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SUMMARY

The noncanonical inflammasome induced by intracellular lipopolysaccharide (LPS) leads to
caspase-11-dependent pyroptosis which is critical for induction of endotoxic shock in mice.
However, the signaling pathway downstream of caspase-11 is unknown. We found that cytosolic
LPS stimulation induced caspase-11-dependent cleavage of the pannexin-1 channel and ATP
release, which in turn activated the purinergic P2X7 receptor to mediate cytotoxicity. In the
absence of P2X7 or pannexin-1, pyroptosis induced by LPS transfection or treatment with cholera
toxin B and LPS was abrogated. Cleavage of pannexin-1 required the catalytic activity of
caspase-11 and was essential for ATP release and P2X7-mediated pyroptosis. Priming the
caspase-11 pathway in vivo with LPS or toll-like receptor-3 (TLR3) agonist resulted in high
mortality in wild-type mice after secondary LPS challenge, but not in Casp11™-, Panx1~/~ or
P2x7-/~ mice. These results reveal a critical role for pannexin-1 and P2X7 downstream of
caspase-11 for pyroptosis and susceptibility to sepsis induced by the noncanonical inflammasome.

INTRODUCTION

Inflammasomes are intracellular protein complexes that drive the activation of inflammatory
caspases and induction of immune responses and pyroptosis, a proinflammatory form of cell
death (Martinon and Tschopp, 2007). In response to diverse microbial and endogenous
stimuli, innate immune cells including macrophages and neutrophils induce the activation of
the inflammasome, a multi-protein platform that activates the protease caspase-1 (Schroder
and Tschopp, 2010). To date, four canonical inflammasomes NLRP1, NLRP3, NLRC4 and
AIM2 have been described that activate caspase-1, leading to the secretion of mature
interleukin-1p (IL-1p) and IL-18 as well as the induction of pyroptosis (Schroder and
Tschopp, 2010; Bauernfeind et al., 2009). Activation of the NLRP3 inflammasome is
mediated by two signals. The first signal, referred as priming, induces NLRP3 and pro-IL-1p
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expression after stimulation by Toll-like receptor (TLR) agonists or certain cytokines such
as TNF-a or IL-1p (Bauernfeind et al., 2009; Franchi et al., 2009). The second signal leads
to the assembly of the NLRP3 inflammasome in response to various stimuli including ATP,
bacterial pore-forming toxins, or particulate matter (Hornung et al., 2008; Mariathasan et al.,
2006). Exogenous ATP activates the purinergic receptor P2X ligand-gated ion channel
(P2X7) to allow the passage of small cations including K* and Na* across the plasma
membrane (Bartllet et al., 2014). In addition, ATP stimulation via P2X7 leads to the opening
a larger reversible pore that allows the uptake of organic ions such as the Yo-Pro-1 probe
(Surprenant et al., 1996; North et al., 2002). All of the NLRP3-activating stimuli perturb the
permeability of the plasma membrane to K* leading to reduction in cytosolic K*
concentration, a step that is necessary and sufficient for NLRP3 activation (Mufioz-Planillo
etal., 2013).

The pannexin-1 channels are non-selective, large-pore channels that release nucleotides
including ATP (D’hondt et al., 2009). In response to apoptotic stimuli, the pannexin-1
channel can be functionally activated by caspase-3-mediated cleavage of the distal end of its
autoinhibitory intracellular domain (Sandilos et al., 2012; Boyd-Tressler et al., 2014).
Although pannexin-1 has been originally implicated in the formation of the large pore
responsible for the enhanced permeation state of P2X7 (Pelegrin and Surprenant, 2006),
recent studies reveal that pannexin-1 is dispensable for dye uptake mediated by the P2X7-
associated pore and NLRP3 activation in response to ATP (Qu et al., 2011).

The noncanonical inflammasome activates another class of inflammatory caspases including
mouse caspase-11 to induce pyroptosis independently of NLRP3, NLRC4, ASC and
caspase-1 (Kayagaki et al., 2011). The noncanonical inflammasome, triggered by
intracellular lipopolysaccharide (LPS), is critical for the cytosolic sensing of several gram-
negative pathogens as well as induction of mouse mortality by LPS independently of the
TLR4 receptor (Kayagaki et al., 2013; Hagar et al., 2013). Activation of caspase-11 also
relies on guanylate-binding proteins (small interferon (IFN)-inducible GTPases) that
mediate phagosomal lysis, allowing bacterial LPS to be sensed in the cytosol (Pilla et al.,
2014; Meunier et al., 2014). In addition to pyroptosis, the noncanonical inflammasome can
indirectly promote IL-1f secretion by triggering the canonical NLRP3 inflammasome
(Kayagaki et al., 2011), but the link between caspase-11 and NLRP3 activation remains
poorly understood. Activation of the noncanonical inflammasome is induced by direct
binding of LPS to the mouse caspase-11 and related human caspase-4 and caspase-5 (Shi et
al., 2014).

However, the signaling events that mediate pyroptosis downstream of caspase-11 remain
unknown. In the current work, we provide evidence that upon intracellular LPS stimulation,
caspase-11 cleaves the pannexin-1 channel leading to ATP release, which in turn activates
P2X7 to induce cytotoxicity. Furthermore, the pannexin-1 and /P2X7 are required for
susceptibility to endotoxic shock induced via the noncanonical inflammasome pathway.
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Activation of caspase-11 by intracellular LPS induces pyroptosis via ATP-mediated P2X7

signaling

The signaling events that mediate pyroptosis downstream of caspase-11 remain unknown.
To identify components of the noncanonical signaling pathway, bone marrow-derived
macrophages (BMMs) from wild-type and a panel of mutant mice were primed with LPS
and then transfected with ultrapure LPS from Salmonella minnesota RE595 (Hagar et al.,
2013) and pyroptosis was monitored by a cell death assay. As expected from previous
studies (Hagar et al., 2013), caspase-11 was important for cytotoxicity whereas components
of the canonical inflammasomes, NLRP6 and NLRP12 were not (Fig. 1A). Notably, P2X7
was required for pyroptosis induced by intracellular LPS (Fig. 1A). In addition, pyroptosis
induced by stimulation of LPS-primed BMMs with cholera toxin B (CTB) and LPS, another
stimulus that activates the noncanonical inflammasome (Kayagaki et al., 2011 and 2013)
was also dependent on caspase-11 and P2X7, but not NLRP3 (Fig. 1B). Because P2X7 is
activated by extracellular ATP (Bartllet et al., 2014; Surprenant et al., 1996), we assessed
the amount of extracellular ATP before and after stimulation with transfected LPS. There
was a rapid and transient release of ATP upon LPS transfection in wild-type and P2x7~/~
BMMs, but not in cells from Casp11~~ and Casp1™~/Casp11~/~ mice (Fig. 1C and Fig.
S1A). Extracellular ATP is rapidly hydrolyzed to ADP by cell surface ATPases (Trentham
et al., 1976). Consistently, the accumulation of extracellular ATP induced by LPS
transfection was enhanced by treatment with the ATPase inhibitor ARL67156 (Lévesque et
al., 2007) (Fig. S1B). In line with a role for ATP-induced P2X7 activation, the increase in
extracellular ATP and pyroptosis induced by LPS transfection was blocked by addition of
apyrase, an enzyme that hydrolyzes extracellular ATP (Fig. 1D). To determine whether the
catalytic activity of caspase-11 is required for ATP release and pyroptosis, we expressed
wild-type or mutant caspase-11 with replacement of the critical cysteine for serine at
position 254 (C254S) in Caspl1™~ BMMs by lentivirus-mediated transduction (Fig. 1E).
Importantly, the ability of intracellular LPS to induce ATP release and pyroptopsis was
impaired in Casp11~/~ BMMs reconstituted with C254S—caspase-11 when compared to
BMMs reconstituted with wild-type caspase-11 (Fig. 1E). Collectively, these results indicate
that activation of caspase-11 by intracellular LPS induces pyroptosis via ATP-mediated
P2X7 signaling.

Cytoplasmic LPS induces opening of the large P2X7-associated pore

The ECsp concentration to activate P2X7 in naive BMMs is in the 300-500 uM range
(North and Surprenant, 2000), which is much higher than the extracellular concentration of
~80 nM triggered by cytosolic LPS. Stimulation of P2X7 with ATP induces a rapid opening
of the ion-selective channel (Mackenzie et al., 2005), followed by the gradual opening of a
larger pore that can be evaluated by uptake of the fluorescent dye such as Yo-Pro-1
(Surprenant et al., 1996; North et al., 2002). Thus, we assessed whether cytoplasmic LPS
stimulation induces the opening of the P2X7-associated pore by measuring the uptake of
Yo0-Pro-1 in LPS-primed BMMs stimulated with DOTAP plus LPS or with DOTAP alone as
a control. There was marked Yo-Pro-1 uptake in wild-type and Nirp3~~ BMMs, but not in
Caspl11~/~ or P2x77/~ BMMs transfected with DOTAP plus LPS or wild-type BMMs treated
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with DOTAP alone (Fig. 2A and B), indicating that cytosolic LPS induces the opening of a
large pore which required caspase-11 and P2X7. To address whether LPS transfection
increases the sensitivity to P2X7 activation, we assessed the response to ATP of Casp11™~
and P2x7~/~ BMM:s that are protected from cytotoxicity induced by cytosolic LPS (Fig. 1A).
Stimulation of Casp11™~ BMMs with 50-100 nM of ATP induced P2X7-dependent Yo-
Pro-1 uptake and pyroptosis in LPS-primed BMMs pre-stimulated by LPS transfection,
whereas ~500 uM of ATP was required in LPS-primed BMM s in the absence of LPS
transfection (Fig. S2A and B and Fig. S3). Thus, cytoplasmic LPS stimulation reduces the
amount of ATP required for opening of the P2X7-associated pore.

Pannexin-1 is critical for ATP-induced pyroptosis in response to cytosolic LPS

We next addressed the mechanism by which caspase-11 induces release of ATP. In initial
experiments, we assessed the ability of compounds that inhibit channels or cellular processes
that mediate ATP efflux. ATP release and pyroptosis induced by LPS transfection were
effectively inhibited by carbenoxolone (CBX) (D’hondt et al., 2009), probenecid
(Silverman, et al., 2008) and trovafloxacin (Poon et al., 2014), three inhibitors of
pannexin-1, a plasma membrane channel that facilitates ATP export (Sandilos et al., 2012)
(Fig. 3A and B). In contrast, bafilomycin A (an inhibitor of vesicular H*-ATPase), brefeldin
A (BFA, an inhibitor of vesicular trafficking), 18-glycyrrhetinic (18GA, a connexin
hemichannel inhibitor), flufenamic acid (FFA, an anion transporter inhibitor), glibenclamide
(an anion transporter inhibitor) and gadolinium I11 (Gd3, a maxi-anion channel inhibitor)
(Sakaki et al., 2013) did not impair either ATP release or pyroptosis (Fig. 3A and B). To
validate the role of pannexin-1 in intracellular LPS-induced ATP release and pyroptosis, we
assessed BMMs from mice deficient in pannexin-1 that express functional caspase-11 (Qu et
al., 2011), and found that ATP release and pyroptosis induced by LPS transfection were
effectively abolished in Panx1™/~ BMMs (Fig. 3C). In line with these results, pannexin-1,
caspase-11, and P2X7, but not NLRP3, were also required for cytotoxicity induced by CTB
plus LPS (Fig. S4A). The non-canonical pathway is also activated by infection of BMMs
with Salmonella mutant deficient in Flagellin (Broz et al. 2012). Consistently, infection of
BMMs with Aflag-Salmonella induced cytotoxicity which required Caspase-11, Pannexin-1,
and P2X7, but not NLRP3 (Fig. S4B). Stimulation of Panx1™/~ BMMs with 50-100 nM of
ATP induced Yo-Pro-1 uptake and pyroptosis in LPS-primed BMMs pre-stimulated by LPS
transfection, whereas ~500 M of ATP was required in LPS-primed BMMs in the absence of
LPS transfection (Fig. S5). Thus, the lowering of the threshold for P2X7 pore opening
induced cytosolic LPS is independent of pannexin-1. Collectively, these results indicate that
pannexin-1 plays a critical role in inducing ATP release and ATP-induced P2X7 pyroptosis
in response to cytosolic LPS stimulation.

Activation of caspase-11 leads to pannexin-1 cleavage and ATP release

The pannexin-1 channel can be activated by cleavage of its COOH-terminal autoinhibitory
domain at a caspase cleavage site by caspase-3 in response to apoptotic stimuli or purified
caspase-3 (Sandilos et al., 2012; Boyd-Tressler et al., 2014; Chekeni et al., 2010). We
examined whether activation of the noncanonical inflammasome pathway can induce
processing of pannexin-1. Transfection of BMMs with LPS induced rapid processing of
pannexin-1 into the predicted ~42 kDa fragment lacking its 46-amino acid COOH-terminal
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segment, and this cleavage were abolished in Casp11™~ BMMs (Fig. 4A). Furthermore,
cytosolic delivery of LPS by CTB also induced detectable pannexin-1 cleavage, which
required caspase-11 (Fig. S6). To determine whether the protease activity of caspase-11 was
important for LPS-induced pannexin-1 cleavage, we expressed wild-type and catalytic-
inactive caspase-11 (C254S) in Caspl1~/~ BMMs by lentivirus-mediated transduction. The
cleavage of pannexin-1 induced by LPS transfection was restored by expression of wild-
type, but not catalytic-inactive caspase-11 (Fig. 4B). To determine whether pannexin-1
cleavage is important for ATP release and induction of pyroptosis, Panx1~/~ BMMs were
reconstituted with either wild-type or pannexin-1 with a mutation in the critical aspartic acid
residue at the predicted caspase cleavage site (Sandilos et al., 2012; Boyd-Tressler et al.,
2014; Chekeni et al., 2010). Expression of wild-type pannexin-1, but not mutant pannexin-1
(D378A), restored LPS-induced ATP release and pyroptosis (Fig. 4C). In line with these
findings, immunoblotting analysis revealed that upon LPS transfection, pannexin-1 cleavage
was detected in Panx1™/~ BMMs reconstituted with plasmid producing wild-type
pannexin-1, but not pannexin-1 (D378A) (Fig. 4C). These results indicate that activation of
caspase-11 in the noncanonical inflammasome pathway leads to cleavage of the pannexin-1
channel and pannexin-1-dependent ATP release, which mediates pyroptosis.

Caspase-11 induces the cleavage of pannexin-1

To determine whether caspase-11 can induce the cleavage of pannexin-1, we co-expressed
wild-type or mutant caspase-11 with pannexin-1 proteins in 293T cells that lack caspase-11
expression (Shi et al., 2014). Expression of wild-type, but not the catalytic-inactive
caspase-11 mutant, induced cleavage of wild-type pannexin-1, and this cleavage was
abolished when pannexin-1 (D378A) was co-expressed with caspase-11 (Fig. 5A).
Furthermore, mixture of purified pannexin-1 and caspase-11 proteins revealed that wild-type
caspase-11, but not catalytic-inactive caspase-11, induced the cleavage of wild-type
pannexin-1, which required the presence of the caspase cleavage site at the position of 378
amino acid (Fig. 5B). These results indicate that caspase-11 cleaves pannexin-1.

Caspase-11 engages the pannexin-1 channel to induce NLRP3 activation

The noncanonical inflammasome can indirectly promote IL-1p secretion via the canonical
NLRP3 inflammasome (Kayagaki et al., 2011 and 2013; Hagar et al., 2013), but the
mechanism is poorly understood. Transfection of LPS into BMMs induced the release of
IL-18, which was specifically inhibited in cells deficient in NLRP3, ASC or caspase-11 (Fig.
6A). Notably, IL-1B secretion induced by LPS transfection was blocked by inhibitors of the
pannexin-1 channel (CBX, probenecid and travofloxacin) (Fig 6B). Importantly, both I1L-1f
secretion and activation of caspase-1 were abolished in Casp11~/~ or Panx1™/~ BMMs, but
not P2x7~/~ BMMs (Fig. 6C). Previous experiments showed that pannexin-1 and P2X7 were
dispensable for CTB plus LPS-induced IL-1f secretion when assessed at 16 hrs post-
stimulation (Kayagaki et al., 2011). We therefore performed time course studies to assess
IL-1p secretion induced after cytosolic LPS stimulation in wild-type, Panx1~/~, P2x77/~,
NIrp3~/~ and Casp11~/~ BMMs. In agreement with previous results (Kayagaki et al., 2011),
P2X7 was dispensable for IL-18 secretion induced by LPS transfection and CTB delivered
LPS (Fig. S7). Furthermore, caspase-11, pannexin-1 and NLPR3 were required for IL-15
secretion induced by both LPS transfection and CTB-mediated LPS delivery (Fig. S7) in
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agreement with results shown in Fig. 6A, C and E. However, pannexin-1 was dispensable
for IL-1p release at 16 hrs post-stimulation which is consistent with previous results
(Kayagaki et al., 2011). Activation of the canonical NLRP3 inflammasome and pyroptosis
are induced by several stimuli including nigericin and aluminiun hydroxide (alum), in
addition to ATP (Franchi et al., 2009). Nigericin and alum, as well as poly(dA:dT) that
activates the AIM2 inflammasome (Franchi et al., 2009), induced pyroptosis in the absence
of caspase-11, P2X7 or pannexin-1 (data not shown). Furthermore, canonical inflammasome
activation by ATP was independent of caspase-11 and pannexin-1, but relied on P2X7 and
NLRP3 (data not shown), in agreement with previous studies (Qu et al., 2011). The efflux of
K* is a critical step in activation of the NLRP3 inflammasome (Mufioz-Planillo et al., 2013;
Perregaux and Gabel, 1994). Importantly, transfection of LPS induced K™ release in wild-
type, P2x7~/~ and NIrp3~/~, but not Casp11~/~ BMMs (Fig. 6D). Furthermore, K* efflux
induced by LPS transfection also required pannexin-1 (Fig. 6D). In addition, expression of
wild-type pannexin-1, but not pannexin-1 (D378A), restored cytosolic LPS-induced K*
release, IL-1p secretion and caspase-1 activation in Panx1~/~ BMMs (Fig. 6E). Collectively,
these results indicate that the noncanonical inflammasome pathway mediated by caspase-11
engages the pannexin-1 channel to induce K* efflux and NLRP3 activation.

The pannexin-1/P2X7 axis is critical for susceptibility to endotoxic shock

We next performed experiments to assess the role of pannexin-1 and P2X7 in endotoxic
shock models that have been developed to assess the noncanonical inflammasome in vivo
(Kayagaki et al., 2013; Hagar et al., 2013). In agreement with previous studies (Kayagaki et
al., 2013; Hagar et al., 2013), wild-type mice primed with non-lethal doses of LPS or the
TLR3 agonist polyinosinic-polycytidylic acid (poly(1:C)) and then challenged with LPS
rapidly succumbed whereas Casp11~/~ mice were protected (Fig. 7A). Importantly, LPS and
poly(1:C)-primed P2x7~/~ and Panx1™/~ mice, but not Nirp3~/~ mice, were also resistant to
secondary LPS challenge (Fig. 7A). Furthermore, production of IL-1f, but not TNF-q, in
sera was reduced in Casp11~~, Nirp3~/~ and Panx1~/~ mice, but not P2x7~/~ mice (Fig. 7B
and C). Collectively, these results indicate that activation of caspase-11 by LPS in vivo
induces a rapid onset of mortality via the pannexin-1/P2X7 signaling axis. Furthermore, the
studies indicate that IL-1p production after activation of the noncanonical inflammasome
pathway is independent of P2X7 receptor, but dependent on NLRP3 in vivo.

DISCUSSION

A major gap in our knowledge of the noncanonical inflammasome pathway is the events
downstream of caspase-11 that mediate pyroptosis and susceptibility to LPS in vivo
(Kayagaki et al., 2011 and 2013; Hagar et al., 2013). Our study provides evidence for a
signaling pathway involving the noncanonical inflammasome in which caspase-11 cleaves
and activates the pannexin-1 channel to induce ATP release, which in turn activates the
purinergic P2X7 receptor to induce cytotoxicity and to regulate susceptibility to endotoxic
shock.

Upon intracellular LPS stimulation induced by cytosolic delivery of LPS with CTB or
transfection, the pannexin-1 channels are proteolytically processed at a caspase-cleavage site
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at the distal end of the intracellular domain of pannexin-1. Cleavage of pannexin-1 is
functionally important because reconstitution of Panx1~/~ macrophages with an uncleavable
mutant form of pannexin-1 impaired ATP release and pyroptosis in response to cytosolic
LPS stimulation. Several results indicate that pannexin-1 is cleaved by caspase-11. First,
pannexin-1 processing induced by cytosolic LPS stimulation was abrogated in Casp11~/~
macrophages. Second, the catalytic activity of caspase-11 was required for pannexin-1
cleavage, ATP release and pyroptosis. Finally, purified caspase-11 cleaved pannexin-1 at the
expected caspase-cleavage site, which required the catalytic activity of caspase-11.
Pannexin-1 is also cleaved and activated by caspase-3 in apoptotic T cells and HEK293 cells
(Sandilos et al., 2012; Boyd-Tressler et al., 2014; Chekeni et al., 2010). We found no
evidence for caspase-3 activation in macrophages stimulated with cytosolic LPS unlike in
cells stimulated with apoptotic stimuli. Thus, the particular caspases that regulate
pannexin-1 cleavage and activation may reflect, at least in part, the cellular context involved
including the stimulus and cell lineage.

Previous studies have shown that pyroptosis induced by the noncanonical inflammasome is
independent of NLRP3, ASC and caspase-1 (Kayagaki et al., 2011 and 2013; Hagar et al.,
2013), which is in line with our current results. Instead, macrophage cytotoxicity induced by
intracellular LPS stimulation relies on pannexin-1 and ATP-mediated P2X7 signaling. An
important observation was the marked increase in sensitivity of the P2X7-associated pore
and pyroptosis to ATP stimulation after cytosolic LPS stimulation. The mechanism by
which cytoplasmic LPS decreases the threshold for the opening of the P2X7-associated pore
in response to ATP remains unclear. Because LPS priming does not increase the sensitivity
of P2X7 to ATP, the presence of LPS in the cytosol appears to be required for the enhancing
effect. Previous studies have identified a LPS-binding region with amino acid homology to
the LPS binding site of LPS-binding protein (LBP) in the C-terminal intracellular domain of
P2X7 (Denlinger et al., 2001). Thus, one possibility is that LPS binding to the cytosolic
domain of P2X7 induces conformational changes responsible for increased sensitivity to
ATP-induced opening of the P2X7 pore. The molecular basis of the conversion of P2X7
from an ion channel to a pore is not clear. Genetic experiments clearly showed that P2X7,
but not pannexin-1, is required for the formation of the P2X7-associated pore induced by
ATP stimulation (Qu et al., 2011). Our results are consistent with the latter and indicate that
pannexin-1 acts upstream of P2X7 by mediating the release of ATP and subsequent opening
of the P2X7-associated pore. Although the pannexin-1 channel releases ATP and pannexin-1
is required for K* efflux-mediated NLRP3 activation, the latter event is not sufficient to
drive cytolysis in that subsequent ATP-mediated P2X7 activation is required for cellular
demise. Cytolysis is likely to be mediated by the opening of the P2X7-associated pore in
response to nM concentrations of ATP. The activity of the P2X7 pore that mediates influx/
efflux of large molecules has been linked to cytolytic activity and is distinct from that of the
P2X7 channel that induces K* efflux (Surprenant et al., 1996; Barlett et al., 2014).
Furthermore, the channel and pore activities of P2X7 can be dissociated. For example,
truncation of the cytosolic tail of P2X7 abolishes pore activity without affecting channel
activity (Surprenant et al.; Smart et al., 2003). The lack of requirement for NLRP3 and
caspase-1 for pyroptosis in response to cytosolic LPS is consistent with earlier studies
(Kayagaki et al., 2011 and 2013; Hagar et al., 2013). One possibility is that stimuli that
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activate the canonical NLRP3 inflammasome such as ATP induce damaging events
including mitochondrial dysfunction that are not required for caspase-1 activation (Munoz-
Planillo et al., 2013; Allam et al. 2014) whereas the caspase-11/pannexin-1 axis may induce
primarily K* efflux which is sufficient for NLRP3 activation (Munoz-Planillo et al., 2013).
Another possibility is that the opening of pannexin-1 channels is transient and/or partial and
insufficient to trigger cytolysis in the absence of P2X7 signaling. The latter is consistent
with the finding that the levels of extracellular ATP induced by cytosolic LPS are only in the
50-100 nM range and the increase in extracellular ATP is transient. Furthermore, the
cleavage of pannexin-1 channels is partial based on immunoblotting analysis, suggesting
that only a subset of pannexin-1 channels are activated in response to cytosolic LPS.
Although more work is needed, the results suggest that P2X7 is required for organelle
damage and cytolysis, events that are triggered by the opening of the P2X7-asociated pore
(Mackenzie et al., 2005; Barlett et al., 2014).

Our results suggest that the caspase-11/pannexin-1 pathway bifurcates at pannexin-1, which
also regulates the activation of the canonical NLRP3 inflammasome through the induction
of K* efflux independently of P2X7. In contrast to the noncanonical inflammasome,
pannexin-1 was not required for pyroptosis induced by stimuli that activate the canonical
NLRP3 or AIM2 inflammasomes. The finding that activation of the noncanonical
inflammasome induces NLRP3-dependent caspase-1 activation and IL-1f release
independently of P2X7 is in line with published work (Kayagaki et al., 2011). Previous
results suggest that pannexin-1 is dispensable for IL-1p release in response to CTB plus LPS
when assessed 16 hrs after stimulation (Kayagaki et al., 2011). However, our kinetic studies
revealed that pannexin-1 was required for IL-1p release at 2 and 8 hrs post-stimulation with
DOTAP plus LPS or CTB plus LPS. Unlike results observed at earlier timepoints,
cytotoxicity at 16 hrs was independent of pannexin-1, which is consistent with previous
results (Kayagaki et al., 2011). Although the reason for the differential role of pannexin-1 at
early and late time points in vitro remain unclear, IL-1f production was impaired in
Panx1™~ mice after secondary challenge with LPS suggesting that the early in vitro results
are more relevant than those at 16 hrs post stimulation.

Earlier studies suggested that lethality induced by endotoxic shock in mice is induced
primarily by caspase-11, but not caspase-1 (Kayagaki et al., 2011 and 2013; Hagar et al.,
2013). Furthermore, LPS-induced lethality appears to be driven by caspase-11-dependent
pyroptosis rather than caspase-1-dependent production of IL-1f (Kayagaki et al., 2011). In
line with the latter results, we show that the pannexin-1/P2X7 axis activated by caspase-11
is critical for lethality induced by secondary LPS challenge. Consistently, P2x7~/~ mice are
protected from lethality induced in the cecal ligation and puncture sepsis model (Santana et
al., 2015). In contrast, NLRP3 that regulates IL-1f in response to LPS was not required for
lethality. Although clinical sepsis is a highly complex disorder in which multiple mediators
are involved in morbidity, our studies suggest that inhibitors of the pannexin-1 channel and
P2X7 receptor may benefit patients with gram-negative sepsis.
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EXPERIMENTAL PROCEDURES

Mice

Reagents

C57BL/6 mice were originally purchased from the Jackson Laboratory and bred in our
animal facility. Caspl~~/Casp11~~, Casp11™~, NIrp3~~, NIrp6~/~, NIrp12~/~, NIrc4™-,
Pycard™~ and P2x7~/~ mice on a C57BL/6 background have been described (He et al.,
2013; Wang et al., 1998; Chen et al., 2011; Zaki et al., 2011). Panx1™~ and Aim2~/~ mice
(Quetal., 2011; Jones et al., 2010) generated on a C57BL/6 background were provided by
Vishva Dixit (Genentech Inc.) All animal experiments were conducted according to the
U.S.A. Public Health Service Policy on Humane Care and Use of Laboratory Animals.
Animals were maintained in an AAALAC approved facility, and all animal studies were
approved by the Animal Care and Use Committee at the University of Michigan (Ann
Arbor, MI).

DOTAP liposomal transfection reagent was from Roche (Mannheim, Germany). Cholera
toxin B subunit (CTB) was from List Biological Laboratories, Inc. Ultra-pure
lipopolysaccharide (E. coli O111:B4), ultra-pure lipopolysaccharide (S. minnesota RE595),
poly(1:C) LMW and poly(dA:dT)/lyovec were from Invivogen. ATP, apyrase,
carbenoxolone (CBX), bafliomycin A, brefeldin (BFA), 18-glycyrrhetinic (18GA),
flufenamic acid (FFA), glibenclamide, gadolinium Il (Gd3), probenecid, ARL67156 (an
ecto-ATPase inhibitor) and trovafloxacin (a pannexin-1-selective antagonist) were from
Sigma-Aldrich. Alum was from Thermo Scientific. Nigericin and Ac-DNLD-CHO
(caspase-3/7 inhibitor) were from Calbiochem, and zZVAD-FMK (pan-caspase-inhibitor) and
zDEVD-FMK (caspase-3 inhibitor) was from R&D system. Fluorescent Yo-Pro-1 was from
Life Technology.

Bacterial growth and conditions

Flagellin deficient Salmonella typhimurium (Aflag-Sal (fljAB::Kan, fliC::Cm)) was a gift of
Denise Monack, Stanford University. The bacteria were grown to stationary phase overnight
in LB medium at 37°C with aeration and the BMMSs were infected as described below.

Macrophage culture, transfection, infection, and cytotoxicity assay

BMMs were cultured as previously described (Franchi et al., 2009). When indicated, BMMs
were primed with LPS from E. coli 0111:B4 (50 ng/mL) in Opti-MEM overnight. For LPS
transfection, 75 ng of LPS (S minnesota RE595) and 375 ng DOTAP were suspended in 2
ul of Opti-MEM for 5 min and then suspensions were mixed and incubated for 30 min at
room temperature. Reaction volumes were then brought up to 100 ul with Opti-MEM as
previously described before addition to 5x10* BMMs per well in 96-well plates (Hagar et
al., 2013). For CTB treatment, primed cells were stimulated with 20 pg/ml CTB plus 1
ug/ml LPS (Kayagaki et al., 2011 and 2013). Flagellin deficient Salmonella enterica serovar
Typhimurium (Aflag-Sal (fljAB::Kan, fliC::Cm)) was a gift from Denise Monack, Stanford
University. The bacteria were grown to stationary phase overnight in LB medium at 37°C
with aeration. For infections, culture media was replaced with Opti-MEM and then
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Salmonella (Aflag-Sal) were added to BMMs at a MOI of 20, gentamicin (20 pg/ml) was
added 60 min after infection. For inhibitor assays, BMMs were pre-treated with drugs for 30
min before transfection, then transfected with LPS complexes. Cytotoxicity was measured
using the CytoTox 96® Non-Radioactive Cytotoxicity Assay Kit (Promega) according to
manufacturer’s instructions. The cytotoxicity was normalized to total lactate dehydrogenase
activity in cell lysates.

In vitro caspase cleavage assay

A mouse Flagx3-tagged pannexin-1 expression plasmid was generated by PCR cloning of
pannexin-1 cDNA into pcDNA3. Mutation of amino acid 378 was generated using a
QuikChange® Site-Directed Mutagenesis Kit (Stratagene) and verified by sequencing.
Caspase-11 and caspase-11 C254S plasmids were gifts from Amal Amer (Ohio State
University). HEK293T cells were transfected with flagx3-tagged pannexin-1 or caspase-11
plasmids using Lipofectamine LTX® reagents (Invitrogen). After 24 hours, whole cell
lysates were immunoprecipitated with GenScript Anti-DYKDDDDK G1 Affinity Resin
(Cat. No. L00432), washed in buffer, and bound target protein was eluted by competitive
binding with DYKDDDDK peptide. The purified pannexin-1 and caspase-11 proteins were
re-suspended in reaction buffer (50 mM Tris, pH 8.0, 0.5 MM EDTA, 0.5 mM Sucrose, 10
mM DTT, 1XEDTA-free proteinase inhibitor mixture (Roche Applied Science), and in vitro
caspase cleavage assay was carried out for 1 hr at 37°C and terminated by addition of SDS
sample buffer and boiling at 95 °C for 5 min. The reactions were analyzed by SDS-PAGE
and immunoblotting.

HEK?293T cell transfection

2.5x106 HEK293T cells were plated in a 100-mm Petri dish 24 hrs before transfection. Cells
were then co-transfected with pcDNA3 caspase-11 or caspase-11 (C254S) and pannexin-1
or pannexin-1 (D378A) using Lipofectamine LTX. Cells were lysed in 1.5 ml of ice-cold
lysis buffer (50 mM Tris, pH 7.4, 2 mM EDTA, 150 mM NacCl, 0.5% Nonidet P-40,
1xEDTA-free proteinase inhibitor mixture (Roche)). Cell lysates were clarified by
centrifugation (14, 000x g) at 4 °C for 10 min. Pannexin-1 cleavage was analyzed by SDS-
PAGE and immunoblotting.

Reconstitution of BMMs with caspase-11 or pannexin-1

For caspase-11 reconstitution, Casp11~~ BMMs were transduced with pHIV (Addgene
#21373) derived lentivirus producing caspase-11 or caspase-11 C254S. For reconstitution of
pannexin-1, Panx1~/~ BMMs were transduced with pHIV-derived lentivirus carrying
pannexin-1 or pannexin-1 D378A. After 3—4 days, transduced cells were sorted and replated,
the expression of reconstituted proteins was determined by immunoblotting.

ATP release assay

After transfection, the extracellular ATP concentration was measured using ENLITEN®
rLuciferase/Luciferin Reagent (Promega). At indicated time points, each sample was
centrifuged at 1500 rpm for 1 min and 10 pl of the supernatant was collected for ATP
determination. The luciferin-luciferase reagent (100 pl) was injected into the supernatant and
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chemiluminescence was measured using a LMax Luminometer (Molecular Devices). The
concentration of ATP in each sample was determined by comparing the luminescence of
samples with signals of a standard in the range of 1076 to 10710 M.

K* efflux assay

Intracellular K* measurements were performed by inductively coupled plasma optical
emission spectrometry (ICP-OES) with a Perkin-Elmer Optima 2000 DV spectrometer using
yttrium as internal standard as described (Mufioz-Planillo et al., 2013).

Yo-Pro-1 uptake assay

BMMs treated under various conditions (indicated in figure legends) were stained with 1 uM
Yo-Pro-1 for 15 min at room temperature, then washed with PBS and fixed by 4%
paraformaldehyde solution in PBS for 20 min, and analysis was performed using a
fluorescence Olympus FV 500 confocal microscope.

Immunoblotting

Caspase-1 was analyzed with rabbit anti-caspase-1 antibody as described (Franchi et al.,
2009). Caspase-11 was analyzed using anti-caspase-11 antibody (17D9, Sigma-Aldrich).
Pannexin-1 was assessed using rabbit anti-pannexin-1 antibody (Invitrogen). Caspase-3 and
caspase-7 were analyzed with anti-caspase-3 antibody (Cell Signaling) and anti-caspase-7
antibody (R&D system). Blots were stripped and re-probed for B-actin as a loading control.

ELISA assay

The amounts of IL-18 and TNF-a in cell culture supernatants or mouse sera were measured
by ELISA (R&D Systems) according to the manufacturer’s manual. Assays were performed
in triplicate for each independent experiment.

Endotoxic shock model

6-8 week-old mice were primed with E coli 0111:B4 LPS (400 pg/kg) or poly(l:C) (LMW,
10 mg/kg) by intra-peritoneal injections for 7 hrs. Mice were then challenged with 10 mg/kg
of LPS (E coli 0111:B4) i. p.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 6 program (GraphPad Software).
Differences between two groups were evaluated using Student’s t- test. One way ANOVA
test was used to analyze differences among multiple groups. Differences in mouse survival
were assessed using the Long-rank (Mantel-Cox) test. Statistical significance was defined as
*p<0.05, ** p <0.01.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Caspase-11 induces pyroptosis via ATP-mediated P2X7 signaling.

LPS-induced caspase-11 activation triggers \ activation of the pannexin-1
pore.

Pannexin-1 cleavage was required for NLRP3 activation in response to
cytosolic LPS.

Pannexin-1 and P2X7 are essential for endotoxic shock.
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Figure 1. Activation of caspase-11 by intracellular L PSinduces pyroptosisvia ATP-mediated
P2X7 signaling
(A-E) BMMs were primed overnight with LPS and then transfected with ultrapure S

minnesota RE595 LPS packaged with DOTAP or simulated with CTP plus LPS.

(A) Cytotoxicity in C57BL/6, Nirp3~~, Pycard™~, Nirc4™~, Aim2™/~, NIrp6™/~, NIrp12/-,
Caspl1™-, Caspl™~/Caspl1~/~ and P2X7~/~ BMMSs was examined 2 hrs after transfection.
(B) Cytotoxicity in C57BL/6, NIrp3~~, Caspl1~/~ and P2X7~/~ BMMs was examined 8 hrs
after CTB plus LPS stimulation.
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(C) Extracellular ATP in BMMs culture medium was measured 15 min after LPS
transfection.

(D) Wild-type BMMs were treated with apyrase (25 U/mL) or left untreated (control) and
the amounts of extracellular ATP and cytotoxicity were measured after LPS transfection.
(E) Extracellular ATP and cytotoxicity after LPS transfection in Casp11™~ BMMs
reconstituted with lentiviral vectors expressing wild-type caspase-11, caspase-11 C254S or
vector alone. Immunoblotting for caspase-11 in wild-type BMMs is shown as a control.
(A-E) Data are representative of at least 3 experiments. Graphs show mean * SD of
triplicate cultures, * p<0.05, ** p<0.01. See also Figure S1.
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Figure2. Yo-Pro-1 uptakeisinduced after transfection with DOTAP or DOTAP plusLPSin
LPS-primed BMMs
(A-B) BMMs were primed overnight with LPS and then transfected with ultrapure S.

minnesota RE595 LPS packaged with DOTAP.

(A) Yo-Pro-1 uptake was measured 2 hrs after treatment with DOTAP or DOTAP plus LPS
in BMMs from indicated wild-type and mutant mice by fluorescence microscopy.
Representative microscopic images are shown.

(B) Percentage of Yo-Pro-1 positive cells was calculated from different fields with 25-30
cells per field at each condition.
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(A-B) Graph show mean + SD of six fields. Data are representative of at least 3
experiments. * p<0.05. See also Figure S2 and S3.
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Figure 3. Pannexin-liscritical for ATP-induced pyroptosisinduced by cytosolic L PS
(A-C) BMMs were primed overnight with LPS and then transfected with ultrapure S

minnesota RE595 LPS packaged with DOTAP.

(A) Wild-type BMMs were treated with DMSO, CBX (50 uM), bafilomycin A (50 nM),
BFA (1 uM), 18GA (50 uM), FFA (50 uM), glibenclamide (100 pM), Gd3 (100 pM),
probenecid (100 uM) and trovafloxacin (100 uM), and extracellular ATP was measured 15
min after LPS transfection.
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(B) Cytotoxicity was measured 2 hrs after LPS transfection. Treatment with inhibitors was
asin (A).

(C) ATP release was measured 15 min after LPS transfection, and cytotoxicity was
determined 2 hrs after transfection in wild-type and Panx1™~ BMMs.

(A-C) Data are representative of at least 3 experiments. Graphs show mean £ SD of
triplicate cultures, * p<0.05, ** p<0.01. See also Figure S4 and S5.
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Figure 4. Activation of caspase-1 leadsto pannexin-1 cleavage and ATP release
(A-C) BMMs were primed overnight with LPS and then transfected with ultrapure S.

minnesota RE595 LPS packaged with DOTAP.

(A) Immunoblotting for pannexin-1 before and after LPS transfection in wild-type
(C57BL/6), Caspl1™~ and Panx1~/~ BMMs.

(B) Pannexin-1 cleavage after LPS transfection in Casp11~/~ BMMs reconstituted with
lentiviral vectors expressing wild-type caspase-11, caspase-11 C254S and vector alone.
Immunoblotting for caspase-11 and p-actin are also shown.
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(C) ATP release (upper panel), cytotoxicity (middle panel) and pannexin-1 cleavage (lower
panel) were measured after LPS transfection in Panx1~/~ BMMs reconstituted with wild-
type pannexin-1, pannexin-1 D378A lentiviruses or control vector. Immunoblotting for
pannexin-1 and caspase-11 in wild-type BMMs is also shown as a control.

(A-C) Data are representative of at least 3 experiments. Graphs show mean £ SD of
triplicate cultures, * p <0.05. See also Figure S6.

Immunity. Author manuscript; available in PMC 2016 May 17.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Yang et al. Page 24

A

Panx1 = = = = * - % - *

Panx1 D378A - - - *+ -+ - 4+ -

Casp11 -+ - - - - - F

Casp11C2648 - - + - - - + + -
49 kDa- -Panx1

-Cleaved Panx1
37 kDa-

49 kDa -
37 kDa- } Caspi1
20 kDa-
B 293T co-expression
Panx1 - o -t
Panx1D378A - - - - * -+ - %
Casp11 o R R
Casp11C254S5 - - + - - - - + +
49 kDa- -Panx1
37 kDa- -Cleaved Panx1
49 kDa-
37 kDa- ] Casp11
20 kDa-

In vitro cleavage

Figure5. Caspase-11 cleaves pannexin-1
(A) HEK?293T cells were co-transfected with indicated pannexin-1 and caspase-11

expression vectors, cultured for 18-24 hrs, and pannexin-1 cleavage was assessed by
immunoblotting.

(B) In vitro cleavage of purified pannexin-1 proteins after incubation with indicated
caspase-11 proteins. Immunoblotting for pannexin-1 and caspase-11 is shown.
(A-B) Data are representative of at least 3 experiments.
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Figure 6. Noncanonical inflammasome pathway engages the pannexin-1 channel to induce K*
efflux and NLRP3 activation

(A-E) BMMs were primed with LPS and then transfected with ultrapure S. minnesota
RES595 LPS packaged with DOTAP.

(A) IL-1p release from wild-type (C57BL/6), NIrp3~/~, Pycard™~, Nirc4™-, Aim2/-,
NIrp6~~ NIrp12~/-, Casp11™/~ and Caspl™/Caspl1~/~ BMMSs was measured by ELISA.
(B) Wild-type BMMs were pre-treated with various inhibitors as in Fig 3 (A), IL-1p release
was measured 2 hrs after LPS transfection.
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(C) IL-1p release and caspase-1 processing in C57BL/6, Caspl1™~, P2X7~/~ and Panx1~/~
BMMs were measured by ELISA and immunoblotting.

(D) Intracellular K* was measured 30 min after treatment of BMMs with DOTAP or
DOTAP plus LPS.

(E) Intracellular K*, IL-1p release, caspase-1 and pannexin-1 processing were assessed after
LPS transfection of Panx1™~ BMMs reconstituted with wild-type, pannexin-1 D378A or
control vector. DOTAP-treated Panx1™~ BMMs and LPS-transfected wild-type (C57BL/6)
BMMs are shown as controls.

(A-E) Data are representative of at least 3 experiments. Graphs show mean * SD of
triplicate cultures, * p<0.05. See also Figure S7.
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Figure7. Critical role of pannexin-1 and P2X7 in endotoxic shock induced by activation of the
noncanonical inflammasome

(A) Survival of mice primed with 400 pg/kg E. coli 0111:B4 LPS (left) or 10 mg/kg
poly(I:C) (right), and then challenged with 10 mg/kg E. coli O111:B4 LPS 7 hrs later. N=15
mice in C57BL/6 or NIrp3~/~ groups; N=17 mice in P2X7~~ or Casp11~/~ groups; N=12
mice in Panx1~/~ group. Data shown are from at least 2 representative experiments, *
p<0.05, ** p<0.01, NS=not significant.
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(B-C) IL-1p and TNF-a levels in mouse sera were measured 2 hrs after re-challenge with
LPS. N=8 mice in C57BL/6 or NIrp3~/~ groups; N=7 mice in P2X7~/~ or Casp11~/~ groups;
N=6 mice in Panx1~/~ group.

(A-C) Data are representative of at least 3 experiments. Error bars indicate SD of technical
replicates, * p<0.05, ** p<0.01, NS=not significant.
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