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Inflammasomes are intracellular sensors that couple detection of
pathogens and cellular stress to activation of Caspase-1, and con-
sequent IL-1p and IL-18 maturation and pyroptotic cell death. Here,
we show that the absent in melanoma 2 (AIM2) and nucleotide-
binding oligomerization domain-like receptor pyrin domain-contain-
ing protein 3 (NLRP3) inflammasomes trigger Caspase-1-dependent
mitochondrial damage. Caspase-1 activates multiple pathways to
precipitate mitochondrial disassembly, resulting in mitochondrial
reactive oxygen species (ROS) production, dissipation of mitochon-
drial membrane potential, mitochondrial permeabilization, and
fragmentation of the mitochondrial network. Moreover, Caspase-1
inhibits mitophagy to amplify mitochondrial damage, mediated in
part by cleavage of the key mitophagy regulator Parkin. In the ab-
sence of Parkin activity, increased mitochondrial damage augments
pyroptosis, as indicated by enhanced plasma membrane perme-
abilization and release of danger-associated molecular patterns
(DAMPs). Therefore, like other initiator caspases, Caspase-1 activa-
tion by inflammasomes results in mitochondrial damage.

inflammasomes | mitochondrial damage | pyroptosis | mitophagy

Inﬂammasomes are cytosolic complexes that mediate Caspase-1
activation in response to pathogen infection and cellular stress
(1, 2). They consist of a regulatory subunit, which couples stimulus
recognition to complex assembly; Caspase-1, the effector subunit;
and the adaptor protein Asc. The best-characterized inflamma-
somes include the AIM2 inflammasome, which detects cytosolic
DNA during bacterial and viral infection, and the NLRP3
inflammasome, which is activated by many stimuli in a variety of
settings including infection and metabolic inflammation. Although
not entirely clear, one plausible model of NLRP3 inflammasome
activation is the generation of some mitochondria-associated signal
by mitochondrial destabilization (3, 4). Recruitment of Cas-
pase-1 into the inflammasome complex leads to its activation,
autoprocessing, and subsequent substrate cleavage.

The prototypical inflammasome-mediated functions are IL-1§
and IL-18 maturation and induction of pyroptosis (1). Additionally,
inflammasomes control other processes like unconventional se-
cretion of intracellular proteins (5), such as DAMPs like high
mobility group box 1 (HMGBI1) (6), and regulation of autophagy
(7, 8). These examples suggest the existence of additional inflam-
masome effector activities that are likely to vary in a context-
dependent manner. Interestingly, a recent report indicated that ac-
tivation of the NLRP3 inflammasome by extracellular ATP leads to
NLRP3-dependent dissipation of the mitochondrial membrane po-
tential (9), but subsequent studies proposed that such mitochondrial
damage is solely a trigger of inflammasome activation (10, 11) be-
cause it occurs normally in the absence of the NLRP3 inflamma-
some (11). Thus, the relationship between NLRP3 inflammasome
activation and mitochondrial damage remains unclear.

Pyroptosis is a Caspase-1-mediated, proinflammatory form of
cell death. It occurs during infection by many intracellular patho-
gens where it can critically eliminate an intracellular replication
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niche (12), as well as other settings (13, 14), but experimental
demonstration of its physiological role is hampered by the lack of
mechanistic insights into its regulation. Pyroptosis shares some
features with necrosis (such as loss of plasma-membrane integrity
and release of intracellular contents) and others with apoptosis
(including DNA fragmentation and nuclear condensation) (12).
Mitochondrial damage critically underlies apoptosis mediated by
initiator caspases like Caspase-8 and Caspase-9. Upon activation
by death receptors, Caspase-8 cleavage of the protein Bid precip-
itates mitochondrial outer membrane permeabilization (MOMP),
resulting in dissipation of the membrane potential, disruption
of mitochondrial function, and release of apoptosis-promoting
factors from the intermembrane space (15). MOMP can also lead
to mitochondrial permeability transition (MPT), or breach of in-
tegrity of the inner membrane caused by opening of an inner
membrane pore, which further amplifies mitochondrial damage
(16). Whether mitochondrial damage contributes to pyroptosis and
in general how pyroptosis is regulated, including the relevant
substrates, are not clear.

Results

Amplification of Mitochondrial Damage by the NLRP3 Inflammasome.
Recent studies suggest that mitochondrial damage may or may
not be triggered by the NLRP3 inflammasome (9, 11). Here, we
decided to reexamine this issue using additional stimuli, extended
time courses, and several readouts of mitochondrial damage.

Significance

Sensors of the innate immune system trigger the induction of in-
flammatory responses upon infection and cellular stress. One such
sensor is the inflammasome pathway, which is best described for
its role in the production of the inflammatory cytokines IL-18 and
IL-18. Other effector functions of the inflammasome pathway re-
main less well defined, and here we show that activation of this
pathway leads to induction of mitochondrial damage and dis-
mantling of the organelle. We link such mitochondrial damage to
another inflammasome-regulated process called pyroptosis, which
is a proinflammatory form of cell death. In summary, we charac-
terize the role of mitochondrial damage during activation of the
inflammasome pathway, of relevance to host defense and other
physiological and pathophysiological settings.
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Fig. 1. The NLRP3 inflammasome amplifies mitochondrial damage. LPS-
primed BMDMs of the indicated genotypes were stimulated with ATP, fol-
lowed by staining with MitoSox (gray line, WT unstimulated; black line, WT;
dashed line, Casp1"‘Casp11"‘) (A), Mitotracker Green and Mitotracker Deep
Red (B), or AV/PI (C), or analysis in LDH release assay (D). In B, gated cells stain
less brightly with Mitotracker Deep Red (i.e., downward shift), indicative of
loss of AW, In D, * indicates P < 0.05 relative to Casp1~"~Casp11~~ and Nirp3™~
BMDMs (n > 3).

Consistent with previous reports, ATP treatment of lipopoly-
saccharide (LPS)-primed bone marrow-derived macrophages
(BMDMs) triggered rapid changes to mitocondrial ROS
(mROS) production and membrane potential (AW,,). Impor-
tantly, such changes were largely but incompletely dependent on
the NLRP3 inflammasome. ATP triggered an initial increase in
mROS production that is evident in the time-dependent
increases in MitoSox staining in WT, Nip3~~, and Caspl™'~
Caspl]_/_ BMDMs whereas, at later time points, further
increases are detectable in a subset of WT but not Nipp3~~ and
Caspl™~Caspl1~~ BMDMs (Fig. 14 and Fig. S14). Thus, ATP
stimulation directly increased mROS production followed by
NLRP3 inflammasome-mediated amplification of this re-
sponse. Another indication of mitochondrial damage is dissi-
pation of A¥,,, which we examined by costaining with Mitotracker
Green and Deep Red, dyes that are taken up in a AY,,-inde-
pendent and -dependent manner, respectively. In response to ATP
treatment, an initial mitochondrial membrane hyperpolarization is
followed by depolarization (i.e., increase and decrease in Mito-
tracker Deep Red staining, respectively) (Fig. 1B). Membrane
hyperpolarization occurred independently of the NLRP3 inflam-
masome (i.e., seen in all genotypes), but subsequent depolarization
was strictly inflammasome-dependent (i.e., seen only in a sub-
population of WT cells) (Fig. 1B and Fig. S14). Use of TMRM,
a AW.-sensitive dye, also indicated Caspase-1-dependent de-
polarization during ATP stimulation (Fig. S1B). ATP treatment in
the absence of LPS priming, which is insufficient to activate the
NLRP3 inflammasome, triggered modest increases in mROS
production and mitochondrial hyperpolarization without de-
polarization (Fig. S1C), similar to the mitochondrial damage pro-
file of Caspl™~Caspl1”'~ BMDMs stimulated with LPS plus ATP
(Fig. 1 A and B). As expected, ATP-mediated activation of the
NLRP3 inflammasome induced pyroptotic cell death as indicated
by Annexin V (AV)/propidium iodide (PI) staining and lactate
dehydrogenase (LDH) release (Fig. 1 C and D).

Stimulation of BMDMs with nigericin, another activator of the
NLRP3 inflammasome, also induced inflammasome-dependent
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mitochondrial damage, as indicated by Caspase-1-dependent de-
polarization and mROS induction (Fig. S1 D-F). Of note, ATP
and nigericin treatment seemed to directly perturb mitochon-
drial physiology in all/most WT BMDMs [e.g., inflammasome-
independent increases in mROS production (Fig. 14 and Fig. S1C)
or hyperpolarization (Fig. 1B and Fig. S1 C and E)]. In contrast,
inflammasome-mediated amplification of mitochondrial damage
was observed only in a subset of WT cells [e.g., mROS production
(Fig. 14 and Fig. S1F) or depolarization (Fig. 1B and Fig. S1 B, D,
and E)], which may reflect inflammasome activation only in those
cells (consistent with single-cell analysis of inflammasome activa-
tion in other studies) (17). These findings support the model that
NLRP3 inflammasome activators engage mitochondrial destabiliza-
tion via stimulus-specific mechanisms (e.g., increased mROS pro-
duction by ATP but not nigericin) that converge on generation of
some signal associated with mitochondrial damage, leading to in-
flammasome activation and Caspase-1-dependent escalation of
mitochondrial damage. No defect in mitochondrial damage was
observed in Caspl1~~ BMDMs (Fig. S1G); thus, we attribute
defects in Caspl ~'~Casp11~'~ BMDMs throughout this study to
Caspase-1.

Instigation of Mitochondrial Damage by the AIM2 Inflammasome.
These findings led us to hypothesize that inflammasomes other
than NLRP3 may trigger Caspase-1-dependent mitochondrial
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Fig. 2. The AIM2 inflammasome initiates mitochondrial damage. (A-C and E)
LPS-primed BMDMs of the indicated genotypes were transfected with DNA.
Cells were analyzed by MitoSox (A), Mitotracker Green and Deep Red (B), or
AV/PI (E) staining. In B, gated cells stain more brightly with Mitotracker Green (i.
e., rightward shift), indicating mitochondrial swelling. (C) Mitochondrial mor-
phology was examined by immunofluorescence using an antibody to the mi-
tochondria-localized protein Tom20. (D) Immortalized macrophage cell lines
stably expressing HA-tagged AIM2 were LPS-primed followed by transfection
with DNA. Mitochondrial and cytosolic fractions were analyzed by immuno-
blotting with a-HA and a-Caspase-1 antibodies. Inmunoblotting with a-Tom20
and tubulin antibodies served as fractionation controls.
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damage. The AIM2 inflammasome is activated by direct binding
to cytosolic double-strand DNA and may be a “cleaner” system
to determine whether inflammasome activation triggers mito-
chondrial damage. Indeed activation of the AIM2 inflammasome
by DNA transfection led to an increase in mROS production, in
a manner dependent on AIM2 and Caspase-1 (Fig. 24 and Fig.
S24). AIM2 inflammasome activation also led to an increase in
Mitotracker Green staining in a subset of WT BMDMs, but not in
Aim27™~ or Caspl”~CaspI1”'~ BMDMs (Fig. 2B and Fig. S2B),
indicating inflammasome-dependent mitochondrial swelling (rather
than mitochondrial biogenesis, given the rapid kinetics of the re-
sponse). Using immunofluorescence microscopy, we showed that
the tubular mitochondrial network is fragmented during AIM2
inflammasome activation, in a Caspase-1-dependent manner (Fig.
2C and Fig. S2C). Inflammasome-mediated mitochondrial damage
is also observed in macrophage colony-stimulating factor (MCSF)-
generated BMDMs and thioglycollate-elicited peritoneal macro-
phages (Fig. S2 D and E). Activated Caspase-1 (p10 subunit) could
be localized to the mitochondria after inflammasome activation
(Fig. 2D), perhaps to allow Caspase-1 to directly cleave mitochon-
drial proteins and trigger mitochondrial damage (Discussion). Thus,
AIM2 inflammasome activation leads to Caspase-1-dependent
mitochondrial damage as well as induction of pyroptosis (Fig. 2F).
During inflammasome activation, only cells with Caspase-1-
mediated induction of mitochondrial damage displayed a forward
scatter (FSC)/side scatter (SSC) profile consistent with cell death
(Fig. S3). Therefore, direct perturbation of the mitochondria by
NLRP3 inflammasome activators seems insufficient to induce
pyroptosis, which instead correlates with Caspase-1-dependent
amplification of mitochondrial damage. Importantly, the kinetics
of Caspase-1-mediated mitochondrial damage preceded pyrop-
tosis during AIM2 and NLRP3 inflammasome activation (Fig. S4).
Taken together, these findings support a possible contribution of
mitochondrial damage to pyroptotic cell death (Discussion).

Caspase-1-Mediated Mitochondrial Damage in CAPS. We addressed
the relevance of NLRP3 inflammasome-mediated mitochondrial
damage in cryopyrin-associated periodic syndrome (CAPS), a
spectrum of rare autoinflammatory diseases caused by mutations
in Nirp3. Such mutations render the NLRP3 inflammasome ab-
errantly active in CAPS monocytes and macrophages, presumably
because of a reduced threshold for activation (18). Although IL-1p
and IL-18 are critical to the pathogenesis of this disease, de-
ficiency of both cytokines in a mouse model of CAPS is not suf-
ficient to abolish inflammation, suggesting the contribution of
other Caspase-1-regulated processes (19).

The Nlp3“""*~]CreT mouse line carries a tamoxifen-inducible
allele of Nlrp3 harboring the CAPS mutation L351P (corresponding
to human L353P) (18). Consistent with previous studies, LPS
stimulation of Nip3-+~/CreT BMDMs induces NLRP3
inflammasome-dependent IL-1p production (Fig. S54). LPS
stimulation induced mROS production and mitochondrial swell-
ing that is ablated by cotreatment with the Caspase-1 inhibitor
VX765 (Fig. 3 A and B). LPS stimulation of monocytes from
CAPS patients also induced mitochondrial swelling and IL-1p
production that could be abrogated by VX765 treatment (Fig. 3 C
and D). Finally, VX765 treatment attenuated LPS-mediated
pyroptosis in Nipp3~*"*"~/CreT BMDMs (Fig. 3E and Fig. S5B).
Thus, activation of the NLRP3 inflammasome in CAPS models
leads to Caspase-1-dependent mitochondrial damage and pyrop-
tosis, which could contribute to CAPS pathogenesis.

Role of MOMP in Caspase-1-Mediated Mitochondrial Damage. Caspase-8
induces mitochondrial damage through Bid cleavage and conse-
quent induction of MOMP, dissipation of A¥,,, and mROS pro-
duction (15); thus, we explored the role of Bid and MOMP in
inflammasome-mediated mitochondrial damage and cell death.
AIM2 and NLRP3 inflammasome activation triggered release
of cytochrome ¢ (cyt c¢) into the cytosol, demonstrating per-
meabilization of the outer membrane (Fig. 44). At early time
points, accumulation of cytochrome c in the cytosol paralleled loss
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from the mitochondria whereas, at late time points, decreased
levels of cytosolic cytochrome c likely reflected release into culture
media as a result of pyroptosis. Inflammasome activation also led
to Caspase-1-dependent induction of MPT, as assessed by a cal-
cein-quenching assay in which inner membrane permeabilization
enables quenching of matrix calcein by cytoplasmic cobalt (Fig. 4B
and Fig. S64) (20). Therefore, Caspase-1 triggers mitochondrial
permeabilization during inflammasome activation.

Importantly, Bid was cleaved during activation of the AIM2
and NLRP3 inflammasomes, in a largely Caspase-1-dependent
manner (Fig. 4C). Surprisingly, however, Bid”~ BMDMs showed
no defect in mROS induction (Fig. 4D), mitochondrial swelling
(Fig. 4E), or MPT (Fig. S6B) during AIM2 inflammasome acti-
vation. Pyroptotic cell death was likewise normal in Bid~/'~
BMDMs (Fig. S6C). Additionally, no defect in mitochondrial
damage was observed during NLRP3 inflammasome activation
in Bid '~ BMDMs (Fig. S6D). Induction of MOMP by truncated
Bid is dependent on the mitochondrial “gatekeepers” Bax and
Bak (15); however, Asc expression is reduced in our Bak™ Bax**
immortalized macrophage cell lines, leading to attenuated inflam-
masome activation (Fig. S6E) that would confound analysis of
Caspase-1-mediated mitochondrial damage. No defect in inflamma-
some activation was observed in a recent analysis of Bak” Bax ™'~
BMDMs (21), perhaps because Asc expression was not affected
(although not reported) and reflecting differences between de-
letion during macrophage differentiation versus deletion in ma-
ture macrophages. Additionally the mROS scavenger MitoTempo
was unable to block Caspase-1-mediated mROS induction during
AIM2 inflammasome activation (Fig. S6F), precluding its use to
address the role of mROS induction in pyroptosis. Finally,
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Fig. 3. Caspase-1-dependent mitochondrial damage in CAPS. (A, B, and E)
Nirp3-3*"P*~/CreT BMDMs were treated with tamoxifen to permit expression of
the mutant Nirp3 allele, followed by LPS stimulation + VX765 (VX). (A) MitoSox
staining. —, LPS; - - -, LPS plus VX. (B) Mitotracker Green and Mitotracker Deep
Red staining. Gated cells stain more brightly with Mitotracker Green, in-
dicating mitochondrial swelling. (C and D) CAPS monocytes were stimulated
with LPS + VX. (C) Mitotracker Green and Deep Red staining and (D) IL-1p ELISA.
In C, FACS plots from a representative CAPS patient are shown (Left) whereas
data from each patient (n = 3) are shown as the percentage of monocytes with
swollen mitochondria (Right). (E) AV/PI staining. (C and D) Open circle, unsti-
mulated; open square, LPS-treated; closed circle, LPS plus VX765 cotreated.
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Fig. 4. Inflammasomes engage multiple pathways to trigger mitochondrial
damage. (A-C) WT and Casp1~~Casp11~~ BMDMs were stimulated as indicated.
(A) Immunoblotting of cytosolic and mitochondrial fractions with a-cyt c antibody.
(B) MPT was assessed by a calcein-quenching assay. —, WT; - - -, Casp7 ™ Casp717".
(C) Immunoblotting of whole-cell lysates with a-Bid antibody. tBid, truncated Bid.
(D and E) WT and Bid”~ BMDMs were treated as indicated followed by (D)
MitoSox (—, WT; - - -, Bid™) and (E) Mitotracker Green and Deep Red staining.

Caspase-3 is activated during inflammasome activation, likely
as a consequence of MOMP and cytochrome c release, but seems
dispensable for amplification of mitochondrial damage (Fig. S6 G
and H). Therefore, inflammasome activation triggers Caspase-1—
dependent Bid cleavage and MOMP and MPT induction, but
normal mitochondrial damage and pyroptotic cell death in the
absence of Bid suggests that Caspase-1 may engage multiple
pathways to precipitate mitochondrial disassembly (Discussion).

Inflammasomes Mediate Parkin Cleavage and Inhibit Mitophagy.
Mitophagy is the process by which damaged mitochondria are
targeted for degradation in the autophagy pathway to maintain
a pool of healthy mitochondria in the cell (22); thus inflamma-
some activation may inhibit mitophagy as a means of accumu-
lating dysfunctional mitochondria and amplifying mitochondrial
damage. Indeed AIM2 inflammasome activation was associated
with a rapid decrease in LC3B lipidation in the mitochondrial
fraction relative to untreated cells. Such decrease was ablated in
Caspl™~Caspl1™~ BMDMs (Fig. 54), consistent with a Cas-
pase-1-dependent block of mitophagy. Mitochondrial DNA
(mtDNA) also accumulated in a Caspase-1-dependent manner
during AIM2 inflammasome activation (Fig. 5B). The small in-
crease in mtDNA accumulation is expected for the short time
course, given ~2x increases in mtDNA levels in models of pro-
longed and/or steady-state mitophagy deficiency/impairment
(23). Collectively, these findings indicate that inflammasome
activation leads to a Caspase-1-dependent block of mitophagy.

To identify the mechanisms by which inflammasomes block
mitophagy, we addressed the role of Parkin, a central mitophagy
regulator. Parkin is recruited to damaged mitochondria, allowing
for ubiquitination of mitochondrial proteins and targeting to the
mitophagy pathway (22), and was shown to be cleaved by Caspase-1
(24). Using a 293T cell reconstitution system, we showed that the
AIM2 inflammasome cleaves Parkin and that this cleavage re-
quired Caspase-1 catalytic activity because it was ablated in cells
expressing Caspase-1 C284A (Fig. 5C). Parkin cleavage was
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dependent on D126, which is embedded within a canonical
Caspase-1 cleavage site (as predicted by ExPASy PeptideCutter)
that is conserved in mouse and human Parkin because the
D126A Parkin mutant was not processed by the AIM2 inflam-
masome (Fig. 5C). Importantly, inflammasome activation led to
cleavage of ectopically expressed Parkin in immortalized mac-
rophage cell lines, in a manner dependent on Caspase-1 catalytic
activity and D126A (Fig. 5D). Such Parkin cleavage is predicted
to be inactivating based on structure—function analyses and
correlations of mutations in this region of the Parkin gene with
early onset autosomal recessive parkinsonism (25, 26).

Loss of Parkin Enhances Mitochondrial Damage and Pyroptosis. To
determine the relevance of mitophagy inhibition and Parkin cleavage
during inflammasome activation, we turned to genetic models. In line
with a role for Parkin in promoting mitophagy (22), Parkin”~ BMDMs
displayed increased mitochondrial damage during AIM2 inflamma-
some activation, with higher mROS production and readily detectable
loss of AW, (Fig. S74), despite comparable Caspase-1 processing (Fig.
S7B). These effects were small, likely because Parkin cleavage by
Caspase-1 in WT cells would phenocopy Parkin deficiency, so we
reconstituted a Parkin™~ immortalized macrophage cell line with
empty vector or cleavage-resistant Parkin-D126A. Cells express-
ing Parkin-D126A accumulated less mtDNA after inflammasome
activation (Fig. 64), consistent with preservation of mitophagic
flux. Furthermore, expression of Parkin-D126A attenuated mROS
production (Fig. 6B and Fig. S7C), supporting the idea that
Caspase-1-mediated block of mitophagy, critically mediated by
Parkin cleavage, amplifies mitochondrial damage. IL-18 production
(Fig. 6C) and Caspase-1 processing were comparable between the
two macrophage cell lines (Fig. S7D), indicating that differences
in mitochondrial damage were not secondary to varying degrees
of AIM2 inflammasome activation.

Cell death was diminished in cells expressing Parkin-D126A
(Fig. 6 D and E and Fig. S7E), consistent with the idea that
mitochondrial damage can contribute to pyroptosis. Moreover,
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Fig. 5. Inflammasomes inhibit mitophagy and cleave Parkin. (A and B) WT
and Casp7~~Casp?1~'~ BMDMs were treated as indicated. (A) Immunoblotting
of mitochondrial fraction for lipidated LC3 (LC3B-Il). The lysosomal inhibitor
bafilomycin (Baf) was included to ensure accurate assessment of flux through
the mitophagy pathway. (B) mtDNA copy number as assessed by qPCR for
cytochrome oxidase I. *P < 0.05 relative to untransfected cells (n > 3). (C)
Inflammasomes were reconstituted in 293T cells by transfection of the in-
dicated plasmids. Cleavage of YFP-Parkin (WT or D126A) was examined by
immunoblotting with o-Parkin antibody. (D) Parkin™—-immortalized macro-
phage cell lines reconstituted with empty vector (EV), YFP-Parkin, or YFP-
Parkin-D126A were transfected with DNA + cotreatment with the Caspase-1
inhibitors YVAD (YV) or VX765 (VX), followed by immunoblotting.
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correlating with the differing extent of mitochondrial damage,
release of HMGBI1 was attenuated in cells expressing Parkin-
D126A (Fig. 6F). Extracellular histones represent another
DAMP that promotes inflammatory responses in sepsis and
other inflammatory conditions (27). Histones were released in
a Caspase-1-dependent manner during inflammasome activa-
tion (Fig. S7F), and this response was decreased in the Parkin-
D126A macrophage cell line (Fig. 6F). Consistently, an increase
in pyroptosis (Fig. S7G) and DAMP release (Fig. S7TH) was
observed in Parkin™'~ BMDMs compared with WT BMDM.
Collectively, inflammasome-mediated mitochondrial damage
may contribute to pyroptotic cell death and release of DAMPs.

Discussion

Here, we show that mitochondria are a target of activated
inflammasomes that can be rapidly dismantled in a Caspase-
1-dependent manner. Such mitochondrial damage is manifest as
increased mROS production, swelling, dissipation of AY,,, loss
of outer and inner membrane integrity, and fragmentation of the
mitochondrial network. The NLRP3 inflammasome amplifies
the initial mitochondrial destabilization (3, 4), leading to disas-
sembly of the organelle, similar to Apaf/Caspase-9 in the apop-
tosome pathway whereas the AIM2 inflammasome initiates
mitochondrial damage, akin to Caspase-8 that is activated by
Death Receptors (Fig. S8). Of note, the two inflammasome
pathways trigger mitochondrial damage profiles that are similar
but not identical (Fig. S9). AIM2 inflammasome activation is
associated with robust mROS production and mitochondrial
swelling but weak loss of A¥,,,, which is consistent with transient
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Fig. 6. Parkin expression/activity links mitochondrial damage with pyroptosis.
Parkin-deficient immortalized macrophage cell lines reconstituted with empty
vector (EV) or YFP-Parkin-D126A were transfected with DNA. (A) mtDNA copy
number as assessed by gqPCR for cytochrome oxidase I. (B) MitoSox staining and (C)
IL-18 ELISA. (D) AV/PI staining and (E) LDH release. (F) HMGB1 and histone release
were analyzed by immunoblotting of cell-free culture supernatants. (4) *P < 0.05
relative to untransfected cells. (E) P < 0.05 relative to cells expressing EV (n = 3).
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depolarization followed by rebuilding of the proton gradient as
has been observed in other settings of apoptosis (20). In contrast,
the NLRP3 inflammasome induces mROS production and
a prominent loss of AW,,. The likely explanation for the differ-
ences between the two inflammasome pathways is that, in the
context of NLRP3 inflammasome activation, ATP and nigericin
directly and immediately perturb mitochondrial physiology, thus
affecting the mitochondrial response to Caspase-1 activity. The
mitochondrial swelling in LPS-stimulated CAPS monocytes and
BMDMs is also consistent with this interpretation. Collectively,
these findings show clearly that, during NLRP3 inflammasome
activation, early mitochondrial damage is triggered directly by
the stimulus, independent of Caspase-1 activity. In some studies
of NLPR3 inflaimmasome activation, discriminating between
mitochondrial destabilization triggered by the stimulus or by
Caspase-1 in the amplification step may be warranted.

We next sought to elucidate the pathways involved in inflam-
masome-mediated mitochondrial damage. Although Caspase-1
cleaved Bid during inflammasome activation, this was un-
expectedly not critical for MOMP induction, mitochondrial
damage, or pyroptosis. The most likely interpretation is that
Caspase-1 engages multiple pathways in parallel, including but
not limited to Bid processing, that act redundantly to precipitate
mitochondrial damage. Execution of cell death by apoptotic
caspases is similarly highly redundant, involving inactivation of
multiple cellular processes (e.g., mRNA and protein synthesis)
and full-scale obliteration of cellular infrastructure (including the
cytoskeleton, multiple organelles, and DNA), such that block of
any one process is unable to prevent cellular demise (28). In
addition to induction of MOMP and MPT, inflammasome acti-
vation leads to a rapid block of mitophagy, as indicated by
a Caspase-1-dependent accumulation of mtDNA and decrease in
mitochondria-associated LC3B lipidation. Such mitophagy block
allows for accumulation of dysfunctional mitochondria, amplifies
the effects of mitochondrial damage, and is conceptually analo-
gous to caspase-mediated inactivation of prosurvival and ho-
meostatic pathways during apoptosis (28, 29). Interestingly, the
inflammasome pathway can promote or inhibit autophagy (7, 8),
indicating independent and context-specific regulation of distinct
autophagy pathways by inflammasomes. Finally, Caspase-1-medi-
ated cleavage of Parkin, a key mitophagy regulator, contributes to
inflammasome-mediated block of mitophagy and mitochondrial
damage. In support, mtDNA accumulation and mROS increases
after inflammasome activation are attenuated in cells expressing
cleavage-resistant Parkin. This is consistent with preservation of
mitophagic flux although regulation of other aspects of mitochon-
drial quality control by Parkin could also contribute (30).

How inflammasomes mediate pyroptotic cell death is an im-
portant unresolved question. Supporting a link between mito-
chondrial damage and pyroptosis, only cells displaying Caspase-
1-mediated mitochondrial damage had an FSC/SSC low profile
consistent with cell death. Moreover, the kinetics of Caspase-
1-mediated mitochondrial damage preceded the appearance of
the FSC/SSC low profile. Caspase-1-dependent Parkin cleavage
and reduction of mitochondria-associated LC3B lipidation were
also detected with rapid kinetics, suggesting that mitophagy in-
activation may be an early event after inflammasome activation.
Finally, analysis of macrophage cell lines that differ in Parkin
expression/activity and the degree of mitochondrial damage in-
dicated that increased mitochondrial damage is associated with
enhanced loss of plasma membrane integrity and DAMP release.
Collectively, our data suggests that mitochondrial damage could
contribute to pyroptotic cell death during inflammasome activation
although, at this point, the underlying basis is not clear. High levels
of mROS could promote peroxidation of plasma-membrane lipids,
thus triggering permeabilization, but the inability to modulate
mROS levels with mROS or ROS scavengers precluded a test of
this hypothesis. Of note, induction of mitochondrial damage is
unlikely to be the only means by which Caspase-1 increases plasma
membrane permeability, given the redundancy in the mechanisms
of cell death execution during apoptosis and necrosis (28, 31).
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In summary, we showed that Caspase-1 triggers mitochondrial
damage upon its activation by the NLRP3 and AIM?2 inflam-
masomes, which may contribute to pyroptotic cell death, in-
creased plasma-membrane permeability, and the release of
DAMPs. Future studies should address the role of mitochondrial
damage in pyroptosis in various physiological and pathophysio-
logical settings and explore ways to manipulate mitochondrial
damage and/or mitophagy as a means of modulating such cell
death and amplification of inflammatory responses.

Materials and Methods

Mice. B6/J mice were from The Jackson Laboratory, and Nirp3™~, Asc™,
Casp1~'~Casp11~'-, Casp11~~, and Bak™~Bax™" mice were gifts of Vishva
Dixit (Genentech, South San Francisco, CA), Ruslan Medzhitov (Yale Uni-
versity, New Haven, CT), Junying Yuan (Harvard Medical School, Boston, MA),
and Loren Walensky (Dana—Farber Cancer Center, Boston, MA). Parkin™" mice
and littermate controls on a B6 x 129 background were provided by Jie Shen
(Harvard Medical School, Boston, MA). All other mice were on the B6 back-
ground. Animals were maintained at Harvard Medical School, and all animal
experiments were done with approval by, and in accordance with regulatory
guidelines and standards set by, the Institutional Animal Care and Use com-
mittee of Harvard Medical School.

Macrophages. Bone-marrow cultures were prepared using MCSF-containing
supernatant. HA-AIM2 macrophage cell lines were generated by retrovirus-
mediated delivery of HA-tagged AIM2 into B6 immortalized macrophage cell
lines obtained from Kate Fitzgerald (University of Massachusetts Medical
School, Worcester, MA). Parkin™'~ and Bak™~Bax™" macrophage cell lines
were generated by similar immortalization of primary BMDMs. Parkin™'~
and Bak~"Bax™" macrophage cell lines were transduced with retrovirus
expressing Parkin-D126A and Cre to generate Parkin-D126A-expressing
and Bak™~Bax*-immortalized macrophage cell lines, respectively. To activate
the AIM2 inflammasome, 0.7 x 106 BMDMs were transfected with 1-2 pg/mL calf
thymus DNA (Sigma) using Lipofectamine 2000 + LPS priming as indicated. For
the NLRP3 inflammasome, BMDMs were primed with ultrapure LPS (Invivogen)
before stimulation with ATP (5 mM) or nigericin (20 pM). Inhibitors were added
after LPS priming and 30 min before inflammasome activation.

Mitochondrial Assays. In the last 15-30 min of their stimulation, BMDMs were
incubated with MitoSOX (Invitrogen), TMRM (Life Technologies), or Mito-
Tracker Green and Deep Red (Invitrogen). For analysis of MPT, Calcein AM
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Green (Life Technologies) and CoCl, were added to BMDMs 15 min before
inflammasome activation. Data were acquired on a FACSCalibur flow cytometer
(BD Biosciences) and analyzed with FlowJo (TreeStar). Mitochondrial fraction-
ation from BMDMs was performed using the Mitochondria Isolation Kit (Pierce).
For analysis of mitochondrial DNA copy number, DNA was isolated using the
DNeasy Blood and Tissue kit (Qiagen), and quantitative PCR (qPCR) was used to
measure the copy number of mtDNA encoding cytochrome c oxidase 1, which
was normalized to the copy number of genomic DNA encoding caspase-11.

Immunoblotting, ELISA, LDH Release, and AV/PI Staining. For Western blotting
analyses, adherent and floating BMDMs were pooled and lysed in SDS sample
buffer whereas cell-free supernatants were collected for analysis of secreted
proteins. Tubulin immunoblotting was done in each experiment to confirm
equivalent protein loading. Antibodies were obtained from Santa Cruz (Cas-
pase-1, Tom20, Parkin, HA, Cytochrome C), Adipogen (Asc), Cell Signaling
(Histone 3, LC3B), and Gene Tex (HMGB1). Cell-free supernatants were analyzed
for levels of mouse IL-1p (eBioscience), human IL-18 (R&D), and IL-18 (MBL) by
ELISA. The LDH release assay was done using the CytoTox 96 Nonradioactive
Cytotoxicity Assay kit (Promega). Adherent and floating BMDMs were pooled
and stained with AV and PI (Biolegend) followed by flow-cytometry analysis.

Human Monocytes. Peripheral blood mononuclear cells isolated from CAPS
patients and unaffected controls by Ficoll gradient were incubated with LPS
(100 ng/mL) for 3 h at 37 °C. In some experiments, VX765 (10 pM, dissolved in
DMSO; AdooQ) was added 30 min before LPS stimulation. Human subjects
provided written informed consent, before inclusion, under protocols ap-
proved by the University of California, San Diego Human Research Pro-
tections Program and have been performed in accordance with the 1964
Declaration of Helsinki and its later amendments.

Statistics. Statistics were calculated using Excel or GraphPad Prism 6. Comparisons
of two groups were analyzed using a two-tailed t test as indicated. P values <0.05
were considered significant. Data shown in the manuscript are representative of
experiments done at least three times. Error bars indicate SEM.
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