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SUMMARY

Pyroptosis is a lytic form of programmed cell death mediated by the inflammatory caspases-1, -4,
and -5. We recently discovered that small molecule inhibitors of the serine peptidases DPP8 and
DPP9 (DPP8/9) induce pro-caspase-1 dependent pyroptosis in monocytes and macrophages.
Notably, DPP8/9 inhibitors, unlike microbial agents, absolutely require caspase-1 to induce cell
death. Therefore, DPP8/9 inhibitors are useful probes to study caspase-1 in cells. Here we show
that, in the absence the pyroptosis-mediating substrate gasdermin D (GSDMD), caspase-1
activates caspases-3 and -7 and induces apoptosis, demonstrating that GSDMD is the only
caspase-1 substrate that induces pyroptosis. Conversely, we found that, during apoptosis,
caspases-3/7 specifically block pyroptosis by cleaving GSDMD at a distinct site from the
inflammatory caspases that inactivates the protein. Overall, this work reveals bidirectional
crosstalk between apoptosis and pyroptosis in monocytes and macrophages, further illuminating
the complex interplay between cell death pathways in the innate immune system.
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INTRODUCTION

The inflammatory caspases-1, -4, and -5 are key effectors of the innate immune response
against infectious organisms (Broz and Dixit, 2016; Guo, et al., 2015; Lamkanfi and Dixit,
2014). When activated, each of these enzymes is able to induce a form of programmed cell
death known as pyroptosis. Pyroptosis, unlike apoptosis, involves cell swelling and pore
formation in the plasma membrane, ultimately resulting in rupture of the membrane and the
release of cytosolic contents into the extracellular space (Bergsbaken, et al., 2009).
Pyroptosis is thought to play a key role in the clearance of infectious agents by releasing
surviving intracellular bacteria for neutrophil-mediated killing, exposing pathogenic
antigens to the adaptive immune system, and secreting cytokines and eicosanoids to promote
inflammatory and repair responses and further stimulate adaptive immunity (Aachoui, et al.,
2013; Broz and Dixit, 2016; Jorgensen, et al., 2016; Miao, et al., 2010).

Pyroptosis mediated by caspase-1, often referred to as canonical pyroptosis, occurs in
monocytes, macrophages, and dendritic cells. A remarkable variety of microbial structures
and activities, including bacterial flagellin, double stranded DNA, anthrax lethal toxin, and
bacterial modification of host Rho GTPases, trigger canonical pyroptosis (Broz and Dixit,
2016; Lamkanfi and Dixit, 2014). In each case, a central scaffold, for example NAIP-
NLRP4 (Zhao, et al., 2011), AIM2 (Hornung, et al., 2009), NLPR1 (Boyden and Dietrich,
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2006), and Pyrin (Xu, et al., 2014), respectively, for the stimuli listed above, detects its
cognate ligand and then oligomerizes with the adapter protein ASC to form large
multiprotein complexes called canonical inflammasomes. These inflammasomes then recruit
and induce the autoproteolytic maturation and activation of caspase-1, which in turn cleaves
and activates the pyroptotic substrate gasdermin D (GSDMD) and the inflammatory
cytokines IL-1p and IL-18 (Kayagaki, et al., 2015; Shi, et al., 2015; Thornberry, et al.,
1992). Although caspase-1 is usually activated by this general mechanism, two notable
exceptions exist. First, in the absence of ASC, the NAIP-NLRC4 and Nlrp1b scaffolds can
directly activate pro-caspase-1 without inflammasome complex formation or autoproteolysis
(Broz, et al., 2010; Guey, et al., 2014; Van Opdenbosch, et al., 2014). Second, small
molecule inhibitors of the cytosolic host serine proteases DPP8 and DPP9, including Val-
boroPro (Figure 1A) and L-al/o-1le-isoindoline, can induce pyroptosis via activation of pro-
caspase-1 without autoproteolysis through a still unknown mechanism (Okondo, et al.,
2017). In both cases, activated pro-caspase-1 cleaves GSDMD and induces pyroptosis, but
does not efficiently cleave IL-1f or I1L-18.

In contrast to canonical pyroptosis, a non-canonical form of pyroptosis mediated by caspases
-4 and -5, occurs in a variety of cell types (Kayagaki, et al., 2011; Shi, et al., 2014). In non-
canonical pyroptosis, the direct recognition of bacterial lipopolysaccharide (LPS) by
caspases-4 or -5 induces their activation (Hagar, et al., 2013; Kayagaki, et al., 2013; Shi, et
al., 2014). Like activated pro-caspase-1 induced by DPP8/9 inhibitors, LPS-activated
caspases-4/5 directly cleave GSDMD to induce pyroptosis, but do not cleave the
inflammatory cytokines IL-1f and IL-18.

The N-terminal p30 fragment of GSDMD released by the inflammatory caspases forms
pores in the plasma membrane, thereby mediating pyroptotic cell death (Ding, et al., 2016;
Liu, et al., 2016; Sborgi, et al., 2016). In the absence of GSDMD, cells are completely
resistant to intracellular LPS and caspase-4/5-mediated non-canonical pyroptosis. Whether
GSDMD is required in canonical caspase-1-dependent cell death, however, is less clear, as
the initial studies reporting the discovery of GSDMD differed as to whether canonical
pyroptosis was entirely blocked (Shi, et al., 2015) or merely delayed (Kayagaki, et al., 2015)
in Gsdma'~ macrophages. A subsequent report showed that Gsama™~ macrophages treated
with LPS plus nigericin or S. typhimurium do indeed undergo cell death, but the death was
delayed and more closely resembled apoptosis than pyroptosis (He, et al., 2015).
Intriguingly, caspase-1 appeared to not be required for this delayed cell death, as the delayed
apoptotic-like response was also observed in CaspZ~~ macrophages.

Unlike the cell death responses to these microbial stimuli, programmed cell death induced
by DPP8/9 inhibitors is entirely dependent on caspase-1 (Okondo, et al., 2017). As such,
DPP8/9 inhibitors can serve as useful tools to exclusively activate caspase-1 in cells. We
previously showed that GSDMD™'~ human THP-1 monocytes also undergo delayed cell
death after treatment with the inhibitor Val-boroPro, indicating that GSDMD is not required
for this delayed, but caspase-1-dependent cell death. However, we did not establish whether
this delayed cell death was pyroptotic or apoptotic. Here, we show that it is apoptotic and,
moreover, that it is mediated via the activation of caspases-3/7. These results confirm that
caspase-1 itself can indeed induce apoptosis and indicate that no additional pyroptosis-
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inducing substrate of caspase-1 exists. We also report that the communication between the
apoptotic and pyroptotic caspases is bidirectional, as we discovered that the apoptotic
caspases-3/7 cleave GSDMD at a distinct site from the pyroptotic caspases during apoptosis
to eliminate the ability of cells to undergo pyroptosis. Overall, these data show new
regulatory mechanisms in monocyte and macrophage cell death, highlighting the complex
interplay between apoptotic and pyroptotic signaling pathways.

RESULTS

Val-boroPro induces apoptosis in GSDMD knockout monocytes and macrophages

We previously showed that knockout of GSDMD delayed, but did not entirely prevent,
DPP8/9 inhibitor-induced cell death in human THP-1 macrophages (Okondo, et al., 2017).
To confirm that Gsdmd is similarly not essential for DPP8/9 inhibitor-induced cell death in
mouse macrophages, we generated several Gsama™'~ RAW 264.7 macrophage cell lines
using CRISPR/Cas9 gene editing technology (Fig. 1B). Consistent with the results observed
using THP-1 monocytes, Val-boroPro-induced cell death in Gsdmad™'~ RAW 264.7 mouse
macrophages was significantly delayed relative to control cells (Fig. 1C). As expected,
CaspI”~ RAW 264.7 macrophages were completely resistant to \Val-boroPro (Fig. 1C, Fig.
S1A). These results demonstrate that both human and mouse caspase-1 cleave a substrate (or
substrates) in addition to GSDMD that mediates cell death, and that this process occurs with
slower kinetics than GSDMD-mediated pyroptosis.

We next wanted to determine whether this delayed cell death exhibited pyroptotic-like or
apoptotic-like features. For an initial assessment, we imaged control and Gsdmd™'~ RAW
264.7 cells treated with Val-boroPro or etoposide, which induces apoptosis by inhibiting
DNA topoisomerase Il. As expected, Val-boroPro-treated control RAW 264.7 cells
underwent pyroptosis, which is lytic and does not involve membrane blebbing (Fig. 1D,
Movie S1). In stark contrast, Val-boroPro-treated Gsdma™'~ RAW 264.7 cells exhibited
apoptotic-like morphological features, including membrane blebbing, closely resembling
etoposide-treated apoptotic cells (Fig. 1D, Movies S2—-4). We next probed lysates from these
cells for cleavage of the apoptotic caspase substrate Parp (Fig. 1E). As expected, control and
Caspl™'~ RAW 264.7 cells treated with DMSO or Val-boroPro showed no Parp cleavage.
However, Gsamad™~ RAW 264.7 cells treated with Val-boroPro, like cells treated with
etoposide, exhibited significant Parp cleavage (Fig. 1E), consistent with their apoptotic
morphology.

We next performed a closer analysis of the delayed cell death response in GSDMD™/~
human THP-1 monocytes. Similar to the results in RAW 264.7 macrophages, we observed
that \Val-boroPro treatment of GSDMD™'~ THP-1 cells (Okondo, et al., 2017), but not
control or CASP1~/~ cells, induced PARP cleavage (Fig. 2A, Fig. S1B) and an apoptotic
morphology (Fig. S2A). Moreover, we observed a significant population of Val-boroPro-
treated GSDMD™~ THP-1 cells, unlike control cells, stained positive for Annexin V and
negative for propidium iodide (PI), consistent with apoptosis and not pyroptosis (Fig. 2B,
Fig. S2B,C). Therefore, in monocytes and macrophages lacking GSDMD, Val-boroPro
induces caspase-1-dependent apoptosis. It should be noted that, although LDH release is a

Cell Chem Biol. Author manuscript; available in PMC 2018 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taabazuing et al.

Page 5

hallmark of lytic cell death, LDH release in \Val-boroPro-treated Gsamad™'~ cells (Fig. 1C) is
likely due to secondary necrosis of apoptotic cells (Silva, 2010).

We next wanted to compare the cellular response induced by Val-boroPro to the response
induced by LPS plus nigericin, which triggers pyroptosis by activating the NLRP3
inflammasome. As expected, treatment of THP-1 monocytes with Val-boroPro or LPS plus
nigericin induced pyroptosis, as evidenced by the appearance of the p30 GSDMD fragment
(Fig. 2C). It should be noted that LPS plus nigericin also induced some apoptosis in these
cells, as evidenced by the appearance of cleaved PARP. In the absence of GSDMD, both
LPS plus nigericin and Val-boroPro induced apoptosis (Fig. 2D). However, LPS plus
nigericin, unlike Val-boroPro, also induced apoptosis in CASP1~/~ THP-1 cells (Fig. 2E),
consistent with previous reports that caspase-1 is not required for NLRP3 inflammasome-
mediated cell death (He, et al., 2015; Lamkanfi, et al., 2008).

We next asked which apoptotic caspase (or caspases), if any, was activated in caspase-1-
dependent-apoptosis induced by Val-boroPro. In GSDMD™'~ knockout cell lines treated with
Val-boroPro, we observed significant levels of the cleaved, active forms of caspases-3 and -7
(Fig. 2F,G, Fig. S3). Purified active caspase-1 was previously shown to directly cleave
caspases-3/7 in vitro (Van de Craen, et al., 1999), and we confirmed that recombinant active
caspase-1 indeed cleaves caspases-3 and 7 when added to THP-1 lysates (Fig. S4). We
therefore speculate that active caspase-1 directly cleaves caspases-3/7 to trigger apoptosis,
although direct in vivo cleavage remains to be definitively demonstrated. Collectively, these
data suggest that caspases-3/7 mediate the caspase-1-dependent apoptotic cell death
response.

GSDMD is cleaved at an alternate site during apoptosis

Intriguingly, we observed that a pronounced ~43 kDa fragment of GSDMD consistently
appeared in THP-1 cells treated with etoposide (Fig. 2A,C). This p43 GSDMD fragment
was not generated by caspase-1, as this band also appeared in caspase-1 knockout THP-1
cells treated with etoposide (Fig. 2A). Moreover, we observed this p43 GSDMD fragment in
CASPI™~ THP-1 cells treated with LPS plus nigericin (Fig. 2E), which, like etoposide-
treated cells, were undergoing at least some apoptosis. This data suggested that GSDMD s
cleaved during apoptosis at a site distinct from the D275 site cleaved by the inflammatory
caspases during pyroptosis that generates the p30 fragment.

To confirm that the generation of this p43 band was not specific to etoposide and LPS plus
nigericin, we next treated THP-1 monocytes with three additional apoptosis-inducing agents,
bortezomib, cycloheximide, and staurosporine, which induce cell death via proteasome
inhibition, translation inhibition, and nonspecific kinase inhibition, respectively (Fig. 3A). In
each case, we saw PARP cleavage, confirming that apoptosis was induced, as well as the
appearance of the p43, but not the p30, GSDMD species. Intriguingly, LPS plus nigericin,
which we showed induces both apoptosis and pyroptosis in monocytes (Fig. 2C), induces the
formation of both the p30 and p43 GSDMD fragments (Fig. 3A). Collectively, these data
indicate that cleavage of GSDMD into the p43 fragment is a general feature of apoptosis in
cells expressing GSDMD.
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Caspases-3/7 cleave GSDMD at distinct site from caspases-1/4/5

We speculated that one or more apoptotic caspase might be cleaving GSDMD into the p43
fragment during apoptotic cell death. To establish which caspase, if any, was responsible, we
harvested lysates from HEK 293T cells ectopically expressing C-terminally \VV5-tagged
human GSDMD and treated these lysates with various active, purified caspases. As
expected, caspase-1 cleaved GSDMD at residue 275 into the p22 and p30 fragments (Fig.
3B) (Kayagaki, et al., 2015; Shi, et al., 2015). Importantly, we were able to visualize both
fragments because the V5 antibody recognized the C-terminal VV5-containing p22 fragment,
and the GSDMD antibody, which was raised against an epitope containing residues 1-200,
recognized the N-terminal p30 fragment. Strikingly, we observed that caspase-3, and to a
lesser extent caspase-7, exclusively generated the p43 fragment (Fig. 3B). Caspases-8 and -9
did not significantly cleave GSDMD, consistent with previous results (Shi, et al., 2015).
Moreover, because both the V5 and GSDMD antibodies detected the p43 fragment, this data
indicated that the p43 cleavage site must be N-terminal to D275.

To confirm that this alternative GSDMD cleavage site was conserved in other species, we
performed an analogous experiment with mouse Gsdmd expressed with a C-terminal Myc
and Flag tags (Fig. 3C). In this analysis, we similarly observed that caspase-3 and -7, but not
caspases-8 and -9, cleaved mouse Gsdmd at a site distinct from the canonical caspase-1
cleavage site.

Caspases-3/7 cleave GSDMD at Asp87

Only one apoptotic caspase cleavage motif (DXXD) is both N-terminal to D275 and
evolutionarily conserved (Fig. 4A). In addition, cleavage at this site (D87 in humans) is
predicted to produce a fragment ~43 kDa in size (Fig. 4B). We therefore hypothesized that
caspases-3/7 likely cleave GSDMD after this residue. To determine if this is the specific
cleavage site, the 43 kDa fragment was isolated and subjected to Edman degradation. As
expected, this analysis revealed that the N-terminal residues of this fragment were

indeed 88GQIQGSV (Table S1). We next mutated the aspartic acid at position 87 to alanine,
and isolated lysates from HEK 293T cells expressing this mutant protein. While caspase-1
was still able to cleave GSDMD D87A at position 275 to generate the p30 and p22
fragments, caspases-3 and -7 now failed to generate the p43 fragment (Fig. 4C). Therefore,
D87 is the caspase-3/7 cleavage site.

Cleavage at D87 inactivates GSDMD

We next wanted to determine the effect of cleavage at position D87 on the function of
GSDMD. Consistent with previous results, ectopic expression of GSDMD residues 1-275 in
HEK 293T cells results in cell death (Fig. 4D,E) (Shi, et al., 2015). It should be noted that
we found it difficult to see this species by immunoblotting (Fig. 4D), as others have
previously (He, et al., 2015; Kayagaki, et al., 2015), likely because it is highly cytotoxic. In
contrast, expression of GSDMD residues 1-87 or GSDMD 88-484 did not result in
increased cell death relative to the GFP control (Fig. 4E), demonstrating that the fragments
generated by D87 cleavage are not inherently cytotoxic. Moreover, expression of GSDMD
88-275, which would be formed if the p43 fragment were further processed by
caspases-1/4/5, is also non-toxic (Fig. 4F,G). Taken together, our data indicates that cleavage
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of GSDMD at D87 inactivates its ability to induce pyroptosis, and suggests that cells
specifically block pyroptotic cell death during apoptosis.

DISCUSSION

Before this study, a major unresolved question was whether or not GSDMD was an essential
mediator of caspase-1-induced pyroptosis (Broz, 2015). Although GSDMD knockout
completely eliminated caspase-4/5-induced pyroptosis, caspase-1-induced pyroptosis
appeared to be merely delayed (Kayagaki, et al., 2015; Shi, et al., 2015). This result raised at
least three, not necessarily mutually exclusive, possibilities: 1) that caspase-1 cleaves an
additional substrate that mediates pyroptosis, 2) that caspase-1 activity can trigger an
alternative cell death pathway, or 3) the activated inflammasomes (or some other upstream
mediator) can directly activate an alternative cell death protease. In support of the latter two
possibilities, previous studies had demonstrated that LPS plus ATP, S. typhimurium, and L.
pneumaophila activate caspases-3/7 in addition to caspase-1 in macrophages (Akhter, et al.,
2009; Lamkanfi, et al., 2008), suggesting that these agents could quite likely also induce
apoptosis. However, these studies did not confirm that these stimuli do in fact induce
apoptosis in the absence of GSDMD, which had not yet been identified as the key pyroptotic
substrate. Moreover, it appeared that caspase-1 was only required for the activation of
caspase-7, but not caspase-3, leaving it unclear whether apoptosis, if it occurred, would
depend on caspase-1.

Consistent with these reports, a recent study showed that LPS plus nigericin or S.
typhimurium-treated Gsdma™'~ mouse macrophages seemed to undergo apoptosis (He, et al.,
2015). Here, we confirmed that LPS plus nigericin indeed induced apoptosis in the absence
of GSDMD in THP-1 monocytes (Fig. 2D, Fig. S3A), and we even observed that LPS plus
nigericin induced some apoptosis in wild-type cells (Fig. 2C). Interestingly, the apoptotic
response to LPS plus nigericin does not require caspase-1 (Fig. 2E), but it does require the
inflammasome sensor protein NLRP3 (He, et al., 2015). Thus, inflammasomes can activate
apoptosis independent of caspase-1.

In striking contrast, Val-boroPro-induced cell death, whether pyroptotic or apoptotic,
absolutely requires caspase-1. Here, we exploited this dependency to investigate the role of
caspase-1 in GSDMD knockout cells, and discovered that Val-boroPro induces caspase-1-
dependent apoptosis in these cells via the activation of caspases-3 and -7. As purified
caspase-1 can cleave pro-caspase-3 and -7 (Lamkanfi, et al., 2008; Van de Craen, et al.,
1999), it is likely caspase-1 is directly cleaving these executioner caspases. As noted above,
a previous study found that the microbial agent activation of caspase-7, but not caspase-3,
required caspase-1. Based on this data, these authors proposed that a distinct inflammasome/
caspase-1/caspase-7 activation pathway might exist that does not activate caspase-3
(Lamkanfi, et al., 2008). However, because caspase-3 was activated in these cells by proteins
upstream of caspase-1, that caspase-1 is also capable of activating caspase-3 could not be
ruled out. Our data now prove that caspase-3 can be activated by both a caspase-1-dependent
mechanism and a caspase-1-independent mechanism, and therefore the inflammasome/
caspase-1/caspase-7 activation pathway is not specific to caspase-7. More generally, these
data show that at least two distinct mechanisms, activated caspase-1 and activated
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inflammasomes, can induce apoptosis in monocytes and macrophages in the absence of
GSDMD. As we found no evidence of any lytic, pyroptotic-like cell death occurring in
GSDMD knockout monocytes and macrophages treated with Val-boroPro, it is unlikely an
additional pyroptosis-inducing substrate of caspase-1 exists. We speculate that the
inflammasomes and caspase-1 activate apoptosis in order to ensure that the infected cell is
eliminated. On that note, the activation of these executioner caspases does appear to be
important, as caspase-7 has been shown to play a role in restricting the growth on L.
pneumaophilain mice (Akhter, et al., 2009).

During the course of this study, we also observed the appearance of a new GSDMD
fragment in monocytes treated with several apoptosis inducing small molecules, including
etoposide, bortezomib, and cycloheximide. We found that caspase-3, and to a lesser degree
caspase-7, cleaves GSDMD after D87. This ‘apoptotic cleavage site’ is evolutionarily
conserved and lies within the p30 fragment of GSDMD that forms membrane pores. Not
surprisingly, proteolysis at this site renders GSDMD incapable of activating pyroptosis. We
speculate that GSDMD is inactivated by the executioner apoptotic caspases in order to
ensure that an apoptotic cell does not accidentally trigger cell lysis. Consistent with this
premise, caspases-3/7 are unable to cleave and activate the inflammatory caspases-1 and -4
(Van de Craen, et al., 1999). Therefore, not only do caspases-3/7 avoid triggering pyroptosis
by not proteolytically activating the inflammatory caspases, but they also inactivate the key
substrate of the inflammatory caspases that mediates cell lysis.

One particularly intriguing insight from this study is that the canonical inflammasomes and
caspase-1 activate caspases-3 and -7, which are precisely the enzymes that /nactivate
GSDMD and block pyroptosis. It may seem counterintuitive for the pyroptotic machinery to
activate a pathway that downregulates pyroptosis. However, the activation of caspases-3/7
occurs more slowly than the cleavage of GSDMD and activation of pyroptosis. We therefore
hypothesize that the activation of caspase-3/7 by the inflammasomes and caspase-1 might
not only serve the purpose of ensuring that the infected cell is eliminated, as suggested
above, but it may also serve as a counter regulatory feedback mechanism to dampen
pyroptosis and inflammation.

In summary, we now propose a bidirectional model of crosstalk between pyroptosis and
apoptosis in monocytes and macrophages (Fig. 5). In particular, we have now unequivocally
demonstrated that pyroptotic stimuli can also activate apoptosis by multiple mechanisms, but
conversely that apoptotic stimuli specifically avoid and even inactivate pyroptosis. In
addition to these biological insights, this work demonstrates the utility of Val-boroPro as a
tool to activate caspase-1 in monocytes and macrophages. We expect that additional studies
using this molecule will continue to uncover new and surprising aspects of the innate
immune response to microbial pathogens.

SIGNIFICANCE

Caspase-1 plays a central role in the innate immune response to microbial infections by
activating inflammatory cytokines and mediating a lytic form of cell death known as
pyroptosis. We recently discovered that small molecule inhibitors of DPP8/9, including Val-
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boroPro L-allo-1le-isoindoline, induce pro-caspase-1-dependent pyroptosis selectively in
monocytes and macrophages. Unlike microbial agents that induce caspase-1 dependent
pyroptosis, DPP8/9 inhibitors absolutely require caspase-1 to mediate cell death. Here, we
demonstrated the utility of DPP8/9 inhibitors as tools to selectively activate caspase-1 in
cells. We first showed that active caspase-1 induces apoptosis in the absence of GSDMD,
confirming that GSDMD is indeed the only pyroptosis-inducing substrate of caspase-1 in
these cells. Second, we demonstrated that caspase-1 activates both caspases-3 and -7 to
mediate this apoptotic cell death. Finally, we also discovered that, during apoptosis,
caspases-3 and -7 cleave GSDMD at a distinct site from the inflammatory caspases.
Caspase-3/7 cleavage of GSDMD renders the protein inactive and unable to induce
pyroptosis, showing that apoptotic cells specifically disable lytic cell death. Overall, our data
unequivocally demonstrates a role of caspase-1 in apoptosis and reveals previously unknown
bidirectional interplay between apoptotic and pyroptotic pathways in innate immune cells.

STAR METHODS
KEY RESOURCES TABLE

CONTACT FOR REAGENT AND RESOURCE SHARING—Further information and
requests for resources and reagents should be directed to and will be fulfilled by the Lead
Contact, Daniel Bachovchin (bachovcd@mskcc.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—HEK 293T and RAW 264.7 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (FBS). THP-1 cells were grown in
RPMI-1640 medium with 10% FBS. All cells were grown at 37 °C in a 5% CO> incubator.
Cell lines were tested for mycoplasma using the MycoAlert™ Mycoplasma Detection Kit
(Lonza).

METHODS DETAILS

Cloning—cDNA coding for full length human GSDMD (Dharmacon), truncated human
GSDMD variants, and GFP (Yang, et al., 2011) were cloned with a C-terminal V5 tag into
pLEX_307 vector (Addgene) using Gateway technology (Thermo Fisher Scientific). The
single amino acid point mutation D87A was generated with the QuickChange site-directed
mutagenesis kit (Agilent). cDNA for mouse Gsdmd containing C-terminal Myc and Flag
tags in the pCMV6-Entry vector was purchased from Origene. sgRNAs were designed using
the Broad Institute’s web portal (Doench, et al., 2016) (http://www.broadinstitute.org/rnai/
public/analysis-tools/sgrna-design) and cloned into the lentiGuide-Puro vector (Addgene
#52963) as described previously (Sanjana, et al., 2014). The sgRNA sequences used were:
hCASP15 -CTAAACAGACAAGGTCCTGA-3’, mCasp15’-
TTAAACAGACAAGATCCTGA-3', hGSDMD5 -TGAGTGTGGACCCTAACACC-3’,
mGsamd5’-AGGTTGACACATGAATAACG-3', and GFP5’-
GGGCGAGGAGCTGTTCACCG-3" All plasmids were verified by DNA sequencing
(Genewiz).
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Knockout cell lines—Constructs were packaged into lentivirus in HEK 293T cells using
the Fugene HD transfection reagent (Promega) and 2 g of the vector, 2 ug psPAX2, and 0.2
ug pMD2-G. THP-1 or RAW 264.7 cells were spinfected with virus for 2 h at 1000g at

30 °C supplemented 8 pg/mL polybrene. After 2 days, cells were selected for stable
expression of S. pyogenes Cas9 (Addgene #52962) using blasticidin (5 pg/mL for THP-1, 1
pg/mL for RAW 264.7) and for stable expression of sgRNAs using puromycin (0.5 pg/mL
for THP-1, 5 ug/mL for RAW 264.7) or hygromycin (100 ug/mL for THP-1). After 10 d,
single cells were isolated by serial dilution and expanded. Cells were then harvested for
immunoblotting or used in experiments.

LDH cytotoxicity assays—~For experiments involving RAW 264.7 macrophages, RAW
264.7 cells were seeded at 1 x 108 cells/well in 6-well plates. After 24 h, cells were washed
2x with PBS and replenished with fresh media. The cells were then treated with Val-boroPro
(2 uM) and supernatant was removed at the indicated time intervals. For cell culture
experiments, Val-boroPro (Coultts, et al., 1996) was resuspended in DMSO containing 0.1%
TFA to prevent compound cyclization. For experiments involving HEK 293T cells, HEK
293T cells were seeded at 0.5 x 10° cells/well in 6-well plates in DMEM containing 10%
FBS one day prior to transfection. Cells were then transiently transfected with 2 pg of
plasmid DNA using the Fugene HD transfection reagent (Promega), and supernatants and
cell lyates were collected after 24 h. Supernatants were analyzed for LDH activity using the
Pierce LDH Cytotoxicity Assay Kit (Life Technologies) according to the manufacturer’s
instructions. The HEK 293T lysates were also used for immunoblotting experiments. A two-
tailed #test was performed on the cytotoxicity data.

Immunoblotting cytotoxicity experiments—THP-1 cells (7 x 10° cells/plate) were
seeded in 10 cm dishes and treated with DMSO, Val-boroPro (2 uM), etoposide (50 pM),
bortezomib (2 uM), cycloheximide (2 uM), and staurosporine (100 nM) for 48 hours. THP-1
cells were also treated with LPS (10 pug/mL) for 48 h. After 48 h, LPS-primed cells were
treated with nigericin (20 uM) for 30 minutes. RAW 264.7 cells (7 x 10° cells/plate) were
seeded overnight in 10 cm dishes then treated with DMSO, Val-boroPro (2 uM), and
etoposide (50 uM) for 24 h. Cells were washed 2x in PBS (pH = 7.4), resuspended in PBS,
and lysed by sonication. Protein concentrations were determined using the DCA Protein
Assay kit (Bio-Rad). The samples were separated by SDS-PAGE, immunoblotted, and
visualized using the Odyssey Imaging System (Li-Cor).

GSDMD cleavage assays—HEK 293T cells transiently expressing Gsdmd-Myc-Flag,
GSDMD-V5 or GSDMD D87A-V5 were prepared as described above. After 24 h, the cells
washed 2x with PBS, resuspended in PBS, and lysed by sonication. Protein concentrations
were determined DCA Protein Assay kit (Bio-Rad). Lysate (2 mgs/mL) was mixed at a ratio
of 1:1 with 2x caspase reaction buffer (100 mM HEPES, 2 mM EDTA, 200 mM NacCl, 20
mM DTT, 20% Glycerol, pH 7.5). Caspases-1, -3, -7, -8, and -9 were reconstituted
according to the manufacturer protocols. 1 uL of recombinant mature caspase was added to
lysates and incubated at 37°C for 2 hours. The final concentrations of caspases were 7
ng/mL for caspase-3 and 1 Unit for caspases-1, -7, -8, and 9. Cleavage of GSDMD was
assessed by immunoblotting. For identification of the GSDMD caspase-3 cleavage site,
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recombinant GSDMD was incubated with caspase-3 as described above. Products were
transferred to PVDF membranes and analyzed by Edman degradation (UC Davis Genome
Center).

Caspase-3/7 cleavage and activation assays—To assess the ability of caspase-1 to
cleave caspases-3/7, THP-1 lysates were incubated with 1 Unit of caspase 1 (1 hour, 37°C)
before immunoblotting for caspase-3 and -7. To determine whether caspase-3/7 were
activated in cells, 1 x 108 THP-1 cells were treated with DMSO or Val-boroPro (2 uM).
After 24 hours, 10 pL was diluted with 10 pL of RPMI in a white 384-well clear bottom
plate (Corning), and then mixed with 20 uL of the Caspase-3/7 Glo Reagent according to the
manufacturer’s protocol. The mixture was incubated in the dark for 3 hours at room
temperature. Luminescence was then read using a Cytation 5 Cell Imaging Multi-Mode
Reader (BioTek).

Annexin V and Pl staining—1 x 108 THP-1 cells of the indicated genotype were treated
with DMSO or Val-boroPro (2 uM) for 24 hours. The cells were then analyzed using the
Annexin V-FITC Apoptosis Kit (Clontech) according to the manufacturer’s protocol.

Imaging of cell death by microscopy—To examine cell death morphology, RAW
264.7 or THP-1 cells were plated at 1.5 x 10* cells on 8 chambered slides (Nunc Lab-Tek Il
Chambered Coverglass) and treated with DMSO, Val-boroPro (2 pM), or etoposide (50 pM).
For RAW 264.7 cells, static bright field images were captured using Zeiss AxioObserver
inverted microscope with a 10x/0.45NA objective every 5 minutes over 48 hours. For THP-1
cells, the cells were treated 12 hours before imaging for 24 hours. Images were processed
using the Zeiss ZEN 2 Blue Edition software. The data shown is representative of 4
randomly selected fields.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical values including the exact n and statistical significance are also reported in the
Figure Legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. DPP8/9 inhibitors induce apoptosis instead of pyroptosis in the absence of
GSDMD
. Active caspase-1 can cleave and activate both caspases-3 and -7
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Figure 1. Val-boroPro induces apoptosis in Gsdmd ™~ macrophages. See also Fig. S1 and Movies
S1-4

(A) The structure of Val-boroPro. (B) Confirmation of Gsdmdknockout (KO) in RAW 264.7
macrophages by immunaoblotting. An asterisk (*) indicates a background band. (C) LDH
release from Gsama'~ RAW 264.7 cells treated with Val-boroPro was delayed, but not
prevented. Caspase-1 is required for Val-boroPro-induced cell death. Data are means + SEM
of 3 independent experiments. *** p < 0.001 for GFP versus Gsadmd KO cells. (D) Static
brightfield images of control and Gsadmd KO1 RAW 264.7 cells treated with Val-boroPro or
etoposide. Arrows indicate dying cells. The images are representative of four randomly
selected fields. (E) Immunoblotting reveals Parp cleavage in Gsdma™!~, but not in control or
Casp™'=, RAW 264.7 cells treated with Val-boroPro. As expected, etoposide induced Parp
cleavage in all cells tested here. VVbP, Val-boroPro; Etop., etoposide; FL, full-length; CL,
cleaved.
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Figure 2. VVal-boroPro activates caspases-3/7 in GSDMD knockout cells. See also Figs. S1-4
(A) Immunoblotting reveals PARP cleavage in GSDMD™=, but not in control or CASP™-,

THP-1 cells treated with Val-boroPro. In control cells, Val-boroPro induces the cleavage of
GSDMD into the pyroptotic p30 fragment. Etoposide unexpectedly triggered the formation
of a p43 fragment of GSDMD in control and CASP~ cells. (B) Val-boroPro induces
Annexin V positive/propidium iodide (P1) negative staining in GSDMD™'~ THP-1 cells.
Data are means + SEM of 3 independent experiments. *** p < 0.001 compared to DMSO
treated cells. (C-E) Effects of Val-boroPro, LPS plus nigericin, and etoposide on PARP and
GSDMD in wild-type (C), GSDMD KO1 (D), and CASP1 KO1 (E) THP-1 cells as
determined by immunoblotting. Nig, nigericin. (F) Val-boroPro induces cleavage of
caspases-3 and -7 in GSDMD knockout cells. (G) Caspase-3/7 activity is elevated in GSMD
KO THP-1 cells treated with Val-boroPro. Data are means + SEM of 3 independent
experiments. *** p < 0.001 compared to DMSO treated cells.
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Figure 3. Caspases-3/7 cleave GSDMD into p43 fragment during apoptosis
(A) Immunoblotting of lysates from THP-1 cells treated with the indicated apoptotic stimuli

reveals GSDMD cleavage into a p43 fragment. (B,C) Lysates from HEK 293T cells
expressing C-terminally tagged human (B) or mouse (C) GSDMD were incubated (2 h,
37 °C) with the indicated recombinant caspases and cleavage was evaluated by
immunoblotting.
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Figure 4. Apoptotic caspase cleavage at D87 inactivates GSDMD
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(A) A predicted caspase-3 cleavage site in GSDMD is conserved across the indicated
species. (B) Schematic of GSDMD cleavage fragments. (C) Lysates from HEK 293T cells
expressing C-terminally tagged human GSDMD D87A were incubated with recombinant
caspases (2 h, 37 °C). While caspase-1 still cleaves this mutant protein at D275,
caspases-3/7 cleavage was completely abolished. (D-G) HEK 293T cells were transiently
transfected with the indicated GSDMD fragments. Each fragment possessed a C-terminal
V5 tag. Expression of the fragment was evaluated by immunoblotting (D,F) and cell death
was evaluated using an LDH assay (E,G). Data are means + SEM of 3 independent

experiments. *** p < 0.001 compared to GFP expressing cells.
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Figure 5. Apoptosis and pyroptosis interplay in monocytes and macrophages
Schematic depicting the bidirectional crosstalk between the apoptotic and pyroptotic cell

death pathways in monocytes and macrophages. The dashed red arrow indicates that
caspase-1 activates caspase-3/7 in cells, but that it is not yet definitively established if this is
due to direct or indirect cleavage /n vivo.
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