean + SD of technical duplicates of a representative experiment from three biological repeats. All scale bars represent 10 um.
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Gsdmad-- B Figure 5. NIrp3 Activation Promotes
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caspase-1-deficient macrophages (Lee et al., 2018; Van Opden-
bosch et al., 2017), Toll-like receptor (TLR) priming in GSDMD-
deficient macrophages fails to suppress LeTx- and FlaTox-stim-
ulated maturation of caspase-1, caspase-8, caspase-3, and
caspase-7 (Figure S3A); DEVDase activity (Figures S3B and
S3C); and induction of apoptosis (Figures S3D and S3E).

Nirp3-Inflammasome-Induced Apoptosis in Gsdmd/~
Macrophages

Lipopolysaccharide (LPS) priming is required for ATP- and niger-
icin-induced activation of the Nirp3 inflammasome in BMDMs
(Bauernfeind et al., 2009; Le Feuvre et al., 2002; Song et al.,
2017). As expected, micrographs of LPS+ATP- and LPS+nigeri-
cin-stimulated wild-type macrophages displayed a characteristic
pyroptotic morphology featuring a swollen cytosol and rounded
nuclei (Figure 5A). As with pyroptosis induction by the Nirp1b
and Nlrc4 inflammasomes (Figure 1), NIrp3-driven pyroptosis in
LPS+ATP- and LPS+nigericin-stimulated wild-type macrophages
was accompanied by a sharp rise in DEVDase activity concomi-
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tant with PI staining (Figures 5B and 5C).
The morphology of ATP-stimulated
Gsdmd ™'~ macrophages differed consid-
erably, with cytosolic shrinkage and for-
mation of apoptotic bodies evident within
minutes after ATP stimulation (Figure 5A).
Furthermore, DEVDase activity in
LPS+ATP-stimulated Gsdmd '~ macro-
phages preceded the induction of Pl stain-
ing by ~1 h (Figure 5B), consistent with the
induction of secondary necrosis upon pro-
longed in vitro incubation of apoptotic
cells. Unexpectedly, LPS+nigericin-stimu-
lated Gsdmd™~ macrophages had a
swollen appearance suggestive of
necrotic cell death (Figure 5A), although
a delayed induction of DEVDase activity
that slightly preceded the induction of PI
staining was observed (Figure 5C), suggesting that inflamma-
some-mediated apoptotic morphological changes may have
been masked by osmotic disbalance directly mediated by the
ionophore. In agreement, NIrp3-mediated pyroptosis in wild-
type BMDMs was associated with prominent maturation of cas-
pase-1 and caspase-7, whereas Gsdmd ™'~ macrophages addi-
tionally triggered robust cleavage of caspase-3 and caspase-8
following treatment with LPS+ATP or LPS+nigericin (Figure 5D).
These results extend our observations on pyroptotic DEVDase ac-
tivity to the NIrp3 inflammasome and show that Nirp3 activation in
Gsdmd™~ cells promotes induction of apoptotic cell death
markers, akin to the Nirp1b and Nirc4 pathways.
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Caspase-3 and Caspase-7 Are Redundant for Apoptosis
of GSDMD-Deficient Cells

We next addressed the relative contributions of caspase-3 and
caspase-7 to NIrp1b- and Nlirc4- induced apoptosis signaling in
Gsdmd ™'~ macrophages. To this end, we differentiated BMDMs
from B6N™P*Gsdmd '~ Casp7"®/"°* mice and induced Casp7
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Figure 6. Caspase-3 and Caspase-7 Are Critical for Inflammasome-Induced Apoptosis of GSDMD-Deficient Macrophages
(A) Immortalized macrophages of the indicated genotypes were left untreated or stimulated with either LeTx or FlaTox for 2 h, and cell lysates were immunoblotted

for the indicated proteins.

(B and C) Immortalized macrophages of the indicated genotypes were left untreated or stimulated with either LeTx (B) or FlaTox (C) in media containing DEVD

probe and Pl and imaged on an Incucyte platform.

Percentages of all Incucyte experiments were calculated as the number of positive cells relative to a Pl-stained, Triton-x100-treated well (considered 100%).
Values represent mean + SD of technical duplicates of a representative experiment from three biological repeats.

gene deletion in vitro using cell-permeable active Cre protein
(TAT-Cre) (Peitz et al., 2002). Caspase-7 protein levels were
downregulated (Figure S4A); however, neither DEVDase activity
nor Pl incorporation was altered following LeTx or FlaTox stimula-
tion (Figures S4B and S4C). Consistently, caspase-7 silencing
had no effect on LeTx- and FlaTox-induced maturation of cas-
pase-1, caspase-8, and caspase-3 (Figure S4A). Similarly,
TAT-Cre-mediated excision of a floxed Casp3 allele in
B6N™°*Gsdmd '~ Casp3™"* macrophages downregulated
caspase-3 protein expression levels (Figure S4D). However,
LeTx- and FlaTox-induced DEVDase activity and Pl staining
were unaffected (Figures S4E and S4F), and maturation of cas-
pase-1, caspase-8, and caspase-7 were unchanged (Figure S4D).
These results suggest that caspase-3 and caspase-7 are inde-
pendently activated upon inflammasome activation and that the
executioner caspases are jointly responsible for inducing DEV-
Dase activity following inflammasome activation. To test this hy-
pothesis, we generated B6N™°*Gsdmd~'~Casp3""*Casp7-
flox/fiox| ysM-Cre*  (B6N™'P*Gsdmd '~ Casp3/77**%) mice by
breeding B6""™'°* mice with animals harboring conditionally tar-
geted Casp3 and Casp7 alleles (Casp3/77F) (Saavedra et al.,
2018) and subsequently to mice expressing Cre recombinase un-
der control of the myeloid-cell-specific lysozyme M promoter
(LysM-Cre) (Clausen et al., 1999). Immortalized bone marrow pro-
genitor cells of these mice were used to generate estrogen-regu-

lated homeobox protein Hox-B8 (ER-Hoxb8)-immortalized mac-
rophages (iBMDMs) (Wang et al, 2006). As a reference,
caspase-3/7-sufficient B6N"™P'®*Gsdmd~'~ iBMDMs potently
activated caspase-1, caspase-8, caspase-3, and caspase-7
following stimulation with LeTx or FlaTox (Figure 6A). Consistent
with silencing of caspase-3 and caspase-7 protein expression
levels in B6N™®*Gsdmd '~ Casp3/7®"¥C iBMDMs (Figure 6A),
these cells failed to induce DEVDase activity in response to
LeTx- and FlaTox stimulation up to 10 h post-stimulation (Figures
6B and 6C), confirming that DEVDase activity reflected the
joint activation of caspase-3 and caspase-7 in inflammasome-
stimulated Gsdmd '~ macrophages. Notably, although plasma
membrane permeabilization was delayed by several
hours in the absence of caspase-3 and caspase-7,
B6N"™'*Gsdmd '~ Casp3/7*™*° iBMDMs started to display
prominent Pl incorporation ~6 h after stimulation with FlaTox or
LeTx and approximated the levels of Pl staining of caspase-3/7-
sufficient cells by 10 h post-stimulation (Figure 6B and 6C).
Because delayed cell lysis was not observed in cells lacking cas-
pase-1 and caspase-8 (Figure S1) and activation of caspase-1
and caspase-8 was unaffected in B6N™'**Gsdmd ' ~Casp3/
7MyerKO iBMDMSs (Figure 6A), the delayed lIytic activity in
BN+ Gsdmd '~ Casp3/7"®K° iBMDMs may represent a
yet-undefined cell death mechanism that is induced by these initi-
ator caspases when GSDMD-mediated pore formation and
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caspase-3/7-driven apoptosis have failed. Alternatively, residual
caspase-3/-7 activation levels in our system may account for
the delayed cytotoxicity.

DISCUSSION

Macrophages that lack caspase-1 or express the catalytically
inactive caspase-1°284 mutant switch to caspase-8-mediated
apoptosis (Pierini et al., 2012; Sagulenko et al., 2013; Van Op-
denbosch et al., 2017). GSDMD-deficient macrophages were
also suggested to switch cell death modes. Legionella pneumo-
phila infection was reported to trigger caspase-7-mediated pore
formation in GSDMD-deficient macrophages (Goncalves et al.,
2019), and other inflammasome stimuli were shown to induce
caspase-3-mediated apoptosis and deafness associated tumor
suppressor/gasdermin E (DFNA5/GSDME)-mediated secondary
necrosis downstream of caspase-1 (Tsuchiya et al., 2019), or to
switch to caspase-1-mediated cleavage of caspase-3 and cas-
pase-7 and apoptotic cell death (Mahib et al., 2020; Taabazuing
et al., 2017). However, the mechanisms by which inflamma-
somes regulate the switch from pyroptosis to apoptosis
signaling remain unclear. Rather than switching cell death
modes, our observations strongly suggest that an apoptotic pro-
gram is readily activated concomitant with induction of GSDMD
pores in wild-type macrophages and not only in the context of
genetic deletion of caspase-1 or GSDMD. The presented find-
ings give rise to a mechanistic model of pyroptosis in which cas-
pase-1 cleaves GSDMD for cell lysis in parallel to caspase-1 and
caspase-8 redundantly activating caspase-3 and caspase-7,
both of which promote apoptotic DEVDase activity indepen-
dently of each other in pyroptotic cells (Figure S5). In support
of this model, we showed that impaired GSDMD pore formation
downstream of caspase-1 and caspase-8 activation by the
NiIrp1b and Nirc4 inflammasomes sufficed to unveil apoptotic
morphological features in GSDMD''N mutant macrophages.
This novel paradigm of pyroptosis, in which activation of the
apoptotic machinery is an intrinsic component of pyroptotic
cell death signaling (Figure S5), has the merit that it elegantly ex-
plains how inflammasome-induced apoptotic hallmarks ensue
through distinct signaling pathways in macrophages lacking
caspase-1 or GSDMD, respectively.

In addition to the previously reported roles of ASC-mediated
caspase-8 activation (Goncalves et al., 2019; Pierini et al.,
2012; Sagulenko et al., 2013; Van Opdenbosch et al., 2017),
we now provided genetic evidence that also caspase-1 plays a
critical role in inflammasome-induced apoptosis signaling.
Indeed, combined deletion of caspase-1 and caspase-8 (or
ASC in lieu of caspase-8) proved essential to blunt DEVDase ac-
tivity and apoptosis induction in GSDMD-deficient cells. More-
over, we posit that executioner caspase-3 and caspase-7 act
redundantly for inflammasome-induced apoptosis signaling,
because combined deletion of caspase-3 and caspase-7 was
necessary to blunt inflammasome-induced DEVDase activity
and induction of cell death in GSDMD-sufficient and GSDMD-
deficient macrophages, respectively. The redundancy we have
uncovered between caspase-1 and caspase-8 as initiator cas-
pases; and between GSDMD, and caspase-3 and caspase-7
in the execution phase of pyroptosis likely serves to ensure a
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commitment to cell death induction in inflammasome-activated
macrophages. This built-in redundancy in the pyroptotic
caspase cascade may have evolved to ensure the robustness
of pyroptosis as an anti-microbial host defense mechanism.
GSDMD-targeting pathogens remain to be discovered, but cow-
pox viruses express a cytokine response modifier (CrmA) that
efficiently targets caspase-1 and caspase-8 (Zhou et al., 1997).
This may have been an evolutionary more effective strategy for
cowpox viruses to curb inflammasome-induced cell death than
selective inhibition of caspase-1 or caspase-8. Moreover, the
relative expression levels of caspase-1 and GSDMD, as well as
other factors that regulate the kinetics of caspase-1-mediated
GSDMD pore formation, may alter the balance of this integrated
pyroptotic cell death program in favor of apoptosis as the default
morphological outcome in non-myeloid cell types. For instance,
it has been suggested that inflammasome-induced apoptosis
may be the default inflammasome cell death mode in cell types
that express no or low levels of GSDMD, such as primary cortical
neurons, mast cells, keratinocytes, and endothelial cells (Sol-
Iberger et al., 2015; Tsuchiya et al., 2019; Xi et al., 2016).
Although our studies have focused on macrophages (which ex-
press abundant levels of GSDMD), they suggest a mechanistic
model of inflammasome-induced apoptosis that also may
operate in cell types with low GSDMD levels. Finally, our results
predict and clarify the mechanisms by which selective pharma-
cological GSDMD inhibitors will convert pyroptotic cell lysis
into an apoptosis response that may curb detrimental inflamma-
tory cytokine secretion in infectious and autoinflammatory
diseases (de Vasconcelos and Lamkanfi, 2020; Kanneganti
et al., 2018; Van Opdenbosch and Lamkanfi, 2019).

In conclusion, the presented work transforms understanding
of pyroptosis from a linear signaling axis into an integrated cell
death signaling network (Figure S5). Future studies should
address whether caspase-3/7-mediated substrate cleavage in
pyroptotic cells contributes to the quality of the instigated inflam-
matory and immune responses and how they impact on the res-
olution of infections.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
e RESOURCE AVAILABILITY
O Lead Contact
O Materials Availability
O Data and Code Availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Mice
e METHOD DETAILS
O Primary macrophage differentiation
O Immortalized macrophage generation and differentia-
tion
Macrophage stimulation
TAT-Cre-mediated deletion of floxed alleles
Western blotting
Cell death kinetic measurements

o O OO0



Cell Reports

O FACS Annexin-V measurements
O Confocal imaging
O LDH release
® QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/].
celrep.2020.107959.

ACKNOWLEDGMENTS

We thank Dr. Vishva M. Dixit (Genentech) for mutant mice and the Australian
Phenomics Facility at the Australian National University for sharing Gsdma'%*N
mutant (C57BL/6JAnu-Gsdmdm1Anu/AnuApb) mice. We thank Amelie Fos-
soul (Vlaams Instituut voor Biotechnologie, VIB—Ghent University) for excel-
lent technical support. Research in the P.V. unit is supported by Belgian grants
(Excellence of Science [EOS] grant 30826052 MODEL-IDI), Flemish grants
(The Research Foundation—Flanders [FWQO] grants G.0C31.14N,
G.0C37.14N, FWO GOE04.16N, G.0C76.18N, and G.0B71.18N), and grants
from Ghent University (BOF16/MET_V/007 Methusalem grant), the Foundation
Against Cancer (FAF-F/2016/865), and VIB. This work was supported by Euro-
pean Research Council grant 683144 (PyroPop) to M.L.

AUTHOR CONTRIBUTIONS

N.M.d.V., N.V.O., and M.L. designed the study; N.M.d.V., N.V.O., HV.G.,
R.M.-P., and A.Z. performed experiments; N.M.d.V., N.V.O., H.V.G., R.M.-
P., AZ., P.V,, and M.L. analyzed data; N.M.d.V., N.V.O., and M.L. wrote the
manuscript with input from all authors; P.V. provided critical reagents; and
M.L. oversaw the project.

DECLARATION OF INTERESTS

N.V.O., R.M.-P., A.Z., and M.L. are/were employees of Janssen Pharmaceu-
tica. The authors declare no other competing interests.

Received: January 21, 2020
Revised: April 2, 2020
Accepted: July 2, 2020
Published: July 28, 2020

REFERENCES

Aftab, O., Nazir, M., Fryknas, M., Hammerling, U., Larsson, R., and Gustafs-
son, M.G. (2014). Label free high throughput screening for apoptosis inducing
chemicals using time-lapse microscopy signal processing. Apoptosis 19,
1411-1418.

Aglietti, R.A., Estevez, A., Gupta, A., Ramirez, M.G., Liu, P.S., Kayagaki, N., Ci-
ferri, C., Dixit, V.M., and Dueber, E.C. (2016). GsdmD p30 elicited by caspase-
11 during pyroptosis forms pores in membranes. Proc. Natl. Acad. Sci. USA
113, 7858-7863.

Bauernfeind, F.G., Horvath, G., Stutz, A., Alnemri, E.S., MacDonald, K.,
Speert, D., Fernandes-Alnemri, T., Wu, J., Monks, B.G., Fitzgerald, K.A.,
etal. (2009). Cutting edge: NF-kappaB activating pattern recognition and cyto-
kine receptors license NLRP3 inflammasome activation by regulating NLRP3
expression. J. Immunol. 7183, 787-791.

Boyden, E.D., and Dietrich, W.F. (2006). Nalp1b controls mouse macrophage
susceptibility to anthrax lethal toxin. Nat. Genet. 38, 240-244.

Broz, P., and Dixit, V.M. (2016). Inflammasomes: mechanism of assembly,
regulation and signalling. Nat. Rev. Immunol. 76, 407-420.

Broz, P., von Moltke, J., Jones, J.W., Vance, R.E., and Monack, D.M. (2010).
Differential requirement for Caspase-1 autoproteolysis in pathogen-induced
cell death and cytokine processing. Cell Host Microbe 8, 471-4883.

¢? CellPress

OPEN ACCESS

Clausen, B.E., Burkhardt, C., Reith, W., Renkawitz, R., and Forster, I. (1999).
Conditional gene targeting in macrophages and granulocytes using LysMcre
mice. Transgenic Res. 8, 265-277.

Coleman, M.L., Sahai, E.A., Yeo, M., Bosch, M., Dewar, A., and Olson, M.F.
(2001). Membrane blebbing during apoptosis results from caspase-mediated
activation of ROCK I. Nat. Cell Biol. 3, 339-345.

de Vasconcelos, N.M., and Lamkanfi, M. (2020). Recent insights on inflamma-
somes, gasdermin pores, and pyroptosis. Cold Spring Harb. Perspect. Biol.
12, a036392.

de Vasconcelos, N.M., Van Opdenbosch, N., Van Gorp, H., Parthoens, E., and
Lamkanfi, M. (2019). Single-cell analysis of pyroptosis dynamics reveals
conserved GSDMD-mediated subcellular events that precede plasma mem-
brane rupture. Cell Death Differ. 26, 146-161.

Ding, J., Wang, K., Liu, W., She, Y., Sun, Q., Shi, J., Sun, H., Wang, D.C., and
Shao, F. (2016). Pore-forming activity and structural autoinhibition of the gas-
dermin family. Nature 535, 111-116.

Domen, J., Gandy, K.L., and Weissman, |.L. (1998). Systemic overexpression
of BCL-2 in the hematopoietic system protects transgenic mice from the con-
sequences of lethal irradiation. Blood 97, 2272-2282.

Fink, S.L., Bergsbaken, T., and Cookson, B.T. (2008). Anthrax lethal toxin and
Salmonella elicit the common cell death pathway of caspase-1-dependent py-
roptosis via distinct mechanisms. Proc. Natl. Acad. Sci. USA 105, 4312-4317.

Fritsch, M., Gunther, S.D., Schwarzer, R., Albert, M.C., Schorn, F., Werthen-
bach, J.P., Schiffmann, L.M., Stair, N., Stocks, H., Seeger, J.M., et al.
(2019). Caspase-8 is the molecular switch for apoptosis, necroptosis and py-
roptosis. Nature 575, 683-687.

Gongalves, A.V., Margolis, S.R., Quirino, G.F.S., Mascarenhas, D.P.A., Rauch,
I., Nichols, R.D., Ansaldo, E., Fontana, M.F., Vance, R.E., and Zamboni, D.S.
(2019). Gasdermin-D and caspase-7 are the key caspase-1/8 substrates
downstream of the NAIP5/NLRC4 inflammasome required for restriction of Le-
gionella pneumophila. PLoS Pathog. 75, e1007886.

Guey, B., Bodnar, M., Manié, S.N., Tardivel, A., and Petrilli, V. (2014). Caspase-
1 autoproteolysis is differentially required for NLRP1b and NLRP3 inflamma-
some function. Proc. Natl. Acad. Sci. USA 1711, 17254-17259.

Gurung, P., Anand, P.K., Malireddi, R.K.S., Vande Walle, L., Van Opdenbosch,
N., Dillon, C.P., Weinlich, R., Green, D.R., Lamkanfi, M., and Kanneganti, T.-D.
(2014). FADD and caspase-8 mediate priming and activation of the canonical
and noncanonical NIrp3 inflammasomes. J. Immunol. 792, 1835-1846.

He, W.T., Wan, H., Hu, L., Chen, P., Wang, X., Huang, Z., Yang, Z.H., Zhong,
C.Q., and Han, J. (2015). Gasdermin D is an executor of pyroptosis and
required for interleukin-1f secretion. Cell Res. 25, 1285-1298.

Kaiser, W.J., Upton, J.W., Long, A.B., Livingston-Rosanoff, D., Daley-Bauer,
L.P., Hakem, R., Caspary, T., and Mocarski, E.S. (2011). RIP3 mediates the
embryonic lethality of caspase-8-deficient mice. Nature 477, 368-372.
Kanneganti, A., Malireddi, R.K.S., Saavedra, P.H.V., Vande Walle, L., Van
Gorp, H., Kambara, H., Tillman, H., Vogel, P., Luo, H.R., Xavier, R.J., et al.
(2018). GSDMD s critical for autoinflammatory pathology in a mouse model
of Familial Mediterranean Fever. J. Exp. Med. 275, 1519-1529.

Kayagaki, N., Stowe, I.B., Lee, B.L., O’Rourke, K., Anderson, K., Warming, S.,
Cuellar, T., Haley, B., Roose-Girma, M., Phung, Q.T., et al. (2015). Caspase-11
cleaves gasdermin D for non-canonical inflammasome signalling. Nature 526,
666-671.

Kuida, K., Lippke, J.A., Ku, G., Harding, M.W., Livingston, D.J., Su, M.S., and
Flavell, R.A. (1995). Altered cytokine export and apoptosis in mice deficient in
interleukin-1 beta converting enzyme. Science 267, 2000-2003.

Lakhani, S.A., Masud, A., Kuida, K., Porter, G.A., Jr., Booth, C.J., Mehal, W.Z.,
Inayat, I., and Flavell, R.A. (2006). Caspases 3 and 7: key mediators of mito-
chondrial events of apoptosis. Science 377, 847-851.

Lamkanfi, M., and Dixit, V.M. (2014). Mechanisms and functions of inflamma-
somes. Cell 757, 1013-1022.

Lamkanfi, M., Kanneganti, T.D., Van Damme, P., Vanden Berghe, T., Vanover-
berghe, I., Vandekerckhove, J., Vandenabeele, P., Gevaert, K., and Nufiez, G.

Cell Reports 32, 107959, July 28, 2020 11



https://doi.org/10.1016/j.celrep.2020.107959
https://doi.org/10.1016/j.celrep.2020.107959
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref1
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref1
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref1
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref1
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref2
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref2
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref2
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref2
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref3
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref3
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref3
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref3
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref3
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref4
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref4
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref5
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref5
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref6
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref6
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref6
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref7
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref7
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref7
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref8
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref8
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref8
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref9
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref9
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref9
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref10
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref10
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref10
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref10
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref11
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref11
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref11
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref12
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref12
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref12
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref13
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref13
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref13
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref14
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref14
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref14
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref14
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref14
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref15
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref15
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref15
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref15
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref15
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref16
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref16
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref16
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref17
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref17
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref17
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref17
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref18
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref18
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref18
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref19
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref19
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref19
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref20
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref20
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref20
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref20
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref21
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref21
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref21
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref21
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref22
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref22
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref22
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref23
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref23
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref23
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref24
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref24
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref25
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref25

¢? CellPress

OPEN ACCESS

(2008). Targeted peptidecentric proteomics reveals caspase-7 as a substrate
of the caspase-1 inflammasomes. Mol. Cell. Proteomics 7, 2350-2363.

Le Feuvre, R.A., Brough, D., lwakura, Y., Takeda, K., and Rothwell, N.J. (2002).
Priming of macrophages with lipopolysaccharide potentiates P2X7-mediated
cell death via a caspase-1-dependent mechanism, independently of cytokine
production. J. Biol. Chem. 277, 3210-3218.

Lee, B.L., Mirrashidi, K.M., Stowe, |.B., Kummerfeld, S.K., Watanabe, C., Ha-
ley, B., Cuellar, T.L., Reichelt, M., and Kayagaki, N. (2018). ASC- and caspase-
8-dependent apoptotic pathway diverges from the NLRC4 inflammasome in
macrophages. Sci. Rep. 8, 3788.

Liu, X., Zhang, Z., Ruan, J., Pan, Y., Magupalli, V.G., Wu, H., and Lieberman, J.
(2016). Inflammasome-activated gasdermin D causes pyroptosis by forming
membrane pores. Nature 535, 153-158.

Mahib, M.R., Hosojima, S., Kushiyama, H., Kinoshita, T., Shiroishi, T., Suda, T.,
and Tsuchiya, K. (2020). Caspase-7 mediates caspase-1-induced apoptosis
independently of Bid. Microbiol. Immunol. 64, 143-152.

Man, S.M., Tourlomousis, P., Hopkins, L., Monie, T.P., Fitzgerald, K.A., and
Bryant, C.E. (2013). Salmonella infection induces recruitment of Caspase-8
to the inflammasome to modulate IL-18 production. J. Immunol. 797, 5239-
5246.

Mariathasan, S., Newton, K., Monack, D.M., Vucic, D., French, D.M., Lee,
W.P., Roose-Girma, M., Erickson, S., and Dixit, V.M. (2004). Differential activa-
tion of the inflammasome by caspase-1 adaptors ASC and Ipaf. Nature 430,
213-218.

Mascarenhas, D.P.A., Cerqueira, D.M., Pereira, M.S.F., Castanheira, F.V.S.,
Fernandes, T.D., Manin, G.Z., Cunha, L.D., and Zamboni, D.S. (2017). Inhibi-
tion of caspase-1 or gasdermin-D enable caspase-8 activation in the Naip5/
NLRC4/ASC inflammasome. PLoS Pathog. 73, e1006502.

Nagata, S., and Tanaka, M. (2017). Programmed cell death and the immune
system. Nat. Rev. Immunol. 77, 333-340.

Newton, K., Dugger, D.L., Wickliffe, K.E., Kapoor, N., de Aimagro, M.C., Vucic,
D., Komuves, L., Ferrando, R.E., French, D.M., Webster, J., et al. (2014). Activ-
ity of protein kinase RIPK3 determines whether cells die by necroptosis or
apoptosis. Science 343, 1357-1360.

Newton, K., Wickliffe, K.E., Maltzman, A., Dugger, D.L., Reja, R., Zhang, Y.,
Roose-Girma, M., Modrusan, Z., Sagolla, M.S., Webster, J.D., and Dixit,
V.M. (2019). Activity of caspase-8 determines plasticity between cell death
pathways. Nature 575, 679-682.

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.

Peitz, M., Pfannkuche, K., Rajewsky, K., and Edenhofer, F. (2002). Ability of the
hydrophobic FGF and basic TAT peptides to promote cellular uptake of re-
combinant Cre recombinase: a tool for efficient genetic engineering of
mammalian genomes. Proc. Natl. Acad. Sci. USA 99, 4489-4494.

Pierini, R., Juruj, C., Perret, M., Jones, C.L., Mangeot, P., Weiss, D.S., and
Henry, T. (2012). AIM2/ASC triggers caspase-8-dependent apoptosis in Fran-
cisella-infected caspase-1-deficient macrophages. Cell Death Differ. 19,
1709-1721.

Puri, AW., Broz, P., Shen, A., Monack, D.M., and Bogyo, M. (2012). Caspase-1
activity is required to bypass macrophage apoptosis upon Salmonella infec-
tion. Nat. Chem. Biol. 8, 745-747.

Saavedra, P.H.V., Huang, L., Ghazavi, F., Kourula, S., Vanden Berghe, T., Ta-
kahashi, N., Vandenabeele, P., and Lamkanfi, M. (2018). Apoptosis of intestinal
epithelial cells restricts Clostridium difficile infection in a model of pseudo-
membranous colitis. Nat. Commun. 9, 4846.

Sagulenko, V., Thygesen, S.J., Sester, D.P., Idris, A., Cridland, J.A., Vajjhala,
P.R., Roberts, T.L., Schroder, K., Vince, J.E., Hill, J.M., et al. (2013). AIM2
and NLRP3 inflammasomes activate both apoptotic and pyroptotic death
pathways via ASC. Cell Death Differ. 20, 1149-1160.

12 Cell Reports 32, 107959, July 28, 2020

Cell Reports

Sborgi, L., Ruhl, S., Mulvihill, E., Pipercevic, J., Heilig, R., Stahlberg, H.,
Farady, C.J., Muller, D.J., Broz, P., and Hiller, S. (2016). GSDMD membrane
pore formation constitutes the mechanism of pyroptotic cell death. EMBO J.
35,1766-1778.

Sebbagh, M., Renvoizé, C., Hamelin, J., Riché, N., Bertoglio, J., and Bréard, J.
(2001). Caspase-3-mediated cleavage of ROCK | induces MLC phosphoryla-
tion and apoptotic membrane blebbing. Nat. Cell Biol. 3, 346-352.

Shi, J., Zhao, Y., Wang, K., Shi, X., Wang, Y., Huang, H., Zhuang, Y., Cai, T.,
Wang, F., and Shao, F. (2015). Cleavage of GSDMD by inflammatory caspases
determines pyroptotic cell death. Nature 526, 660-665.

Sollberger, G., Strittmatter, G.E., Grossi, S., Garstkiewicz, M., Auf dem Keller,
U., French, L.E., and Beer, H.D. (2015). Caspase-1 activity is required for UVB-
induced apoptosis of human keratinocytes. J. Invest. Dermatol. 7135, 1395-
1404.

Song, N, Liu, Z.S., Xue, W., Bai, Z.F., Wang, Q.Y., Dai, J., Liu, X., Huang, Y.J.,
Cai, H., Zhan, X.Y., et al. (2017). NLRP3 phosphorylation is an essential priming
event for inflammasome activation. Mol. Cell 68, 185-197.e186.

Taabazuing, C.Y., Okondo, M.C., and Bachovchin, D.A. (2017). Pyroptosis and
apoptosis pathways engage in bidirectional crosstalk in monocytes and mac-
rophages. Cell. Chem. Biol. 24, 507-514.e504.

Tsuchiya, K., Nakajima, S., Hosojima, S., Thi Nguyen, D., Hattori, T., Manh Le,
T., Hori, O., Mahib, M.R., Yamaguchi, Y., Miura, M., et al. (2019). Caspase-1
initiates apoptosis in the absence of gasdermin D. Nat. Commun. 70, 2091.

Van Opdenbosch, N., and Lamkanfi, M. (2019). Caspases in cell death, inflam-
mation, and disease. Immunity 50, 1352-1364.

Van Opdenbosch, N., Gurung, P., Vande Walle, L., Fossoul, A., Kanneganti,
T.D., and Lamkanfi, M. (2014). Activation of the NLRP1b inflammasome inde-
pendently of ASC-mediated caspase-1 autoproteolysis and speck formation.
Nat. Commun. 5, 3209.

Van Opdenbosch, N., Van Gorp, H., Verdonckt, M., Saavedra, P.H.V., de Vas-
concelos, N.M., Gongalves, A., Vande Walle, L., Demon, D., Matusiak, M., Van
Hauwermeiren, F., et al. (2017). Caspase-1 engagement and TLR-induced c-
FLIP expression suppress ASC/caspase-8-dependent apoptosis by inflam-
masome sensors NLRP1b and NLRC4. Cell Rep. 217, 3427-3444.

von Moltke, J., Trinidad, N.J., Moayeri, M., Kintzer, A.F., Wang, S.B., van Rooi-
jen, N., Brown, C.R., Krantz, B.A., Leppla, S.H., Gronert, K., and Vance, R.E.
(2012). Rapid induction of inflammatory lipid mediators by the inflammasome
in vivo. Nature 490, 107-111.

Wang, G.G., Calvo, K.R., Pasillas, M.P., Sykes, D.B., Hacker, H., and Kamps,
M.P. (2006). Quantitative production of macrophages or neutrophils ex vivo
using conditional Hoxb8. Nat. Methods 3, 287-293.

Xi, H., Zhang, Y., Xu, Y., Yang, W.Y., Jiang, X., Sha, X., Cheng, X., Wang, J.,
Qin, X., Yu, J., et al. (2016). Caspase-1 inflammasome activation mediates ho-
mocysteine-induced pyrop-apoptosis in endothelial cells. Circ. Res. 118,
1525-1539.

Xiao, J., Wang, C., Yao, J.C., Alippe, Y., Xu, C., Kress, D., Civitelli, R., Abu-
Amer, Y., Kanneganti, T.D., Link, D.C., and Mbalaviele, G. (2018). Gasdermin
D mediates the pathogenesis of neonatal-onset multisystem inflammatory dis-
ease in mice. PLoS Biol. 16, e3000047.

Xu, B., Jiang, M., Chu, Y., Wang, W., Chen, D., Li, X., Zhang, Z., Zhang, D., Fan,
D., Nie, Y., et al. (2018). Gasdermin D plays a key role as a pyroptosis executor
of non-alcoholic steatohepatitis in humans and mice. J. Hepatol. 68, 773-782.

Yu, J., Nagasu, H., Murakami, T., Hoang, H., Broderick, L., Hoffman, H.M., and
Horng, T. (2014). Inflammasome activation leads to Caspase-1-dependent
mitochondrial damage and block of mitophagy. Proc. Natl. Acad. Sci. USA
111, 15514-15519.

Zhou, Q., Snipas, S., Orth, K., Muzio, M., Dixit, V.M., and Salvesen, G.S.
(1997). Target protease specificity of the viral serpin CrmA. Analysis of five cas-
pases. J. Biol. Chem. 272, 7797-7800.


http://refhub.elsevier.com/S2211-1247(20)30940-2/sref25
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref25
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref26
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref26
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref26
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref26
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref27
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref27
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref27
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref27
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref28
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref28
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref28
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref29
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref29
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref29
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref30
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref30
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref30
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref30
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref31
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref31
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref31
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref31
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref32
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref32
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref32
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref32
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref33
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref33
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref34
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref34
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref34
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref34
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref35
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref35
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref35
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref35
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref36
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref36
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref36
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref36
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref37
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref37
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref37
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref37
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref38
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref38
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref38
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref38
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref39
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref39
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref39
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref40
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref40
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref40
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref40
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref41
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref41
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref41
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref41
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref42
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref42
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref42
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref42
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref42
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref42
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref43
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref43
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref43
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref44
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref44
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref44
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref45
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref45
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref45
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref45
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref46
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref46
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref46
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref47
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref47
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref47
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref48
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref48
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref48
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref49
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref49
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref50
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref50
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref50
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref50
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref51
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref51
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref51
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref51
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref51
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref52
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref52
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref52
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref52
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref53
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref53
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref53
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref54
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref54
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref54
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref54
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref55
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref55
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref55
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref55
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref56
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref56
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref56
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref57
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref57
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref57
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref57
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref58
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref58
http://refhub.elsevier.com/S2211-1247(20)30940-2/sref58

Cell Reports

¢? CellPress

OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

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

Mouse monoclonal anti-caspase-8

Rabbit monoclonal anti-cleaved caspase-8
(Asp387)

Rabbit polyclonal anti-caspase-3

Rabbit monoclonal anti-cleaved caspase-3
(Asp175)

Rabbit polyclonal anti-caspase-7

Rabbit polyclonal anti-cleaved caspase-7
(Asp198)

Rabbit polyclonal anti-ASC

Rabbit monoclonal anti-GAPDH

Rabbit monoclonal anti-ROCKI

Goat polyclonal anti-Bid
Goat polyclonal anti-mouse, HRP-

Enzo Life Sciences

Cell Signaling

Cell Signaling
Cell Signaling

Cell Signaling
Cell Signaling

Adipogen
Cell Signaling
Abcam

R&D systems
Jackson Immunoresearch Laboratories

AB_2755041; clone Casper-1

Cat# ALX-804-447-C100; RRID:
AB_2050952; clone 1G12

Cat# 8592S; RRID: AB_10891784; clone
D5B2

Cati# 9662; RRID: AB_331439

Cat# 9664S; RRID: AB_2070042; clone
5A1E

Cat# 9492; RRID: AB_2228313
Cat# 9491; RRID: AB_2068144

Cat# AG-25B-0006; RRID: AB_2490440
Cat# 14C10; RRID: AB_561053; clone 2118

Cat# ab45171; RRID: AB_2182005; clone
EP786Y

Cat# AF860; RRID: AB_2065622
Cat# 115-035-146; RRID: AB_2307392

conjugated

Goat polyclonal anti-rabbit, HRP- Jackson Immunoresearch Laboratories Cat# 111-035-144; RRID: AB_2307391
conjugated

Mouse monoclonal anti-B-actin, HRP- US Biological Cat# 137402.100
conjugated

Bacterial and Virus Strains

Salmonella enterica serovar Thypimurium, In house N/A

SL1344

Chemicals, Peptides, and Recombinant Proteins

LFn-FlaA In house (von Moltke et al., 2012)
B. anthracis protective antigen (PA) In house (von Moltke et al., 2012)

B. anthracis lethal factor (LF)
TAT-Cre

LPS-SM

MG132

polymyxin B sulfate
staurosporine
cycloheximide

leupeptin

chloroquine

B-estradiol

ATP

Enhanced chemiluminescence solution
propidium iodide

Sytox Green

DEVD-based substrate

List Biologicals
In house
Invivogen
Calbiochem
Calbiochem
Selleckchem
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific

Cat# 172C
(Peitz et al., 2002)
Cati trl-smips
Cat# 474791
Cat# 5291
Cat# S1421
Cat# C4859
Cat# L8511
Cat# C6628
Cat# E2758
Cat# ATPD-RO
Cat# 32106
Cat# P1304MP
Cat# S7020
Cat# R37111

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Critical Commercial Assays

CytoTox 96 non-radioactive cytotoxicity Promega Cat# G1780
assay

annexin V-FITC and PI BD PharMingen Cat# 556547
Experimental Models: Cell Lines

ER-Hoxb8 immortalized myeloid progenitor In house (Wang et al., 2006)
cells

Experimental Models: Organisms/Strains
Mouse: B6: C57BL/6J In house Charles River
Mouse: B6N'"™P'P*: C57BL/6JNP1P+TIWT In house Boyden and Dietrich, 2006)

(
Mouse: Casp1~/~/Casp11~/~ In house (Kuida et al., 1995)
Mouse: Nirc4 =/~ (Mariathasan et al., 2004)
Mouse: Bcl2™: C57BL/6JH2K-Bel2Ta/WT In house (Domen et al., 1998)
Mouse: Gsdmd "/~ In house (Kayagaki et al., 2015)
Mouse: GSDMD''%N: C57BL/6J - GSDMD In house (Kayagaki et al., 2015)
1105N/1105N
Mouse: Ripk3~/~Casp8~/~ In house (Newton et al., 2014)
Mouse: Asc ™/~ In house (Mariathasan et al., 2004)
Mouse: Casp3/7"°x/ox: C57BL/6J - In house (Saavedra et al., 2018)
Cas D 3ﬂox/ﬂox /Cas, D 7ﬂox/ﬂox
Mouse: Casp3/7¢-K0. C57BL/6J - In house (Clausen et al., 1999; Saavedra et al., 2018)

Caspsﬂox/ﬂoxcasp 7ﬂox/ﬂoxLySM -Cre*
Software and Algorithms

Fiji NIH N/A
FlowJo FlowJo LLC N/A
Prism 8 GraphPad N/A
Incucyte Zoom Essenbio N/A

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mohamed
Lamkanfi (mohamed.lamkanfi@ugent.be).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
This study did not generate unique datasets or codes.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

B6N"P1* (Boyden and Dietrich, 2006), Gsdmd ™'~ (Kayagaki et al., 2015), GSDMD''%N (Kayagaki et al., 2015), Ripk3~/~Casp8~"~
(Newton et al., 2014), Casp?~~/Casp11~/~ (Kuida et al., 1995), H2K-Bcl2™® (Bcl2™) (Domen et al., 1998), Nirc4~'~ and Asc ™'~ (Ma-
riathasan et al., 2004), Lysozyme M (Clausen et al., 1999) and Casp3™/"°%/Casp7™°"°* (Saavedra et al., 2018) mice have been
described before. Animals were housed in individually ventilated cages under specific pathogen-free conditions, and males and fe-
males were used between the age of 8 and 12 weeks. Studies were conducted under protocols approved by Ghent University Com-
mittee on Use and Care of Animals.
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METHOD DETAILS

Primary macrophage differentiation

Macrophages were differentiated by culturing bone marrow progenitor cells in Iscove’s modified Dulbecco’s medium (IMDM; Lonza)
containing 10% (v/v) heat-inactivated FBS, 30% (v/v) L929 cell-conditioned medium, 1% (v/v) non-essential amino acids (Lonza),
100 U/ml penicillin and 100 mg/ml streptomycin at 37°C in a humidified atmosphere containing 5% CO, for six days. Bone
marrow-derived macrophages (BMDMs) were then seeded into 96 or 12 well plates as needed, in IMDM containing 10% FBS,
1% non-essential amino acids and antibiotics.

Immortalized macrophage generation and differentiation

Generation of ER-Hoxb8 immortalized myeloid progenitor cells was performed as previously described (Wang et al., 2006). Briefly,
bone marrow progenitor cells were infected with ER-Hoxb8 retrovirus. Cells were selected with RPMI 1640 medium (Lonza) contain-
ing 10% (v/v) heat-inactivated FBS, 100 U/ml penicillin and 100 mg/ml streptomycin, 1% (v/v) B16 cell-conditioned medium and
B-estradiol (1 uM) at 37°C in a humidified atmosphere containing 5% CO,. Cell cultures were passaged every two to three days
into new media containing fresh p-estradiol and B16 cell-conditioned medium. For differentiation into immortalized bone marrow-
derived macrophages (iBMDM), progenitor cells were counted and washed once with PBS. Then, the same protocol for primary
BMDMs differentiation was followed.

Macrophage stimulation

The next day after seeding primary orimmortalized macrophages, cells were changed to fresh media and either left untreated or stim-
ulated with log phase S. Typhimurium (MOI 5); TNFa (20 ng/ml) and cycloheximide (50 png/ml); anthrax protective antigen (PA, 1 pg/ml)
plus either lethal factor (500 ng/ml) or LFn-FlaA (1 ng/ml); staurosporine (1 uM). Alternatively, BMDMs were primed with LPS (100 ng/
ml) for 3h prior to stimulation with LeTx, FlaTox, nigericin (20 uM) or ATP (5 mM) or treated with the proteasome inhibitor MG132
(10 uM) for 30 min prior to LeTx incubation.

TAT-Cre-mediated deletion of floxed alleles

In order to specifically delete floxed alleles, B6N™'°*Gsdmd ™~ Casp3™/"°x, B6N™P1°*Gsdmd~'~Casp7"*/"* or B6N"™P+Casp3/
77ox/flox macrophages were collected at day 6 post differentiation and seeded into Petri dishes. For two consecutive days, cells
had their media changed to 5 mL IMDM containing TAT-Cre (1,5 uM), chloroquine (200 uM), leupeptin (2 pM) and polymyxin B
(60 pg/ml) for 1 h at 37°C and then washed to fresh media. As controls, either B6N'"P'**Gsdmd '~ macrophages were treated in par-
allel with the same TAT-Cre-containing mix or B6N™P+Casp3/7"°/1°x cells received the treatment in the absence of TAT-Cre. After
two days, cells were scraped, counted and seeded in 96 or 12 well plates, as needed.

Western blotting

Cells were lysed with lysis buffer (20 mM Tris HCI pH 7.4, 200 mM NaCl, 1% NP-40) and denatured in Laemmli buffer. For detection of
caspase-1, ASC, caspase-3, caspase-7, ROCKI and Bid, a part of the supernatant was kept with the cell lysates. For detection of
caspase-8, most of the supernatant was removed. Protein samples were boiled at 95°C for 10 min before being separated by
SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes. Blocking, incubation with antibody and washing of
the membrane were done in PBS supplemented with 0.05% or 0.2% Tween-20 (v/v) and 3% non-fat dry milk. Immunoblots were
incubated overnight with primary antibodies. Secondary antibodies were used to detect proteins by enhanced chemiluminescence.

Cell death kinetic measurements

A plate-based fluorescent assay was used to quantify cell permeabilization based on propidium iodide (PI, 0,1 ng/ml) or Sytox Green
(SG, 5uM) incorporation and fluorescence from a DEVD-based substrate, used according to the manufacturers’ instructions. Data
were acquired and analyzed to obtain the fluorescent object count using the Incucyte Zoom system (Essenbio). Briefly, cells plated
on a 96 well plate were pre-incubated with the reagents for 2h, stimulated and incubated in a CO, and temperature-controlled envi-
ronment that allowed measurement of fluorescent signals over a time span of 10 hr. Values were normalized against a control well that
was seeded with the same number of cells of the same genotype as in the experimental well and imaged in parallel following treat-
ment with Triton-x-100 to fully permeabilize the cells. The maximum number of positive nuclei in these control wells was considered
100% and used to normalize values of fluorescent cells in experimental wells.

FACS Annexin-V measurements
Annexin-V and Pl staining on cells was performed according to the manufacturer’s instructions. Flow cytometry was used to measure
stained cells and data were analyzed with FlowJo Software.

Confocal imaging

BMDMs plated on p-slide wells (ibidi) were treated and imaged using an observer Z.1 spinning disk microscope (Zeiss, Zaventem,
Belgium) equipped with a Yokogawa disk CSU-X1. Cells were incubated in a chamber with a 5% CO, atmosphere at 37°C throughout
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the imaging experiment. DIC images were acquired with the use of a pIn Apo 40x/1.4 oil DIC Il objective and a Rolera em-c2 camera.
Representative images were extracted and edited in Fiji (NIH).

LDH release

Supernatants of stimulated BMDMs were collected and centrifuged at 300xg for 5min to remove cellular debris. LDH measurement
was performed with the CytoTox 96 Non-Radioactive Cytotoxicity Assay kit according to the manufacturers’ instructions, in samples
diluted 1:5 in PBS. Data were plotted considering the O.D. value obtained from a well treated with Triton-x100 as 100% for each
genotype.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical parameters including the definition of center, dispersion, and precision measures (mean + SD) are reported in the figures and

figure legends. All error bars represent mean values + standard deviations of technical replicates obtained from a representative exper-
iment out of three independent biological repeats. GraphPad Prism 8 (GraphPad Inc.) was used for analyzing and plotting data.
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Figure S1. NiIrp1b and Nirc4-induced pyroptosis features a caspase-3/7 signature, related to Figure 1
and 2. (A, E, G, H, J, K) Macrophages of the indicated genotypes were left untreated or stimulated with
LeTx, FlaTox or log phase S. Typhimurium in media containing Pl or SG and imaged on an Incucyte
platform. (B, C) Wildtype macrophages were left untreated or stimulated with staurosporine in media
containing the DEVD-probe (B) or PI (C) and imaged on an Incucyte platform. (D) Macrophages of the
indicated genotype either received MG132 (10uM) or not for 30 minutes and were left untreated or
stimulated with LeTx in media containing the Pl and imaged on an Incucyte platform. (F) Macrophages of
the indicated genotype were left untreated or received TAT-Cre (as described in STAR Methods), and cell
lysates immunoblotted for the indicated proteins. () Macrophages of the indicated genotypes were left
untreated or stimulated with LeTx or Flatox for 2h, and cell lysates immunoblotted for the indicated
proteins. Percentages of all Incucyte experiments were calculated as the number of positive cells
relative to a Pl or SG stained, Triton-x100-treated well (considered 100%). Values represent mean + SD
of technical duplicates of a representative experiment from three biological repeats.
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Figure S2. Nirp1b and Nirc4 mediate LeTx- and FlaTox-induced apoptosis in GSDMD-deficient
macrophages, related to Figure 3. (A, B) Macrophages of the indicated genotypes were left untreated or
stimulated with LeTx for 2h, and cells were imaged under a confocal microscope (A) or analyzed by FACS
for Annexin V/PI positivity (B). (C, E, G, H) Macrophages of the indicated genotypes were left untreated
or stimulated with LeTx or FlaTox in media containing DEVD-probe or Pl and imaged on an Incucyte
platform. (D) Macrophages of the indicated genotype either received MG132 (10uM) or not for 30
minutes and were left untreated or stimulated with LeTx in media containing the DEVD-probe and PI
and imaged on an Incucyte platform. (F) Macrophages of the indicated genotypes were left untreated or
stimulated with LeTx for 2h and cell lysates immunoblotted for the indicated proteins. Percentages of all
Incucyte experiments were calculated as the number of positive cells relative to a Pl stained, Triton-
x100-treated well (considered 100%). Values represent mean + SD of technical duplicates of a
representative experiment from three biological repeats. All scale bars, 10 um.
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Figure S3. Inflammasome-induced apoptosis in GSDMD-deficient macrophages is insensitive to
suppression by LPS priming, related to Figure 4. (A, D, E) Macrophages of the indicated genotypes were
primed or not with LPS (100ng/ml) for 3h and left untreated or stimulated with LeTx or FlaTox for 2h and
cell lysates immunoblotted for the indicated proteins (A) or cells analyzed by FACS for Annexin V/PI
positivity (D, E). (B, C) Macrophages of the indicated genotypes were primed or not with LPS (100ng/ml)
for 3h and left untreated or stimulated with LeTx (B) or FlaTox (C) in DEVD and Pl-containing media and
imaged on a Incucyte platform. Percentages of all Incucyte experiments were calculated as the number
of positive cells relative to a Pl stained, Triton-x100-treated well (considered 100%). Values represent
mean + SD of technical duplicates of a representative experiment from three biological repeats.
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Figure S4. Single deletion of caspase-3 or 7 fails to suppress inflammasome-induced apoptosis in
GSDMD-deficient macrophages, related to Figure 6. (A, D) Macrophages of the indicated genotypes
received TAT-Cre as described in Methods and were left untreated or stimulated with LeTx or FlaTox for
2h and cell lysates immunoblotted for the indicated proteins. (B, C, E, F) Macrophages of the indicated
genotypes received TAT-Cre (as described in STAR Methods), and were left untreated or stimulated with
LeTx (B and E) or FlaTox (C and F) in DEVD and Pl-containing media and imaged on a Incucyte platform.
Percentages of all Incucyte experiments were calculated as the number of positive cells relative to a Pl
stained, Triton-x100-treated well (considered 100%). Values represent mean + SD of technical duplicates
of a representative experiment from three biological repeats.
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Figure S5. Model for pyroptotic signaling network, related to Figures 1 and 6. Prior knowledge
supported a linear model for pyroptosis induction, focused on how caspase-1 directed cleavage of
GSDMD and release of a pore-forming N-terminal domain (on the right). Here, we demonstrate that
both caspase-1 and caspase-8 act downstream of inflammasomes to initiate a caspase-3/-7 signature
during pyroptosis, which is accompanied by cleavage of typically apoptotic markers, in parallel to
caspase-1-initiated GSDMD cleavage and plasma membrane permeabilization (on the left).
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