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Summary
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TMEM173 occupies an essential role in regulating coagulation in bacterial infections through a
mechanism independent of type | interferon response. Mechanistically, TMEM173 binding to
ITPR1 controls calcium release from the endoplasmic reticulum in macrophages and monocytes.
The TMEM173-dependent increase in cytosolic calcium drives Gasdermin D (GSDMD) cleavage
and activation, which triggers the release of F3, the key initiator of blood coagulation. Genetic or
pharmacological inhibition of the TMEM173-GSDMD-F3 pathway blocks systemic coagulation
and improves animal survival in three models of sepsis (cecal ligation and puncture or bacteremia
with Escherichia coli or Streptococcus pneumoniae infection). The upregulation of the TMEM173
pathway correlates with the severity of disseminated intravascular coagulation and mortality in
patients with sepsis. Thus, TMEM173 is a key regulator of blood clotting during lethal bacterial
infections.

Introduction

Sepsis, which was recently recognized by the World Health Organization as a global health
priority (Reinhart et al., 2017), is a challenging clinical syndrome caused by infection
(Singer et al., 2016) and accounts for approximately 15% of in-hospital deaths (Rhee et al.,
2017). One of the pathologic hallmarks of sepsis is the excessive activation of the immune
and coagulation systems by pathogens, particularly bacteria (=80%) (Gando et al., 2016,
Hotchkiss et al., 2016). However, the mechanisms underlying the interplay between
coagulation and innate immune pathways, namely immunocoagulation, are poorly
understood (Esmon, 2005, Samuels et al., 2018). Myeloid cells, such as monocytes and
macrophages, are central innate immune cells not only responsible for eradicating invading
pathogens but also instrumental for initiating both inflammatory and coagulant responses
(Cavaillon and Adib-Conquy, 2005, Levi and van der Poll, 2010, Pawlinski and Mackman,
2010, Rothmeier et al., 2015, van Dam-Mieras et al., 1985, Wu et al., 2019a). Finally, the
excessive activation of host innate immune and coagulation responses can lead to multi-
organ failure and death (Gando et al., 2016, Hotchkiss et al., 2016). Thus, an understanding
of the mechanisms underlying the excessive immunocoagulation response that accompany
death due to sepsis could reveal therapeutic targets to treat sepsis.

Pathogen-associated molecular pattern molecules (PAMPs) from microbes and damage-
associated molecular pattern molecules (DAMPS) from hosts serve as so-called “signal 0s”
or “danger signals” to initiate the innate immune response (Bianchi, 2007, Gallucci and
Matzinger, 2001, Matzinger, 1994, Tang et al., 2012). Thus, we reasoned that specialized
innate immune sensors couldcontribute to excessive coagulation in sepsis. Transmembrane
protein 173 (TMEM173, also known as STING) is an endoplasmic reticulum (ER)-
associated immune adaptor protein that initiates or amplifies inflammation responses to
PAMPs (e.g., bacterial cyclic dinucleotide [CDN]) or DAMPs (e.g., host DNA) during
infection and tissue injury (Ishikawa and Barber, 2008, Sun et al., 2009, Zhong et al., 2008).
The excessive activation of TMEM173 is implicated in various inflammatory diseases or
conditions, including sepsis and septic shock (Ge et al., 2019, Heipertz et al., 2017, Hu et al.,
2019, Lietal., 2019, Zeng et al., 2017). However, it is unknown whether the TMEM173
pathway also triggers excessive coagulation during infections.
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In the present study, we demonstrate that myeloid TMEMZ173 occupies an essential role in
the dysregulated coagulation leading to lethal sepsis. Mechanically, these effects are
independent of a classical TMEM173-induced type | IFN response in monocytes and
macrophages. Instead, TMEMZ173 drives coagulation through ER stress-initiated activation
of gasdermin D (GSDMD), an effector of pyroptosis (Aglietti et al., 2016, Chen et al., 2016,
Ding et al., 2016, He et al., 2015, Kayagaki et al., 2015, Shi et al., 2015), and the subsequent
release of coagulation factor Il (F3, also known as tissue factor), an initiator of the
coagulation cascade (Grover and Mackman, 2018, Levi et al., 2006, Zelaya et al., 2018).
TMEM173-dependent systemic coagulation is implicated in septic death in mice and
humans. These findings establish a paradigm for TMEM173-triggered coagulation during
lethal infection.

TMEM173 Mediates Coagulation Activation in Lethal Infection

Disseminated intravascular coagulation (DIC) is a common complication of sepsis,
responsible for multiple-organ failure and poor outcomes (Gando et al., 2016, Hotchkiss et
al., 2016). Cecal ligation and puncture (CLP)-induced polymicrobial sepsis is the most-used
experimental model for mimicking the progression and characteristics of human sepsis,
including the occurrence of DIC (Lewis et al., 2016, Song et al., 2013). To determine the
effects of TMEM173 on lethal coagulation, we used a severe mouse model of sepsis, which
was induced by CLP with resuscitation fluid alone but not combined with antibiotic
treatment. Consistent with previous observations that TMEM173 is a significant driving
force for septic death (Heipertz et al., 2017, Zeng et al., 2017), the global deletion of
Tmem173 (Tmem173-/-) protected against CLP-induced septic death (Figure S1A). To
determine whether TMEM173 is required for systemic coagulation, we assayed blood
markers for DIC diagnosis—including prothrombin time (PT), activated partial
thromboplastin time (APTT), plasma fibrinogen (FIB), platelet count, and D-dimer—in
wild-type (WT) and Tmem173-/- mice. The platelet count (Figure S1B) and fibrinogen
concentration (Figure S1C) were reduced, whereas PT (Figure S1D), APTT (Figure S1E),
and D-dimer (Figure S1F) were elevated during CLP-induced sepsis in WT mice in
comparison with Tmem173-/- mice. Consequently, the level of fibrin deposition (another
clinical feature consistent with DIC) in various tissues—such as lung, liver, and spleen—
after coagulation activation were reduced in CLP-induced septic Tmem173-/- mice (Figure
S1G). Furthermore, the plasma level of F3 (the primary initiator of blood coagulation) was
blocked in CLP-induced septic Tmem173-/- mice (Figure S1H), supporting the hypothesis
that TMEM173 is a positive regulator of DIC.

Cyclic GMP-AMP (cGAMP) synthase (cGAS) is a cytosolic DNA sensor that activates
innate immune responses through amplifying the production of the second messenger
cGAMP, which can activate the adaptor TMEM173 in response to virus infection and DNA
damage (Ablasser and Chen, 2019, Sun et al., 2013). Unlike Tmem173-/-, the deletion of
CGAS (cGAS-/-) failed to protect against CLP-induced septic death (Figure S1A) and
systemic coagulation activation (Figures S1B—-S1H). These findings suggest that a cGAS-
independent TMEM173 pathway (Costa Franco et al., 2018, Holm et al., 2016, Movert et al.,
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2018, Suschak et al., 2016) could promote systemic coagulation activation in polymicrobial
sepsis.

The conditional ablation of TMEMZ173 in mice found by using Cre/loxP technology revealed
that TMEM173 expressed by myeloid cells (Tmem173Mye—/-), but not by T cells
(Tmem173T-/-), played a major role in mediating CLP-induced septic death and
coagulation activation (Figure 1). The deletion of Tmem173 in myeloid cells, but notin T
cells, prolonged animal survival (Figure 1A) associated with increased platelet count (Figure
1B) and fibrinogen concentration (Figure 1C); decreased blood PT (Figure 1D), APTT
(Figure 1E), and D-dimer (Figure 1F); reduced fibrin expression in liver, lung, and spleen
(Figure 1G); as well as decreased plasma F3 (Figure 1H). As expected, serum markers of
tissue damage, such as blood urea nitrogen (BUN) and glutamic pyruvic transaminase (GPT,
also known as ALT), were lower in CLP-induced septic Tmem173Mye—/— mice than in WT
controls (Figures 11 and 1J). The deletion of myeloid TMEM173 resulted in similar
protective effects when mice were infected intraperitoneally with Escherichia coli (E. coli)
or Streptococcus pneumoniae (S. pneumoniae), the leading causes of human septic death by
Gram-negative or Gram-positive bacterial infection, respectively (Figure S2). Together, these
findings demonstrate that myeloid TMEMZ173 is responsible for DIC and multi-organ failure
in sepsis.

TMEM173-Mediated Coagulation Activation Is Independent of Type | IFN Response

One of the major functions of TMEM173 is to induce type | IFN (IFNa and IFNP)
production in response to infection and tissue injury (Barber, 2015, Motwani et al., 2019).
The deletion of the common type | IFN receptor, IFNARL (Ifnarl-/-), has been shown to
increase animal survival from 20% to 50% after CLP-induced sepsis (Dejager et al., 2014).
Therefore, we examined the role of type | IFN response in coagulation activation in sepsis.
Interestingly, although the deletion of Ifnarl in mice mildly increased septic animal survival
from 20% to 40% (Figure 2A), it failed to affect CLP-induced changes in DIC markers:
platelets (Figure 2B), fibrinogen (Figure 2C), PT (Figure 2D), APTT (Figure 2E), D-dimer
(Figure 2F), fibrin (Figure 2G), and F3 (Figure 2H), indicating that IFNARL1 is not required
for systemic coagulation activation in sepsis. In line with these findings, IFNa and IFNp did
not induce F3 release in primary and immortalized monocytes or macrophages, including
THP1 (a human monocyte cell line), primary mouse bone-marrow-derived macrophages
(BMDMs), or primary human peripheral blood mononuclear cell-derived macrophages
(HPBMs) (Figure 2I). In contrast, E. coli and S. pneumoniae infection induced F3 release in
both monocytes and macrophages (Figures 21 and S3A).

TMEM173-induced type | IFN signaling requires the activation of TANK binding kinase 1
(TBK1) and interferon regulatory factor 3 (IRF3) (Liu et al., 2015, Shang et al., 2019,
Tanaka and Chen, 2012). Consistently, the E. coli and S. pneumoniae infection-induced
IFNP release was blocked after knockout or knockdown of Tmem173, Thk1, and Irf3 in
THP1 (Figure 2J), BMDM (Figure S3B), and HPBM (Figure S3B) cells. In contrast, only
the loss of Tmem173, but not of Thk1 and Irf3, blocked E. coli and S. pneumoniae infection-
induced F3 release in primary or immortalized monocytes and macrophages (Figures 21 and
S3A). Like Ifnarl-/-, IRF3 deletion (Irf3-/-) also mildly reduced animal death, but it failed
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to affect coagulation activation in CLP-induced septic mice (Figures 2A-2H). Together,
these findings indicate that TMEM173-mediated F3 release and systemic coagulation
activation are independent of the type | IFN response during polymicrobial sepsis, although
IFNa and IFN could contribute to sepsis through their complex immunomodulating effects
(Bolivar et al., 2018, Tilg and Peschel, 1996).

TMEM173-Mediated Coagulation Activation Relies on Calcium Release from the ER

Pathological ER stress can lead to cell pathology and subsequent tissue dysfunction in sepsis
(Khan et al., 2015). Many factors, such as nutrient depletion, hypoxia, and oxidative stress,
contribute to infection-induced ER stress in host cells, including various immune cells, in
response to infection (Zhang, 2010). Given that TMEM173 is an ER-associated membrane
protein (Ishikawa and Barber, 2008), we determined whether ER stress is involved in
TMEM173-mediated F3 release. Infection by E. coli or S. pneumoniae (but not IFNa or
IFNB stimulation) increased the mRNA expression of ER stress markers—such as DNA
damage-inducible transcript 3 (Ddit3, also known as Chop), heat-shock protein family A
member 5 (Hspab, also known as Bip), X-box binding protein 1 (Xbp1l), eukaryotic
translation initiation factor 2 alpha kinase 3 (Eif2ak3, also known as Perk), ER-to-nucleus
signaling 1 (Ern1, also known as Irel), activating transcription factor 4 (Atf4), ER
degradation-enhancing alpha-mannosidase-like protein 1 (Edem1), and derlin-1 (Derl1)—in
THP1 (Figure 3A) and BMDM cells (Figure S4A). The elevation of these ER stress markers
was blocked by the deletion of Tmem173 but not by the deletion of Thk1 and Irf3,
indicating that TMEM173-mediated ER stress is independent of TBK1 and IRF3 (Figures
3A and S4A). The deletion of Tmem173, Thk1, or Irf3 did not affect E. coli- or S.
pneumoniae-induced F3 mRNA upregulation (Figure 3A), indicating that TMEM173-
mediated F3 release is independent of the transcription modulation of F3 expression.
Additionally, circulating monocytes from CLP-induced Tmem173-/- mice displayed
decreased mRNA expression of ER stress markers (Ddit3 and Hspa5) (Figure 3B) and F3
release in the supernatants (Figure 3C), but not mMRNA expression of F3 (Figure 3B). E. coli
or S. pneumoniae infection-induced F3 release was rescued by ER stress inhibitors, such as
tauroursodeoxycholic acid (TUDCA) or 4-phenyl butyric acid (4PBA) (Soustek et al., 2018)
(Figures 3D and S4B). These findings suggest that TMEM173-mediated ER stress is
involved in F3 release.

Increased cytosolic calcium influx from the ER is an endogenous signal that drives cell
death and immune responses (Bettigole and Glimcher, 2015, Todd et al., 2008). E. coli- or S.
pneumoniae-induced cytosolic calcium upregulation was observed in WT, Thk1-/-, and
Irf3—/- cells, but not in Tmem173—/- THP1 (Figure 3E) or BMDM cells (Figure S4C),
indicating that TMEM173 activation regulates cytosolic calcium influx during ER stress.
The administration of a calcium chelator (BAPTA-AM) or inhibition of inositol 1,4,5-
trisphosphate receptor type 1 (ITPR1, also known as IP3R, the primary calcium release
channel of the ER (Prole and Taylor, 2019) by siRNA or by a pharmacological inhibitor (2-
APB) blocked E. coli- or S. pneumoniae-induced F3 release in THP1 (Figure 3F) and
BMDM cells (Figure S4D). Moreover, E. coli or S. pneumoniae infection increased the
interaction between ITPR1 and TMEM173 in THP1 (Figure 3G) and BMDM cells (Figure
S4E), indicating the ITPR1-TMEMZ173 protein complex contributes to calcium homeostasis
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and F3 release during infection. In addition to infection, the chemical activation of ER stress
and calcium release by thapsigargin and tunicamycin (Figures 3H and S4F) induced F3
release (Figures 31 and S4G), an effect that was blocked in Tmem173—/- but not in Thk1-/-
or Irf3—/- cells. In vivo, the inhibition of ER stress or calcium release by TUDCA or 2-APB
protected against CLP-induced septic death (Figure 3J) and coagulation activation (Figures
3K-3Q) in wild-type mice, but there was no further protective effect for TUDCA and 2-
APG on the Tmem173-/- mice. Collectively, these findings suggest that TMEM173
interacts with ITPR1 to promote the ER calcium release, leading to subsequent F3 release
and coagulation activation in sepsis.

ATP2A2-Dependent ER Calcium Uptake Limits TMEM173-Mediated F3 Release

One step of TMEM173-mediated TBK1 activation and type | IFN production consists in its
accumulation in the ER-Golgi intermediate compartment (ERGIC) (Dobbs et al., 2015, Gui
et al., 2019, Mukai et al., 2016). This process is controlled through a number of ER-
associated proteins, including positive (e.g., ZDHHCL1) (Zhou et al., 2014) and negative
regulators (e.g., STIM1) (Srikanth et al., 2019). As expected, the knockdown of Zdhhcl
decreased, whereas the knockdown of Stim1 by siRNA increased IFN release in THP1
(Figures 4A and 4B) and BMDM (Figures S5A and S5B) cells during E. coli or S.
pneumoniae infection, supporting the notion that the translocation of TMEM173 into
ERGIC is critical for TMEM173-mediated type | IFN production (Dobbs et al., 2015).
However, the knockdown of Zdhhcl or Stim1 failed to affect E. coli- or S. pneumoniae-
induced F3 release in THP1 (Figure 4C) and BMDM (Figure S5C) cells, indicating that
TMEM173-mediated F3 release is independent of TMEM173 trafficking to the ERGIC.

Unlike ZDHCC1, STIM1 is a calcium-sensitive protein that has the ability to mediate
calcium entry in many circumstances (Zhang et al., 2005). Interestingly, the knockdown of
Stim1 and Zdhccl had no influence on the regulation of E. coli- or S. pneumoniae-induced
calcium release from the ER to cytosol in THP1 (Figure 4D) and BMDM (Figure S5D)
cells, indicating that STIM1- and ZDHCCZ1-independent pathways might contribute to ER
calcium mobilization during bacterial infection.

The ATPase sarcoplasmic/ER Ca2+ transporting (ATP2A, also known as SERCA) proteins,
including ATP2A1-3, are additional pumps that transport calcium ions from the cytoplasm
into the ER (Periasamy and Kalyanasundaram, 2007). We therefore determined the function
of the ATP2A family in the regulation of F3 release. Indeed, the knockdown of Atp2a2 (but
not that of Atp2al or Atp2a3) enhanced the level of cytosolic calcium and F3 release (but
not IFNP release) in THP1 (Figures 4A-4D) and BMDM (Figures S5A-S5D) cells after
infection by E. coli or S. pneumoniae.

Several variants of TMEM173 have been described in the human population. In particular,
the V155M and N154S variant results in a gain-of-function mutation with the constitutive
activation of TMEM173 in patients with STING-associated vasculopathy with onset in
infancy (SAVI), a disorder involving abnormal inflammation with vasculitic rash and
vasoocclusive processes (Liu et al., 2014). In comparison with WT cells, THP1 cells with
TMEM173-V155M and TMEM173-N154S mutations exhibited increased IFNP and F3
production during E. coli or S. pneumoniae infection (Figures 4E and 4F), suggesting these
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mutations provide a gain-of-function phenotype for both type | IFN and F3 release.
Moreover, the overexpression of Atp2a2 limited E. coli- or S. pneumoniae-induced release
of F3, but not IFNB, in cells with TMEM173-V155M and TMEM173-N154S mutations
(Figures 4E and 4F). As expected, the knockdown of Tmem173 inhibited E. coli- or S.
pneumoniae-induced release of both F3 and IFNB in cells with TMEM173-V155M and
TMEM173-N154S mutations (Figures 4E and 4F). Together, these findings suggest that
ATP2A2-mediated, but not STIM1-mediated, ER calcium uptake limits F3 release during
TMEM173 activation.

TMEM173-Mediated GSDMD Cleavage Determines F3 Release and Lethal coagulation

Pyroptosis is a highly inflammatory form of regulated cell death that occurs depending on
the cleavage of GSDMD by both inflammasome-dependent and inflammasome-independent
mechanisms (Deng et al., 2018a, He et al., 2015, Kambara et al., 2018, Kayagaki et al.,
2015, Orning et al., 2018, Sarhan et al., 2018, Shi et al., 2015, Taabazuing et al., 2017). The
production of N-terminal fragments of GSDMD (GSDMD-N) plays a direct role in driving
F3 release in macrophages and monocytes (Wu et al., 2019a, Yang et al., 2019). However,
the functional relationship between TMEM173 and GSDMD remains unknown, although
TMEM173 can promote pytoptosis and other forms of regulated cell death (Brault et al.,
2018, Gaidt et al., 2017, Gulen et al., 2017, Larkin et al., 2017, Zierhut et al., 2019). The
generation of GSDMD-N after E. coli or S. pneumoniae infection was absent in Tmem173—/
-, but not in Tbk1-/-and Irf3—/- THP1 cells (Figure 5A). The knockdown of Itprl blocked
GSDMD-N formation, whereas the knockdown of Atp2a2 increased GSDMD-N production
in response to E. coli or S. pneumoniae infection (Figure 5B). Moreover, the overexpression
of Atp2a2 limited E. coli- and S. pneumoniae-induced GSDMD-N formation in TMEM173-
V155M and TMEM173-N154S cells (Figure 5C), indicating that an intracellular calcium
signal was involved in GSDMD cleavage downstream of TMEM173 activation.

Although inflammatory caspases, including CASP1 and CASP11 (CASP4 and CASP5 in
humans), are most often responsible for GSDMD cleavage (He et al., 2015, Kayagaki et al.,
2015, Shi et al., 2015), there has been persistent evidence that some noninflammatory
caspases, such as CASP8, can also influence GSDMD-N production in macrophages
(Orning et al., 2018, Sarhan et al., 2018). The double depletion of Caspl and Caspl1
(Caspl-/-Caspll-/-), but not Z-IETD-FMK (a CASP8 inhibitor), prevented E. coli
infection-induced GSDMD-N formation (Figure 5D) and F3 release (Figure 5E) in BMDMs.
In contrast, S. pneumoniae-induced GSDMD-N formation (Figure 5D) and F3 release
(Figure 5E) were inhibited by the CASP8 inhibitor, but were not prevented in Caspl-/
—Caspl1-/- cells exposed to S. pneumoniae. These findings suggest that the different
caspase required for GSDMD-N production depends on the type of bacterial infection.

To establish the direct relationship between GSDMD-N and F3 release, we used plasmids
expressing GSDMD mutants to continue this line of investigation. Transfection with Gsdmd-
N (1-276), but not Gsdmd-C (277-487) or GSDMD cleavage mutant (D275A), restored F3
release in activated Tmem173—/- and Gsdmd—/- BMDMs (Figures 5F and 5G). Notably, the
overexpression of GSDMD-N was not sufficient to cause F3 release because the basic
expression of F3 is relatively low under basic conditions (Osterud, 1998, Yang et al., 2019).
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Our previous study indicates that phospholipase C gamma 1 (PLCGL1) activation in the
plasma membrane is required for GSDMD-N-mediated pyroptosis via Ca2+ elevation
(Kang et al., 2018). The pharmacological inhibition of Plcgl by U73122 inhibited Gsdmd-
N-induced F3 release (Figure 5G). These findings further suggest that GSDMD-N is an
intracellular regulator of IF release.

Given that DNA damage is an important trigger of TMEM173 activation (Li and Chen,
2018), we assayed the level of y-H2AX, a marker of DNA damage, during E. coli and S.
pneumoniae infection in THP1 cells. Consistent with previous findings that DNA damage is
increased in host cells during bacterial infection (Zgur-Bertok, 2013), the level of y-H2AX
was upregulated by E. coli and S. pneumoniae (Figure 5H). As expected, the
phosphorylation of TMEM173 on Ser366, an event of TMEMZ173 activation (Tanaka and
Chen, 2012), was also upregulated by E. coli and S. pneumoniae (Figure 5H). These findings
indicate that bacterial infection-induced DNA damage could cause TMEM173 activation.

We next examined the impact of TMEMZ173 on caspase activation during bacterial infection.
Like the administration of the calcium chelator BAPTA-AM, the knockout of Tmem173 in
THP1 cells inhibited the production of cleaved CASP1/CASP11 or cleaved CASP8 in
response to E. coli or S. pneumoniae, respectively (Figure 51). These finding indicate that
TMEM173-mediated calcium signals are required for individual CASP activation in a
bacterial type-dependent manner.

Although the global deletion of Gsdmd protects against LPS-induced coagulation activation
in mice (Wu et al., 2019a, Yang et al., 2019), the function of GSDMD-N in driving
coagulation activation in bacterial sepsis still remains unknown. Accordingly, we used
GsdmdI105N/I105N mice (which bear a GSDMD with a cleavage-site mutation that renders
the protein resistant to proteolytic activation by caspase) (Kayagaki et al., 2015) and the
PLC inhibitor U73122 to examine the role of GSDMD-N in coagulation. GsdmdI105N/
105N mice and WT mice treated with the PLC inhibitor U73122 exhibited protection
against death (Figure 6A), systemic coagulation activation (Figures 6B—6H), and tissue
injury (Figures 61 and 6J) similar to that seen with anti-mouse F3 antibody after CLP.
Similar protective effects on animal survival of GsdmdI105N/I105N mice and treatment
with anti-mouse F3 antibody or U73122 in WT mice were obtained after infection with E.
coli (Figure S6A) or S. pneumoniae (Figure S6B) or in a low-grade sepsis model, in which
mice received antibiotics plus fluid resuscitation after CLP (Figure S6C). Collectively, these
findings suggest that the formation of GSDMD-N promotes the activation of systemic
coagulation responsible for lethal sepsis.

The TMEM173-GSDMD Pathway Correlates with the Severity of DIC in Patients with Sepsis

We next investigated the clinical relevance of dysregulated TMEM173-GSDMD pathway in
sepsis. Our study focused on a cohort of 40 patients with bacterial sepsis, who were
diagnosed according to the Third International Consensus Definitions for Sepsis and Septic
Shock (Sepsis-3) (Singer et al., 2016). Patient demographic and clinical characteristics are
shown in Table S1. The International Society of Thrombosis and Hemostasis scoring
algorithm was further used to stratify patients with sepsis into two groups, those with (n =
24, 60%) and without (n = 16, 40%) DIC, on the basis of laboratory analyses of platelet
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counts, prothrombin time-international normalized ratio (PT-INR), D-dimer, and fibrinogen
(Patel et al., 2019). Sepsis patients with DIC had a higher 28-day mortality rate (33.33%)
and plasma levels of proinflammatory mediators (tumor necrosis factor [TNF], interleukin 6
[IL6], interleukin 1 alpha [IL1A], interleukin 1 beta [IL1B], and high-mobility group box 1
[HMGB1]) than did the non-DIC group (Table S1). There was also a strong correlation
between the sequential organ-failure assessment (SOFA) and DIC scores in patients with
sepsis (Figure 7A). PBMC TMEM173 and GSDMD mRNA levels also significantly
correlated with SOFA (Figure 7B) and DIC (Figure 7C) scores. The expression of PBMC
TMEM173 and GSDMD mRNA levels in the DIC and non-survivor groups was higher than
in the non-DIC (Figure 7D) and survivor groups (Figure 7E). There was a significant
positive correlation between TMEM173 and GSDMD mRNA expression and plasma
proinflammatory mediator levels (TNF, IL6, IL1A, IL1B, and HMGBL1) (Figure S7).
Moreover, the protein levels of p-TMEM173, TMEM173, GSDMD-N, and GSDMD in the
DIC group were higher than in the non-DIC groups (Figure 7F). These findings further
support a potential pathogenic role for the TMEM173-GSDMD pathway in promoting lethal
DIC during sepsis.

Discussion

Innate immunity is the first line of defense against infection, but its excessive activation can
result in tissue injury and host lethality (Akira et al., 2006). TMEM173 has previously been
shown to regulate inflammation and infection in health and disease (Barber, 2015, Motwani
et al., 2019). However, the evidence for TMEM173 in the regulation of coagulation
activation during lethal infection had not been established. In this study, we revealed a
distinct pathway by which myeloid TMEM173 drives F3 release and blood coagulation via
calcium-dependent GSDMD activation in bacterial sepsis. Moreover, the expression of
TMEM173 and GSDMD in PBMC correlated with the severity of DIC and inflammation in
patients with sepsis. Identifying coagulation abnormalities as a critical effector of
TMEM173-mediated septic death could open an area of research in immunocoagulation.

TMEM173 was originally identified as a cytosolic nucleic-acid sensor that controls viral
infection via the induction of a type I IFN response (Ishikawa and Barber, 2008, Sun et al.,
2009, Zhong et al., 2008). This process requires cGAS, a DNA-binding protein, to
synthesize the second messenger cGAMP that then actives TMEM173 (Sun et al., 2013).
Unlike virus DNA, TMEM173 can directly recognize CDNs from invading bacteria
(Marinho et al., 2017). Finally, TMEM173 can activate TBK1 and IRF3, resulting in the
enhanced expression of type | IFNs and proinflammatory cytokines (e.g., TNF and IL6) (Liu
et al., 2015, Shang et al., 2019, Tanaka and Chen, 2012). We discovered an alternative
TMEM173 pathway that leads to F3 release in macrophages and monocytes and contributes
to coagulation activation in sepsis. This pathway does not rely on the classical components
of the TMEM173 pathway, including cGAS, TBK1, IRF3, and type I IFNs. Thus,
downstream of TMEM173, both classical and alternative pathways, are involved in the
pathologeny of sepsis and septic shock.

Our study highlights the impact of calcium fluxes on the regulation of TMEM173-mediated
coagulation activation. Calcium is an intracellular second messenger, and the ER is the
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largest calcium storage organelle in eukaryotic cells (Schwarz and Blower, 2016).
Production of the classical TMEM173-mediated type | IFNs requires TMEM173 trafficking
to the ERGIC, which can be regulated by certain proteins, such as ZDHHC1 and STIM1, in
a calcium-independent manner (Dobbs et al., 2015, Gui et al., 2019, Mukai et al., 2016,
Srikanth et al., 2019, Zhou et al., 2014). However, these TMEM173 trafficking pathways
could be dispensable for TMEM173-mediated F3 release. We demonstrated that the
activation of ER-associated TMEM173 promotes ER calcium release that is responsible for
F3 release in macrophages and monocytes. Mechanisticcally, TMEM173 promotes ER
calcium release via direct binding to ITPR1, a predominant calcium channel on the ER
membrane. In contrast, ATP2A2-mediated ER calcium uptake can reverse TMEM173-
mediated F3 release (Figure 7G). These findings provide a molecular mechanism for the
prolonged ER stress susceptibility associated with intravascular coagulation and septic death
in mice.

The molecular mechanism of immunocoagulation has recently been uncovered in a study of
inflammasome activation (Wu et al., 2019a, Yang et al., 2019), an event occurring in innate
immune responses to many pathogenic infections and tissue damage (Broz and Dixit, 2016,
Guo et al., 2015). In particular, CASP1- and/or CASP11-activated GSDMD drives
pyroptosis with F3 release, leading to blood coagulation and organismal death in
endotoxemia (Wu et al., 20193, Yang et al., 2019). This process is independent of
inflammasome-mediated production of IL1B and I1L18 but requires phosphatidylserine
exposure (Wu et al., 2019a, Yang et al., 2019), a feature of caspase-mediated apoptosis
(Fadok et al., 1998). Additionally, the coagulation protease thrombin can cleave pro-IL1A to
activate a subsequent inflammatory cascade, linking the key effector of coagulation to
inflammation (Burzynski et al., 2019). Indeed, the levels of proinflammatory mediators,
including IL1B, IL1A, TNF, HMGBL1, and IL6, are elevated in septic patients with DIC,
supporting the notion that DIC is associated with the inflammatory and infectious processes.

Regulated cell death exhibits various molecular and genetic characteristics (Tang et al.,
2019) involved in the regulation of innate immunity and infection (Jorgensen et al., 2017). In
addition to its effect on inflammation and immunity, TMEMZ173 is a multifunctional
regulator of various types of regulated cell death, including apoptosis (Gulen et al., 2017,
Larkin et al., 2017, Wu et al., 2019b), necroptosis (Brault et al., 2018, Sarhan et al., 2019),
pyroptosis (Gaidt et al., 2017), NETosis (Lood et al., 2016), and autophagy (Gui et al., 2019,
Liu et al., 2019), although distinct signaling pathways could be divergently involved in these
effects, depending on varying context. Thus, it is crucial to understand the precise rules that
govern the molecular interplay between TMEM173-mediated immune and death signals in
diseases.

Our present study demonstrates that TMEM173-mediated ER calcium release promotes
cleavage of GSDMD (to generate GSDMD-N) by CASP1/CASP11 or CASP8 in response to
E. coli or S. pneumoniae, respectively. These findings are consistent with previous studies
showing that E. coli and S. pneumoniae can activate CASP1/CASP11 and CASPS,
respectively (Goddard et al., 2019, Kayagaki et al., 2011, Schmeck et al., 2004). The
activation of GSDMD-N triggers pyroptosis and requires lipid peroxidation-mediated
PLCGL1 activation and subsequent calcium influx (Kang et al., 2018). As a negative feedback
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mechanism resulting from calcium influx, the activation of endosomal sorting complexes
required for transport (ESCRT)-dependent membrane repair could limit oxidative injury of
the plasma membrane and promote cell survival (Ruhl et al., 2018). In addition, GSDMD-
mediated potassium efflux can limit TMEM173-mediated type | IFN production in response
to bacterial dsDNA (Banerjee et al., 2018), further supporting the notion that electrolyte
abnormalities can cause inflammation and immune dysfunction in critically ill patients
(Besen et al., 2015). We found that CLP-, E. coli-, or S. pneumoniae-induced coagulation
activation and host death were blocked in GSDMD cleavage-site mutant mice or by the
administration of PLCGL1 inhibitor or anti-F3 antibody, supporting that GSDMD-N-
mediated F3 release is involved in lethal DIC.

In summary, our study identifies a previously unknown myeloid TMEMZ173-driven
coagulation activation pathway associated with calcium-mediated GSDMD activation but
not with the type I IFN response. We demonstrate that genetic or pharmacological inhibition
of the TMEM173-GSDMD pathway can correct DIC and improve animal survival in three
relevant models of bacterial sepsis (Gram-negative, Gram-positive, and mixed). Given the
complex and heterogeneous nature of human sepsis, the broad significance of our findings
needs to be further explored in further preclinical models of infection-driven sepsis, as well
as in clinical trials.

Lead Contact and Materials Availability

This study did not generate new or unique reagents. Further information and requests for
reagents may be obtained from the Lead Contact, Daolin Tang (Email:
daolin.tang@utsouthwestern.edu).

Reagents are as described in Key Resources Table.

Experimental Model and Subject Details

Cell Culture

A THP1 (TIB-202) cell line was obtained from the American Type Culture Collection
(ATCC). The Tmem173-/- (thpd-kostg), Thk1-/- (thpd-kotbk), Irf3—/- (thpd-koirf3),
TMEM173-V155M (thpd-m155), and TMEM173-N154S (thpd-s154) cell lines were
obtained from InvivoGen. Primary BMDMs from indicated mice were obtained using 30%
L929-cell conditioned medium as a source of CSF2/granulocyte/macrophage colony
stimulating factor (Weischenfeldt and Porse, 2008). Primary HPBMs were obtained from
STEMCELL Technologies (70042). Tbk1-/- BMDMs were generated by CRISPR/Cas9
technology (KM Bioscience). Monocytes were isolated from whole blood using an EasySep
Mouse Monocyte Isolation Kit from STEMCELL Technologies (19861). All cells used were
authenticated using STR profiling, and mycoplasma testing was negative.

These cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; 11995073,
Thermo Fisher Scientific) or RPMI 1640 (11875119, Thermo Fisher Scientific)
supplemented with 10% heat-inactivated fetal bovine serum (TMS-013-B, Millipore) and
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1% penicillin and streptomycin (15070-063, Thermo Fisher Scientific) at 37°C, 95%
humidity, and 5% CQO2.

Bacterial Strains and Culturing Conditions

E. coli (Serovar O1:K1:H7, 11775) or S. pneumoniae (CIP 104225, 6303) were obtained
from ATCC. E. coli was grown in nutrient agar (213000, Becton Dickinson) at 37°C under
aerobic conditions. S. pneumoniae was grown in brain heart infusion agar (211065, Becton
Dickinson) at 37°C under 5% CO2 conditions. Indicated cells were infected by 25 MOI E.
coli or S. pneumoniae. There were no antibiotics in the cell culture medium used for
bacterial infection.

Animal Model of Sepsis

WT (000664), Tmem173-/- (025805), cGAS—/- (026554), Ifnar1-/- (028288),
Tmem173flox/flox (031670), Lyz2Cre (004781), and LckCre (003802) mice were obtained
from the Jackson Laboratory. 1rf3—/— mice were obtained from RIKEN BioResource
Research Center (RBRC00858). Myeloid cell- (Tmem173Mye-/-) or T cell (Tmem173T-/
-) specific-Tmem173-deficient mice were generated by crossing the Tmem2173flox/flox
mice with Lyz2Cre or LckCre mice, respectively. GsdmdI105N/I105N mice were a gift from
Dr. Vishva M. Dixit (Genentech). All mice used in this study were on a C57BL/6J
background. Mice were housed with their littermates in groups of 4 or 5 animals per cage
and kept on a regular 12 h light and dark cycle (7:00-19:00 light period). Food and water
were available ad libitum. Experiments were carried out under pathogen-free conditions with
randomly chosen littermates of the same sex, matched by age and body weight. The health
status of mouse lines was routinely checked by veterinary staff. We conducted all animal
care and experimentation in accordance with the Association for Assessment and
Accreditation of Laboratory Animal Care guidelines (http://www.aaalac.org) and with
approval from institutional animal care and use committees.

Poly-microbial sepsis model (Chen et al., 2019a, Chen et al., 2019b, Deng et al., 2018b,
Kang et al., 2018): Sepsis was induced in male or female C57BL/6J mice (8 to 10 weeks
old, 22 to 26 g weight, female or male [1:1]) using a surgical procedure termed CLP
(Rittirsch et al., 2009). Briefly, anesthesia was induced with ketamine (80-100 mg/kg/i.p.)
and xylazine (10-12.5 mg/kg/i.p.). A small midline abdominal incision was made and the
cecum was exteriorized and ligated with 4-0 silk immediately distal to the ileocecal valve
without causing intestinal obstruction. The cecum was then punctured once with a 22-gauge
needle. The abdomen was closed in two layers and mice were injected subcutaneously with
1 mL Ringer’s solution, including analgesia (0.05 mg/kg buprenorphine). Control IgG, anti-
F3 mAbs (10 mg/kg), TUDCA (200 mg/kg), 2-APB (20 mg/kg), U73122 (30 mg/kg) or
vehicle were repeatedly administered intraperitoneally to mice at 2, 24, 48, and 72 h after
CLP. For a low-grade CLP model, mice were given Primaxin (25 mg/kg; Merck), a broad-
spectrum carbapenem antibiotic combination, beginning 2 h after CLP and continuing every
12 h for the first 3 days (Iskander et al., 2016).

Single-bacterial sepsis model: Male or female C57BL/6J mice (8 to 10 weeks old, 22 t0 26 g
weight, female or male [1:1]) were intraperitoneally given a single dose of E. coli (Serovar
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01:K1:H7, 1 x 109 CFU; ATCC) or S. pneumoniae (CIP 104225, 1 x 109 CFU; ATCC).
Control IgG, anti-F3 mAbs (10 mg/kg), TUDCA (200 mg/kg), 2-APB (20 mg/kg), U73122
(30 mg/kg) or vehicle were repeatedly administered intraperitoneally to mice at 2, 24, 48,
and 72 h after bacterial infection.

Survival was observed for up to 7 days. Blood was collected from anesthetized mice by
cardiac puncture using heparinized syringes. Plasma was further obtained from
anticoagulated whole blood after removing the blood cells by a centrifugation (2000 g x 15
min) at 4°C. Tissues were cut into pieces and frozen in liquid nitrogen before storing at
—80°C until protein extraction, and were homogenized at 4°C in ice-cold RIPA buffer (9806,
Cell Signaling Technology) with phosphatase inhibitor cocktail (P0044, Sigma-Aldrich).

Patient Samples

PBMCs and plasma samples from patients with bacterial sepsis were collected from Daping
Hospital of the Third Military Medical University at the time of admission to ICU before
initiation of treatment. The collection of samples was approved by the institutional review
board. Sepsis was established according to the Third International Consensus Definitions for
Sepsis and Septic Shock (Sepsis-3) (Singer et al., 2016), which[REMOVED HYPERLINK
FIELD] defines sepsis as life-threatening organ dysfunction caused by a dysregulated host
response to infection. Organ dysfunction can be identified as an acute change in total SOFA
score of = 2 points due to the infection (Singer et al., 2016). Patients were excluded from the
study if they had received a blood transfusion within the past 4 months, a platelet transfusion
within the past month, or anticoagulant therapy with the past month. Patients were also
excluded if they had a preexisting platelet disorder, such as idiopathic thrombocytopenic
purpura, chronic myelogenous leukemia, multiple myeloma, primary myelofibrosis,
polycythemia vera, primary thrombocythemia, and thrombotic thrombocytopenic purpura.

Basic demographic and clinical data, including age, sex, infection site, types of infection,
SOFA score, DIC score, coagulation markers, length of hospital and ICU stay, and 28-day
mortalities were retrieved from the registry (Table S1). The SOFA grades the function of six
organ systems on a scale of 0 to 4 depending on the degree of dysfunction using objective
measurements (Singer et al., 2016). The maximum SOFA scores were the highest (worst)
scores within 24 h of emergency department arrival. The DIC scores were evaluated using
the scoring system from the International Society on Thrombosis and Haemostasis (Taylor et
al., 2001).

Methods Details

Biochemical and Coagulation Assay

Commercially available ELISA kits were used to measure the concentrations or activity of
IFNB (DIFNBO or 42400-1, R&D Systems), F3 (DCF300, R&D Systems; ab214091,
Abcam), fibrin (MBS265263 or MBS706338, MyBioSource), D-dimer (ab196269, Abcam;
MBS723281, MyBioSource), TNF (DTA00D, R&D Systems), IL1A (DLA50, R&D
Systems), IL1B (DLB50, R&D Systems), IL6 (D6050, R&D Systems), and HMGB1
(ST51011, IBL International) in the indicated samples. Measurement of GPT/ALT and BUN
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in the plasma was performed using an IDEXX Catalyst Dx Chemistry Analyzer. PT, APTT,
and fibrinogen were measured in an automated coagulometer (Sysmex CA-7000). Platelet
count was measured using an IDEXX ProCyte Dx Hematology Analyzer.

TARGETplus SMART pool small interfering RNAs (siRNAs) against the indicated genes as
described in Key Resources Table were purchased from Dharmacon. This pool was a
mixture of four siRNAs provided as a single reagent. The Neon Electroporation System
from Invitrogen was used to deliver siRNAs into cells, according to the manufacturer’s
instructions. Transfected cells were recovered in complete medium. The medium was
replaced at 3 h post electroporation. The cells were cultured for 48 h before further
examination.

Total RNA was extracted using an RNeasy Plus Kit (74134, QIAGEN) according to the
manufacturer’s instructions. First-strand cDNA was synthesized from 1 pug of RNA using the
iScript cDNA Synthesis kit (1708890, Bio-Rad). Briefly, 20 L reactions were prepared by
combining 4 ul of iScript Select reaction mix, 2 ul of gene-specific enhancer solution, 1 pl of
reverse transcriptase, 1 pl of gene-specific assay pool (20 x, 2 uM), and 12 pl of RNA
diluted in Rnase-free water. Quantitative real-time PCR was carried out using synthesized
cDNA, primers as described in Key Resources Table, and SsoFast EvaGreen Supermix
(172-5204, Bio-Rad). The data were normalized to Rnal8s and the fold change was
calculated via the 2-AACt method (Deng et al., 2018b). The relative concentrations of
mMRNA were expressed in arbitrary units based on the untreated group, which was assigned a
value of 1.

Western Blot Analysis

Cells were lysed in Cell Lysis Buffer (9803, Cell Signaling Technology) with protease
inhibitor cocktail (G6521, Promega) and phosphatase inhibitor cocktail (P0044, Sigma-
Aldrich). Cleared lysates were resolved by SDS-PAGE (3450124, Bio-Rad) and then
transferred onto PVDF membranes (1704273, Bio-Rad). The membranes were blocked with
Tris-buffered saline Tween 20 (TBST; 9997, Cell Signaling Technology) containing 5%
nonfat dry milk (9999, Cell Signaling Technology) for 1 h at room temperature and then
incubated with the indicated primary antibodies (1:1000) overnight at 4°C. After being
washed with TBST, the membranes were incubated with an HRP-linked anti-mouse 19gG
secondary antibody (1:1000; 7076, Cell Signaling Technology) or HRP-linked anti-rabbit
IgG secondary antibody (1:1000; 7074, Cell Signaling Technology) for 1 h at room
temperature. The membranes were washed three times in TBST and then visualized and
analyzed with a ChemiDoc Touch Imaging System (1708370, Bio-Rad).

Immunoprecipitation Analysis

Cells were lysed at 4°C in ice-cold RIPA buffer (9806, Cell Signaling Technology) with
protease inhibitor cocktail (G6521, Promega), and cell lysates were cleared by a brief
centrifugation (12000 g, 10 min). Concentrations of proteins in the supernatant were
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determined by a BCA Protein Assay Kit (7780, Cell Signaling Technology). Prior to
immunoprecipitation, samples containing equal amounts of proteins were pre-cleared with
protein A agarose beads (9863, Cell Signaling Technology) at 4°C for 3 h, and subsequently
incubated with various irrelevant IgG or specific antibodies (5 pg/mL) in the presence of
protein A agarose beads for 2 h or overnight at 4°C with gentle shaking. Following
incubation, protein A agarose beads were washed extensively with phosphate-buffered saline
and proteins were eluted by boiling in 2 x sodium dodecyl sulfate sample buffer (LC2676,
Thermo Fisher Scientific) before sodium dodecyl sulfate polyacrylamide gel electrophoresis.

Measurement of Intracellular Calcium

The cytosolic calcium signal was assayed using a Fura-2 Calcium Flux Assay Kit
(ab176766, Abcam) according to the manufacturer’s instructions. Cytosolic calcium
increases were presented as the ratio of emitted fluorescence (510 nm) after excitation at 340
and 380 nm, relative to the ratio measured prior to cell stimulation. The relative
concentrations of cytosolic calcium were normalized to cell numbers and expressed in
arbitrary units based on the control group, which was assigned a value of 1.

Quantification and Statistical analysis

Data are presented as mean + SD of three independent experiments except where otherwise
indicated. All data met the assumptions of the tests (e.g., normal distribution). Unpaired
Student’s t tests were used to compare the means of two groups. One-way analysis of
variance (ANOVA) was used for comparison between the different groups. When the
ANOVA was significant, post hoc testing of differences between groups was performed
using the least significant difference test. The correlation analysis was performed with the
Pearson rank correlation test. The Kaplan-Meier method was used to compare differences in
mortality rates between groups. A two-tailed p value of < 0.05 was considered statistically
significant. The exact value of n within the figures is indicated in the figure legends. We did
not exclude samples or animals. No statistical methods were used to predetermine sample
sizes, but our sample sizes are similar to those generally employed in the field.

Data and Code Availability

This study did not generate any unique datasets or code.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Myeloid TMEM 173 IsRequired for CLP-Induced Systemic Coagulation and Septic

Death.

(A) Survival of the indicated mice in CLP-induced sepsis (n = 10 mice per group; *p < 0.05,

Kaplan-Meier

survival analysis).

(B-J) In parallel, the levels of blood markers of DIC ([B], platelet; [C], fibrinogen; [D], PT;
[E], APTT; [F], D-dimer), tissue fibrin (G), plasma F3 (H), and markers of tissue injury ([l],
BUN; [J], GPT) were assayed (n = 5 mice per group; *p < 0.05, t test). See also Figures S1

and S2.
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Figure2. TMEM 173-M ediated Coagulation Activation I'sIndependent of Typel |FN Response.
(A) Survival of the indicated mice in CLP-induced sepsis (n = 10 mice per group).

(B—H) The levels of blood markers of DIC ([B]-[F], as in Figures 1B-1F), tissue fibrin (G),
and plasma F3 (H) were assayed at 48 h in indicated CLP-induced septic mice (n =5 mice
per group; *p < 0.05, t test).

(I and J) Analysis of F3 (1) and IFNp (J) release in THP1, BMDM (Figure S3), and HPBM
(Figure S3) cells after treatment with IFNa (5 ng/mL), IFNP (5 ng/mL), E. coli (25 MOI),
or S. pneumoniae (25 MOI) infection for 24 h. Data are presented as mean + SD. See also
Figure S3.
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Figure3. TMEM173-Mediated Coagulation Activation Relieson ER Calcium Release.
(A) Heatmap of gene mRNA changes in THP1 cells after treatment with IFNa (5 ng/mL),

IFNB (5 ng/mL), E. coli (25 MOI), or S. pneumoniae (25 MOI) infection for 24 h.

(B) Analysis of mMRNA expression of the indicated gene in monocytes from CLP-induced
(for 48 h) WT or Tmem173—/- mice (n = 3; *p < 0.05 versus WT group, t test).

(C) Analysis of F3 levels in the supernatants of monocytes from CLP-induced (for 48 h) WT
or Tmem173-/- mice (n = 3 mice per group; *p < 0.05 versus WT group, t test).

(D) Analysis of F3 release in THP1 cells after E. coli (25 MOI) or S. pneumoniae (25 MOI)
infection in the absence or presence of TUDCA (50 uM) or 4PBA (1 mM) for24h(n=3
wells per group; *p < 0.05 versus E. coli or S. pneumoniae group, t test).

(E) Analysis of intracellular Ca2+ in indicated THP1 cells after E. coli (25 MOI) or S.
pneumoniae (25 MOI) infection for 24 h (n = 3 wells per group; *p < 0.05 versus WT group,
t test).

(F) Analysis of F3 release in indicated WT or Itprl-knockdown THP1 cells after E. coli (25
MOI) or S. pneumoniae (25 MOI) infection in the absence or presence of BAPTA-AM (10
uM) for 24 h (n = 3 wells per group; *p < 0.05 versus control group, t test).

(G) Analysis of TMEM173-ITPR1 interaction by IP in indicated THP1 cells after E. coli (25
MOI) or S. pneumoniae (25 MOI) infection for 24 h.
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(H and 1) Analysis of intracellular Ca2+ (H) and F3 (1) release in indicated THP1 cells after
thapsigargin (“TG,” 1 uM) and tunicamycin (“TM,” 1.0 ug/mL) treatment for 24 h (n = 3
wells per group; *p < 0.05 versus WT group, t test).

(J) Administration of TUDCA (200 mg/kg) or 2-APB (20 mg/kg) prevented CLP-induced
animal death in WT mice, but there was no further protective effect for TUDCA and 2-APG
in Tmem173—/- mice (n = 10 mice per group; *p < 0.05, Kaplan-Meier survival analysis).
(K-Q) In parallel, the levels of blood markers of DIC ([K]-[O], as in Figures 1B-1F and
2B-2F), tissue fibrin (P), and plasma F3 (Q) were assayed (n =5 mice per group; *p < 0.05
versus vehicle group, t test).

Data are presented as mean + SD ([B], [C], [D], [E], [F], [H], and [I]). See also Figure S4.
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Figure 4. ATP2A2-Dependent ER Calcium Uptake Limits TMEM 173-M ediated F3 Release.
(A) Analysis of gene mRNA expression in indicated gene knockdown THP1 cells after E.

coli (25 MOI) or S. pneumoniae (25 MOI) infection for 24 h (n = 3 wells per group; *p <
0.05 versus control siRNA group, t test).

(B-D) Analysis of IFN release (B), F3 release (C), and cytosolic calcium (D) in indicated
THP1 cells after E. coli (25 MOI) or S. pneumoniae (25 MOI) infection for 24 h (n = 3 wells
per group; *p < 0.05 versus control SiRNA group, t test).

(E and F) Analysis of IFNB (E) and F3 (F) release in indicated WT and TMEM173 mutation
(V155M and N154S) THP1 cells after E. coli (25 MOI) or S. pneumoniae (25 MOI)
infection for 24 h in the absence or presence of Atp2a2 overexpression or Tmem173
knockdown (n = 3 wells per group; *p < 0.05 versus control group, t test). Data are
presented as mean + SD. See also Figure S5.
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Figure5. TMEM173-Mediated GSDMD Cleavage Promotes F3 Release.
(A-C) Western blot analysis of GSDMD-N production in indicated knockout (A),

knockdown (B), or mutated (C) THP1 cells after E. coli (25 MOI) or S. pneumoniae (25
MOI) infection for 24 h.

(D and E) Analysis of GSDMD-N production (D) and F3 release (E) in indicated BMDM
cells after E. coli (25 MOI) or S. pneumoniae (25 MOI) infection for 24 h in the absence or
presence of the CASP8 inhibitor Z-IETD-FMK (20 pM) (n = 3 wells per group; *p < 0.05
versus control group, t test).

(F) Cell lysates were analyzed by anti-FLAG antibody in Tmem173—/- THP1 cells after
transfection indicated GSDMD mutants.

(G) Analysis of F3 release in indicated THP1 cells after E. coli (25 MOI) or S. pneumoniae
(25 MOI) infection for 24 h in the absence or presence of the PLC inhibitor U73122 (10 uM)
(n = 3 wells per group; *p < 0.05, t test).

(H) Western blot analysis of protein expression in THP1 cells after E. coli (25 MOI) or S.
pneumoniae (25 MOI) infection for 24 h.

(1) Western blot analysis of protein expression in indicated THP1 cells after E. coli (25 MOI)
or S. pneumoniae (25 MOI) infection in the absence or presence of BAPTA-AM (10 uM) for
24 h.

Data are presented as mean + SD ([E] and [G]).
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Figu_re 6. Inhibition of GSDMD and F3 Protects Mice against CL P-Induced Polymicrobial

SIS.
(S:F)) Survival of the indicated mice in CLP-induced sepsis with or without treatment of 1gG,
anti-F3 antibody (10 mg/kg), or U73122 (30 mg/kg) (n = 10 mice per group; *p < 0.05,
Kaplan-Meier survival analysis).
(B-J) In parallel, the levels of blood markers of DIC ([B]-[F], as in as in Figures 1B-1F,
2B-2F, and 3K-30), tissue fibrin (G), plasma F3 (H), and markers of tissue injury ([l],
BUN; [J], GPT) were assayed at 48 h (n = 5 mice per group; *p < 0.05, t test). See also
Figure S6.
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Figure 7. Association of the TMEM 173-GSDM D Axis with the Severity of DIC in Patients with
SIS.

(SZFiC) The correlation assay between indicated DIC score (A), SOFA score (A), and

TMEM173 (B) and GSDMD (C) expression in PBMC from sepsis patients (Pearson rank

correlation test).

(D and E) The mRNA level of Tmem173 (D) and Gsdmd (E) in PBMC of indicated sepsis

patients (data are presented in a violin plot, t test).

(F) The protein levels of p-TMEM173, TMEM173, GSDMD-N, and GSDMD were

upregulated in the DIC group in comparison with non-DIC groups. See also Table S1 and

Figure S7.
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Key Resources Table

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-GSDMD-N antibody

Anti-GSDMD antibody

Anti-TMEM173 antibody
Anti-phospho-TMEM173 antibody

Anti-ITPR1 antibody

Anti-ACTB antibody

Anti-y-H2AX antibody

Anti-cleaved CASP1 antibody

Anti-CASP1 antibody

Anti-CASP11 antibody

Anti-cleaved CASP8 antibody

Anti-CASP8 antibody

Anti-F3 antibody (monoclonal rat 1gG2c; clone #355220)
Anti-rat IgG2c antibody (clone MRG2c-67)
HRP-linked anti-mouse 1gG secondary antibody
HRP-linked anti-rabbit 1gG secondary antibody

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Abcam

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
R&D systems

BioLegend

Cell Signaling Technology
Cell Signaling Technology

36425; RRID: AB_2799099
96458; RRID: N/A

13647; AB_2732796
19781; RRID: AB_2737062
ab5804; RRID: AB_305124
3700; RRID: AB_2242334
9718; RRID: AB_2118009
4199; RRID: AB_1903916
2225; RRID: AB_2243894
14340; RRID: AB_2728693
9496; RRID: AB_561381
9746; RRID: AB_2275120
MAB3178; RRID: N/A
407602 RRID: AB_345342
7076; RRID: AB_330924
7074; RRID: AB_2099233

Chemicals, Peptides, and Recombinant Proteins

TUDCA

2-APB

4PBA

Primaxin

U73122

BAPTA-AM

Z-IETD-FMK

Thapsigargin

Tunicamycin

Cell lysis buffer (10X)

SDS sample buffer (2X)

SuperSignal West Pico Chemiluminescent Substrate
SuperSignal West Femto Maximum Sensitivity Substrate
RIPA buffer

Phosphatase inhibitor cocktail
Protease inhibitor cocktail

Nutrient agar

Brain heart infusion agar

Dulbecco’s Modified Eagle’s Medium
RPMI 1640

Fetal bovine serum

1% penicillin and streptomycin

Sigma-Aldrich
Sigma-Aldrich

Santa Cruz Biotechnology
Merck

Sigma-Aldrich
Sigma-Aldrich

Selleck Chemicals
Sigma-Aldrich
Sigma-Aldrich

Cell Signaling Technology
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Cell Signaling Technology
Sigma-Aldrich

Promega

Becton Dickinson

Becton Dickinson
Thermo Fisher Scientific
Thermo Fisher Scientific
Millipore

Thermo Fisher Scientific

580549
100065
1821-12-1
0006-3514-58
662035
196419
S7314
T9033
T7765
9803
LC2676
34580
34095
9806
P0044
G6521
213000
211065
11995073
11875119
TMS-013-B
15070-063
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http://antibodyregistry.org/AB_2732796
http://antibodyregistry.org/AB_2737062
http://antibodyregistry.org/AB_305124
http://antibodyregistry.org/AB_2242334
http://antibodyregistry.org/AB_2118009
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REAGENT or RESOURCE SOURCE IDENTIFIER
SsoFast EvaGreen Supermix Bio-Rad 172-5204
TBST Cell Signaling Technology 9997
5% nonfat dry milk Cell Signaling Technology 9999
Protein A agarose beads Cell Signaling Technology 9863
Critical Commercial Assays
Human IFNB ELISA kit R&D systems DIFNBO
Mouse IFNB ELISA kit R&D systems 42400-1
Human F3 ELISA kit R&D systems DCF300
Mouse F3 ELISA kit Abcam ab214091
Human fibrin ELISA kit MyBioSource MBS265263
Mouse fibrin ELISA kit MyBioSource MBS706338
Human D-dimer ELISA kit Abcam ab196269
Mouse D-dimer ELISA kit MyBioSource MBS723281
Human TNF ELISA kit R&D Systems DTAOOD
Human IL1A ELISA kit R&D Systems DLA50
Human IL1B ELISA kit R&D Systems DLB50
Human IL6 ELISA kit R&D Systems D6050
Human HMGB1 ELISA kit IBL International ST51011
iScript cDNA Synthesis Kit Bio-Rad 1708890
BCA assay kit Cell Signaling Technology 7780
Rneasy Plus Kit QIAGEN 74134
Fura-2 Calcium Flux Assay Kit Abcam ah176766
EasySep Mouse Monocyte Isolation Kit STEMCELL Technologies 19861
Experimental Models: Cell Lines
THP1 ATCC TIB-202
HPBM STEMCELL Technologies 70042
Tmem173"~ THP1 InvivoGen thpd-kostg
Tbk1'- THP1 InvivoGen thpd-kotbk
Irf3!- THP1 InvivoGen thpd-koirf3
TMEM173-V155M THP1 InvivoGen thpd-m155
TMEM173-N154S THP1 InvivoGen thpd-s154
Experimental Models: Organisms/Strains
Tmem173"~ mice The Jackson Laboratory 025805
Tmem17310x/flox mice The Jackson Laboratory 031670
Lyz2-Cre mice The Jackson Laboratory 004781
Lck-Cremice The Jackson Laboratory 003802
Gsoma1OSNIOSN mice Dr. Vishva M. Dixit N/A
CcGAS™~ mice The Jackson Laboratory 026554
If31= RIKEN BioResource Research Center  RBRC00858
Ifnarl™- The Jackson Laboratory 028288
C57BL/6 wild-type mice The Jackson Laboratory 000664
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

E. coli (Serovar O1:K1:H7)
S. pneumoniae (CIP 104225)

ATCC
ATCC

11775
6303

Oligonucleotides

Mouse Zdhhcl siRNA
Mouse Stim1 siRNA
Mouse A#p2al siRNA
Mouse Ap2a2 siRNA
Mouse Ap2a3siRNA
Human Zdhhcl siRNA
Human Stim1 siRNA
Human Aip2al sSiRNA
Human AfpZaZ siRNA
Human Afp2a3siRNA
Human 7mem173siRNA
Human 7bkZ siRNA
Human /r£3siRNA

See Table S2 for primers used for gPCR
Gsama-N cDNA
Gsdmad-C cDNA
Gsdma-D275A

Atp2a2 cDNA

Dharmacon
Dharmacon
Dharmacon
Dharmacon
Dharmacon
Dharmacon
Dharmacon
Dharmacon
Dharmacon
Dharmacon
Dharmacon
Dharmacon
Dharmacon
This paper

Dr. Feng Shao
Dr. Feng Shao
Dr. Feng Shao
OriGene

L-056132-01-0005
L-062376-00-0005
L-064501-00-0005
L-040968-00-0005
L-041023-00-0005
L-014193-01-0005
L-011785-00-0005
L-006113-00-0005
L-004082-00-0005
L-006114-00-0005
L-024333-00-0005
L-003788-00-0005
L-006875-00-0005
Table S2

Shi et al., 2015
Shi et al., 2015
Shietal., 2015
RC207626

Software and Algorithms

Image Lab software

CFX Manager software

Prism 8

Bio-Rad

Bio-Rad

GraphPad

http://www.bio-rad.com/en-
us/product/image-lab-
software?| D=KRE6P5E8Z

http://www.bio-rad.com/en-
us/sku/1845000-cfx-
manager-software?
1D=1845000

https://www.graphpad.com/
scientific-software/prism/
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