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In Brief

Excessive activation of the coagulation
system by endotoxin leads to life-
threatening disseminated intravascular
coagulation (DIC). Yang, Cheng et al.
reveal that caspase-11, a cytosolic LPS
receptor, activates the coagulation
cascade by enhancing the activation of
tissue factor, an initiator of coagulation,
through triggering the formation of
gasdermin (GASMD) pores and
subsequent phosphatidylserine
exposure, in a manner independent of
cell death.
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SUMMARY

Excessive activation of the coagulation system
leads to life-threatening disseminated intravas-
cular coagulation (DIC). Here, we examined the
mechanisms underlying the activation of coagula-
tion by lipopolysaccharide (LPS), the major cell-
wall component of Gram-negative bacteria.
We found that caspase-11, a cytosolic LPS
receptor, activated the coagulation cascade. Cas-
pase-11 enhanced the activation of tissue factor
(TF), an initiator of coagulation, through triggering
the formation of gasdermin D (GSDMD) pores
and subsequent phosphatidylserine exposure, in
a manner independent of cell death. GSDMD
pores mediated calcium influx, which induced
phosphatidylserine exposure through transmem-
brane protein 16F, a calcium-dependent phospho-
lipid scramblase. Deletion of Casp11, ablation of
Gsdmd, or neutralization of phosphatidylserine
or TF prevented LPS-induced DIC. In septic pa-
tients, plasma concentrations of interleukin (IL)-1«
and IL-1B, biomarkers of GSDMD activation, corre-
lated with phosphatidylserine exposure in periph-
eral leukocytes and DIC scores. Our findings mech-
anistically link immune recognition of LPS to
coagulation, with implications for the treatment
of DIC.

INTRODUCTION

Coagulation is not only critical for hemostasis, but also has a role
in the innate immune response to infection, acting to reduce
dissemination of invading microbes (Engelmann and Massberg,
2013; Massberg et al., 2010; Niessen et al., 2008; van der Poll
and Herwald, 2014). The cell membrane components of Gram-
negative bacteria, including endotoxin (lipopolysaccharide
[LPS]), are well-known activators of the coagulation cascade,
which culminates in fibrin deposition at the site of infection (En-
gelmann and Massberg, 2013; Massberg et al., 2010; Pawlinski
et al., 2004). Excessive activation of the coagulation cascade in
endotoxemia or Gram-negative sepsis leads to disseminated
intravascular coagulation (DIC), a life-threatening coagulopathy
that promotes multiple organ dysfunction (Gando et al., 2013).
The occurrence of DIC markedly increases the mortality in sepsis,
a leading cause of mortality in hospitals (Gando et al., 2013).
Tissue factor (TF), atransmembrane glycoprotein, activates the
coagulation cascade when exposed to blood by binding factor
FVII/FVIla (Chen, 2013; Grover and Mackman, 2018). LPS stimu-
lation increases the expression of TF in myeloid and endothelial
cells(Brandetal., 1991; Gregory et al., 1989; Parry and Mackman,
1998). Reducing TF expression using genetic approaches or in-
hibiting TF activation using monoclonal anti-TF antibodies pre-
vents endotoxemia-induced DIC (Pawlinski et al., 2004, 2010).
The activation of TF is also regulated at the post-transcriptional
level. For example, the presence of phosphatidylserine in the
outer leaflet of the plasma membrane markedly enhances the ac-
tivity of TF (Chen, 2013; Grover and Mackman, 2018). In homeo-
stasis, phosphatidylserine localizes exclusively to the inner leaflet
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of the plasma membrane and is not in contact with the extracel-
lular domain of TF (Chen, 2013; Grover and Mackman, 2018).
Phosphatidylserine externalization leads to phosphatidylserine
exposure on the outer leaflet of the plasma membrane (Nagata
et al., 2016; Suzuki et al., 2010; Watanabe et al., 2018). Notably,
sepsis induces robust phosphatidylserine exposure on the sur-
face of circulating leukocytes (Zhang et al., 2016). Neutralizing
exposed phosphatidylserine with lactadherin, a phosphatidylser-
ine-binding protein, significantly attenuates coagulopathy in
sepsis (Shahetal., 2012). However, there is limited understanding
of the mechanisms that connect the detection of bacterial infec-
tion to phosphatidylserine exposure in sepsis.

Caspase-11, anintracellular LPS receptor, is a key component
of the innate immune response to Gram-negative bacterial infec-
tion. Upon activation by LPS in the cytosol, caspase-11 cleaves
gasdermin D (GSDMD) into pore-forming peptides (Ding et al.,
2016; Hagar et al., 2013; Kayagaki et al., 2011, 2013, 2015; Shi
et al., 2015; von Moltke et al., 2012; Wang et al., 1998). The for-
mation of GSDMD pores either triggers pyroptosis, a lytic form of
cell death that releases alarmins (e.g., IL-1a), or renders cellsin a
hyperactive state, in which GSDMD pores mediate IL-1 secretion
without causing cell death (Evavold et al., 2018; Zanoni et al.,
2016). Caspase-11 is activated in lethal endotoxemia and sepsis
when hepatocyte-released high mobility group box 1 protein
(HMGBA1) or bacteria-released outer membrane vesicles deliver
LPS into the cytosol of myeloid or endothelial cells (Deng et al.,
2018; Vanaja et al., 2016). Caspase-11 activation following
phagocytosis of intact bacteria requires guanylate-binding pro-
teins, which target intracellular LPS to caspase-11 (Meunier et
al., 2014; Santos et al., 2018). While caspase-11 activation con-
tributes to host death in mouse models of endotoxemia and
sepsis, the mechanisms responsible for caspase-11-mediated
lethality are not well understood. Serum HMGB1 levels are corre-
lated with the DIC scores and severity of organ failure in septic
patients (Hatada et al., 2005). Together with our recent finding
that HMGB1 is critical for caspase-11-dependent lethality in
sepsis (Deng et al., 2018), these observations led us to postulate
that caspase-11 signaling might mediate LPS-induced activa-
tion of blood coagulation.

In this study, we found that caspase-11 triggered the systemic
activation of coagulation through GSDMD in endotoxemia and
bacterial sepsis. GSDMD formed pores leading to calcium influx
and activation of transmembrane protein 16F (TMEM16F), a cal-
cium-dependent phospholipid scramblase that mediated phos-
phatidylserine exposure. This process markedly enhanced the
pro-coagulant activity of TF in a manner independent of cell
death. These results extend our understanding of the mecha-
nisms that drive coagulation activation in sepsis and point to
caspase-11 and its downstream signaling pathway as potential
targets to prevent lethality in sepsis.

RESULTS

Caspase-11 Signaling Mediates LPS-Induced Activation
of Coagulation Cascades

To test whether caspase-11 signaling mediates LPS-induced
activation of coagulation cascades, wild-type (WT) and
Casp11-deficient mice were subjected to lethal endotoxemia.
The activity of the coagulation system within the liver vasculature
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was visualized through the systemic introduction of the internally
quenched 5-FAM/QXL-520 fluorescence resonance energy
transfer (FRET) substrate of thrombin during intravital micro-
scopy. Cleavage of the substrate by thrombin led to the genera-
tion of a green fluorescence signal within the vasculature
(Figure 1A; Video S1). Administration of LPS induced robust acti-
vation of intravascular thrombin generation throughout the liver
microvasculature of WT but not in Casp17-deficient mice. Endo-
toxemia also induced a profound aggregation of platelets, depo-
sition of fibrin, and occlusion of the microcirculation, which were
all markedly attenuated by Casp11 deficiency (Figures 1A-1D;
Videos S1, S2, S3, and S4).

Systemic activation of the coagulation system results in con-
sumption of fibrinogen and elevated plasma levels of D-dimer,
which is formed by plasmin degradation of fibrin (Koyama
et al., 2014). Circulating markers of DIC include the presence
of thrombin-antithrombin (TAT) complexes formed during activa-
tion of coagulation, increases in levels of plasminogen activator
inhibitor type-1 (PAI-1), an inhibitor of fibrinolysis, and platelet
activation resulting in thrombocytopenia (Gando et al., 2013).
Casp11 deficiency significantly attenuated LPS-induced DIC re-
sponses (Figure 1E). Deletion of Casp11 or pretreatment with the
anticoagulant heparin markedly suppressed fibrin deposition in
the livers and lungs during lethal endotoxemia, as revealed by
immunohistochemical detection of fibrin deposition (Figure 1F).

Toll-like receptor 4 (TLR4) is a cell surface receptor for LPS
(Chow et al., 1999; Poltorak et al., 1998) and is essential for
LPS-induced caspase-11 expression (Figure S1A). Deletion of
Tir4 prevented thrombin generation, platelets aggregation, and
fibrin deposition in endotoxemia (Figure S1B). LPS challenge
and cecum ligation and puncture (CLP), a clinically relevant
model of polymicrobial sepsis, failed to increase plasma levels
of TAT and PAI-1 in Tir4-deficient mice (Figures S1C and S2D).
In mice pretreated with Poly I:C, a double-stranded RNA mimetic
that induces caspase-11 expression independent of TLR4
(Hagar et al., 2013; Kayagaki et al., 2013), deletion of Casp11,
but not Tir4, significantly inhibited LPS-induced thrombin gener-
ation, platelet aggregation, and fibrin deposition in the liver and
prevented the increase in plasma TAT complexes, D-dimer,
and PAI-1 (Figures S1C-S1F). Similar observations were ob-
tained in mice subjected to intraperitoneal Escherichia coli
infection or CLP, which are clinically relevant models of Gram-
negative sepsis (Figures 1G-11, S2A-S2C, and S2E). The occur-
rence of DIC markedly increases the mortality in septic patients
(Gando et al., 2013). In line with the clinical observation, deletion
of Casp11 or pretreatment with heparin prevented organ injury
and lethality in both lethal endotoxemia and bacterial sepsis (Fig-
ure S3). Together, our findings establish that caspase-11 is
required for the activation of the coagulation cascade in endo-
toxemia and Gram-negative sepsis.

Caspase-11 Signaling Mediates LPS-Induced Activation
of Coagulation Cascades through GSDMD

Caspase-11 mediates the enzymatic cleavage of GSDMD, lead-
ing to nano-pore formation in the plasma membrane and subse-
quent pyroptosis (Ding et al., 2016; Kayagaki et al., 2015; Shi
et al,, 2015). Another study reported that caspase-11 could
also mediate the cleavage of pannexin-1, culminating in the acti-
vation of the purinergic receptor P2X7 (P2X7R; encoded by
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Figure 1. Caspase-11 Mediates Activation of Coagulation in Endotoxemia

(A-D) WT and Casp77~'~ mice were injected intraperitoneally with LPS. Low molecular weight heparin (200 1U/kg) was administered subcutaneously 30 min
before LPS injection.

(A) Representative SD-IVM images of thrombin (green), platelet adhesion (blue, AF647 anti-CD49b), fibrin deposition (dark red, AF555-fibrin), and albumin (red,
AF647-albumin) within the liver or lung (multi-photon microscopy images) microvasculature at 4 h after LPS challenge. AF647-albumin (red) was regarded as a
contrast material to identify perfused versus occluded vessels.

(B and C) Quantitative analysis of thrombin and platelets (B) and fibrin probe (C) fluorescence within the liver microcirculation by Imaged software.

(D) The proportion of occluded vessels in liver and lung was quantified per field of view in endotoxemic WT versus Casp771~/~ mice.

(E) Plasma concentrations of TAT complexes, PAI-1, fibrinogen, and D-dimer were measured at 8 h (the peak time of thrombin generation, data not show) in mice
injected with a lethal dose of LPS (mice primed with 0.4 mg/kg LPS for 7 h and then challenged with 10 mg/kg LPS).

(F) Representative images of H&E staining and immunohistochemical (IHC) staining of fibrin in livers and lungs of endotoxemic WT versus Casp?7~/~ mice.
Thrombus (black arrow) and fibrin deposition in liver and lung capillaries were revealed in WT mice challenged with LPS. Original magnification: H&E, 400x;
IHC, 200x.

(G and H) Mice were intraperitoneally injected with E. coli (1 x 10° colony forming unit [CFU]) or saline. Quantitative analysis of thrombin and platelets (G) and fibrin
and occluded vessels (H) probe fluorescence within the liver microcirculation after challenged with E. coli.

(I) Microvascular thrombin and platelets fluorescence were quantified in the mice subjected to cecum ligation and puncture (CLP).

Circles represent individual mice. *p < 0.05; **p < 0.01; ***p < 0.001. Data are shown as mean + SEM, (A), (E) and (G) from three independent experiments. (B)-(D),
(H), and (l) from four independent experiments, Scale bar represents 50 um. Unpaired/two-tailed t test, one-way ANOVA, two-way ANOVA test.

See also Figures S1, S2, and S3 and Videos S1, S2, S3, and S4.
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Figure 2. Caspase-11 Signaling Mediates
LPS-Induced Activation of Coagulation Cas-
cades through GSDMD but Not P2X7

(A) Representative SD-IVM images of thrombin
(green), platelet adhesion (blue), fibrin (dark
red), and albumin (red) within the liver microvas-
culature at 4 h in endotoxemic WT, Gsdmd~'~, and
P2x7r~"~ mice.

(B and C) Quantitative analysis of thrombin and
platelets (B) and fibrin fluorescence and the pro-
portion of occluded vessels (C) in endotoxemic
WT, Gsdmd~'~, and P2x7r~'~ mice.

(D) Plasma concentrations of TAT complexes, PAI-
1, fibrinogen, and D-dimer were measured at 8 hin
endotoxemic WT, Gsdmd~~, and P2x7r~'~ mice.
Circles represent individual mice. *p < 0.05;
**p < 0.01; **p < 0.001; NS, no statistical differ-
ence (one-way and two-way ANOVA test). Data are
shown as mean + SEM from three independent
experiments. Scale bar represents 50 pm.

See also Figure S4.
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P2rx7) (Yang et al., 2015). Activation of P2X7 contributes to
FeClz-induced carotid artery thrombosis (Furlan-Freguia et al.,
2011). To investigate the mechanisms by which caspase-11 me-
diates LPS-induced DIC, we subjected Gsdmd-deficient and
P2x7r-deficient mice to endotoxemia. LPS challenge failed to
promote thrombin generation, fibrin deposition, platelet
aggregation, and microvascular occlusion within the liver in
Gsdmd-deficient mice (Figures 2A-2C). In contrast, endotoxe-
mia triggered thrombin generation, fibrin deposition, and platelet
aggregation in P2x7r-deficient mice to a level similar to that seen
in WT mice (Figures 2A-2C). Further, deletion of Gsdmd, but
not P2x7r, prevented the increase of plasma TAT, D-dimer,
and PAI-1 (Figure 2D). Together, these observations demon-
strate that LPS activates the coagulation cascade and induces
a DIC-like picture through GSDMD and not P2X7R.

GSDMD Increases TF Activity through
Phosphatidylserine Exposure in Endotoxemia

Next, we investigated the mechanisms by which GSDMD medi-
ates the activation of coagulation cascades during endotoxemia.
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lial cells (Bevilacqua et al., 1984). How-

ever, deletion of /I-1r, the receptor for
both IL-1a. and IL-1B, failed to prevent LPS-induced coagulop-
athy (Figure S4). In line with this finding, deletion of Gsdmd did
not affect the expression of TF in the spleen, liver, or lungs (Fig-
ures 3E and 3F). These observations prompted us to test
whether GSDMD enhances TF activity at the post-transcriptional
level.

Phosphatidylserine increases TF activity and enhances the as-
sembly of cofactor-protease complexes of the coagulation
cascade (Grover and Mackman, 2018). Under normal condi-
tions, however, phosphatidylserine primarily localizes to the in-
ner leaflet of the plasma membrane (Grover and Mackman,
2018; Nagata et al., 2016). As sepsis induces cell surface phos-
phatidylserine exposure in circulating leukocytes (Zhang et al.,
2016), we next tested whether GSDMD mediates the phosphati-
dylserine exposure observed after LPS challenge. Deletion of
Gsdmd partially reduced the phosphatidylserine externalization
in peripheral leukocytes and splenocytes during endotoxemia
(Figures 3G and 3H). Administration of lactadherin, a well-known
phosphatidylserine-binding protein (Zhang et al., 2016), signifi-
cantly attenuated coagulopathy in endotoxemia (Figures 3| and
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Figure 3. GSDMD Enhances the Activation of TF through Phosphatidylserine Exposure in Endotoxemia

(A) Quantitative analysis of thrombin and platelets fluorescence within the liver microvasculature in WT mice pre-treated with isotype control IgG or TF
neutralizing antibody (1H1) and then challenged with LPS 30 min later (left). Quantitative analysis of above fluorescence within the liver microvasculature of normal
TF (mTF**/hTF*) and Low-TF (mTF~'~/hTF*) mice at 4 h after administration of LPS (right).
(B) Plasma concentrations of TAT complex and PAI-1 were measured at 8 h in endotoxemic WT mice treated with isotype control IgG or TF neutralizing anti-

body 1H1.

(C) The plasma concentrations of TAT and PAI-1 were measured at 8 h in LPS-treated normal TF (mTF**/hTF*) and Low-TF (mTF~'~/hTF") mice.
(D) Plasma TF activity were measured at 8 h in WT (HTF"), Casp1 17/~ (HTF*), and Gsdmd '~ (HTF") mice challenged with a lethal dose of LPS.

(E) TF mRNA expression was measured by gRT-PCR in lung and liver tissues in endotoxemic WT and Gsdmd ™'~ mice.

(legend continued on next page)
Immunity 57, 983-996, December 17, 2019 987
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3J). To provide another line of evidence that phosphatidylserine
exposure is critical for LPS-induced coagulopathy, we pre-
treated mice with milk fat globule-epidermal growth factor E8
(MFG-E8), a phosphatidylserine-binding protein (Shah et al.,
2012). In line with the finding that MFG-E8 treatment improves
the outcome of experimental sepsis (Shah et al., 2012), adminis-
tration of MFG-ES8 significantly attenuated LPS-induced coagul-
opathy (Figures 31-3K). Taken together, these data indicate that
GSDMD-mediated phosphatidylserine exposure is critical for the
activation of coagulation cascades in endotoxemia.

GSDMD Enhances TF Activity through
Phosphatidylserine Exposure In Vitro

We next determined whether GSDMD promotes an increase in
TF activity in vitro. Extracellular LPS must be delivered to the
cytosol in order to activate caspase-11 in cultured macrophages
(Hagar et al., 2013; Kayagaki et al., 2013). Accordingly, exposure
of macrophages to LPS alone failed to induce phosphatidylser-
ine exposure and only slightly increased the procoagulant
activity of TF (Figures 4A-4C). Delivery of LPS to the cytosol of
macrophages using cholera toxin subunit B (CTB) induced
robust phosphatidylserine exposure and TF activity in WT but
not Casp11- or Gsdmd-deficient mouse macrophages (Figures
4A-4C). In line with our in vivo experiments (Figure 3), reducing
TF expression by genetic approaches or neutralizing phosphati-
dylserine with lactadherin blocked LPS+CTB-induced procoa-
gulant activity in WT mouse macrophages (Figures 4D, 4E, and
4G). Similar observations were made using MFG-ES8 to neutralize
phosphatidylserine (Figures 4F and 4G). Together with the
finding that deletion of Gsdmd failed to affect LPS-induced TF
expression (Figures 4H and 4l), these observations further sup-
port the notion that GSDMD promotes an increase in TF activity
through phosphatidylserine exposure.

GSDMD-Mediated Calcium Influx Increases the
Procoagulant Activity of TF

We then investigated the mechanisms by which GSDMD medi-
ates phosphatidylserine exposure and increases TF activity.
Upon cleavage by caspase-11, the N-terminal fragment of
GSDMD forms pores with an inner diameter of 10-15 nm in the
cytoplasmic membrane (Ding et al., 2016; Evavold et al., 2018).
The formation of GSDMD pores allows the efflux of potassium
(K"). K* efflux mediates the activation of NOD-like receptor
(NLR) family pyrin domain-containing 3 (NLRP3) inflammasome
and the suppression of cyclic GMP-AMP synthase (cGAS) acti-
vation (Banerjee et al., 2018; Ruhl and Broz, 2015). As expected,
blocking K* efflux with KCI supplementation in cell culture
medium prevented the release of IL-1p upon stimulation with
CTB+LPS, indicating the blockade of the NLRP3 inflammasome
(Figure S5A). In contrast, increasing extracellular concentration

of KCI failed to inhibit CTB+LPS-induced phosphatidylserine
exposure and TF activation (Figure 5A). GSDMD pores also
mediate calcium (Ca®*) influx, which triggers endosomal sorting
complexes required for transport (ESCRT)-dependent mem-
brane repair (Riihl et al., 2018). Notably, reducing Ca?* concen-
tration of the cell-culture medium markedly decreased the phos-
phatidylserine exposure and the TF activation upon CTB+LPS
stimulation (Figure 5B). Addition of Ca(NO3), to the cell-culture
medium dose-dependently enhanced phosphatidylserine expo-
sure and TF activity in WT, but not Gsdmd-deficient, macro-
phages (Figure 5C). Further, chelating extracellular Ca%* with
BAPTA-AM or EDTA dose-dependently inhibited the phosphati-
dylserine exposure and TF activity (Figure 5D). These data
establish that GSDMD-mediated calcium influx induces phos-
phatidylserine exposure and enhances TF activity.

Transmembrane protein 16F (TMEM16F) is a Ca?*-dependent
phospholipid scramblase, which mediates phosphatidylserine
externalization in response to Ca®* influx (Nagata et al., 2016;
Suzuki et al., 2010; Watanabe et al., 2018). To further establish
that GSDMD enhances the activation of TF through phosphati-
dylserine externalization, we reduced the expression of
Tmem16f in mouse peritoneal macrophages using a small inter-
fering RNA that targets Tmem16f (Figure 5E). As expected,
reduced Tmem16f expression prevented CTB+LPS-induced
phosphatidylserine exposure (Figure 5F). A recent study claims
that TMEM16F is essential for GSDMD-mediated pyroptosis in
genetically modified HEK293 cells (Ousingsawat et al., 2018).
However, we observed that TMEM16F expression was dispens-
able for CTB+LPS-induced pyroptosis in mouse peritoneal mac-
rophages (Figure 5G). In contrast, reduced Tmem16f expression
by small interfering RNA (siRNA) markedly reduced TF activity
upon CTB+LPS stimulation (Figure 5F). Further, pharmacolog-
ical inhibition of TMEM16F with tannic acid (TA) or niflumic
acid (NFA) significantly reduced phosphatidylserine exposure
and TF activity (Figure 5H). Together, these findings demonstrate
that GSDMD-mediated Ca®* influx promotes TF activation, at
least in part, through TMEM16F.

To test whether Ca®* influx is sufficient to promote TF activa-
tion, we artificially created Ca®* influx by using a Ca®* ionophore
(A23187). Addition of A23187 enhanced the phosphatidylserine
exposure and the TF activity in Gsdmd-deficient macrophages
(Figure 5l). Similar to GSDMD, mixed lineage kinase domain-
like protein (MLKL) is able to form membrane pores that induce
Ca?* influx (Gong et al., 2017). This process is initiated by
receptor-interacting protein kinase-3 (RIP3)-mediated MLKL
phosphorylation (Sun et al., 2012). To provide further evidence
that Ca?* influx is sufficient to promotes TF activation, WT,
RIP3-, or MLKL-deficient HT-29 cells were stimulated with
tumor necrosis factor (TNF)+Smac+zVAD, which is known to
activate the RIP3- MLKL pathway (Figures S5C-S5E)

(F) TF protein expression in liver, lung, and spleen in endotoxemic WT and Gsdmd ™'~ mice.
(G and H) Representative flow cytometry images (G) and quantitative analysis (H) of phosphatidylserine exposure labeled by lactadherin-FITC in mice splenic and

/—

peripheral blood leukocyte in endotoxemic WT and Gsdmd ™"~ mice.

(I and J) Mice were treated with LPS in the presence or absence of PS-neutralizing proteins (lactadherin or rMFG-E8). Thrombin (green) and fibrin (dark red)
deposition were quantified (l) and representative fluorescence images of thrombin and fibrin deposition in liver microvasculature were shown (J).

(K) Plasma concentrations of TAT, PAI-1 were determined in LPS-treated mice with or without rMFG-ES8.

Circles represent individual mice. “p < 0.05; **p < 0.01; ***p < 0.001; NS, no statistical difference (unpaired/two-tailed t test, one-way and two-way ANOVA test).
Data are shown as mean + SEM from three independent experiments. Scale bar represents 20 um.
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Figure 4. GSDMD Promotes the Activation of TF through Phosphatidylserine Exposure In Vitro

(A) Peritoneal macrophages derived from WT (HTF*), Casp11~/~ (HTF*), and Gsdmd ™'~ (HTF*) mice were stimulated with LPS delivered by CTB, and cell TF
activity and thrombin production were assayed.

(B and C) PS exposure on macrophages with indicated stimulation was labeled by annexin V-FITC. Representative fluorescence images of PS exposure were
shown (C). Microscopy images were quantified using high content screening system ScanR (Olympus) for the area percentage of cells that are positive for PS (B).
(D) Left: thrombin production in CTB+LPS-stimulated WT (HTF*) macrophages with or without anti-TF 1H1 or Argatroban (thrombin inhibitor). Right: thrombin
production in CTB+LPS-stimulated normal TF (mTF**/hTF*) and Low-TF (mTF~'~/hTF*) macrophages.

(E and F) TF activity and thrombin production were measured in WT macrophages (HTF*) incubated with CTB plus LPS in the presence or absence of
PS-neutralizing proteins lactadherin (E) and rMFG-ES8 (F).

(G) Fibrin production in CTB+LPS-stimulated peritoneal macrophages with or without lactadherin, rMFG-E8, and anti-TF antibodies 1H1.

(H) TF mRNA expression in WT and Gsdmd ™'~ peritoneal macrophages with indicated stimulation.

(I) TF protein expression in WT and Gsdmd ™"~ peritoneal macrophages with indicated stimulation.

*p < 0.05; **p < 0.01; **p < 0.001; NS, no statistical difference (unpaired/two-tailed t test, one-way ANOVA and two-way ANOVA test). Data are shown as
mean + SEM from three independent experiments. Scale bar represents 20 um.

(Sun et al., 2012). We observed that deletion of RIP3 or MLKL
blocked TNF+Smac+zVAD-induced phosphatidylserine expo-
sure and TF activation, both of which largely depended on extra-
cellular Ca?* (Figures 5J and 5K). Further, reduced TMEM16F
expression by siRNA significantly inhibited TNF+Smac+zVAD-
induced phosphatidylserine exposure and TF activation (Fig-
ure S5I). Upon cleavage by caspase-3, gasdermin E (GSMDE)
is able to form membrane pores in a manner similar to GSDMD
(Wang et al., 2017). To determine whether GSMDE-mediated

calcium influx could enhance the phosphatidylserine exposure
and TF activity, WT or CASP3-deficient HelLa cells stably ex-
pressing WT GSDME were stimulated with TNF+cycloheximide
(CHX), which is known to activate the caspase-3-GSMDE
pathway (Wang et al., 2017). After stimulation, cells expressing
both CASP3 and WT GSDME displayed swelling with character-
istic large bubbles from the plasma membrane and released LDH
into the culture medium (Figures S5F-S5H). These responses
were blocked by deletion of CASP3 (Figures S5F-S5H). Notably,
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Figure 5. GSDMD-Mediated Calcium Influx Increases the Procoagulant Activity of TF

(A) WT (HTF*) and Gsdmd ™/~ (HTF*) peritoneal macrophages were stimulated with or without CTB+LPS supplemented with or without KCI. Phosphatidylserine
(PS) exposure and TF activity were measured.

(B) WT (HTF*) macrophages stimulated with CTB+LPS in low Ca?*- containing medium or normal Ca2*-containing medium. PS exposure and TF activity was
measured.

(C) PS exposure and TF activity were determined in CTB+LPS-stimulated WT (HTF*) and Gsdmd ™'~ (HTF*) macrophages incubated in low Ca?*- containing
medium supplemented with various concentrations of Ca*

(D) WT (HTF*) macrophages were stimulated with CTB plus ultrapure LPS in normal Ca®*-containing medium with or without Ca®* chelators (EDTA and BAPTA-
AM). PS exposure and cell TF activity were measured.

(E) Immunoblot and gPCR to detect Tmem16f in peritoneal macrophages transfected with control sSiRNA or Tmem16f-specific siRNAs.

(legend continued on next page)
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deletion of CASP3 also markedly decreased TNF+CHX-induced
phosphatidylserine exposure and TF activation, both of which
largely depended on extracellular Ca®* (Figures 5L and 5M).
Further, reduced TMEM16F expression by siRNA significantly in-
hibited TNF+CHX-induced phosphatidylserine exposure and TF
activation (Figure S5I). Together, these findings further support
the notion that GSDMD-mediated Ca®* influx promotes TF acti-
vation, at least in part, through TMEM16F.

GSDMD Increases the Procoagulant Activity of TF-
Independent of Pyroptosis

While GSDMD-mediated Ca?* influx promotes TF activation,
Ca®* influx inhibited GSDMD-mediated pyroptosis (Fig-
ure S5B), which is in line with a previous study (Ruhl et al.,
2018). Thus, we reasoned that GSDMD-mediated Ca?* influx
might increase the procoagulant activity of TF independent
of pyroptosis, which is mediated by inflammasome-dependent
plasma membrane rupture. To test this, we utilized the osmo-
protectant glycine to prevent pyroptosis-associated mem-
brane rupture (Fink and Cookson, 2006). Addition of glycine
to the cell-culture medium prevented LDH release but failed
to affect the IL-1B release, the phosphatidylserine exposure
and TF activation (Figure 6A). Similar observations were
made when we utilized mannitol (Figure 6B), an agent that in-
hibits GSDMD-mediated cell lysis (Banerjee et al., 2018). The
formation of GSDMD pores either triggers pyroptosis or ren-
ders cells in a hyperactive state, which is defined by living cells
releasing IL-1 through GSDMD pores (Evavold et al., 2018;
Zanoni et al., 2016). To further prove that GSDMD-mediated
Ca?* influx increases the procoagulant activity of TF indepen-
dent of pyroptosis, LPS-primed mouse peritoneal macro-
phages were stimulated with the oxPAPC component PGPC
or transfected with peptidoglycan (PGN), both of which are
known to induce the GSDMD-dependent hyperactivation state
without causing pyroptosis (Evavold et al., 2018). As expected,
PGPC stimulation or PGN transfection led to IL-1B secretion
and GSDMD pore formation without causing LDH release (Fig-
ures 6C and S6). Notably, PGPC stimulation or PGN transfec-
tion triggered phosphatidylserine exposure and TF activation
in a Ca?- and GSDMD-dependent manner (Figures 6C
and 6D). Further, reduced Tmem16f significantly inhibited
PGPC- or PGN-induced phosphatidylserine exposure and TF
activation (Figure 6E). Collectively, these findings establish

that GSDMD-mediated Ca®* influx increases the procoagulant
activity of TF independent of pyroptosis.

Biomarkers of GSDMD Activation Are Associated with
the Development of DIC in Septic Patients

Activation of GSDMD mediates the release of IL-1a. and IL-1f in
sepsis (Banerjee et al., 2018; Kayagaki et al., 2015). To determine
if the biomarkers of GSDMD activation are associated with the
development of DIC in septic patients, we measured plasma
levels of IL-1a. and IL-1p in 51 septic patients (patient character-
istics are shown in Table S1). Plasma levels of IL-1a and IL-18
significantly correlated with TAT complexes, PAI-1, DIC score,
and phosphatidylserine externalization in peripheral leukocytes
(Figures 7A, 7B, S7A, and S7B). We also observed that plasma
levels of IL-1a. and IL-1B in sepsis non-survivors were signifi-
cantly higher than those measured in survivors (Figure 7C). To
exclude the possibility that elevated plasma levels of IL-1a. and
IL-1B simply reflect enhanced global inflammatory responses,
we measured the plasma levels of IL-6 and C-reactive protein
(CRP). In contrast to plasma IL-1a and IL-18 levels, plasma con-
centrations of IL-6 and CRP did not significantly correlate with
concentrations of TAT, PAI-1, DIC scores, or phosphatidylserine
externalization (Figures 7D, 7E, and S7C). These data further
support the notion that GSDMD activation contributes to the
development of DIC.

DISCUSSION

Caspase-11-mediated pyroptosis destroys the intracellular
niche for cytosol-invasive bacteria and activates local anti-mi-
crobial immune defenses by releasing pro-inflammatory cyto-
kines, including IL-1o and IL-1B (Aachoui et al., 2013; Man
et al.,, 2016). In this study, we showed that caspase-11- and
GSDMD-mediated calcium influx rather than pyroptosis acti-
vated the coagulation cascade in response to LPS. It was pre-
viously believed that pyroptotic cell death is required for the
release of IL-1 family cytokines. However, recent reports reveal
that GSDMD pores serve as conduits for the secretion of IL-1
family cytokines in viable macrophages (Evavold et al., 2018;
Zanoni et al., 2016). This process is termed the hyperactivation
of macrophages. As shown in this study, GSDMD pores forma-
tion promoted coagulation through calcium influx in viable mac-
rophages. Thus, the hyperactivation of macrophages not only

(F and G) PS exposure, TF activity (F), IL-1c, and LDH (G) were measured in CTB+LPS-treated WT (HTF™) peritoneal macrophages transfected with control siRNA
or Tmem16f-specific siRNAs.

(H) WT (HTF*) macrophages were treated with CTB plus ultrapure LPS with or without different TMEM16F inhibitors of tannic acid (TA) or niflumic acid (NFA). PS
exposure and TF activity were detected.

(1) PS exposure and TF activity were assayed in WT (HTF*) and Gsdmd '~ (HTF*) macrophages primed with LPS then stimulated with calcium ionophore A23187.
(J) PS exposure and TF activity were measured in WT, RIP3~/~, and MLKL™'~ HT-29 cells incubated with conventional necroptotic stimuli: TNF-a
(T, 30 ng/mL)+Smac (S,1 uM)+ZVAD (Z, 20 uM).

(K) PS exposure and TF activity were measured in T+S+Z-stimulated WT, RIP3~'~, and MLKL '~ HT-29 cells in low Ca?*- containing medium supplemented with
various concentrations of Ca®*.

(L) PS exposure and TF activity were measured in TNF-a+cycloheximide (CHX)-stimulated WT or CASP3~/~ Hela cells stably expressing WT GSDME (Flag-
GSDME) or a vector. Above Hela cells were all deficient in GSDMD.

(M) PS exposure and TF activity were measured in TNF-a+CHX-stimulated WT Hel.a (GSDMD /") cells stably expressing Flag-GSDME in low Ca2*- containing
medium supplemented with various concentrations of Ca*.

*p < 0.05; **p < 0.01; **p < 0.001; NS, no statistical difference (one-way ANOVA and two-way ANOVA test). Data are represented as mean + SEM from three
independent experiments.

See also Figure S5.
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Figure 6. GSDMD Increases the Procoagulant Activity of TF Independent of Pyroptosis

(A) LDH release, IL-1p secretion, PS exposure, and TF activity were measured in WT and Gsdmd™

presence or the absence of glycine.

(B) LDH release, IL-1p secretion, PS exposure, and TF activity were measured in WT and Gsdmd™

presence or the absence of mannitol.

/= peritoneal macrophages stimulated with CTB+LPS in the

/= peritoneal macrophages stimulated with CTB+LPS in the

(C) LDH release, IL-1p secretion, PS exposure, and TF activity in WT and Gsdmd ™/~ peritoneal macrophages stimulated with LPS+PGPC or transfected with PGN

after LPS priming.

(D) PS exposure and TF activity were measured in WT and Gsdmd ™/~ peritoneal macrophages pre-treated with EDTA then stimulated with LPS+ PGPC or

transfected with PGN.

(E) PS exposure and TF activity were measured in LPS+ PGPC- or PGN-treated peritoneal macrophages transfected with Tmem16f siRNA or control

scramble siRNA.
See also Figure S6.

induces the secretion of IL-1 family cytokines but also pro-
motes coagulation. Coagulation activation is part of the innate
immune system effort to trap microbes in the microvasculature.
It is conceivable that activation of caspase-11 by LPS might
prevent dissemination of Gram-negative bacteria through trig-
gering the coagulation cascade. However, when local bacterial
infection escalates into sepsis, this immune-thrombotic
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response becomes widespread and leads to life-threatening
DIC (Gando et al., 2013; Koyama et al., 2014).
Mechanistically, our findings indicated that caspase-11-
GSDMD signaling induced coagulation, at least in part, through
the phosphatidylserine externalization. This was critical for the
activation of TF and the assembly of cofactor-protease com-
plexes of the coagulation cascade. In line with a previous



>

Figure 7. Biomarkers of GSDMD Activation

R?=0.1922 R?=0.1647 R2=0.2724 8 -
800 p=0.0031 8 p<0.0001 Are Associated with the Development of
E :E‘ i w . . DIC in Septic Patients
=Y ?é) é e @ @ (A) The plasma concentrations of IL-1a and IL-18
f “_" @ 4 - e significantly correlated with the concentrations of
,i: z B2]e®e o o TAT and PAI-1, and overt DIC score in patients with
& 04 ol ° sepsis.
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 (B) Principal component analysis (PCA) of the
IL-1a (pg/ml) IL-10 (pg/ml) IL-Ta (pg/ml) correlation between biomarkers of GSDMD acti-
R R?=0.1906 . vation and coagulation parameters (PC1: TAT,
- 00907 605 50,0014 g R -0-33107002 PAI-1, and DIC score; PC2: IL-10. and IL-1p).
g o2 Pt € P ve® . p=_. (C) Plasma concentrations of IL-1c. and IL-1B were
S20f ** *? © 600 N o gﬁ detected in septic non-survivors and survivors,
S :_I’ 400 M 24 respectively.
£ i 2001 ®og° .' %2 (D) The plasma concentrations of CRP and IL-6 did
0! s o0l not correlate with the concentration of TAT in pa-
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 tients with sepsis.
IL-1B (pg/ml) IL-1B (pg/ml) IL-1B (pg/ml) (E) Principal component analysis (PCA) of the
correlation between biomarkers of global inflam-
B (PC1) (o} _ mation and coagulation parameters (PC1: TAT,
R#=0.4203 s P=0.001 ~ex p<0.0001 PAI-1, and DIC score; PC2: CRP and IL-6).
50 50 See also Figure S7 and Table S1.
gl | e EW &
30 . m 2
\2‘/20 foogo % =20 623;0 'ﬁi::_
A\ @ 8y T =
='18 = = 1(? o "t shock (Seymour et al., 2016). Instead,
Survival Non-survival Survival Non-survival the accumulated clinical evidence indi-
cates that coagulopathy, especially
D R2=0.0116 R2=0.0006 DIC, is a major contributor to fluid resus-
2 p=04501 _ 307, p=0.8553 citation-irreversible shock and multiple
S E 3 & ° . . .
= S 20 T organ dysfunction in sepsis (Gando
g = 10 ;;ge:o—e—c—e——v—" et al.,, 2013; Koyama et al., 2014). The
s I S S occurrence of DIC increases the mortal-
0 100 200 300 0 b° 50 100 180 ity of sepsis 3-fold (Ganc.io et.al., 2.0.13;
CRP (ug/ml) IL-6 (pg/ml) Koyama et al., 2014). In line with clinical

work (Pawlinski et al.,, 2004), we showed that reducing
TF expression greatly attenuated LPS-induced DIC. In addition
to phosphatidylserine externalization and TF activation,
the impaired anticoagulant pathways or alterations in the regu-
latory angiopoietin-1/Tie2 signaling resulting from endothelial
dysfunction might also contribute to the pathogenesis of DIC
(Higgins et al., 2018; Levi et al., 2003). Intriguingly, selective
deletion of Casp?7 in endothelial cells confers protection
against lethal endotoxemia (Cheng et al., 2017). These findings
raise an intriguing possibility that caspase-11-mediated pyrop-
tosis or dysfunction of endothelial cells might also promote DIC
by compromising anticoagulant pathways and/or inducing
phosphatidylserine externalization.

Caspase-11-dependent pyroptosis leads to an eicosanoid
storm via cyclooxygenase (COX)-1 in peritoneal macrophages
during endotoxemia and bacterial sepsis (Deng et al., 2018;
Hagar et al., 2013). This process may result in a vascular fluid
leak into the intestine and peritoneal cavity (von Moltke et al.,
2012). Pharmacological inhibition of COX-1 confers significant
protection against lethal endotoxemia (Deng et al., 2018). It
has been postulated that eicosanoid storm-mediated vascular
leakage is a major cause of septic shock. However, septic
shock is defined by sepsis with fluid resuscitation-irreversible
hypotension (Seymour et al., 2016). Loss of vascular fluid
alone is not sufficient to explain pathophysiology of septic

observations, pretreatment with the

anticoagulant heparin prevents organ in-
juries and lethality in experimental sepsis. It is noteworthy that
COX-1-dependent eicosanoid production is critical for platelet
activation and aggregation (Schror, 1997), which importantly
contributes to the development of DIC. In line with this, we
found that deletion of Casp77 or Gsdmd prevented platelet
aggregation within the vasculature in endotoxemia. Thus, our
findings provide novel insights into how the caspase-11-
GSDMD signaling contributes to the sepsis-induced lethality
and might open a new avenue to treat sepsis-associated DIC.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies for Immuno-blot and Immunohistochemisty

Anti-caspase-11 antibody Sigma Cat#: C1354; RRID: AB_258736
Anti-RIP3, antibody Santa cruz Cat#: sc-374639; RRID: AB_10992232
Anti-MLKL, antibody Abcam Cat#: ab184718; RRID: AB_2755030
Anti-phosphorylated RIP3 antibody Abcam Cat#: ab209384; RRID: AB_2714035
Anti- phosphorylated MLKL antibody Abcam Cat#: ab187091; RRID: AB_2619685
Anti-GSDME antibody (clone EPR19859) Abcam Cat#: ab215191; RRID: AB_2737000

Anti-caspase3 antibody
Anti-fibrin antibody 59D8

Anti-TF antibody (clone EPR8986)
Anti -TMEM16F antibody (ANOG)
B-actin antibody (clone 8H10D10),
1H1 anti-TF antibody

Cell Signaling Technology
From Nigel Mackman
Abcam

Invitrogen

Cell Signaling Technologies
From D. Kirchhofer

Cat#: 9662S; RRID: AB_331439

Hui et al., 1983

Cat#: ab151748

Cat#: PA5-69345; RRID: AB_2691066
Cat#: 3700S; RRID: AB_2242334
Kirchhofer et al., 2005

Antibodies for immunofluorescence

AF647-labeled anti-mouse CD49b

Alexa Fluor 647 antibody labeling kits
Alexa Fluor 555 antibody labeling kits
5-FAM/QXL-520 FRET thrombin substrate
Anti-mouse Albumin antibodies
Anti-mouse fibrin antibody 59D8
FITC-Annexin-5

APC-Annexin-5

Biolegend

Invitrogen

Invitrogen

Anaspec

Bethyl

provided by Nigel Mackman
BD bioscience

BiolLegend

Cat#: 103511; RRID: AB_528830
Cat#: A20186

Cat#: A20187

Cat#: AS-72129

Cat#: A90-234A; RRID: AB_67122
Hui et al., 1983

Cat#: 556420

Cat#: 640920; RRID: AB_2561515

Antibodies for Flow Cytometry

Bovine Lactadherin - FITC

Haematologic Technologies.

BLAC-FITC

APC anti-humanCD45 (2D1) BioLegend Cat#: 368512; RRID: AB_2566372
Chemicals, Peptides, and Recombinant Proteins

Ultrapure LPS (E. coli 0111:B4) InvivoGen tirl-3pelps
Poly(I:C) LMW InvivoGen tirl-picw-250
Cholera Toxin B Subunit (Choleragenoid) from List Biological Laboratories, INC. 103B

Vibrio cholerae

Bovine Lactadherin Haematologic Technologies. BLAC-1200
Recombinant Mouse MFG-E8 Protein R&D systems 2805-MF-050
Lipofectamine RNAIMAX Transfection Reagent Invitrogen 13778075
Niflumic acid Sigma-Aldrich N0630-10 g
Tannic acid Sigma-Aldrich V900190-100 g
propidium iodide Sigma-Aldrich P4864
Glycine Sigma-Aldrich G8898
Peptidoglycan from Staphylococcus aureus Sigma-Aldrich 77140
Cycloheximide (CHX) Sigma-Aldrich C7698
Mouse immunoglobin IgG protein Abcam ab198772
Human TNF- « Invivogen rcyc-htnfa
BAPTA-AM Sigma-Aldrich A1076

zVAD Selleck S7023

Smac mimetic (SM-164) APEXBIO A8815
A23187 Sigma-Aldrich C9275

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
EDTA Sigma-Aldrich 798681
PGPC Cayman Chemical N°10044
Critical Commercial Assay

LDH Cytotoxicity Assay kit Beyotime Biotechnology Cat#: C0016

Human Tissue Factor Chromogenic Activity Kit
Human IL-6 Uncoated ELISA
Human CRP ELISA

Human IL-1 alpha ELISA

Human IL-1 beta Uncoated ELISA
Fibrinogen Mouse ELISA Kit,
PAI-1Mouse Simple Step ELISA Kit,
TAT Complexes Mouse ELISA Kit
Mouse d-dimer (D2D) ELISA Kit
Human TAT assay

Human PAI-1 assay

IL-1a. Mouse Uncoated ELISA Kit
IL-1B Mouse Uncoated ELISA Kit

Assaypro
Invitrogen

Abcam

Abcam

Invitrogen

Abcam

Abcam

Abcam
Cloud-Clone
SEKISUI MEDICAL
SEKISUI MEDICAL
Invitrogen

Invitrogen

Cat#: CT1002b

Cat#: 88-7066; RRID: AB_2574991
Cat#: ab181416

Cat#: ab178008

Cat#: 88-7261; RRID: AB_2575051
Cat#: ab108844

Cat#: ab197752

Cat#: ab137994

CEA506Mu

30568000

43073000

Cat#: 88-5019; RRID: AB_2574807
Cat#: 88-7013; RRID: AB_2574946

Experimental Models: Cells

Mouse Macrophages

GSDMD ~'~ Hela cells

GSDMD~'~ -Flag-GSDME Hel a cells
GSDMD ~'~CASPASE-3 ~/~ Hela cells

GSDMD ™'~ CASPASE-3~'~-Flag-GSDME Hel a cells

Wild-type HT-29 cells
RIP3~/~ HT-29 cells
MLKL™'~HT-29 cells

Prepared in Lu Lab
Feng Shao Lab
Feng Shao Lab
Feng Shao Lab
Feng Shao Lab
Jiahuai Han Lab
Jiahuai Han Lab
Jiahuai Han Lab

Described in current manuscript
Wang et al., 2017

Wang et al., 2017

Wang et al., 2017

Wang et al., 2017

Yang et al., 2018; RRID: CVCL_0320
Yang et al., 2018

Described in current manuscript

Experimental Models: Strains

C57BL/6 mice Jackson Laboratories JAX:000664

Casp11~/~ mice Jackson Laboratory. JAX: 024698

Gsdmd ™'~ mice Jiahuai Han Lab He et al., 2015

P2x7r~'~ mice Jackson Laboratory. JAX:005576

II-1r~'~ mice Jackson Laboratory. JAX: 003245

Tir4~'~ mice Jackson Laboratory. JAX: 007227

Low-TF mice (mTF~/~/hTF") Nigel Mackman Lab Parry et al.,1998

HCV mice (HTF") Nigel Mackman Lab Pawlinski et al., 2007
Oligonucleotides

GCAUACGAAUCUAACCUUATT This paper Mouse Tmem16f-specific SIRNA1
GCGAGAAGAUUGGAAUCUATT This paper Mouse Tmem16f -specific SIRNA2
CCCAAGAACAUUAAUGGAATT This paper Human TMEM16F-specific siRNA1
CCUGGUCUUUGCAGUAUUUTT This paper Human TMEM16F-specific sSiRNA2
UUCUCCGAACGUGUCACGUTT This paper Control siRNA
5'-AACCCACCAACTATACCTACACT-3' PrimerBank TF —specific primers

5'-GTCTGTGAGGTCGCACTCG-3'

Software and Algorithms

Graphpad Prism 7 software
Adobe Photoshop CS6

NIS Elements software
ImagedJ

Graphpad Prism 7 software

Adobe
Nikon Instruments
NIH

N/A
N/A
N/A
N/A
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents may be directed to and will be fulfilled by the Lead Contact, Ben Lu
(xybenlu@csu.edu.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse studies

WT C57BL/6J mice, Casp11~'~ mice, Tir4~'~ mice, Il-1r '~ mice and P2x7r~'~ mice on a C57BL/6J background were purchased
from Jackson Laboratory. Gsdmd ™'~ mice were a kind gift from Professor Jiahuai Han at the Xiamen University (He et al., 2015).
Low-TF (LTF) mice express very low levels of human (h) TF (approximately 1% relative to mouse [m] TF) and completely lacking
mouse TF (mTF~/~/hTF*) and WT littermates (mTF**/hTF*) were used as controls (Parry et al., 1998). HCV mice (mTF~/~/HTF*) ex-
press high levels of human TF (~100% of WT TF levels except in the heart) in the absence of mouse TF from a human chromosome
vector (HCV) and the only source of TF is from the HCV (Pawlinski et al., 2007). In order to express high levels of human TF in WT,
Casp11~/~ and Gsdmd™'~ mice, HCV mice were crossed with WT, Casp71~/~ and Gsdmd ™~ mice to generate WT (HTF*),
Casp11~/~ (HTF*) and Gsdmd ™~ (HTF*) mice. All transgenic mice used in our research were confirmed using standard genomic
PCR genotyping techniques. Animals were maintained in a specific pathogen-free environment at the Department of Laboratory An-
imals of Central South University. In the current study, we used WT littermates as the controls for the transgenic mice. All experi-
mental animal protocols were approved by the Institutional Animal Care and Use Committees of Central South University.

LPS-induced Endotoxemia and E.coli-induced peritonitis

For the lethal endotoxin sepsis model, male mice 25 to 30 g in weight were injected intraperitoneally with 0.4 mg/kg LPS or 10 mg/kg
poly(l:C) (priming) and then challenged 7 hr later with 10 mg/kg LPS or anti-mouse monoclonal TF neutralizing antibody (Kirchhofer
et al., 2005) 1H1(400 ng/mouse) or the control isotype IgG (400 pg/mouse) 30 min before LPS challenged or with or without MFG-E8
(160 ng/kg) 2h before LPS injected. For E.coli-induced sepsis, live E.coli were grown in LB broth to log-phase, washed, resuspended
in sterile saline and then injected intraperitoneally (1 x 10°CFU). Sterile saline was injected intraperitoneally in the control group. In
some experiments, low molecular weight heparin (LMWH; Enoxaparin Sodium Injection, Sanofi-Synthelabo Limited, the France)
200IU/kg or sterile saline (control group) was administered subcutaneously 30 min before each LPS or E.coli injection. Mice were
sacrificed at 8 hr after LPS treatment or 12 hr after injection of E.coli. Survival was observed for up to 7days. Mice were euthanized
when they became moribund.

Caecal Ligation and Puncture (CLP)

To induce polymicrobial sepsis, CLP was conducted as previously described (Rittirsch et al., 2009). Briefly, the skin was disinfected
with a 2% iodine tincture. Laparotomy was performed under 2% isoflurance (Piramal Critical Care) with oxygen. For the sub lethal
model, 50% of the cecum was ligated and punctured twice with a 22-gauge needle. Warm saline (1 mL) was given subcutaneously
for resuscitation immediately after operation. For the lethal model, 75% of the cecum was ligated and punctured twice with an
18-gauge needle. Mice were sacrificed at 24 hr after CLP. Survival was observed for up to 7days. Mice were euthanized when
they became moribund.

Cell lines culture and stimulation

GSDMD™~ Hela cells, GSDMD ™'~ Hela cells stably expressing WT GSDME (Flag-GSDME), GSDMD '~ CASP3~/~Hela cells,
GSDMD™'~ CASP3~~ Hela cells stably expressing WT GSDME (CASP3~/~-Flag-GSDME) were all obtained from Feng Shao’s
lab at the National Institute of Biological Sciences of China. Construction of the above cell lines were described previously
(Wang et al., 2017). WT, RIP3~/~and MLKL ™'~ HT-29 cells were obtained from the Dr. Jiahuai Han’s lab at the Xiamen University.
RIP3~/~ HT-29 cells were established and described previously (Yang et al., 2018). For generation of MLKL™'~ HT-29 cells,
CRISPR/Cas9 genomic editing for gene deletion was performed according to the previous publication (Yang et al., 2018). Guide
RNA sequence targeting human MLKL (5'- ggagctctcgetgttacttc-3’) exons was cloned into the plasmid. Single colonies were ob-
tained by serial dilution and amplification. The genome type of the knockout cells was determined by DNA sequencing and western
blot. HelLa cells and HT-29 cells were cultivated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal
bovine serum (FBS) and 2mM I-glutamineat 37°C in a humidified incubator containing 5% CO,. HelLa Cells were stimulated with
20 ng/ml human TNF-« plus 10 p g/ml cycloheximide for 5 hr. HT-29 cells were treated with TNF-o (T, 30 ng/ml) +Smac (S,1 uM)+
zVAD (Z, 20 uM) for 6 hr. For siRNA silencing of human TMEM16F, siRNA were transfected with Lipofectamine RNAIMAX Transfection
Reagent into the Hel a cells and HT-29 cells according to the manufacturer’s instructions. 48 h after transfection, cells were treated
with the above stimuli. The siRNA target sequences are CCCAAGAACAUUAAUGGAATT (si1-16F), CCUGGUCUUUGCAGUAUUUTT
(si2-16F) and UUCUCCGAACGUGUCACGUTT (si-control).The silencing efficiency was examined by gRT-PCR and immunoblot.

Macrophage cultures and stimulation
Mouse peritoneal macrophages were harvested as previously described (Lu et al., 2012). Briefly, 6-8 week mice were injected intra-
peritoneally with 3 mL of sterile 3% thioglycollate broth to elicit peritoneal macrophages. 72 hr later,cells were collected by peritoneal
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lavage with 5mL of RPMI medium 1640 (Hyclone). After washing, harvested cells were resuspended in RPMI-1640 containing
10% fetal bovine serum (GIBCO) and 1% antibiotics (GIBCO). Cells plated in 12-well plates or 24-well plate were stimulated with
LPS (1 pg/ml) plus cholera toxin subunit B (CTB, 20 ug/ml) in normal Ca®*-containing medium with or without different concentrations
of EDTA (200-600 pM), BAPTA-AM (4-10 uM), lactadherin (100-300 nM), rMFG-E8 (0.01-0.05 pug/ml), mannitol (5-10 mg/ml) and
glycine (10mM) or in low Ca2*- containing medium supplemented with or without different concentrations of Ca* (100-400 uM). Mac-
rophages were incubated with A23187 (2 uM) for 30 min after primed with LPS (1 ug/ml) 6 hr in normal Ca®*-containing medium. In
experiments where K* efflux was inhibited, increasing concentrations of KCI (50mM) was added to the RPMI medium 1640 at the time
of stimulation. To silence the expression of mouse endogenous Tmem16f, siRNAs for Tmem16f was transfected with Lipofectamine
RNAiIMAX Transfection Reagent in primary peritoneal macrophages according to the instruction. The sequences of two siRNAs were
as follow: siRNA1: 5'-GCAUACGAAUCUAACCUUATT-3'; siRNA2: 5'-GCGAGAAGAUUGGAAUCUATT-3'. To induce the hyperactive
state, macrophages were primed with 1 ug/ml LPS for 4 hr, then treated with 100 ug/ml PGPC or 50 ug/ml peptidoglycan (PGN) for
6 hr. The PGPC was supplied as a solution in ethanol. To change the solvent, the ethanol was evaporated under a gentle nitrogen gas
stream, leaving only the lipids in the glass vials and pre-warmed serum-free RPMI medium 1640 was immediately added to the dried
lipids. The final concentration of PGPC was at 1 mg/ml. Reconstituted lipids were incubated at 37°Cfor 10 mins and were vortexed
vigorously for 1 min before added to cells. PGN was resuspended in PBS pH 7.4 at a concentration of 2 mg/ml and vortexed vigor-
ously for 5min before dilution and addition into cells.

Clinical Human Samples

Patients were diagnosed with sepsis first according to the 2016 International Sepsis Definitions (Seymour et al., 2016) and then DIC
according to ISTH criteria 2001 (Taylor et al., 2001) (DIC scores were calculated according to International Society on Thrombosis and
Hemostasis 2001, “overt” DIC score standard. Exclusion criteria were: age < 18 years, preexisting immunosuppression; transplant
recipient; presence of decompensated cirrhosis (Child-Pugh class B or C), hematological diseases, any disease involving hemodi-
alysis such as chronic renal failure, and history of anticoagulant therapy during the preceding four weeks. A total of 51 patients from
the intensive care unit (ICU) at the Third Xiangya Hospital of Central South University from September 2017 to October 2018 met the
above conditions. The primary endpoint was the development of overt DIC within the first two days of ICU stay. The secondary
endpoint was 28-day all-cause mortality. Plasma samples were obtained on days 1 to 2 when these patients were newly diagnosed
with sepsis after admission to ICU. Blood sampling was performed as soon as possible (< 6 hr) when all patients fulfilled septic shock
criteria to avoid any therapeutic bias. Sampling on ethylene-diamine-tetraacetic acid (1.8 mg/mL) and citrate (0.129 M) anticoagu-
lants was performed at admission. Poor platelet citrated plasma was obtained after a two-step centrifugation (20 min; 3500 g).
Plasma samples were stored at —80°C when these patients were newly diagnosed with sepsis after admission. Information about
the patients was recorded, especially for overt DIC score on 2 successive days and 28-day mortality (Table S1). Informed consent
was conferred by the patients or their families and this study was approved by the research ethics committee of the Third Xiangya
Hospital of Central South University (NO. 2017-S209)

METHOD DETAILS

Preparation of the Liver and Lung for Intravital Microscopy

In order to better observe the dynamic changes of liver and lung microcirculation under the confocal intravital microscopy and ensure
that most of vessel was not completely occluded, mice were administered 4mg/kg LPS intraperitoneally with or without heparin. Mice
were anesthetized with 10 mg/kg xylazine hydrochloride and 200 mg/kg ketamine hydrochloride. Then internal jugular vein catheter-
ization was performed for further injection of drugs and antibodies. Preparation of the mouse liver for intravital microscopy was per-
formed as previously described (Wang and Kubes, 2016). Briefly, a midline incision was made and extended through the thoracic
margin to the midaxillary line, then the liver was externalized onto a thin glass coverslip located on the inverted microscope heat-
controlled stage with a thermostatic device. The liver was draped with saline-soaked gauze to avoid tissue dehydration and to
help limit movement of the liver on the coverslip. Fluorescent images of liver sections from mice were photographed by Spinning
Disk Confocal Intravital Microscopy (SD-IVM). Preparation of the lung for imaging in mice with minimal disruption of ventilation or
circulation reported before (Lefrancais et al., 2017). Briefly, anesthetized mice were surgically exposed to small areas of the left chest
and left lung. The purpose of the surgery is to construct a thoracic window with 5 mm internal diameter. Video and images were
collected through a vacuum-chamber with a glass slide that its loose adherence to the exposed left lung surface via negative pres-
sure with 20-25 mm Hg.

Spinning Disk Confocal Intravital Microscopy Analysis

The exposed liver (leftmost lobe of the liver) was visualized with a Nikon Ti2-E inverted microscope (Nikon Instruments) equipped with
a Yokogawa CSU-W1 head (Yokogawa Electric Corporation). A Plan Apochromat Lambda 10 x N.A. 0.45 or Plan Apochromat
Lambda 20X N.A. 0.75 air objective was used for all experiments. Four laser excitation wavelengths (405, 488, 561 and 640 nm;
TOPTICA Photonics) were used in rapid succession and visualized with the appropriate long-pass filters (Semrock and Chroma).
Exposure times for excitation wavelengths were 100 ms for all lasers. A scientific complementary metal oxide semiconductor
(sCMOS) camera (Prime 95B, Photometrics) was used for fluorescence detection. NIS-Elements AR software (Nikon Instruments)
was used to drive the microscope. Anti-mouse Albumin antibodies and anti-mouse Fibrin antibodies (Hui et al., 1983) (provided
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by Nigel Mackman) were conjugated to Alexa Fluor 647 or Alexa Fluor 555 antibody labeling kits. Thrombin generation was visualized
using SensoLyte internally-quenched 5-FAM/QXL-520 FRET thrombin substrate (2 pl/mouse). Platelets were visualized using
AF647-anti-CD49b antibody (5 pL/mouse). Fibrin deposition was visualized using Alexa Fluor 555-conjugated anti-mouse fibrin
antibody (4 ulL/mouse) and perfused vessels were visualized using Alexa Fluor 647-conjugated anti-mouse albumin antibody
(15 pl/mouse). Antibodies were administered via internal jugular vein catheterization 4 min before imaging. Image analysis method-
ology was performed as previously described (Kolaczkowska et al., 2015). Briefly, images were saved in tiff format, exported and
analyzed in ImagedJ (NIH). For the elimination of background autofluorescence, contrast was adjusted to minimize autofluorescent
background staining, and a minimum brightness threshold was set to emerge only positive staining. Identical contrast and threshold
values were applied to all images within our study. Threshold images were converted to binary, and the area per field of view covered
by positive fluorescence staining was analyzed through Imaged software. Data are expressed as the percentage of area in each field
of view covered by positive fluorescence staining.

Multiphoton Laser Scanning Confocal Intravital Microscopy Analysis

Images the exposed left lung were acquired with an Olympus multiphoton imaging system (FVMPE-RS, Tokyo, Japan) using a
25x/NA 1.05 water-dipping objective. The microscope system was equipped with a multiphoton light path installed on upright mi-
croscope (BX63, Olympus), and a tunable femtosecond pulse laser (MaiTai DeepSee, Spectra Physics, USA). The excitation wave-
length was tuned to 920 nm and the emission filters were selected as 495-540nm for green channel and 575-645nm for red chan-
nel. Antibodies injection and images analysis were performed as described above.

ELISA, Biochemical Assays and LDH Assay

Blood was drawn by heart puncture in heparinized syringes from anesthetized mice. Plasma was isolated rapidly after high-speed
centrifugation (3000 x g, 10 min) at 4°C. Mouse plasma concentrations of TAT, PAI-1, Fib and D-dimer were measured using
commercially ELISA kits. To measure tissue MPO activity, lungs were perfused with cold PBS, frozen and stored at —80°C for
no more than one week. Mouse serum concentrations of ALT, AST and Crea were detected using an autoanalyzer (Sysmex DRI-
CHEMB3500, Fuji, Japan). Cell culture supernatant samples were analyzed using IL-1p and IL-1a ELISA Kit and cell death was as-
sessed by LDH Cytotoxicity Assay Kit. Patients plasma samples were assayed with Human IL-1B (minimal detectable dose is
2pg/mL) and IL-1a ELISA (minimal detectable dose is 0.5 pg/mL) Kits according to the instructions.

Liver and Lung Histology

After cardiac perfusion with PBS containing heparin (6.251U/ml), the right upper lobe of the liver and right upper lobe of lung were
fixed in 4% paraformaldehyde and paraffin embedded, then 4 um thick sections were cut and stained with hematoxylin and eosin;
Some other sections were incubated with the primary antibody, rabbit anti-mouse fibrin antibody (1:500) overnight at 4°C.

Tissue factor activity, thrombin and fibrin assays

Cell pro-coagulant activity was assayed using Human Tissue Factor Chromogenic Activity Kit, SensoLyte and AFC Thrombin Activity
Assay Kit (Fluorimetric). Macrophages (HTF*) lysate or plasma of HCV mice and patients, were directly added to the assay mix con-
taining FVIl and FX and incubated at 37°C 30 min followed by addition of 20 uL FXa substrate. Read the absorbance at 405 nm every
5 min for 25 min and TF concentration was calculated from the Standard Curve. For thrombin generation assay, fresh platelet poor
plasma (PPP) was obtained from blood drawn by heart puncture with a sodium citrate anticoagulant syringe from an anesthetized
HCV mouse. The blood (1-2 ml) was collected and centrifugal (250 x g) at 37°C for 10 min. Transfer supernatant to new tube and
then centrifugal (3500 g) for 10 min for two times, the supernatant is PPP. To ensure a uniform background level of cell-stimulated
coagulation activation, plasma from several mice was mixed and frozen at —80°C, 10 uL HCV macrophages lysate were added to
40 pL diluted PPP (diluted with RPMI 1640 and 10mM CaCl,) with or without 1H1 or argatroban in the 96-well black microplate.
Finally, 50 pL thrombin substrate was added, fluorescence intensity was recorded immediately in a kinetic mode according to the
instructions of thrombin Activity Assay kit on a TECAN multifunctional fluorescent enzyme-labeled instrument. Fibrin formation
was assayed according to the previous method (Cao et al., 2017).

Measurement of PS exposure

PS exposure was detected by flow cytometry and immunofluorescence. Mice splenic cells and peripheral blood cells were stained
with lactadherin-FITC (16nM) 30 min in the dark and analyzed on the Arai-ll-Flow Cytometer (BD Biosciences). PS exposure on the
surface of macropahges or other cells plated on six- well slide was visualized by staining with Annexin V-FITC or Annexin V-APC. The
images of fluorescently stained cells were captured with the high content screening system ScanR (Olympus) and the methods of
image capture and analysis were referred to previous reports (Risom et al., 2018). Briefly, the z stack images were acquired by
Olympus spinSR system with 40 x objective lens (NA0.95), and then analyzed by Olympus ScanR Analysis Software. Single-cell nu-
clear and the cell membrane fluorescent intensities were calculated using the Olympus ScanR Analysis Software: the DAPI-positive
region of each cell was used to do the segmentation and quantitate the cell number, and a 20 pixelannulus around the nucleus was
used to quantitate cytoplasmic signal, omitting the nuclear signal.
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Immunoblot analysis and qRT-PCR

Cells and tissue lysates were prepared. Protein samples were separated by 10% or 12% SDS-PAGE and transferred onto PVDF
membranes (Millipore). Antibodies to TF, TMEM16F, RIP3, MLKL, phosphorylated RIP3, phosphorylated MLKL, CASPASE-3 and
GSDME were used at 1:1000 dilution. Blots were normalized to -actin expression (1:5000 dilution). gRT-PCR was performed ac-
cording to the gRT-PCR kit instruction. The mRNA level of target genes was normalized to that of GAPDH.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical calculations were performed with GraphPad Prism7.0 and all data were presented as mean + SEM. Data were analyzed
using 2-tailed Student’s t test (for parametric data) or Mann-Whitney U test (for non-parametric data) to determine the significance
between population means when two groups were compared. For comparison of more than two groups, 1-way ANOVA or 2-way
ANOVA were used with Bonferroni’s multiple comparison test. Comparisons between proportions were made using the %2 test. In
correlation analysis, Pearson’s correlation coefficient was calculated. A multivariate statistical analysis called principal component
analysis (PCA) was applied to assess the correlation between GSDMD activation and coagulation, or between global inflammation
and coagulation. Principal component analysis was applied after standardization as described previously (Jolliffe and Cadima, 2016).
In choosing the components, we fixed the number of components to 2. (principal component 1 and principal component 2). Survival
studies were analyzed using log-rank test. Values of p < 0.05 were considered as statistical significance.

DATA AND CODE AVAILABILITY

The study did not generate datasets/code.
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