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Summary

Gasdermin D (GSDMD)-activated inflammatory cell death (pyroptosis) causes mitochondrial
damage, but its underlying mechanism and functional consequences are largely unknown. Here,
we show that the N-terminal pore-forming GSDMD fragment (GSDMD-NT) rapidly damaged both
inner and outer mitochondrial membranes leading to reduced mitochondrial numbers, mitophagy,
ROS, loss of transmembrane potential, attenuated oxidative phosphorylation and release of
mitochondrial proteins and DNA from the matrix and intermembrane space. Mitochondrial damage
occurred as soon as GSDMD was cleaved prior to plasma membrane damage. Mitochondrial
damage was independent of the B-cell lymphoma 2 family and depended on GSDMD-NT binding
to cardiolipin. Canonical and noncanonical inflammasome activation of mitochondrial damage,
pyroptosis and inflammatory cytokine release were suppressed by genetic ablation of cardiolipin
synthase (Cris1) or the scramblase (Plscr3) that transfers cardiolipin to the outer mitochondrial
membrane. PLSCR3 deficiency in a tumor compromised pyroptosis-triggered anti-tumor immunity.
Thus, mitochondrial damage plays a critical role in pyroptosis.

Key words Pyroptosis, GSDMD, Mitochondria, Cardiolipin, CRLS1, PLSCR3, IL-1
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Introduction

When immune cells and barrier epithelia sense invasive pathogens and danger signals, they
assemble cytosolic pattern recognition receptors, called inflammasomes, which recruit and
activate inflammatory caspases (caspase-1, 4, 5, 11)". Caspase-1 is activated by canonical
inflammasomes (NOD-like receptors, pyrin and AIM2-like receptors). Cytosolic lipopolysaccharide
(LPS) from invasive gram-negative bacteria and endogenous oxidized phospholipids bind and
activate human caspases-4 and -5 and mouse caspase-11 to assemble the noncanonical
inflammasome'?. Gasdermin D (GSDMD), a substrate of all the inflammatory caspases, executes
inflammasome-induced cell death, called pyroptosis®*. Proteolytic cleavage liberates an N-
terminal (NT) pore-forming fragment from the autoinhibitory C-terminus®’. GSDMD-NT binds to
acidic phospholipids on the inner leaflet of the plasma membrane and oligomerizes to form
membrane pores that disrupt the cell membrane and release inflammatory cytokines and cellular
alarmins, including interleukin-1 (IL-1) family cytokines®"".

Mitochondria are central hubs that control cell fate and immune responses'?'*. During apoptosis,
the outer mitochondrial membrane (OMM) is permeabilized by activating pro-apoptotic bcl-2 family
members, BAX and BAK, to release apoptogenic factors, including cytochrome c, from the
mitochondrial intermembrane space (IMS) to the cytosol's. Mitochondrial outer membrane
permeabilization (MOMP) triggers formation of the apoptosome, which activates caspase-9 to
cleave and activate caspase-3, providing a potent feed forward mechanism to amplify cell death,
called the “point of no return”'®. Late in apoptosis, the mitochondrial permeability transition (mPT)
disrupts the inner mitochondrial membrane, causing persistent mitochondrial depolarization®.
Mitochondrial ROS and loss of transmembrane potential are also generated by caspase-
independent programmed cell death, including granzyme-mediated killing, necroptosis and
ferroptosis, which mostly do not trigger MOMP18-20,

Mitochondria are damaged early in GSDMD- and GSDME-mediated pyroptosis?'?2 . Mitochondrial
ROS, transmembrane potential loss, cytochrome ¢ and mitochondrial DNA (mtDNA) release to the
cytosol have previously been described?*26, While mitochondrial ROS facilitates pyroptosis?”23, it
is unclear whether its role is critical. Moreover, mechanisms behind pyroptotic mitochondrial
damage and how much it contributes to cell death are unclear.

The first step in forming gasdermin (GSDM) pores is GSDM-NT binding to acidic phospholipids.
GSDM-NTs bind more strongly to cardiolipin, found on mitochondrial and bacterial membranes,
than to plasma membrane acidic phospholipids®®. Basally cardiolipin is located almost exclusively
on the matrix side of the IMM and only small amounts (~3-5%) are found in the OMM?2°3°, where it
might be accessible to cytosolic GSDMs. Cardiolipin is synthesized by cardiolipin synthase 1
(CRLS1) in the matrix and can be flipped from the IMM inner leaflet to the IMM outer leaflet by
phospholipid scramblase-3 (PLSCR3) and from there to both leaflets of the OMM3'32, OMM
cardiolipin is an important sign of mitochondrial damage, which triggers mitophagy to remove
damaged mitochondria?®. Mitochondrial toxins that induce mitochondrial ROS and/or loss of
transmembrane potential cause cardiolipin transfer to the OMM, where it could anchor GSDM-NT
binding®.

Here we show that GSDMD-NT triggers a mitochondrial cell death pathway. GSDMD-NT disrupts
both mitochondrial membranes early in pyroptosis, leading to mitochondrial damage prior to
plasma membrane permeabilization. Mitochondrial damage during pyroptosis depends on OMM
cardiolipin since it is virtually abrogated by genetic ablation of either Cris1 or Plscr3. It occurs
independently of BAX, BAK and mPT pore (mPTP). It disrupts mitochondrial morphology and
respiration and induces mitophagy, reducing mitochondrial numbers. Mitochondrial damage
depends on GSDMD permeabilization of both mitochondrial membranes, releasing contents of the
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IMS and matrix, including mtDNA. Release of the IMS exoRNase PNPT1 leads to global mRNA
decay, enhancing pyroptosis, as previously described in apoptosis3*. Moreover, mitochondrial
damage is critical for pyroptotic cell death and inflammation.
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Results

Mitochondria are damaged during pyroptosis

To dissect the role of mitochondria in pyroptosis, mitochondrial integrity and membrane potential
were assessed in LPS+nigericin-treated THP-1 cells stained with mitochondrial transmembrane
potential-sensitive MitoTracker deep red (MTDR) and insensitive MitoTracker green (MTG) and
the potentiometric dye, tetramethylrhodamine methyl ester (TMRM) (Figure 1A and 1B). MTDR
and TMRM fluorescence were markedly diminished in SYTOX or propidium iodide (Pl)-positive
pyroptotic cells compared to adjacent SYTOX or Pl-negative live cells, while MTG staining
persisted, indicating that mitochondria depolarize during pyroptosis. The extracellular acidification
rate (ECAR) and oxygen consumption rate (OCR) were measured to assess glycolysis and
OXPHQOS, respectively, in mitochondrial metabolism (Figure S1A-C). Because LPS priming on its
own shifted metabolism from OXPHOS to glycolysis (Figure S1A) as previously reported3®3,
pyroptosis was stimulated using nigericin without LPS (Figure S1C). Nigericin on its own rapidly
increased ECAR and suppressed mitochondrial respiration, indicating that mitochondrial OXPHOS
was attenuated during pyroptosis (Figure S1B). Transmission electron microscopy (TEM) of LPS-
primed THP-1 cells before and after adding nigericin to trigger pyroptosis showed that
mitochondrial morphology changed — before nigericin, mitochondria were typical ovoid-shaped,
double membrane-bound vesicles with internal cristae, but after adding nigericin, mitochondria had
shrunk and rounded up with a ~2-fold reduced mean length (Figure 1C and 1D). Autophagosomes
containing damaged mitochondria were observed within 15 min of adding nigericin. After one hour,
~60% of mitochondria had whirled or absent cristae and/or broken IMM and OMM and
mitochondrial numbers decreased ~2-fold. Thus, mitochondria are profoundly damaged early after
triggering pyroptosis.

To assess the role and kinetics of GSDMD pores in mitochondrial damage, nigericin-treated THP-
1 culture medium and mitochondrial and cytosolic fractions were analyzed by immunoblot for
caspase-1, GSDMD and pro-IL-1p cleavage, GSDMD-NT binding to mitochondria and cytosolic
release and secretion of mitochondrial contents (IMS cytochrome ¢, matrix ACO2 and mtDNA)
(Figure 1E-G). The mitochondrial fraction did not contain detectable nuclear (Lamin B1), lysosomal
(LAMP1), endosomal (EEA1) or endoplasmic reticulum (calnexin) markers (Figure S1D). Caspase-
1, GSDMD and IL-1p were cleaved within 7.5 min. GSDMD-NT, but not full-length GSDMD
(GSDMD-FL), was also detected in the mitochondrial fraction at 7.5 min, indicating that GSDMD-
NT binds to mitochondria soon after it is generated. Within 7.5 and 15 min of adding nigericin,
mtDNA and soluble cytochrome ¢ and ACO2, but not IMM-associated COX |V, were detected in
the cytosol, indicating rapid disruption of both mitochondrial membranes, consistent with rapid
GSDMD-NT pore formation. By contrast, IL-13, cytochrome ¢ and ACO2 were not detected in
culture supernatants until 30 min after adding nigericin, indicating delayed plasma membrane
permeabilization. These data suggest that GSDMD-NT permeabilizes both OMM and IMM before
the plasma membrane. Because cytosolic mtDNA could activate the AIM2 inflammasome to
amplify pyroptosis®’, AIM2 speck formation in iBMDMs was examined after LPS+nigericin or LPS
transfection, which do not directly activate AIM2, or poly(dA:dT) transfection to directly activate
AIM2 (Figure S1E). AIM2 specks were similarly detected in poly(dA:dT) and LPS-transfected
iBMDMs, suggesting that mtDNA release secondarily activated AIM2. AIM2 specks were not
detected in LPS+nigericin-treated cells, perhaps because ASC may have been depleted by
recruitment to NLRP3.

Mitochondrial dysfunction occurs early in pyroptosis and is required for pyroptosis
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Mitochondrial membrane potential (TMRM intensity), cellular ROS production (DCFDA intensity)
and plasma membrane permeabilization (SYTOX green uptake) were also assessed in
LPS+nigericin-treated THP-1 by plate reader (Figure 2A). DCFDA increased and TMRM
decreased before cells took up SYTOX green, confirming that mitochondrial dysfunction precedes
cell death. This was corroborated by flow cytometry of MitoSOX (mitochondrial ROS), DilC1(5)
(mitochondrial membrane potential) and SYTOX green uptake (Figure 2B). Significant changes in
MitoSOX and DilC1(5) were detected ~10 min before SYTOX green uptake.

To test the importance of mitochondrial damage in pyroptosis, immortalized mouse bone marrow-
derived macrophages (iBMDMs) were treated with ethidium bromide (EB) to generate
mitochondria-deficient p° cells® (Figure 2C). EB-untreated and treated iBMDMs similarly
upregulated the expression of pro-inflammatory cytokines (IL-1p, IL-6, TNF-at), NLRP3, ASC and
pro-caspase-11 after LPS-priming and similarly activated caspase-1 and GSDMD cleavage after
LPS+nigericin (Figure S1F-S1H). However, p° iBMDMs were highly resistant to both canonical
(LPS+nigericin) and non-canonical (transfected LPS) inflammasome-mediated pyroptosis by
CellTiterGlo assay (Figure 2D and 2E), suggesting a critical role of mitochondria in pyroptotic cell
death.

We next investigated whether mitochondrial ROS contributes to pyroptosis in iBMDMs by
scavenging mitochondrial ROS with MitoTEMPO. SYTOX green uptake and LDH release induced
by LPS+nigericin or LPS or dA:dT transfection was blunted in MitoTEMPO-treated iBMDMs (Figure
2F-2l), even though nigericin-induced caspase-1 and GSDMD cleavage were not affected by
MitoTEMPO (Figure S1l). To confirm the role of ROS in pyroptosis, a chemogenetic system was
used to locally manipulate intracellular redox status by expressing a yeast D-amino acid oxidase
(DAAO) (which converts D-amino acids, but not endogenous L-amino acids, to alpha-keto acids
to produce H.0,)%*, tagged with nuclear export or localization sequences* and a ratiometric H,O--
sensitive fluorescent biosensor HyPer74' (Figure 2J-L). Addition of D-alanine, but not L-alanine, to
cells expressing cytosolic Hyper7-DAAO increased cytosolic H2O, and pyroptosis. In contrast, D-
alanine did not enhance pyroptosis in iBMDMs expressing nuclear HyPer7-DAAOQO. Thus, cytosolic
ROS amplifies canonical and noncanonical inflammasome-mediated pyroptosis, as previously
described?+2842,

GSDMD-NT translocates to and damages mitochondria before plasma membrane
disruption

To determine in live cells whether GSDMD-NT binds to and mediates mitochondrial dysfunction,
we imaged iBMDMs expressing doxycycline (DOX)-inducible 105N GSDMD-NT fused at its C-
terminus to BFP (GSDMD-NT-BFP)®. The 105N mutation slows pyroptosis, enabling better
detection of dying cells’. GSDMD-NT-BFP was detected 4-8 h after DOX induction. The dynamics
of GSDMD-NT localization, plasma membrane permeabilization (Pl or SYTOX uptake) and
mitochondrial damage (MitoTracker, TMRM and MitoSOX) was followed beginning 6 h after adding
DOX by live-cell confocal imaging (Figures 3A and 3B, S2A and S2B). Pyroptotic changes were
synchronized by defining time 0 for each cell at the first detection of dye uptake (plasma membrane
damage). After DOX, both MitoTracker and TMRM intensities decreased in GSDMD-NT-BFP-
expressing cells that eventually died, as assessed by Pl or SYTOX uptake (Figure 3A and 3B),
while mitochondrial dye intensities and Pl uptake were unaltered in cells expressing FL-GSDMD-
BFP (Figure S2C-F). GSDMD-NT-BFP localized with mitochondrial dyes at least 50 min before
plasma membrane permeabilization (Figure 3A and 3B), confirming early GSDMD-NT targeting to
mitochondria. MitoTracker and TMRM intensities gradually decreased while the MitoSOX signal
increased prior to Pl or SYTOX uptake. All the mitochondrial markers eventually dissipated,
suggesting mitochondrial dissolution. Late in pyroptosis after the plasma membrane had been
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permeabilized, MitoSOX Red, released from damaged mitochondria, stained the nucleus, as
previously noted*3.

Mitochondrial ROS and loss of transmembrane potential also occurred early in THP-1 treated with
LPS+nigericin, even though cell death occurred more rapidly than after ectopic expression of
GSDMD-NT-BFP (Figure S2G and S2H). Thus, GSDMD-NT mitochondrial binding and dysfunction
precedes plasma membrane permeabilization. To corroborate the colocalization of GSDMD-NT
with mitochondria, we expressed Flag-tagged GSDMD-FL or -NT in HEK293T. Eighteen hours
after transfection, when ~30% of the cells expressing GSDMD-NT had died, localization of
GSDMD-FL and GSDMD-NT were analyzed by confocal microscopy (Figure 3C), Structured
lllumination Microscopy (SIM) (Figure 3D), and immune-electron microscopy (EM, Figure 3E). In
the fluorescence microscopy images, ectopic GSDMD-NT, but not GSDMD-FL, largely colocalized
with and formed puncta on mitochondria (Figure 3C and 3D). Similarly, in immuno-EM, anti-Flag-
conjugated gold particles were enriched in mitochondria 18 h after transfection only in GSDMD-
NT-expressing cells (Figure 3E). Few gold particles were detected on the plasma membrane at
this early time, confirming that GSDMD-NT goes to mitochondria before the plasma membrane
(Figure S2I).

To confirm the importance of GSDMD in mitochondrial damage, MTDR and TMRM, dye uptake,
mitochondrial ultrastructure and mitochondrial release of cytochrome ¢, ACO2 and mtDNA were
compared in LPS+nigericin-treated WT and Gsdmd” iBMDMs (Figure S3A-F). Mitochondria were
preserved after adding nigericin to Gsdmd”, compared to WT, iBMDMs, implicating GSDMD in
pyroptotic mitochondrial damage. Consistent with a direct role of GSDMD in mitochondrial damage,
mitochondrial damage from LPS or poly(dA:dT) transfection was not inhibited by the NLRP3
inhibitor MCC950 (Figure S3G and S3H).

Pyroptotic mitochondrial damage is independent of BAX, BAK and the mPTP

During apoptosis, pro-apoptotic BCL-2 family proteins (BAX, BAK) form OMM pores, leading to
MOMP, but leave the IMM intact. To determine whether BAX or BAX are involved in pyroptosis,
SYTOX green uptake was compared in WT, BAX”, BAK” and BAK” BAX” HEK293T cells
expressing GSDMD-FL or GSDMD-NT (Figure S3I and S3J). GSDMD-FL expression did not
cause cell death in any of the cells, as expected, while GSDMD-NT expression similarly induced
pyroptosis in BAX and/or BAK deficient as in WT HEK293T, suggesting that BAX and BAK are not
involved in GSDMD-mediated mitochondrial damage. To determine whether mPTP is involved,
iBMDMs were pretreated with inhibitors of key mPTP components (the adenine nucleotide
translocator 1 (ANT1), cyclophilin D (CYPD), the voltage-dependent anion channel (VDAC), and
mitochondrial phosphate carrier (PiC)) and LPS+nigericin-induced pyroptosis was assessed by
TMRM staining and SYTOX green uptake (Figure S3K). Mitochondrial depolarization and cell
death were only slightly affected by mPTP inhibitors, suggesting that mPTP does not strongly
contribute to pyroptotic mitochondrial damage.

GSDMD-NT damages isolated mitochondria in vitro

To determine whether GSDMD-NT on its own binds to and damages mitochondrial membranes,
isolated mitochondria were treated with recombinant GSDMD and caspase-11 to generate active
GSDMD-NT, and mitochondrial permeability was assessed by immunoblotting for released
mitochondrial proteins (Figure 4A and 4B). Soluble mitochondrial matrix protein (ACO2) and IMS
proteins (cytochrome ¢ and HtrA2), but not membrane-bound COX IV, were released from
mitochondria within 5 min of adding both caspase-11 and GSDMD, but not after adding them
separately. As expected, the pan-caspase inhibitor z-VAD-FMK inhibited release. Cytochrome ¢
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and HtrA2, but not ACO2, were released after adding t-Bid, which triggerred MOMP without
disrupting the IMM in apoptosis. mtDNA was also released when mitochondria were incubated
with both GSDMD and caspase-11, but not with either alone or with t-Bid (Figure 4C). GSDMD
and caspase-11 treatment of isolated mitochondria also significantly increased ROS and reduced
membrane potential by MitoSOX Red and DilC1(5) staining, respectively (Figure 4D and 4E). Thus,
GSDMD-NT directly permeabilizes both OMM and IMM without requiring other factors.

Disulfiram (DSF) inhibits GSDMD pore formation without interfering with GSDMD cleavage or
GSDMD-NT binding to membranes*. To corroborate the role of GSDMD-NT pores in
mitochondrial membrane damage, isolated mitochondria were preincubated with DSF before
adding GSDMD and caspase-11 (Figure 4F and 4G). DSF blocked mitochondrial release of both
cytochrome ¢ and mtDNA, confirming that GSDMD-NT pores permeabilize mitochondria.

OMM cardiolipin is required for GSDMD-NT-mediated mitochondrial damage

Because GSDMD-NT has high affinity for cardiolipin®® and mitochondrial membranes do not
contain other known GSDMD-NT-binding lipids, we hypothesized that mitochondrial damage
depends on mitochondrial cardiolipin. Cardiolipin is synthesized by CRLS1 and externalized to the
OMM by PLSCR3 (Figure 5A)%. To investigate whether OMM cardiolipin is required for GSDMD-
NT-mediated mitochondrial damage, Cris1 and Plscr3 were genetically ablated in iBMDMs (Figure
S4A and S4B). GSDMD containing an internal mNeonGreen tag just before the caspase cleavage
site was expressed in Plscr3” and Cris1”~ iBMDMs*®. In LPS+nigericin-treated Cris1”" and Plscr3
~iBMDMs, GSDMD-NT was not recruited to mitochondria (Figure 5B) and mitochondrial integrity
and membrane potential (Figure 5C), mitochondrial number and mean length, and damaged
mitochondria percentage (Figure 5D and 5E) were restored almost to what they were in untreated
WT iBMDMs. Moreover, mitochondrial ROS (Figure S4C), and cytosolic release of cytochrome ¢
and mtDNA (Figure 5F-51) were blocked. Consistently, isolated mitochondria from Cris1” and
Plscr3” iBMDMs treated with GSDMD and caspase-11 did not release cytochrome c, HtrA2 or
mtDNA (Figure S4D and S4E). Taken together, these data indicate that OMM cardiolipin mediates
GSDMD-dependent mitochondrial damage.

OMM cardiolipin promotes pyroptosis, IL-1B release, and anti-tumor immunity

To evaluate the importance of OMM cardiolipin and mitochondrial damage in pyroptosis,
LPS+nigericin-treated Plscr3”, Cris1” and WT iBMDMs were compared (Figure 5J-5M, Figure
S4F-J). Events upstream of membrane damage, including ASC speck formation, caspase-1 and
GSDMD cleavage, and GSDMD oligomerization, were not affected by Plscr3 and Cris1 genetic
ablation (Figure S4F-H), but GSDMD targeting to the plasma membrane, Pl uptake and LDH
release were reduced by >2-fold in Plscr3” and Cris1”", compared to WT, iBMDMs (Figure S4,
Figure 5J-5M). Importantly, IL-1p release was abrogated by genetic ablation of Plscr3 or Cris1
(Figure S4J). Similar results were obtained when pyroptosis was induced by Salmonella (Figure
S4K-N) or in iBMDMs ectopically expressing 105N GSDMD-NT (Figure S40-Q).

To investigate the immunological role of mitochondrial damage in vivo, Plscr3 was genetically
ablated in J774, a mouse macrophage tumor cell line*® (Figure 5N). Compared with control sgRNA-
transduced WT cells, LPS+nigericin-stimulated pyroptosis was significantly reduced in Plscr3”
J774 cells (Figure 50). Pyroptosis causes immunogenic cell death (ICD), while the cytotoxic drug
mitomycin C (MMC) does not*’#8, To assess the importance of mitochondrial damage in pyroptotic
ICD, LPS+nigericin- or MMC-treated control or Plscr3” J774 were mixed with WT J774 and
subcutaneously injected into mice. Tumors exposed to nigericin-treated Plscr3” J774 grew faster
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than those exposed to nigericin-treated WT J774, while PLSCRS3 deficiency in MMC-treated J774
cells did not affect tumor growth (Figure 5P). Consistent with the immunogenicity of pyroptosis,
tumors exposed to MMC-treated J774 grew much faster than those exposed to LPS+nigericin-
treated J774. These data indicate that mitochondrial damage promotes pyroptosis-induced anti-
tumor immunity in vivo.

CRLS1 and PLSCR3 activity and mitochondrial localization are required to enhance
pyroptosis

To confirm the importance of OMM cardiolipin in pyroptosis, we expressed WT PLSCR3 or
PLSCR3 in which Cys159-161-163-164-166 were mutated to Ala (PLSCR3-5A), which causes
PLSCR3-5A mislocalization to the nucleus*, in Plscr3” iBMDMs (Figure S5A). WT PLSCRS3, but
not PLSCR3-5A, rescued nigericin- or Salmonella-induced pyroptosis, indicating that PLSCR3
mitochondrial localization is required for promoting pyroptosis (Figure S5B). Consistently, genetic
ablation of the plasma membrane scramblase Plscr1 did not affect nigericin- or Salmonella-
induced pyroptosis (Figure S5C). To investigate whether PLSCR3 scramblase activity is needed
to promote pyroptosis, Plscr3” iBMDMs were rescued with WT Plscr3 or Plscr3 encoding a
mutation of Phe259, which disrupts PLSCR3 activity®2. WT, but not F259V, PLSCR3 restored
LPS+nigericin- or Salmonella-induced Pl uptake and LDH release (Figure S5D-G). Similarly,
expression of WT CLRS1, but not D170A CRLS1, which disrupts cardiolipin synthesis®!*°, rescued
LPS+nigericin- or Salmonella-induced pyroptosis in Cris1” iBMDMs (Figure S5H-K). As expected,
GSDMD and IL-1 cleavage after these inflammasome activators was not affected by KO or
mutation of Plscr3 or Cris1 (Figure S5E, S5G, S51 and S5K). Thus, active PLSCR3 and CRLS1
are required to promote pyroptosis.

Because mitochondrial ROS enhanced pyroptosis (Figure 2F-L), we asked whether mitochondrial
ROS on its own could rescue defective pyroptosis in Plscr3” and Cris1” cells. LPS-primed Plscr3
~ and Cris1” iBMDMs were pretreated with the complex | inhibitor, rotenone, to increase
mitochondrial ROS and then stimulated with nigericin. Although rotenone similarly increased
mitochondrial ROS in WT, Plscr3” and Cris1” iBMDMs, rotenone modestly increased Pl uptake
in WT cells, but did not increase pyroptosis in Plscr3” or Cris1” cells (Figure S5L and S5M).
Pyroptosis also was not enhanced in Plscr3” and Cris1” cells when other ETC complexes were
inhibited (Figure S5N). Thus, mitochondrial ROS on its own cannot initiate pyroptosis in the
absence of exposed cardiolipin.

ROS and pyroptosis increase OMM cardiolipin

Under basal conditions, cardiolipin is predominantly on the IMM but would need to be on the outer
leaflet of the OMM to react with cytosolic GSDMD-NT to cause mitochondrial damage. Small
amounts of OMM cardiolipin are reportedly present under basal conditions, but OMM cardiolipin
increases during apoptosis®*3. We hypothesized that GSDMD-NT could initiate mitochondrial
damage by binding to the few mitochondria that had exposed cardiolipin at baseline but that more
mitochondria would quickly expose cardiolipin as mitochondrial damage ensued. To test this idea,
we first examined whether mitochondria isolated from untreated cells have exposed cardiolipin by
staining with anti-cardiolipin (Figure 6A and 6B). ~10% of isolated mitochondria stained for surface
cardiolipin, and cardiolipin staining increased ~7-fold after Triton X-100 permeabilization,
suggesting that the isolated mitochondria were intact and that at baseline some mitochondria
expose cardiolipin, making it accessible to GSDMD-NT. When isolated mitochondria were treated
with active GSDMD-NT, but not GSDMD-FL, cardiolipin externalization increased significantly
within 45 min (Figure 6C). External cardiolipin MFI increased ~1.7-fold and 24% of mitochondria
stained with anti-cardiolipin. Mitochondrial ROS induced in isolated mitochondria by mitochondrial
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oxidants, antimycin A, rotenone or FCCP, also increased cardiolipin exposure (Figure 6D). Thus,
GSDMD-NT and mitochondrial ROS, which is triggered by GSDMD-NT, increase cardiolipin
exposure that could amplify GSDMD binding and mitochondrial damage. Because apoptosis has
been reported to distribute cardiolipin to the plasma membrane®!, we next examined whether
cardiolipin localization changed after adding nigericin by staining with the cardiolipin dye, Nonyl
Acridine Orange (NAO) (Figure S6A). NAO-labeled cardiolipin colocalized with Mitotracker before
and after triggering pyroptosis and did not stain the cell membrane, indicating that cardiolipin
functions in mitochondria and does not integrate into the plasma membrane during pyroptosis.

Mitochondria release PNPT1 to cause global mRNA decay during pyroptosis

During apoptosis, MOMP releases PNPT1, an exoribonuclease in the IMS, to initiate global mMRNA
decay, which promotes apoptosis®**°2. Because pyroptosis also triggers MOMP, PNPT1 would
likely also be released to the cytosol and trigger mMRNA decay during pyroptosis. To test this idea,
PNPT1 localization was analyzed in LPS- and LPS+nigericin-treated iBMDMs by
immunofluorescence microscopy and immunoblotting of fractionated cells (Figures 5F, 5G, 7A and
7B). PNPT1 localized to mitochondria in LPS-primed cells but moved to the cytosol after adding
nigericin. As expected, PNPT1 release was blocked in Plscr3” and Cris1”iBMDMs (Figures 5F
and 5G). By fluorescence in situ hybridization, probed for 18S rRNA and poly(A) mRNA, the signal
of mMRNA became undetectable without a perceptible change in rRNA, in WT, but not Plscr3” and
Cris1”, iBMDMs treated with nigericin for 30 min (Figure 7C and 7D). Consistently, Actb, Tuba and
Sdha housekeeping gene mRNAs sharply decreased within 30 min of adding nigericin or 60 min
after Salmonella infection in WT, but not Plscr3” or Cris1”, iBMDMs (Figure 7E). Moreover,
ectopically expressed WT PLSCR3 and CRLS1, but not their inactive forms, in Plscr3” and Cris1-
~ iBMDMs, respectively, restored pyroptotic mRNA decay induced by nigericin or Salmonella
(Figure 7F and 7G). Thus, OMM cardiolipin is required for PNPT1-induced pyroptotic mMRNA decay.

To investigate whether PNPT 1-mediated mRNA decay contributes to pyroptosis, WT and Pnpt1”
iBMDMs were treated with nigericin, LPS transfection or Salmonella (Figure 7H-K). Pnpt1
deficiency significantly attenuated pyroptosis but did not affect nigericin-induced events upstream
of PNPT1 release, including caspase-1 and GSDMD cleavage, GSDMD oligomerization and
binding to mitochondria and the plasma membrane, or mitochondrial morphological change, ROS
or mtDNA release (Figure S6B-I). To confirm that PNPT1 RNase activity is critical for promoting
pyroptosis, WT or RNase-defective S484A PNPT1 were expressed in Pnpt1” iBMDMs®* (Figure
7L). Ectopic WT, but not RNase-deficient, PNPT1, rescued nigericin-induced pyroptosis, indicating
that PNPT1-mediated mRNA decay promotes pyroptosis.

Mitochondrial damage is required for GSDMA- and GSDME-mediated pyroptosis

Both GSDMA and GSDME are also reported to cause mitochondrial damage??>%3%4. To evaluate
the role of mitochondria in pyroptosis triggered by other GSDMs, GSDMA-NT or GSDME-NT were
ectopically expressed in WT, PLSCR3”, CRLS1” or PNPT1”" HEK293T cells. LDH release and Pl
uptake by overexpressed GSDMA-NT or GSDME-NT were blunted in PLSCR3”, CRLS1” or
PNPT1”" HEK293T cells (Figure S7A-F), indicating that mitochondrial damage enhances
pyroptotic cell death induced by these other GSDMs.

To test whether OMM cardiolipin plays a role in other forms of programmed cell death, WT, Plscr3
and Cris1” iBMDMs were treated with etoposide, TNF-a+cycloheximide (CHX) or LPS+zVAD to
induce intrinsic apoptosis, extrinsic apoptosis and necroptosis, respectively. Disrupting cardiolipin
synthesis or OMM externalization did not affect apoptosis, but unexpectedly significantly
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attenuated necroptosis (Figure S7G). Understanding the role of cardiolipin in necroptosis will
require further study.

Discussion

Here we have shown that mitochondria are severely damaged during GSDMD-mediated
pyroptosis in human and mouse macrophages by a BAX, BAX and mPTP-independent pathway.
Mitochondrial damage depended on cardiolipin OMM exposure since all aspects of mitochondrial
damage were virtually abrogated by cardiolipin synthase CRLS1 or scramblase PLSCR3
deficiency. GSDMD-NT permeabilized both mitochondrial membranes to cause profound
morphological damage, disrupt electron transport, ATP generation and transmembrane potential,
and induce ROS, mitophagy and release soluble mitochondrial proteins and mtDNA to the cytosol
and culture medium. Moreover, ablation of either gene disrupted pyroptotic death, which could be
rescued only with enzymatically active gene products. Mitochondrial ROS, which increases
cardiolipin OMM exposure, enhanced pyroptosis, but was unlikely to be the only important factor
since reducing mitochondrial ROS using the mitochondrial ROS scavenger MitoTEMPO or
inducing cytosolic ROS by providing D-Ala to cells expressing a yeast D-amino oxidase had less
of an effect on pyroptosis than genetic ablation of Cris1 or Plscr3, and inducing ROS by
mitochondrial toxins did not restore pyroptosis to Plscr3 or Cris1-ablated cells.

Mitochondrial destruction occurs rapidly - virtually simultaneously with inflammasome activation
and before cell membrane damage. We propose a simple 2-step model in which cleaved GSDMD
quickly binds to OMM cardiolipin to assemble pores, permeabilizing the OMM, and then
immediately binds to cardiolipin on the IMM, disrupting the IMM. In support of this model, GSDMD
trafficked to mitochondria before it was detected on the cell membrane and both membranes were
permeabilized when isolated mitochondria were incubated in vitro with caspase-11 and GSDMD.
No other cytosolic proteins besides GSDMD-NT were needed to destroy mitochondria. Pyroptotic
mitochondrial damage is more drastic than apoptotic damage, which doesn'’t directly damage the
IMM, even though t-BID released more IMS proteins than GSDMD-NT in vitro.

Mitochondrial damage by GSDMD-NT may well be a “point-of-no-return” for pyroptosis, analogous
to the role of MOMP in classical apoptosis. Under some circumstances, cells survive
inflammasome activation and GSDMD-NT pore formation, even though they release inflammatory
mediators, a process termed “hyperactivation’>''. Mitochondrial damage in surviving
hyperactivated cells may be more limited, leaving more functional mitochondria to supply cellular
energy needs. In fact, noncanonical inflammasome activation in macrophages without cell death
by oxidized phospholipids increased mitochondrial oxygen consumption and caused mitochondrial
hypermetabolism®. Future studies should compare mitochondrial function in hyperactivated and
pyroptotic cells. Differential mitochondrial damage could mean that the concentrations of activating
stimuli, sensors or mediators of pyroptosis are reduced in hyperactivated cells or that unknown
mechanisms for inhibiting pyroptotic mitochondrial damage exist in some cells.

The rapidity of mitochondrial damage, which begins as soon as caspase-1 activation and GSDMD
cleavage are detected and before plasma membrane damage, may be linked to GSDMD-NT’s
high affinity for cardiolipin compared to plasma membrane phospholipids. Although we could not
tell whether plasma membrane GSDMD-NT came from damaged mitochondria or the cytosol, the
most plausible scenario is that damaged mitochondria and mitochondrial membrane-bound
GSDMD-NT are removed and digested in mitophagosomes and that plasma membrane GSDMD-
NT comes directly from cytosolic GSDMD-NT, which was still detected when we observed GSDMD
membrane puncta. It has been suggested that NLRP3 inflammasomes assemble on mitochondria
in a cardiolipin-dependent manner®. If that is the case, GSDMD cleavage could occur at the OMM
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leading to rapid mitochondrial targeting of GSDMD-NT. Because mitochondrial damage and all its
associated phenomena happen so quickly, we could not clearly identify the initial trigger. Although
mitochondrial ROS was detected before other changes, it is unclear whether it was a trigger or just
the first change detected. Some cardiolipin was present on the OMM basally and increased after
treating mitochondria with active GSDMD or inducing ROS. This finding suggests that basal OMM
cardiolipin initiates a pioneer round of GSDMD pore assembly, leading to ROS generation and
more cardiolipin OMM exposure to amplify the pathway. HEK293T cells deficient in pyroptotic
mitochondrial damage mediators have impaired GSDMA and GSMDE-mediated pyroptosis,
confirming previous work that other GSDMs also damage mitochondria?2%354, All the activated
GSDMs likely trigger the same pyroptotic mitochondrial damage pathway as GSDMD. In fact,
caspase-3-activated GSDME-NT permeabilizes mitochondrial membranes to augment neurite loss
and/or cell death??4,

Pyroptotic mitochondrial damage is expected to amplify inflammation and immune responses to
infection, tissue damage and cancer. Indeed, inhibiting mitochondrial damage attenuated anti-
tumor immunity triggered by pyroptosis in vivo. Mitochondrial ROS amplifies NLRP3 activation®®
and triggers OMM transfer of cardiolipin®. Mitochondrial ROS may also contribute to pyroptosis
by promoting GSDMD oligomerization and pore formation?42. Two recent preprints suggest that
GSDMD palmitoylation on human Cys191 or mouse Cys192 is required for activated GSDMD to
form plasma membrane pores and cause cell death®:°®. ROS increase palmitoylation by oxidizing
unpaired Cys’s and making them susceptible to palmitoylation. Mitochondrial ROS generated by
GSDMD-mediated mitochondrial damage likely plays a critical role in promoting this post-
translational modification and contributes to its important role in augmenting cell death. GSDMD-
NT palmitoylation might also increase mitochondrial membrane binding.

Genetic ablation of Plscr3 or Cris1 in iBMDMs reduced SYTOX uptake and LDH release at 30 min
by more than 2-fold, a sign of reduced plasma membrane permeabilization, but IL-1 release was
completely blocked. IL-13 release requires both IL-1 processing and release through plasma
membrane GSDMD pores, but genetic ablation of Plscr3 or Cris1 did not affect IL-1 processing,
suggesting that mitochondrial damage plays a critical role in IL-1pB release through GSDMD pores.
We do not understand why IL-1p3 release is more strongly affected by suppressing mitochondrial
damage than cell death. One possibility is that ROS more strongly promotes IL-1 secretion than
pore formation, which merits further study. The strong dependence of IL-13 release on
mitochondrial damage identifies an additional important way that mitochondrial damage amplifies
in vivo inflammation.

OMM cardiolipin is a danger sign of mitochondrial damage?®3. Much like externalization of inner
leaflet phosphatidyl serine to the cell membrane outer leaflet serves as an “eat-me-signal” for
apoptotic cells, OMM cardiolipin serves as a mitophagy “eat-me-signal” for damaged
mitochondria®®. Additionally, externalized cardiolipin amplifies apoptosis as a docking site for
caspase-8 and Bid to amplify Bid cleavage and promote MOMP pore formation by oligomerized
BAX and BAK?®%8° Cardiolipin oxidation on the IMS side of the IMM also promotes cytochrome c
release®’. The molecules released from the matrix and IMS during pyroptotic mitochondrial
damage are also predicted to potently augment cell death and may also trigger other cell death
pathways. Cytochrome c release should lead to apoptosome formation to activate caspase-3 to
cleave Bid to cause BAK and BAX-mediated MOMP and cleave GSDME to amplify pyroptosis in
GSDME-expressing cells. However, in our study, cell death was not reduced in BAX/BAK-deficient
cells. Although activated caspase-3 can trigger apoptosis, apoptosis occurs more slowly than
pyroptosis and is unlikely to occur if plasma membrane integrity has already been breached, since
completing apoptosis requires a viable cell. Nonetheless activation of apoptosis could kill cells that
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would otherwise be hyperactivated. As in apoptosis, release of mitochondrial PNPT1 during
pyroptosis led to widespread mRNA degradation that contributed to cell death®*. Although the
mechanism for PNPT1 release is different in pyroptosis (GSDMD and cardiolipin-dependent vs
BAX and BAK-dependent MOMP), once the enzyme gets into the cytosol, the same mechanism
is operative - PNPT1 degradation of mRNA. mtDNA released into the cytosol during GSDMD-
mediated mitochondrial damage is a potent danger signal that could be sensed to activate both
cGAS and AIM2'837 |n support of this, noncanonical inflammasome activation secondarily
activated the AIM2 inflammasome. Thus, GSDMD-mediated mitochondrial damage should
increase cell commitment to death. Mitochondrial ROS, mtDNA and cardiolipin also function as
damage-associated molecular patterns (DAMPs) to amplify inflammation. Oxidation of cardiolipin,
mtDNA and other molecules by mitochondrial ROS could also promote other inflammatory and cell
death pathways.

However, the amplifying effect of mitochondrial damage might only be physiologically important in
some situations. For example, in response to nigericin, iBMDMs genetically ablated of Cris7 and
Plscr3 did not show reduced ASC speck formation, caspase-1 cleavage or GSDMD-NT generation
and oligomerization compared to WT iBMDMs or activate the AIM2 inflammasome. In contrast,
noncanonical inflammasome activation by transfected LPS secondarily activated AIM2 specks. We
interpret this difference to mean that secondary amplification by stronger inducers of pyroptosis
may not occur or affect whether a cell dies but may become important for less potent inducers.
Future studies should examine which secondary amplifying pathways are activated in different cell
types and by different pyroptotic stimuli.

The GSDMD-NT-binding phospholipids in the plasma membrane are also present on the outer
leaflets of endosomes, phagosomes, and lysosomes and cardiolipin is found on peroxisome
membranes, suggesting that these other organelle membranes could be damaged during
pyroptosis®?63. In macrophages undergoing pyroptosis, activated GSDMD was previously shown
to damage both lysosomes and mitochondria before the plasma membrane?'. The importance of
lysosomes in regulating Yersinia infection-induced pyroptosis has been demonstrated recently -
the lysosomal Rag-Ragulator complex serves as a platform to activate GSDMD in a pathway that
involves TLR or death receptor signalling, RIPK1 and caspase-8°%. It is worth investigating whether
GSDM-NTs form pores on lysosomal and other organelle membranes and whether and how
damage of other organelles contributes to pyroptosis.

A previous study used high-resolution imaging to show that mtDNA was released into the cytosol
of living immortalized mouse embryonic fibroblasts treated with a BH3 mimetic drug to stimulate
classical apoptotic BAK and BAX-dependent MOMP®. mtDNA release in this not-completely-
physiological system was a rare event that occurred by herniation of the IMM through very large
OMM “macropores” occasionally formed by BAX and BAK. The herniated IMM was presumed to
burst but no mechanistic basis was defined. Our model of GSDMD-NT pores permeabilizing the
IMM and causing mtDNA release describes a potential mechanism to disrupt the IMM. It is
conceivable that mtDNA release observed in multiple settings might be mediated by GSDM
disruption of mitochondrial membranes, especially since in addition to the inflammatory caspases,
caspase-3 and caspase-8 can activate GSDME and GSDMD, respectively, and GSDMs can also
be activated by other mislocalized or activated proteases in the cytosol*”:66-5°,

Limitations of the Study

The experiments performed in this study implied that OMM and IMM were permeabilized by
cardiolipin-dependent formation of GSDMD-NT pores in both membranes. Pore formation on both
membranes was inferred from the rapid release of mitochondrial matrix and IMS contents and the
fact that activated GSDMD-NT on its own could cause the same damage to isolated mitochondria
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as in intact cells. Moreover, inhibiting GSDMD pore formation using disulfiram or Gsdmd” cells
blocked mitochondrial permeabilization. However, our study did not visualize GSDMD-NT pores in
these membranes. Although technically challenging, visualizing GSDM pores in mitochondrial
membranes would provide direct evidence of GSDMD-NT pore formation in mitochondrial
membranes.
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Figure Legends

Figure 1. Pyroptosis damages mitochondria.

(A-B) LPS-primed THP-1 were treated with nigericin for 1 h.

(A) Confocal fluorescence live cell images of LPS+nigericin-treated THP1 stained with MitoTracker
Deep Red (MTDR), MitoTracker green (MTG) and PI (left) or TMRM, MTG and SYTOX Deep Red
(SYTOX DR) (right). White arrows indicate pyroptotic cells. Scale bar: 5 um.

(B) Relative mean fluorescence intensity (MFI) of MTDR and TMRM in Pl or SYTOX negative and
positive cells, normalized to MTG.

(C-D) LPS-primed THP-1 were treated with nigericin for indicated times. Transmission electron
microscopy images of LPS+nigericin-treated THP1 at indicated times (C). Lower panels show
higher magnification of the boxed area in upper panels. Black arrows indicate normal mitochondria;
yellow arrows, mitochondria with loss of cristae or membrane damage; red arrow, damaged
mitochondria within an autophagosome. Scale bars: 500 nm. Mitochondrial (mito) mean length and
number, percentage of damaged mitochondria, and mitophagosome number were quantified (D).
(E-G) THP-1 were LPS+nigericin-treated for indicated times. Immunoblots probed for indicated
proteins in cytosolic and mitochondrial fractions and culture supernatants (E) and densitometry of
3 independent experiments (F). (G) Cytosolic mtDNA by gPCR, normalized to time 0.

Data are mean * s.d. of at least 50 cells (B), 8 cells or 50 mitochondria (mean length) or at least
100 mitochondria (percentage of damaged mitochondria) (D), or biological triplicates (F, G), and
are representative of 3 independent experiments, analyzed by two-tailed Student’s t-test (B, D) or
one-way ANOVA using the Holm-Sidak method for multiple comparisons (G). **P<0.01;
***P<0.001. Please also see Figure S1.

Figure 2. Mitochondrial damage occurs before plasma membrane damage and enhances
pyroptosis.

(A) Kinetic analysis of DCF and TMRM intensity and SYTOX green uptake in LPS- or
LPS+nigericin-treated THP-1 by plate reader. * indicate first time the variable significantly changed.
(B) Flow cytometry histograms (top) and quantification of multiple samples (bottom) of
LPS+nigericin-treated THP1 stained with MitoSOX, DilC1(5) or SYTOX Green. P: positive control
(Antimycin A for MitoSOX, CCCP for DilC1(5), and Triton X-100 for SYTOX Green); UNT:
untreated.

(C-E) iBMDMs were untreated (UNT) or treated with ethidium bromide (EB) for 5 days. (C)
Confocal fluorescence images (left) and MitoTracker MFI quantification in individual cells (right).
Cell death by LDH release (D) or CellTiter-Glo assay (E) 1 h after adding LPS+nigericin (D) or LPS
transfection (trans) (E).

(F-1) iBMDMs, pre-treated with MitoTEMPO for 30 min, were treated with nigericin (F, G), LPS
transfection (H), or poly(dA:dT) (I). Cell death was measured by SYTOX green uptake (F) or
CellTiter-Glo assay (G-l).

(J-L) iBMDMs stably expressing HyPer7-DAAO-nuclear export signal (NES) (J, K) or HyPer7-
DAAO-nuclear localization sequence (NLS) (L) were pre-incubated with D- or L-alanine for 4 h. (J)
Confocal fluorescence images (left) and the quantification of their ratio in multiple experiments
(right). (K, L) LPS+nigericin-induced cell death in cells expressing Hyper7-DAAO-NES (K) or
Hyper7-DAAO-NLS (L) assessed by SYTOX green uptake.

Data are mean % s.d. of 100 cells (C), 30 cells (J), or biological triplicates, and are representative
of 3 independent experiments, analyzed by multiple f-tests (A), two-tailed Student'’s t-test (C, J) or
one-way ANOVA using the Holm-Sidak method for multiple comparisons (B, D-l, K, L). *P<0.05;
**P<0.01; ***P<0.001. Please also see Figure S1.

Figure 3. GSDMD-NT translocates to and damages mitochondria before the plasma
membrane.
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(A-B) Mitochondrial damage and cell death assessed by live cell imaging of iBMDMs stably
expressing DOX-inducible GSDMD-NT(I105N)-BFP and co-stained with MitoTracker Deep Red
and PI (left), TMRM and SYTOX Deep Red (SYTOX DR) (middle) or MitoSOX Red and PI (right),
imaged beginning 6 h after adding DOX. Time 0 indicates first detection of Pl or SYTOX in the cell
(blue dashed lines). Scale bar: 2 um. Time lapse images (A) and quantification of relative
fluorescence dye intensity in individual cells (B).

(C-E) HEK293T transiently transfected to express Flag-GSDMD-FL or Flag-GSDMD-NT and
analyzed 18 h later. (C) Confocal fluorescence images stained for COX IV, Flag and DAPI (left).
XZ and YZ projections are shown. Scale bar: 5 um. Quantification of Pearson’s correlation of COX
IV and Flag (right). (D) Structured lllumination Microscopy (SIM) images stained for COX IV and
Flag. Higher magnification images and 3D rendering of the boxed area are shown. Scale bar: 5
um or as indicated. (E) Transmission electron microscopy images stained with Flag-immunogold
(left). Lower panels show higher magnification of the boxed area in upper panels; yellow dashed
lines outline mitochondria. Scale bar: 500 nm. Quantification of gold particles in mitochondria (mito)
versus cytosol (right).

Data are mean % s.d. of 3 cells (B), at least 30 cells (C) or at least 30 mitochondria (E), and are
representative of 3 independent experiments, analyzed by two-tailed Student’s t-test. ***P<0.001.
Please also see Figures S2 and S3.

Figure 4. GSDMD-NT permeabilizes and damages isolated mitochondria.

Mitochondria isolated from HCT116 (A-E) or iBMDMs (F-G) treated with GSDMD and/or caspase-
11 or t-Bid in the presence or absence of z-VAD-FMK or disulfiram (DSF) for 45 min or indicated
times.

(A, B, F) Immunoblots of post-treatment supernatant or mitochondria (A, F) and densitometry of
multiple experiments (B).

(C, G) mtDNA in supernatants by gPCR, normalized to untreated mitochondria.

(D, E) Flow cytometry histograms of MitoSOX Red (D) or DilC1(5) (E) stained mitochondria (left)
and quantification of MFI of treated mitochondria, relative to MFI of untreated mitochondria (right).
CCCP and antimycin A were positive controls.

Data are mean = s.d. of biological triplicates, and are representative of 3 independent experiments,
analyzed by one-way ANOVA using the Holm-Sidak method for multiple comparisons. **P<0.01;
***P<0.001.

Figure 5. OMM cardiolipin is required for GSDMD-mediated mitochondrial damage,
pyroptosis, and anti-tumor immune response.

(A) Schematic of cardiolipin synthesis and translocation.

(B) Confocal live cell imaging of LPS- or LPS+nigericin-treated WT, Plscr3’ or Cris1’- iBMDMs
expressing mNG-GSDMD, stained for MitoTracker Deep Red 30 min after adding nigericin. White
arrows indicate mitochondrial recruitment of GSDMD. Pearson’s correlation of MitoTracker and
MmNG-GSDMD (right).

(C-M) LPS-primed WT, Cris1’- or Plscr3" iBMDMs were treated with nigericin. (C) Confocal live
cell images stained for MitoTracker Deep Red (MTDR), MitoTracker green (MTG) and PI (left) or
TMRM, MTG and SYTOX Deep Red (SYTOX DR) (middle) 1 h after nigericin treatment (Scale bar:
5 um) and quantification of relative mean fluorescence intensity (MFI) of MTDR and TMRM (right).
(D, E) Transmission electron microscopy images 1 h after adding nigericin (D) and quantification
of mitochondrial (mito) number, mean length and damaged mitochondria (E). Lower panels show
magnification of the area marked in upper panels. Black arrows, normal mitochondria; yellow
arrows, mitochondria with loss of cristae or membrane damage. Scale bars: 500 nm. (F, G)
Immunoblots of whole cell lysates (WCL), cytosolic (cyto) and mitochondrial (mito) fractions of
LPS-primed iBMDMs 30 min after no treatment or nigericin. (H, 1) Cytosolic mtDNA by gPCR
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normalized to untreated WT cells. (J-M) Cell death by Pl uptake (J, L) or LDH release after 30 min
(K, M).

(N-P) Comparison of growth of subcutaneous WT J774 tumors injected after mixing with
LPS+nigercin- or mitomycin C (MMC)-pretreated, WT or Plscr3” J774. (N) Immunoblot of control
(CTL) WT or Plscr3” J774 lysates probed for PLSCR3 and p-actin. (0) SYTOX green uptake after
in vitro treatment with LPS or LPS+nigericin. (P) WT J774 tumor volume after mixing with
LPS+nigericin (left) or MMC (right) pretreated CTL or Plscr3’- J774. Data are mean = SEM of 5
mice and are representative of 2 independent experiments. The area under the curve was
compared by two-tailed Student’s t-test.

Data are mean £ s.d. of at least 30 cells (B, C), 8 cells or 50 mitochondria (mean length) or at least
100 mitochondria (percent damaged mitochondria) (E), or biological triplicates (H-M, O), and are
representative of 3 independent experiments unless otherwise indicated, analyzed by one-way
ANOVA using the Holm-Sidak method for multiple comparisons. *P<0.05; **P<0.01; ***P<0.001.
Please also see Figures S4 and S5.

Figure 6. OMM cardiolipin is weakly exposed under basal conditions but increases in
response to mitochondrial oxidants or activated GSDMD.

HEK293T isolated mitochondria were treated with Triton (B), GSDMD engineered with a linker 3C
proteinase cleavage site and/or 3C proteinase (C), or mitochondrial poisons [Antimycin A (AA),
Rotenone (Rot) or FCCP] (D) for 45 min and stained with MitoTracker Green and anti-cardiolipin.
(A) Flow cytometry gating strategy for isolated mitochondria.

(B-D) Flow cytometry histograms of anti-cardiolipin stained mitochondria (left), quantification of
cardiolipin MFI relative to untreated (UNT) mitochondria (middle), and percentage of cardiolipin+
mitochondria (right). UNS: unstained, ISO: isotype staining control without treatment; UNT:
untreated control stained for cardiolipin.

Data are mean * s.d. of biological triplicates, and are representative of 3 independent experiments,
analyzed by one-way ANOVA using the Holm-Sidak method for multiple comparisons. *P<0.05;
**P<0.01; ***P<0.001.

Figure 7. Pyroptosis causes cardiolipin-dependent PNPT1 release and mRNA decay.

(A, B) (A) Confocal fluorescence images of iBMDMs, primed with LPS and then treated or not with
nigericin for 30 min, and stained for MitoTracker Deep Red, PNPT1 and DAPI. Scale bar: 5 um.
(B) Pearson’s correlation of MitoTracker and PNPT1.

(C, D) Poly(A) mRNA and 78S rRNA visualized by FISH in indicated LPS-primed iBMDMs treated
or not with nigericin for 30 min. Confocal images (C) and quantification of the fluorescence intensity
of poly(A) versus 18S (D). Scale bar: 20 um.

(E-G) WT, Cris1” or Plscr3’ iBMDMs, rescued to express WT or mutant PLSCR3 (F) or CRLS1
(G) or neither (E) were treated with LPS or LPS+nigericin for 30 min or infected with Salmonella
for 1 h. Housekeeping gene mRNAs relative to 7SL and normalized to the ratio in untreated WT
cells.

(H-L) Effect of Pnpt1 genetic ablation on pyroptosis. (H) Immunoblot of iBMDM cell lysates of
control (CTL) WT or Pnpt1” clones. Pyroptosis in WT or Pnpt1-deficient after treatment with LPS
or LPS+nigericin by SYTOX Green (l), LPS electroporation by CellTiter-Glo (J), or Salmonella
infection by LDH release (K). (L) Pnpt1” iBMDMs, rescued with empty vector (EV), WT or RNase-
defective PNPT1, were analyzed for Pl uptake after treatment with LPS or LPS+nigericin. PNPT1
expression by immunobilot (right).

Data are mean+ SEM of at least 50 cells (B), 5 images (D), or biological triplicates, and are
representative of 3 independent experiments, analyzed by two-tailed Student’s t-test (B), one-way
ANOVA using the Holm-Sidak method (D, I- L), or two-way ANOVA using the Tukey method (E-
G) for multiple comparisons. ***P<0.001. Please also see Figures S6 and S7.
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STAR Methods

Resource availability

Lead contact

Requests for resources, reagents and further information should be directed to the lead contact,
Judy Lieberman (judy.lieberman@childrens.harvard.edu).

Materials availability
All plasmids and cell lines used in this study are available from Addgene or the lead contact.

Experimental model and subject details

Cell culture

Mouse iBMDMs, HCT116 and HEK293T were cultured in DMEM (Invitrogen). THP-1 were cultured
in RPMI-1640 (Corning). Media were supplemented with 10% heat-inactivated fetal bovine serum,
100 U/mL penicillin G, 100 ug/mL streptomycin sulfate, 6 mM HEPES, 1.6 mM L-glutamine and 50
MM 2-mercaptoethanol. Cells were verified to be free of mycoplasma contamination. Inducible
GSDMD-NT-BFP expressing iBMDMs were generated as previously described?® and cultured in
complete DMEM media supplemented with 10 pug/ml puromycin and 1.5 mg/ml G-418.

Bacteria

Glycerol stocks of Salmonella typhimurium strain were streaked on Luria-Bertani (LB) agar plates.
Single colonies were picked and cultured in LB liquid medium overnight. On the day of infection,
bacteria were diluted 1:50 into LB medium and grown to logarithmic phase for 4 h, before adding
to cells in a multiplicity of infection (MOI) of 10. Infection was facilitated by centrifugation at 400 g
for 5 min and incubation at 37°C for ~30 min. Extracellular bacteria were killed by adding 50 pg/mL
gentamicin. Cell death induced by Salmonella typhimurium infection was assessed 1 h post
infection.

Mice:

6-8 wk old female BALB/c mice were purchased from Jackson Laboratories and housed in the
Harvard Medical School Animal Facility. All procedures were conducted in compliance with all the
relevant ethical regulations and were approved by the Animal Care and Use Committees of Boston
Children’s Hospital and Harvard Medical School.

Method details

Cell treatment

THP-1 cells were differentiated by treatment with 50 ng/mL phorbol 12-myristate 13-acetate (PMA)
for 36-48 h. To induce NLRP3-dependent pyroptosis, differentiated THP-1 cells and iBMDMs were
primed with 1 ug/mL LPS for 4 h, and then stimulated with 20 uM nigericin or 5 mM ATP. To trigger
non-canonical and AIM2 inflammasome-mediated pyroptosis, iBMDMs were transfected with 1 ug
LPS or poly (dA:dT), respectively, using the Amaxa Mouse Macrophage Nucleofection Kit (Lonza)
according to the manufacturer’s instructions. Transient transfection of HEK293T was performed
by calcium phosphate precipitation or using the X-tremeGENE™ HP DNA Transfection Reagent
(Roche) according to the manufacturer's instructions. To inhibit the NLRP3 inflammasome,
iBMDMs were pre-treated with 500 nM MCC950 for 30 min before stimulation with LPS or poly
(dA:dT) transfection. mPTP was inhibited by pre-incubating iBMDMs with 25 yM BKA (ANT), 1 uM
CsA (cyclophilin D), 5 uM VBIT-4 (VDAC) or 1 yM NEM (PiC) for 30 min before stimulation with
nigericin. To inhibit electron transport chain (ETC) complexes, iBMDMs were pretreated with 5 yM
rotenone (complex I) for 1 h, 1 uM Piericidin A (complex ) for 40 min, 10 uM TTFA (complex ) for
6 h, 1 uM antimycin A (complex Ill) for 6 h, or 1 uM oligomycin (complex V) for 6 h before adding
nigericin.
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Live cell confocal imaging

5x10° THP-1 or iBMDMs were seeded in 35 mm imaging dishes (MatTek, p35g-1.5-10-c) 18-24 h
before treatment. For inducible GSDMD-NT-BFP iBMDMs, 2 pg/ml doxycycline was added to
induce protein expression for 4-6 h before imaging. mMNG-GSDMD-expressing iBMDMs were
primed with 1 ug/ml LPS for 3 h and then treated with 20 uM nigericin for 30-45 min. Cells were
stained with 200 nM MitoTracker Deep Red (MTDR), 200 nM MitoTracker green, 100 nM TMRM,
200 nM MitoSOX Red or 200 nM NAO for 30 min at 37°C. 200 nM SYTOX Green, 200 nM SYTOX
Deep Red, or 500 nM PI was added to cell medium immediately before imaging. Cells were imaged
in a heated chamber (37°C, 5% CO-) on a Zeiss 880 laser scanning confocal microscope with 63x
oil immersion objective and analyzed using Zeiss Zen software. Fluorescence intensity and
Pearson’s correlation coefficient were analyzed using Zeiss Zen software. The enrichment of
MNG-GSDMD on the plasma membrane was quantified by measuring the mean fluorescence
intensity of mMNG-GSDMD in three randomly selected regions on the plasma membrane versus in
the cytosol.

Transmission electron microscopy

LPS and nigericin treated THP-1 or iBMDMs were fixed (2.5% paraformaldehyde, 2.5%
glutaraldehyde, 0.05% picric acid in 0.2 M cacodylate buffer) for at least 2 h, washed in 0.1 M
cacodylate buffer, post-fixed (1% osmium tetroxide, 1.5% potassium ferrocyanide) for 1 h, washed
twice in water, once in maleate buffer (MB) and incubated in 1% uranyl acetate in MB for 1 h,
followed by two washes in water and subsequent dehydration in alcohol (10 min each; 50%, 70%,
90%, 2x 100%). The samples were then placed in propylene oxide for 1 h and infiltrated in a 1:1
mixture of propylene oxide and TAAB Epon (TAAB Laboratories Equipment Ltd., TO04). The
following day, samples were embedded in TAAB Epon and polymerized at 60°C for 48 h. 60 mm
sections were cut on a Reichert Ultracut-S microtome and placed onto copper grids stained with
lead citrate and imaged using a TecnaiG? Spirit BioTWIN electron microscope with an AMT 2k
CCD camera at 3,000x and 10,000x magnification. Mitochondrial and autophagosomal numbers
were counted manually and mitochondrial length was measured by ImagedJ software. Damaged
mitochondria were identified by loss of cristae and/or broken mitochondrial outer and/or inner
membrane.

Cell fractionation

Differentiated and primed THP-1 or primed iBMDMs were detached using 0.25% Trypsin-EDTA
(ThermoFisher, 25200056), washed twice with PBS and resuspended in PBS. Cells were then
treated with 20 uM nigericin at 37°C for indicated times. Culture supernatants and cell pellets were
collected. To fractionate cells, cell pellets were resuspended and incubated in isotonic buffer A (10
mM Tris-HCI pH 7.5, 10 mM KCI, 250 mM sucrose, 1.5 mM MgClz) on ice for 15 min and then
homogenized using a glass homogenizer for 30 strokes. Nuclear fractions were removed by
centrifugation (1,000 g, 10 min, 4°C) and mitochondrial fractions were pelleted by centrifugation of
the post-nuclear supernatant (7,000 g, 10 min, 4°C) and the supernatants were collected as the
cytosol fraction.

Immunoblot

Whole cell pellets, mitochondrial fraction and post-treatment mitochondrial pellets of isolated
mitochondria were lysed with lysis buffer (50 mM Tris-HCI pH7.5, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100) supplemented with a complete protease inhibitor cocktail (Roche) at 4°C for 20 min.
Supernatants were collected after centrifugation at 18,500 g for 20 min at 4°C. For detecting
GSDMD-NT oligomerization, cells were lysed with lysis buffer containing 30 mM N-ethylmaleimide
and the cell lysates were prepared with SDS loading buffer without B-mercaptoethanol. Samples
were subjected to electrophoresis through SDS-polyacrylamide electrophoresis gels. The
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separated proteins were then transferred to a polyvinylidene fluoride membrane (Millipore).
Immunoblots were probed with the indicated antibodies and visualized by SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific) and the ChemiDoc MP Imaging System
(BioRad). Densitometry was measured using ImagedJ and quantified relative to the strongest band.

mtDNA release assay

DNA was extracted from fractionated cytosolic fractions or post-treatment supernatants of isolated
mitochondria using the DNeasy Blood & Tissue Kit (Qiagen) according to the manufacturer’s
instructions. mtDNA amounts were quantified by qRT-PCR using SsoFast EvaGreen Supermix
(BioRad, 172-5204) and a BioRad iCycler. Measurements were normalized to GAPDH or 18S
rRNA amounts.

Seahorse metabolic analysis

1x10° cells/well of differentiated THP-1 were seeded on a Seahorse 96-well plate in DMEM
supplemented with 10% FBS and primed or not with LPS for 4 h. After 24 h, cells were washed
twice and incubated in the Seahorse Assay Medium supplemented with 25 mM glucose and 2 mM
glutamine at 37°C for 45 min. Indicated concentrations of nigericin were injected at time 0. The
OCR and ECAR were measured under basal conditions and after injection of 1.5 uM oligomycin,
1.5 yM FCCP and 0.5 pM rotenone plus 0.5 pM antimycin A using a Seahorse XFe96 Extracellular
Flux Analyzer (Agilent).

Microplate reader assays

1x10° cells/well of differentiated THP-1 or iBMDMs were seeded on 96-well plate and primed as
described above. Mitochondrial transmembrane potential and ROS were assessed by TMRM
staining (Invitrogen, 134361) and the DCFDA Cellular ROS Assay Kit (Abcam, ab113861),
respectively, according to the manufacturer’s instructions. Briefly, prior to the end of priming, cells
were pre-stained with 25 yM DCFDA for 45 min or 200 nM TMRM for 30 min. 5 yM FCCP and 50
MM Tert-butyl hydrogen peroxide (TBHP) were used as positive controls for membrane potential
and ROS assays, respectively. To measure plasma membrane permeabilization, the cell culture
medium was replaced with medium containing 1 yM SYTOX Green or buffer B (120 mM NacCl, 4
mM KCI, 1.5 mM CaCl,, 1 mM MgClz, 25 mM HEPES, 5 mM glucose, and 0.1% BSA, pH 7.4)
containing 2 pg/ml Pl. Readings were normalized to control wells incubated with 0.05% Triton X-
100. Kinetic readings (2.5 min intervals, 37°C) were recorded at the recommended
excitation/emission wavelengths using a Synergy H4 Hybrid Multi-Mode Microplate Reader
(BioTek).

Cell death and viability were determined 1.5 h (unless otherwise indicated) after nigericin or ATP
treatment, or 2.5 h after LPS- or poly(dA:dT)-transfection by measuring LDH release using the
CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega, G1780) or cellular ATP using the
CellTiter-Glo Luminescent Cell Viability Assay (Promega, G7570), respectively. Luminescence
and absorbance were measured on a Synergy H4 Hybrid Multi-Mode microplate Reader.

Flow cytometry

Differentiated THP-1 were detached using 0.25% Trypsin-EDTA, collected in PBS and stained with
500 nM MitoSox Red or 50 nM DilC1(5) for 30 min at 37°C, followed by washing in PBS. Cells
were then treated with 20 uM nigericin for indicated times and analyzed on a FACSCanto Il flow
cytometer using FlowJo software. 50 uM Antimycin A and 50 yM CCCP were used as positive
controls for ROS and transmembrane potential, respectively. To assess plasma membrane
permeabilization, 200 nM SYTOX Green was added to the cell suspension prior to treatment with
nigericin. 0.05% Triton X-100 was used as a positive control.
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Generation of mitochondria-deficient p° iBMDMs
To obtain mitochondria-deficient p° cells, iBMDMs were treated with 100 ng/mL ethidium bromide
(EB) for 5 days.

MitoTEMPO treatment

For nigericin-induced pyroptosis, iBMDMs were primed with 1 uyg/mL LPS for 4 h and 30 min before
the end of priming, cells were pre-incubated with 500 uM MitoTEMPO for 30 min before adding 20
MM nigericin. For LPS and poly(dA:dT) transfection, iBMDMs were dissociated from the culture
dish by trypsinization and collected in PBS. Cell suspensions were incubated with 500 yM
MitoTEMPO for 30 min and washed once with PBS. Cells were then nucleofected as described
above.

Plasmids

The HyPer7-DAAO-NES and HyPer7-DAAO-NLS fragments*® were inserted into the pLenti-CMV-
BLAST lentiviral vector. cDNAs for Cris1 and Plscr3 were amplified by polymerase chain reaction
(PCR) from the mouse cDNA library and cloned into a modified pHAGE lentiviral vector with a
3xFlag tag at the N-terminus. All point mutations were generated by overlap PCR cloning. All
plasmids were verified by sequencing.

Stable cell lines

To generate lentiviruses, a lentiviral vector containing the gene of interest was transfected into
HEK293T together with psPAX2 and pCMV-VSV-G at a 10:9:1 ratio. Supernatants collected 2
days later were used to transduce iBMDMs for 2-3 days. 10 pug/ml blasticidin was added to select
for stable expression.

Chemogenetic activation of DAAO and production of ROS

iBMDMs stably expressing HyPer7-DAAO were incubated with 10 mM D- or L-alanine together
with 10 uM flavin adenine dinucleotide (FAD, Sigma) and 1 ug/mL LPS for 4 h before treatment
with 20 uM nigericin. ROS was assessed by the ratio of oxidized (excited at 480 nm)/reduced
(excited at 420 nm) HyPer7, acquired at an emission wavelength of 530 nm using live cell confocal
imaging.

Immunostaining and confocal microscopy

iBMDMs (0.4 x 106 cells/well) or HEK293T (0.3 x 10° cells/well) were seeded and grown on
coverslips in 12 well plates. 500 nM Mitotracker Orange/Red was pre-incubated for 15 min at 37°C
before fixation with 4% paraformaldehyde (PFA) for 15 min. Cells were permeabilized with 0.1%
Triton X-100 for 10 min at room temperature and blocked with 5% BSA in PBS for 1 h. Cells were
then incubated with indicated primary antibodies overnight at 4°C, followed by incubation with the
corresponding fluorescent-conjugated secondary antibodies for 1 h (Invitrogen). Nuclei were
counterstained with 4,6-diamidino-2-phenylindole (DAPI; Invitrogen). Slides were mounted using
Fluorescence Mounting Medium (ThermoFisher). Images were captured using an Olympus
Fluoview FV1000 Confocal System with 60x oil immersion objective or a Zeiss 880 Laser Scanning
Confocal Microscope with 63x oil immersion objective and analyzed using Olympus Fluoview
software or Zeiss Zen software. MitoTracker fluorescence intensity was measured using ImageJ
software (Figure 2C). Pearson’s correlation coefficient was analyzed using Zeiss Zen software.

Structured lllumination Microscopy (SIM)

Samples were imaged on a Nikon Ti-E inverted widefield microscope equipped with a fully
motorized stage and perfect focus system. Images were acquired using a 1.45 NA Plan Apo x100
Ph3 DM obijective lens with Cargille Type 37 immersion oil. Fluorescence was excited using a
Lumencore SpectraX LED light engine and filtered using ET-GFP (Chroma, 49002) and ET-
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mCherry (Chroma, 49008) filter sets. Images were captured on an Andor Zyla 4.2 Plus sCMOS
camera (65 nm pixel size) using Nikon Elements (v5.10) acquisition software. Z-stack images were
drift corrected using a customized StackReg plugin in Fiji. Subsequently, fluorescence images
were deconvolved using the classical maximum likelihood estimation algorithm in Huygens
Essential v19.10 (SVI), employing an experimentally derived point spread function (PSF) from
100 nm TetraSpeck beads (Thermo Fisher Scientific). Image reconstruction and 3D rendering was
conducted using Arivis Vision4D software.

Immunogold-electron microscopy

Cells were washed once with PBS and gently removed from the culture dish by pipetting up and
down. ~1 ml of the cell suspension was layered on a 200 pl cushion of 4% PFA/0.1%
Glutaraldehyde (in 0.1 M Sodium Phosphate buffer, pH 7.4) in an Eppendorf tube and pelleted for
3 min at 3000 rpm. The supernatant was discarded and fresh 4% PFA/0.1% glutaraldehyde was
gently layered on the pellet without resuspension. After 1 h fixation at room temperature, fixative
was replaced with PBS and the cell pellet was infiltrated with 2.3 M sucrose in PBS (containing 0.2
M glycine to quench free aldehyde groups) for 15 min. Samples were then frozen in liquid nitrogen
and sectioned at -120°C. Sections were transferred to formvar-carbon coated copper grids and the
grids were floated on PBS at 4°C for immunogold labeling. Gold labeling was carried out at room
temperature on a piece of parafilm. Grids were blocked by floating on drops of 1% BSA for 10 min
and then incubated with drops of 5 pl primary antibody (diluted in 1% BSA in PBS) for 30 min at
room temperature. Grids were washed with PBS for 15 min, incubated with Protein-A gold (diluted
in 1% BSA) for 20 min and washed in PBS for 15 min. Contrasting/embedding of the labeled grids
was carried out on ice in 0.3% uranyl acetate in 2% methyl cellulose for 10 min. Grids were picked
up with metal loops (diameter slightly larger than the grid) and the excess liquid was removed by
streaking on a filter paper, leaving a thin coat of methyl cellulose (bluish interference color when
dry). The grids were examined in a JEOL 1200EX Trans electron microscope and images were
recorded with an AMT 2k CCD camera. The enrichment of immunogold particles on mitochondria
was quantified manually by counting the number of particles in mitochondria and in three randomly
selected surrounding cytosolic regions of the same area as the mitochondrion. The enrichment on
mitochondria was quantified as the ratio of particle number in each mitochondrion versus the
average particle number in three cytosolic regions.

Isolation and treatment of mitochondria

HCT116 were washed in PBS and collected with gentle scraping. Mitochondria, obtained as
described in the cell fractionation protocol, were resuspended in twice the volume of Buffer A and
treated with 5 yM recombinant human GSDMD and/or 5 yM caspase-11, purified as previously
described’, or 7.5 ug/mL recombinant mouse t-BID (Prospec; pro-644) in the presence or absence
of 5 yM z-VAD-FMK (BD Pharmingen, 550377) or 20 uM DSF and incubated for indicated times
at 37°C with shaking. Treated mitochondria were pelleted (7,000 g, 4°C, 20 min), and the post-
treatment supernatants and mitochondrial pellets were collected.

Membrane surface cardiolipin staining of isolated mitochondria

Isolated mitochondria from HEK293 T were resuspended in 5x volume of FACS buffer (PBS+5%
BSA) and treated with 0.05% Triton X-100, 10 uM rotenone, 50 pM antimycin A, 20 yM FCCP, or
5 uM GSDMD and/or 0.5 uM 3C protease® for 45 min on a heated shaker at 37 °C, 350 rpm. 500
nM MitoTracker green was added 20 min before the end of treatment. Treated mitochondria were
incubated with anti-cardiolipin serum (USBiological) at 1:1000 on ice for 15 min, followed by
incubation with APC-conjugated anti-human secondary antibodies for 15 min (Jackson
ImmunoResearch). The mitochondria were then analyzed on a FACSCanto Il flow cytometer using
FlowdJo software. Mitochondrial events were gated using MitoTracker green. Cardiolipin exposure
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was measured by cardiolipin MFI and calculated as (X-Iso)/(Triton-Iso) x100 and normalized to
untreated control.

Generation of genetically ablated cells by CRISPR-Cas9

Lentiviruses carrying Cas9- and sgRNA-expressing lentiCRISPR v2 were produced in HEK293T,
as previously described®’'. Cells were infected with the lentivirus and then selected with 5 ug/ml
puromycin (iBMDMs, 293T) or 2 pg/ml blasticidin (J774). Surviving cells were cloned and gene
ablation in clones was verified by sequencing genomic DNA and immunoblotting. sgRNA
sequences for the targeted genes were as follows: Cris1 (5-ATA CCG AAC TCT GCC AAC AC-
3'/5-ATG GAT TTATTG CTC GAA AC-3’), PlIscr3 (5’-ACT GGA GCT TGT CCC GGT CC-3'/5'-
TCC GCT AGG CGG ATT CGA AA-3’), control sgRNA (5'-GCC TGC CCT AAA CCC CGG AA-3’
or 5-GCG AGG TAT TCG GCT CCG CG-3’), Pnpt1 (5-GTG TCG TTA ACC CAA CA-3'/5-GCC
TTC CCA ATT CAT GCC GT-3’), BAX (5-AGT AGA AAA GGG CGA CAA CC-3’, Addgene
129580), BAK (5’-GCC ATG CTG GTA GAC GTG TA -3’, Addgene 129579), PLSCR3 (5’- ACA
GGC TAC TTG CCC CCC AA-3'/5-CCA GGA TGT AGC GCC GGC TC-3), CRLS1 (5-ATG TTG
TCA ATG ACG AGA AT-3/5-ATG GAT TTATTG CTC GAA AC-3’) and PNPT1 (5- GAA GGA
AAG GAC CAT CGC TC-3'/5-GTG AGT GCC CGA TCC CGC CG-3)).

MitoSOX staining

Mitochondrial ROS was measured using MitoSox Red (Invitrogen, M36008) according to the
manufacturer’s instructions. Briefly, LPS-primed iBMDMs were incubated with 5 yM MitoSOX for
10 min at 37°C and then treated with nigericin (40 uM). Fluorescence was read by plate reader
using excitation and emission wavelengths of 510 and 580 nm, respectively.

ELISA

iBMDMSs were treated as indicated and cell supernatants were collected 30 min after nigericin
stimulation. IL-1p release was measured using the Mouse IL-1 beta/IL-1F2 Quantikine ELISA Kit
(R&D Systems, MLBOOC) according to the manufacturer’s instructions.

Mouse studies

Control sgRNA (CTL) and Plscr3" J774 were primed with 1 ug/ml LPS for 3 h and then treated
with 20 uM nigericin for 2 h or were treated with 60 yM mitomycin C (MMC) for 20 h to induce ~60-
70% cell death. Both live and dead cells were collected and washed once with PBS. 1x10° MMC
or LPS+nigericin treated CTL or Plscr3" J774 were mixed with 5 x 10° WT J774 in 50 ul PBS and
then subcutaneously injected into the flanks of mice. Tumor growth was monitored by measuring
tumor long (L) and short (W) diameters every other day. Tumor volume was calculated according
to the equation: volume = 0.5 x L x W2

FISH

iBMDMs grown on poly-L-lysine-coated coverslips were treated as indicated and then fixed with
4% PFA for 10 min at room temperature, followed by permeabilization with 100% methanol for 10
min at -20°C. After three washes with 2x SSC buffer, coverslips were covered with a drop of
hybridization buffer (10% dextran sulfate, 35% formamide, 30 mM sodium citrate, 0.3 M NaCl, 20
mM DTT) supplemented with 300 nM poly(A) probe (Cy3-dTso) or 1 uM 78S rRNA probe (Cy5-
GGA CCA GAG CGA AAG CAT TTG CC). Coverslips were then incubated sequentially in 65°C
for 5 min, 45°C for 30 min, and 42°C for 90 min before washing with 2x SSC for at least three times
at 37°C and staining with DAPI in 2x SSC for 5 min. Images were captured using an Olympus
Fluoview FV1000 Confocal System and fluorescence intensity was measured using ImageJ.

qRT-PCR
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RNA extracted using TRIzol Reagent was reverse transcribed using the PrimeScript™ RT Master
Mix (Takara, RRO36A) according to the manufacturer’s protocol. Real-time fluorescent quantitative
PCR was performed using the Power SYBRGreen PCR Master Mix (Applied Biosystems, 1711564)
and a QuantStudio™ 12K Flex (ThermoFisher).

Quantification and statistical analysis

Standard deviation (SD) and standard error of the mean (SEM) were calculated as indicated in
each figure legend. Student’s t test (2-tailed, unpaired) was used to determine differences
between two groups. One- or two-way ANOVA was used to calculate differences among multiple
groups. Differences between SYTOX green/PI uptake curves were compared by first calculating
the area-under-the-curve values for each sample and then comparing different groups using the
Student’s t-test or one-way ANOVA. Type | errors were corrected by the Holm-Sidak method. P
values <0.05 were considered significant.
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Rabbit monoclonal anti-cleaved caspase-1 (Asp297) Cell Signaling Cat# 4199; RRID:
Technology AB 1903916
Mouse monoclonal anti-GSDMD This paper N/A

Goat polyclonal anti-IL-1 beta

R&D systems

Cat# AF-201-NA;
RRID: AB_354387

Mouse monoclonal anti-Cytochrome ¢ BioLegend Cat# 612504; RRID:
AB_2292697
Rabbit monoclonal anti-ACO2 Cell Signaling Cat# 6571; RRID:
Technology AB 2797630
Rabbit polyclonal anti-Caspase-3 Cell Signaling Cat# 9662; RRID:
Technology AB 331439
Rabbit monoclonal anti-COX IV Cell Signaling Cat# 4850; RRID:
Technology AB_2085424
Mouse monoclonal anti-alpha-Tubulin Sigma Cat# T5168; RRID:
AB_477579
Rabbit monoclonal anti-AIM2 Cell Signaling Cat# 53491
Technology
Rabbit polyclonal anti-SOD2 Santa Cruz Cat# sc-30080;
Biotechnology RRID: AB_661470
Rabbit monoclonal anti-HtrA2/Omi Cell Signaling Cat# 9745; RRID:
Technology AB 11220423
Mouse monoclonal anti-caspase-1(p20) Adipogen Cat#AG-20B-0042-
C100
Rat monoclonal anti-caspase-11 Cell Signaling Cat#14340S; RRID:
Technology AB 2728693
Human anti-Cardiolipin serum USBiological Cat# C1375
Mouse monoclonal anti-Actin Sigma Cat# A1978; RRID:
AB_476692
Rabbit monoclonal anti-PLSCR3 Abcam Cat# ab137128
Rabbit polyclonal anti-CRLS1 Abclonal Cat# A12388; RRID:
AB_2759232
Rabbit monoclonal anti-GSDMD Abcam Cat# ab209845;
RRID: AB_2783550
Rabbit monoclonal anti-GSDMD Abcam Cat# ab219800;

RRID: AB_2888940

Rabbit polyclonal anti-PNPT1

Proteintech

Cat# 14487-1-AP;
RRID: AB_2165820

Rabbit monoclonal anti-Cytochrome C Cell Signaling Cat# 4280; RRID:
Technology AB 10695410

Rabbit polyclonal anti-Tubulin Cell Signaling Cat# 2148
Technology

Rabbit recombinant anti-HA-Tag Cell Signaling Cat# 3724S; RRID:
Technology AB 1549585

Rabbit polyclonal anti-ASC Adipogen Cat#AG-25B-

0006TS-C100;
RRID: AB_2490440

Goat polyclonal anti-IL-1 beta

R&D systems

Cat# AF-201-NA;
RRID: AB_354387

Rabbit monoclonal anti-LAMP1

Abcam

Cat# ab208943;
RRID: AB_2923327
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Anti-EEA1 Cell Signaling Cat# 3288
Technology

Anti-Calnexin Cell Signaling Cat# 2679; RRID:
Technology AB 2228381

Mouse monoclonal anti-Lamin B1 Santa Cruz Cat# sc-56144,
Biotechnology RRID: AB 784272

Bacterial and Virus Strains

Salmonella typhimurium | This paper | N/A

Chemicals, Peptides, and Recombinant Proteins

Phorbol 12-myristate 13-acetate (PMA) Sigma Cat# P1585

E. coli LPS InvivoGen Cat# tirl-pb5lps

Nigericin InvivoGen Cat# tIrl-Nig-5

MitoTracker Deep Red FM Invitrogen Cat#t M22426

Image-iT™ TMRM Reagent Invitrogen Cat# 134361

MitoTracker green FM Invitrogen Cat# M7514

SYTOX™ Green Nucleic Acid Stain Invitrogen Cat# S7020

SYTOX™ Deep Red Nucleic Acid Stain Invitrogen Cat# S11381

4% PFA (paraformaldehyde) Invitrogen Cat# R37814

25% Glutaraldehyde Sigma Cat# 354400

Nunc Lab-Tek Chamber Slides

Thermo Scientific

Cat# 177402

35 mm Dish, 10 mm Glass Diameter

MatTek

Cat# P35G-1.5-10-C

Polyvinyl alcohol mounting medium with DABCO®, Sigma Cat# 10981
antifading

Oligomycin Sigma Cat# 75351
FCCP Sigma Cat# C2920
Rotenone Sigma Cat# R8875
SuperSignal™ West Femto Maximum Sensitivity Thermo Scientific Cat# 34095
Substrate

ATP solution Thermo Scientific Cat# R0441
MitoSOX™ Red Mitochondrial Superoxide Indicator Invitrogen Cat# M36008
MitoTracker Orange Invitrogen Cat# M7510
DAPI (4',6-diamidino-2-phenylindole) Invitrogen Cat# D1306
Ethidium bromide solution Sigma Cat# E1510
MitoTEMPO Sigma Cat# SML0737
Poly(deoxyadenylic-thymidylic) acid sodium salt Sigma Cat# P0883
Ultrapure LPS Sigma Cat# LPS25
D-Alanine Sigma Cat#t A7377
L-Alanine Sigma Cat#t A7627
Propidium iodide Invitrogen Cat# P3566
Recombinant human GSDMD Hao Wu Lab N/A
Recombinant human caspase-11 Hao Wu Lab N/A
Recombinant t-BID Prospecbio Cat# PRO-644
B-Nicotinamide adenine dinucleotide, reduced disodium | Sigma Cat# N8129
salt hydrate (NADH)

Z-VAD-FMK BD Biosciences Cat# 550377
Antimycin A from Streptomyces sp. Sigma Cat# A8674
Disulfiram Sigma Cat# 1224008
TRIzol™ Reagent Invitrogen Cat# 15596026
MCC950 Sigma Cat# 5381200001
N-Ethylmaleimide Cayman Cat# 19938
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VBIT-4 Invivochem Cat# V2258
Cyclosporin A Cayman Cat# 12088
Bongkrekic Acid (ammonium salt) Cayman Cat# 19079
Mitomycin C Sigma Cat# M5353
Nonyl Acridine Orange Sigma Cat# A7847
Piericidin A Aladdin Cat# P329435
2-Thenoyltrifluoroacetone MedChemExpress Cat# HY-D0190
Recombinant Murine TNF-a PeproTech Cat# 315-01A
Etoposide Sigma Cat# E1383
CHX Aladdin Cat# C112766
Z-VAD-FMK R&D systems Cat# FMKO001

Critical Commercial Assays

Seahorse XFe96 FluxPaks Agilent Cat# 102416-100
DNeasy Blood & Tissue Kit Qiagen Cat# 69506
SsoFast EvaGreen Supermix Bio-Rad Cat# 1725205
Amaxa Mouse Macrophage Nucleofection Kit Lonza Cat# VPA-1009
DCFDA/H2DCFDA Cellular ROS Assay Abcam Cat# ab113851
JC-1 Mitochondrial Membrane Potential Assay Abcam Cat# ab113850
MitoProbe™ DilC1(5) Assay Invitrogen Cat# M34151
CytoTox 96 ® Non-Radioactive Cytotoxicity Assay Promega Cat# G1780
CellTiter-Glo® Luminescent Cell Viability Assay Promega Cat# G7570
X-tremeGENE™ HP DNA Transfection Reagent Roche Cat# 6366236001
SYBRGreen PCR Master Mix Applied Biosystems Cat# 1711564
PrimeScript™ RT Master Mix Takara Cat# RRO36A
Mouse IL-1 beta/IL-1F2 Quantikine ELISA Kit R&D systems Cat# MLBOOC

Experimental models: Cell lines

Human: THP-1 ATCC Cat# T1B-202; RRID:
CVCL_0006

Mouse: immortalized BMDMs This Paper N/A

Human: HEK293T ATCC Cat# CRL-3216;
RRID: CVCL_0063

Human: HCT116 ATCC Cat# CCL-247;
RRID: CVCL_0291

Mouse: J774 ATCC Cat# TIB-67; RRID:

CVCL 4692

Experimental models: Organisms/strains

Mouse: BALB/cJ

The Jackson

Cat#: 000651; RRID:

Laboratory IMSR JAX: 000651

Oligonucleotides

Human mtDNA F: GACGTTAGGTCAAGGTGTAG Integrated DNA N/A
Human mtDNA R: CAACTAAGCACTCTACTCTC Technologies

Human GAPDH F: GACCCCTTCATTGACCTCAAC Integrated DNA N/A
Human GAPDH R: CTTCTCCATGGTGGTGAAGA Technologies

Mouse Actb F: GTGACGTTGACATCCGTAAAGA Integrated DNA N/A
Mouse Actb R: GCCGGACTCATCGTACTCC Technologies

Mouse Sdha F: TCCTACCCGATCACATACTGTT Integrated DNA N/A
Mouse Sdha R: GCTCTGTCATGTAATGGATGGCA Technologies

Mouse Tuba F: GGAGGGGACGACTCCTTCA Integrated DNA N/A

Mouse Tuba R: TGGGCCATTTCGGATCTCATC

Technologies
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Mouse 7SL F: GCACTAAGTTCGGCATCAATATG Tsingke Biological N/A

Mouse 7SL R: CTGATCAGCACGGGAGTTT Technology

Mouse U6 F: CTCGCTTCGGCAGCACA Tsingke Biological N/A

Mouse U6 R: AACGCTTCACGAATTTGCGT Technology

Mouse Plscr3 F: CGACGCGTATGGCAGGCTACTTGC | Tsingke Biological N/A

Mouse Plscr3 R: GCGGATCCCTAACTGGTGATGGCA | Technology

Mouse Crls1 F: Tsingke Biological N/A

CGACGCGTGCCACCATGTTGGCTTGGCGCGT Technology

Mouse Crls1 R:

TGCATGCATTCATTTGCCCTTTATCACCTGAACAGTT

Mouse Gapdh-F: GAAGGGCTCATGACCACAGT Tsingke Biological N/A

Mouse Gapdh-R: GGATGCAGGGATGATGTTCT Technology

Mouse Tnfa-F: CCCTCACACTCAGATCATCTTCT Tsingke Biological N/A

Mouse Tnfa-R: GCTACGACGTGGGCTACAG Technology

Mouse I16-F: GAGAGGAGACTTCACAGAGGATAC Tsingke Biological N/A

Mouse lI6-R: GTACTCCAGAAGACCAGAGG Technology

Mouse II1b-F: GCAACTGTTCCTGAACTCAACT Tsingke Biological N/A

Mouse [I1b-R: ATCTTTTGGGGTCCGTCAACT Technology

Recombinant DNA

pLenti-CMV-Blast-HyPer7-DAAO-NES This paper N/A

pLenti-CMV-Blast-HyPer7-DAAO-NLS This paper N/A

pCMV-VSV-G Addgene Plasmid #8454;
RRID:
Addgene 8454

psPAX2 Addgene Plasmid #12260;

RRID:
Addgene 12260

pFlag-CMV-mFL-GSDMD

(Liu et al., 2016)

N/A

pFlag-CMV-mNT-GSDMD

(Liu et al., 2016)

N/A

LentiCRISPR v2

Addgene

Plasmid #52961;
RRID:
Addgene 52961

Lenti-mNeonGreen-GSDMD

(Rathkey et al., 2017)

N/A

pHAGE-3X Flag-Plscr3 This paper N/A
pHAGE-3X Flag-Plscr3 F259V This paper N/A
pHAGE-3X Flag-Plscr3 5A This paper N/A
pHAGE-3X Flag-Crls1 This paper N/A
pHAGE-3X Flag-Cris1 D170A This paper N/A
pLenti-CMV-Puro-PNPT1 This paper N/A
pLenti-CMV-Puro-PNPT1 S484A This paper N/A
pcDNA3-mGSDMD-NT-3x HA This paper N/A
pDsRed-hGSDMA-NT This paper N/A
pDsRed-mGSDME-NT This paper N/A
Software and algorithms

Zeiss Zen software Zeiss N/A
Olympus Fluoview FV1000 Confocal System Olympus N/A
Prism 8.0 GraphPad Software N/A
ImageJ ImageJ N/A
IDEAS 6.2 software Luminex N/A
FlowJo FlowJo N/A
Nikon Elements (v5.10) Nikon N/A
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Fiji ImageJ N/A
Huygens Essential v19.10 (SVI) Huygens N/A
Arivis Vision4D Arivis N/A
BioRender BioRender.com N/A




Figure

A

!

MTDR

MTG ™

TMEM MTO

SYTOX OR

Click here to access/download;Figure;Figure 1.tif

Relatren MFI TMRMMTG
xI00) _ _

Yume rinp © 7513_30 45 0
Rl —— R

A || — - 5
P 37

—

a1
[V | [pp—p—— :
COox v T 14
- ———— o
L"pi e L

"'1M”W‘A

—~
GEOND NT .

GSONDNT |
Ot ome ¢

cyttvene ¢ S —

“

Relative mitensty (%)

ALQR [ — e

COx v —

-

|

o Tutuln

|

sfiochiore |
ACGR |-
COx v | £5)

L“ﬁ[ : -.115

-

i

- Tutasn w

CASP.Y p2220
100 ,
B0+
80 '
A0 r
204
O - -
GSOMD-FL
100,
B4 o
604
40
20
o . 3 :
GSDMODNT
100
80 ’ }
60 '
404 | "
20
v
ProaL-18
1007
80 v 3
w ]
40
20
H——
¥
100 .
&0 .
(=) |
40
20]
) A A——

Q 15 N &
Tarw {min)

Figure 1

A0,
30l &
L 23‘ .:
10
< pl
Tume (rren) Time (ren)
81 .
-, T
61
4
24
)
20 15
T () Teve ()
G 6
cytochrome ¢ 65 ..‘l:.
. - % 5
93 Ll
b - . 1
0 :01
02 Q7515 04
. §—waci Tung {mn)
.
' '
cCOoxw
0 15 3 45
T ()
* Cytosot
= Miochondia
+ Medum



Figure

=

Click here to access/download;Figure;Figure 2.tif

e LPS
LPS -
= 20 o E e ! 'n.—",/\\,",'\
a; E 40 I |
g 15 ¥ |3 V4
: e 8l '
2 w0 p | .
: ! ' <
- L 2‘_- ’l
g / § | A
- '
B 0pessTle e eesssons g 15 A0 | P
10
’00'0-'.“‘. - 5 ‘ _ﬁn
- | s R é | 4 |
g &lo
- > B P -
2 o w‘ | A |
§.§‘D nn..'. - UNT /\ J .5 A
o 20 » ' Pc . vy ] r——— DA A, ey L] r—y e
6 S MESOX Red NS 1(5) SYTOX Green
- B0 i Y3 powe & o0
3 f - : KR o
¢ 40 : 3 i ! Y TN e P
2 ’ 8 . oow , % s e ' g ‘ The
5 % A £ ! 13 ] ;
= y p- - y | - .se
s 20 . . 3 B -« ®
9 u:‘ :-_r"‘" R !-.', N = .‘..J ;4
f::z 10 ‘:H--.- L; 0319 = Hﬁjﬁ ! o= [ & ‘;6ﬁn
ofttagagesesdeesm" 4 IAARRA § ol i B RAMSAA
0 510152025303540 45 UNTO 5 IDISJ02S 0MA F & UNTO S M0 NB0QPF UNTG S 50133035 20384043 #
Tirve (i) Time (men) Time {men) Time {min)
c WMo Tracks Moo Traehed DAF 100~ ] qu, E 100+
_en
i _ 804 s &0+ o 80 o
z % i # z
= . ~
- g B0+ éw-« - 004
p i
=2 a4 3 404 3ac«
g vee ., .J
= 204 204 20
o 0 0~
UNT EB LPS . N LPS vans . .
\‘q . . £ .
EB .
- LPS + DMSO , H |
F v LPS « MaTEMPO G w- 80" B0
« LPS + Nig + DMSO -, —_
100 = LPS « Ng « MacTEMPO ..nl ~ 804 ~ B0~ —— — B0
g sl £ € £
- 2 : :
Lorerp uE%um §w- g 204 g o
& ’ 4 -4
‘ " | T %
% 3
40| ray
o “ 204 © 20 9 204
> 20 g
R
o 0 0 0
0 10 20 20 40 50 60 70 80 W LPS+ » ¢+ » LFS rans L PolydA dT) ¢ o
Tere (mwn) Ng - . . MTEMPO . . MO TEAMRO ¢ .
MWTEMPO - « - »
+ T-DAADNES HyPe 7T-DAAONLS
22-'“ o K a4 HPer T-DAADNE L <LPS yPer T-DAAO-NL
- 3
= - 2 *LFS * Ng + D-¢la - «LPS « Nig » D-ala
- - 50
320- L’ g% “LPS + Ng + L-aia .,.'\.E'a,wpsmq-uu siid
z » . .l
] o’ 3 |* a>e
g% 240- o’ %40 "
2 . o } ' c | oe
$ 104 E Z E V4
a 0+ o . .
5054 x % o3 5 | ‘
o !
— ‘ -
fn oL, & C,L"ff“fff’.,‘:"zf"t:“f & opm(;.vmt?gfe-ylow-:s:
Lsa'Dala 0 20 40 60 80 100 120 D 20 40 60 80 100 120
Tere (mn) Tiens (rown)

Figure 2



Figure

Relatve Fluorescence

W0 Tracher

o

Relstren Florostence

infensaty (%

Dy uptsin

D0+
saj .
60
-
LLEJ
2 .
!
e e S . e —
50 40 -30-20-10 0 W0

Figure 3

Click here to access/download;Figure;Figure 3.tif

T™MAaEM &~ MnSOX

S { Dryw wptah
SY1O0X OR Dyyw wptabo Pt

- - ]
— Y L]
80 40 302010 0 10 20

Teme ¢rran)

W Puamber in i
3 ~
A
sfded o

: 2

Partx
=
!




Figure Click here to access/download;Figure;Figure 4.tif *

PV ittt d )| IR s | &
Cox v T
e —— —— - WG
HuA2 | e - ) » l aw » £ * e .
Hﬁ:.“ === = ”_
mc T e - ; !
ACQ2| Tt ——— - — n o{ |
‘-—-—.... - ——— 2]
coxw! ln £
C 20 yize
- 7 ACO?
15 100, -~
s 3
10 A -~ ‘ B0
i '
1 o
204
Vo e 5 %
Ll A A S 0 1 45
GSOMD - ¢ ..
CASPAY .« - Lol
D £ 120,
GSOWD . =
+ CASP-11 L1 - Soud w
‘ 80-
CASP1 L 3 P
GSOMD i
40
Armryon A ) A 201
Untroated /\'\, od i L i
Urrstane GSOMD - + . o
N 1 CASRIY - - ¢ o -
WO 100 W01
MASOX Red Ansmyon A o I
£ # 120,
GSOMD. A § 1004
* CASP-11 { F o
Y N k.
oocy \ {k i 204
Untreates A [
| GSOMD -
Uratanes X CASP.11
o e 10 coep
F DNC 1S G

20
% 15
. ‘o » "
80 00
- - -
v - -

- -

. * .

v o [

- - » o .
Timo (min) 15 15 15 95 0 15 15
Figure 4



Figure

81
LPS

O
=
L
-
.
a
x
- =
=
0
LPS » Ngencn

-
Ly S
! Sy 0 | Matrx
PG «COP. Carnchpen
DAG

Click here to access/download;Figure;Figure 5.tif

C
, 3 3120,
il % £5
?
&
2B
s
S
S .
< 5D
i §:1w<§ T 4 F
- O a0 *
Z| 3 "§m~ 3
v E i 404
& ::5
- ._2\34 l
3 Q§4p\;
§ £S5 8 SEE N S8
LPS LPSeNig Q.“d’" ¢‘>‘"<,°’ < \Q’p‘-(’p
v G LPs LPS+Nag LPS LPSeNg LPS LPS+Nyg
Wt Prscrd* 1 Plser?2 Wt cist-t etz M awT | oWt
2 o gD 5] 02ga g &8 Prscry B Cris1*.y ot
L EEHEGIESERET BE4RSIESIESE PR LN
» - - > . - - - - - - - - . {

J =W -WT K ©°@wr
FMJ-1|LPS . Placrd -\ f’;i Pl
- Placrd 2 - Plecrd 2 1001 8 Pead2  ov

3 st PRt tw‘

% 60 L 3

& a0 .- .J’: 560-

gcc /R n £ 404

g [ A" & 0.
D’A;IW_...,“. T od

TITyIANy
0 20 40 60 80 100 10

100 -~

Tene (mn) - e
~CTL QL Lps.
N o 0 Pisrd 1£LPS Pascry-1 [FS
e %1003 2 - Poecry-21N9
ba :
5 t Eg .4:.‘ "'l.'.".‘...'
; » -
asco il fe{ ;
ahh
;uc:n.-‘\. % --""’Nf"“,,
) [
>

#» 0 40 B0 120 180 200 240

Time {mun)

L owwr W | M :g' .
CosftA |LPS =+ Creff*\ 100 2
o Cral1-2 —Castroz | N9 B bt ek SR

= povovsste Z 801
g Fmn T 5
60: ',: ;‘.;i;].:;;;}}. a
401 " .“" S
EZUOL ‘J“‘ - 20
0:_ ' $ "'1'!':"""' o-

0 20 40 00 80 100 120 LPS  LPS+Ny
Time (min)
= = «CTLAPSNg - «CTLAMC
E : g‘w “ *Prscrd’ - MMC
1 H "
§1 . 300 Ped 1186
200 g
; ooy
o = 0 P ———
0246 81012%161%8 0240 81012418100
Oay after rrplantaton Day after roplantason



Figure Click here to access/download;Figure;Figure 6.tif %

104

Figure 6



Figure

Click here to access/download;Figure;Figure 7.tif

A MaoTracxer PNT Mecge DA B c D
s
Oues
5 BLrs « Ny
g, s
; £
vy
“oa
E
S04
¥ P
. |8
w|& goo
OWwT B P 3 - B P32 WCrsr -2 BCrist -2 a :
. o
. Acth Tuta Scivo
5'@' 54 ::
- | "— (%
o 2104
23
- %USv G
é E n OWT«EV BCasr «EV B Csr” « Crigt B Casr” » Crist D170A
E E00 ik 5o TPS,M LPS  TLPS+ Ng Acth Tutw Sdhs
8215, = _ 154
i -3 3‘ §d
D +104 o
2 2 é g 1 04
23
% iad 23]
os
Z So0ll A l )| l ? g
= Unintecied Saimoneta Unfecssd Ssomonesa’ va"«:md .‘.\Jl"u ey % &
~p.0d
F - &5
OWT+EV @fsord « BV BPscd « Paol @ Psod « Plecd FR5N §.‘7’ 2 0
Acth Tisha Scha gg
~1.54 TR
g: : voe mas . vee see § _g 104
210 m 3 1 o 2.2, -k; £50s
2% i " : : &
E 1 3 &
x 3~| 5 - | 00-
13 |
.
E;OOJ;‘ ,ﬂ -l_ '1 "1 WS - CTL «CTL PS
PS LPS+Ng PSS LPSeNg LPS uK. H | Prget -1 {LPS = Prptre | O
. = - Prpt1”-2 -~ Prptt* 2" 9
B . #1004
23 Frpt T sgRNA © '_.-"" °
= “es sae orL 1 2 é 804 e A :
31 2z c 2 o8 T
;g FLET ) — “§t}0~ ' ghert
e " »
T2 L l Ak w——— O
£ "o 3 /
20 »
Urentected  Sakmonafe’ Uninfected ' Saimonoda” Uninfected | Salnaneds g s B
5 o
0 40 %0 120 160 200 240
J 3 L Tiene ()
aCTL aCTL
0 Prgt 171 B Prpf 1 " = CTLEV
120 @ P12 1008 12 £100 | PrptT eV CTL  Prott
- : - e o gtid 3 ! —_——
g% £ 801 A 80 pottt¥ s = Pgt sPNPTY g EES
§% 5 +* Y e Prptr «PNPT 1 S4844) = £3
%ﬁﬂ gmj %6‘3‘ ,:3:.- oy shiem v = te g G kD
i“" 2?4(1l 5;3 P . CTLeEY PNPT1 &5 --- 75
'
U 20 & 20 B A e il {PS g aesn
0 + f Ol’;i.‘:_‘:?_""’__""_.::3111 * Prpi1“ePNPT! |*Ng weee ar
S LPSians Unistected Sabnoretis @ "0 40 B0 120 180 200 240 " PYtleBNSTI Senenl
Terw (rmen)

Figure 7



