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A role for mitochondria in NLRP3 inflammasome

activation

Rongbin Zhou', Amir S. Yazdi', Philippe Menu' & Jiirg Tschopp'

An inflammatory response initiated by the NLRP3 inflammasome
is triggered by a variety of situations of host ‘danger’, including
infection and metabolic dysregulation'>. Previous studies sug-
gested that NLRP3 inflammasome activity is negatively regulated
by autophagy and positively regulated by reactive oxygen species
(ROS) derived from an uncharacterized organelle. Here we show
that mitophagy/autophagy blockade leads to the accumulation of
damaged, ROS-generating mitochondria, and this in turn activates
the NLRP3 inflammasome. Resting NLRP3 localizes to endoplas-
mic reticulum structures, whereas on inflammasome activation
both NLRP3 and its adaptor ASC redistribute to the perinuclear
space where they co-localize with endoplasmic reticulum and mito-
chondria organelle clusters. Notably, both ROS generation and
inflammasome activation are suppressed when mitochondrial
activity is dysregulated by inhibition of the voltage-dependent
anion channel. This indicates that NLRP3 inflammasome senses
mitochondrial dysfunction and may explain the frequent asso-
ciation of mitochondrial damage with inflammatory diseases.

The NLRP3 inflammasome is a molecular platform activated upon
signs of cellular ‘danger’ to trigger innate immune defences through
the maturation of pro-inflammatory cytokines such as interleukin
(IL)-1B'. Strong associations of a number of human heritable and
acquired diseases with dysregulated inflammasome activity highlight
the importance of the NLRP inflammasome in regulating immune
responses’. Key components of a functional NLRP3 inflammasome
are NLRP3, the adaptor protein ASC and caspase-1 (ref. 1). Upon
detecting cellular stress, NLRP3 recruits ASC and procaspase-1, which
results in caspase-1 activation and processing of cytoplasmic targets,
including the pro-inflammatory cytokines IL-1f and IL-18.

A wide variety of danger signals activate the NLRP3 inflammasome.
These include pathogen-associated molecular patterns* and host-derived
molecules that are indicative of cellular damage (danger-associated
molecular patterns) such as uric-acid crystals'. The mechanisms by
which these structurally distinct molecules trigger NLRP3 inflammasome
activation are currently unclear. One of the models proposes that NLRP3
is activated by a common pathway of ROS’. The source of ROS is
currently unclear, but we previously suggested the involvement of
one or several of the seven known NADPH oxidases®. However, macro-
phages deficient in subunits specific to three of the seven NADPH
oxidases, that is, NOX1, NOX2 and NOX4, respond normally to
inflammasome activators (C. Dostert and ].T., unpublished observa-
tions) or have even slightly increased activity®, which suggests a possible
role of other NADPH oxidase members or functional redundancy.
Alternatively, further ROS required for inflammasome activation could
be generated by other cellular sources.

The main source of cellular ROS is mitochondria. Various stress
conditions, including increased metabolic rates, hypoxia, or membrane
damage all markedly induce mitochondrial ROS production’. To
investigate a possible implication of mitochondria in inflammasome
activation, we artificially induced ROS production in mitochondria by
blocking key enzymes of the respiratory chain. Complex I is one of the
main sites at which electrons can leak to oxygen and result in superoxide

production’. In agreement with previous reports®, addition of the com-
plex I inhibitor rotenone resulted in the loss of mitochondrial mem-
brane potential and robust ROS production (Fig. la, b). This was
determined using three types of mitochondria-specific labels that dis-
tinguish respiring (Mitotracker deep red), total (Mitotracker green) and
ROS-generating mitochondria (MitoSOX) (Fig. 1a, b). ROS-generating
mitochondria were also observed when complex III was inhibited by
antimycin A, whereas the complex II inhibitor thenoyltrifluoroacetone
(TTFA) had only a minor effect (Fig. 1a, b).

A correlation between mitochondrial ROS activity and the presence
of active IL-1f in the supernatant of the human THP1 macrophage cell
line was observed. Whereas rotenone- or antimycin-treated cells
showed increased IL-1P secretion in a dose-dependent manner, no
or little cytokine was detectable if cells were treated with TTFA
(Fig. 1c). In THP1 cells with knocked-down NLRP3 or caspase-1, or
in bone-marrow-derived macrophages (BMDMs) from Nilrp3~'~
mice, the respiratory chain inhibitors did not induce IL-1f or caspase-1
secretion (Fig. 1d and Supplementary Fig. 1a). In contrast, macrophages
lacking the IPAF/NLRC4 inflammasome responded in a similar way to
wild-type cells, indicating that activation of caspase-1 and processing
and secretion of IL-1B by inhibitors of the respiratory chain were
mediated by the NLRP3 inflammasome but not the IPAF inflamma-
some. As previously observed for MSU, activation of the NLRP3
inflammasome by rotenone and antimycin was blocked by the ROS
inhibitor APDC (Supplementary Fig. 1b). Although inhibition of com-
plex I and III activity leads to robust ROS production, damage of the
mitochondria and decrease of membrane potential appeared to be par-
tial and did not result in cell death (Supplementary Fig. 2). Consistent
with this, complete breakdown of the mitochondrial membrane poten-
tial induced by high doses of the respiratory chain uncoupler CCCP did
cause only little ROS production and IL-1f release. Nonetheless, CCCP
used at a lower concentration that only partially impairs the membrane
potential also spontaneously led to NLRP3 inflammasome activation
(Supplementary Fig. 2). These data are compatible with the notion that
ROS generated by mitochondria having reduced membrane potential
can lead to NLRP3 inflammasome activation.

To avoid cellular damage, ROS-generating mitochondria are con-
stantly removed by mitophagy, a specialized process of autophagy’. In
agreement with this established mechanism of mitochondrial disposal,
autophagy-associated LC3 puncta were found to accumulate around
mitochondria after the addition of rotenone (Fig. 2a). We therefore
speculated that inhibition of mitophagy/autophagy should lead to the
accumulation of ROS-producing damaged mitochondria, and as a con-
sequence, to the activation of the inflammasome. To this end, the mito-
phagy/autophagy inhibitor 3-methyladenine (3-MA) was added to
THP1 macrophages, which, as expected, resulted in the accumulation
of damaged mitochondria and increased concentrations of mitochon-
drial ROS (Fig. 2b and Supplementary Fig. 3a). Similar to mitochondrial
respiratory chain inhibition, 3-MA-induced ROS generation was par-
alleled by the dose-dependent secretion of IL-1f within 6h of mito-
phagy/autophagy inhibition (Supplementary Fig. 3b), which was
blocked by the antioxidant APDC (Supplementary Fig. 3c). Processing
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Figure 1 | Mitochondrial ROS can trigger NLRP3 inflammasome
activation. a, b, THP1 cells were stimulated with rotenone (10 uM), TTFA
(10 uM) or antimycin (40 pg ml™") for 6 h and then stained with Mitotracker
green and Mitotracker deep red (a) or MitoSOX (b) for 30 min and analysed by
flow cytometry. ¢, THP1 cells were stimulated for 6 h with the indicated
amounts of rotenone, TTFA or antimycin. Supernatants (SN) and cell extracts
(input) were analysed by western blotting as indicated. d, LPS-primed bone-
marrow-derived macrophages (BMDM:s) from wild-type (WT), Nlrp3 or Ipaf
deficient mice were stimulated for 6 h with MSU (150 pg ml™ 1), rotenone

(10 uM for THP1 cells and 40 pM for BMDM:s) or antimycin (40 pgml ™" for
THP1 cells and 10 pg ml ! for BMDMs). The release of caspase-1 (western
blot) was then determined. Data shown are representative of three independent
experiments.

of prolL-1B caused by the blockade of mitophagy/autophagy was
NLRP3- and ASC-dependent and not reliant on the IPAF inflamma-
some (Fig. 2d).

Because most pharmacological drugs have off-target effects, we next
inhibited mitophagy/autophagy specifically through downregulation
of two proteins that have crucial functions in mitophagy/autophagy,
that is, beclin 1, a Bcl-2- and PI3KIII-interacting protein, and ATGS5, a
protein essential for autophagosome formation'’. In contrast to the
pharmacological inhibitors, spontaneous inflammasome activation
was less efficient, as cells with knocked down beclin 1 and ATG5
had to be cultured for 24 h before we could detect active IL-1f in the
culture supernatant (Fig. 2d, e). Inhibition of mitophagy/autophagy
through downregulation of beclin 1 or ATGS5 also sensitized macro-
phages for the release of IL-1p induced by MSU or nigericin (Fig. 2e).
This augmented response was not associated with increased cell death
(Supplementary Fig. 3d). It is therefore feasible that a functional mito-
phagy/autophagy system acts as a scavenger of mitochondrial ROS
through removal of damaged mitochondria and thereby suppresses
NLRP3 inflammasome activation.

ROS are short-lived and can act as a signalling messenger only for a
short distance'’. Thus, NLRP3 should ideally be localized in close
vicinity to mitochondria, allowing efficient sensing of the presence of
damaged ROS-generating mitochondria. Of the 22 NLR members, only
one, NOD5 (also called NLRX1), has a predicted mitochondrial import
sequence and thus resides in the mitochondria". Using confocal
microscopy, the localization of NLRP3 in THP1 macrophages was
examined. Under non-stimulatory conditions, most NLRP3 protein
was found to localize to cytoplasmic granular structures (Fig. 3).
Further analysis showed a significant overlap of NLRP3 with the
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Figure 3 | Co-localization of the NLRP3 inflammasome components and
endoplasmic reticalum-mitochondria. a-d, THP1 cells expressing Flag-
NLRP3 (a, b) or Flag-ASC (c, d) were analysed for the co-localization of Flag—
NLRP3 with the endoplasmic reticulum (ER) marker calreticulin or
mitochondria (Mitotracker) using confocal microscopy. e, THP1 cells were
stimulated with MSU or nigericin and then fractionated. The cytosolic, ER,
MAM and mitochondrial fractions were analysed by western blotting as

endoplasmic reticulum (ER) marker calreticulin, whereas no or very
little co-localization was detected with Mitotracker, the Golgi marker
Giantin or the lysosome/phagosome staining dye lysotracker (Fig. 3a,b
and Supplementary Fig. 4). Primarily ER and not mitochondrial stain-
ing of NLRP3 was also detected when cells were analysed by electron
microscopy (Supplementary Fig. 5). This localization changed signifi-
cantly after inflammasome stimulation with MSU, alum or nigericin.
NLRP3 relocated into the perinuclear space and co-localized with
structures that stained positively for both the ER and mitochondria
(Fig. 3a, b and Supplementary Fig. 6). A similar perinuclear, ER/mito-
chondria localization was detected for ASC after NLRP3 activation,
although in contrast to NLRP3 most ASC was observed in the cyto-
plasm in resting cells (Fig. 3¢, d and Supplementary Figs 4 and 6).

To confirm the NLRP3 association with the ER/mitochondria
observed by microscopy, subcellular fractionation studies were per-
formed. With this approach, NLRP3 was detected in both ER and
cytoplasmic fractions in a roughly similar amount (Fig. 3e). ER mem-
branes can tightly associate with mitochondria forming mitochondria-
associated ER membranes (MAMs). MAMs are important, among
other functions, in transferring lipids and Ca®" from the ER to the
mitochondria'. Addition of MSU and, in particular, nigericin induced
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indicated in the text. f, THP1 cells stably expressing shRNA against NLRP3
were stimulated with nigericin and subcellular fractions analysed as in

e. g, TXNIP associates with mitochondria after NLRP3 inflammasome
activation in a ROS-dependent manner. THP1 cells were stimulated with MSU
and nigericin, and TXNIP localization was investigated in the presence or
absence of the antioxidant APDC. Data shown are representative of two or
three independent experiments. Scale bars: a-g, 20 um.

NLRP3 to associate partly with MAMs (Fig. 3e). In contrast to NLRP3,
the majority of the ASC was found in the cytoplasmic fraction before
inflammasome activation, and only a very minor portion of ASC was
associated with the ER fraction. On stimulation with MSU or nigericin,
however, the amount of ASC found in the mitochondrial fraction and
particularly in the MAM:s fraction increased considerably. ASC trans-
location to the MAMs and mitochondria was NLRP3 dependent, as no
or little translocation was found in nigericin-activated THP1 cells in
which NLRP3 was downregulated by short hairpin (sh)RNA (Fig. 3f).

We have previously reported that TXNIP, a protein implicated in
type 2 diabetes, associated with NLRP3 in a ROS-dependent manner
after its detachment from thioredoxin'®. We therefore anticipated that
TXNIP translocates to MAMs/mitochondria on NLRP3 inflammasome
activation. Consistent with this idea, MSU and nigericin induced
TXNIP to redistribute to mitochondria in a ROS-dependent manner
(Fig. 3g), in agreement with a recently published report'®.

Although the above results indicated that the prolonged presence of
damaged and ROS-producing mitochondria might be implicated in
inflammasome activation, the evidence was still indirect. We therefore
sought to obtain more direct proof by inhibiting the activity of voltage-
dependent anion channels (VDAC), which are the most abundant
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proteins of the outer mitochondrial membrane and the major channels
for the exchange of metabolites and ions between the mitochondria
and other cellular compartments including the ER". As such, the three
VDAC isoforms are important regulators of mitochondrial metabolic
activity, which is ultimately required for ROS production. We down-
regulated expression of each of the three human VDAC isoforms by
shRNA (Supplementary Fig. 7a) and measured inflammasome activa-
tion by MSU, R837, silica, alum and nigericin (Fig. 4a). In cells with
knocked-down VDACI, caspase-1 activation and IL-1f3 secretion were
considerably impaired for all inflammasome activators examined. Asa
consequence of VDACI knockdown, mitochondrial ROS was highly
diminished (Supplementary Fig. 8). In contrast to the NLRP3 inflam-
masome, VDACI was not essential for the activation of the IPAF or the
AIM2 inflammasome (Supplementary Fig. 7b). A significant reduction
of IL-1p secretion was also seen in cells where VDAC2 was knocked
down (Fig. 4b). In all cases, impairment was seen with two distinct
shRNA constructs (Supplementary Fig. 7). In contrast to VDACI and
VDAC2, downregulation of VDAC3 had no effect on NLRP3 inflam-
masome activity (Supplementary Fig. 7c). The absence of VDACI also
inhibited MSU- or nigericin-induced NLRP3 translocation to peri-
nuclear areas (Fig. 4c).

VDAC activity is regulated by hexokinase and Bcl-2 family mem-
bers'”. Overexpression of Bcl-2 leads to partial VDAC closure and a
concomitant decrease of mitochondrial Ca** levels and ROS produc-
tion. We therefore examined whether increased Bcl-2 levels would have
an impact on NLRP3 inflammasome activity and found that in super-
natants of MSU-, alum- or nigericin-stimulated macrophages isolated
from Bcl-2-overexpressing transgenic mice, IL-1[3 levels were decreased
when compared to cells from wild-type mice (Supplementary Fig. 9a). In
contrast, no influence of Bcl-2 was detectable on Salmonella-mediated
IPAF-inflammasome activity (Supplementary Fig. 9a) or LPS-mediated
tumour-necrosis factor (TNF) secretion (Supplementary Fig. 9b).

It is now widely recognized that, apart from bioenergetic ATP pro-
duction, mitochondria also have a crucial role in cell signalling events
such as apoptotic cell death. Apoptotic signal transmission to the
mitochondria results in the efflux of a number of potential apoptotic
regulators such as cytochrome ¢ to the cytosol that trigger caspase
activation and lead to cell death. Our results now provide evidence
for an unanticipated additional role of mitochondria, namely the
orchestration of the inflammatory response.

Mitochondria are the major source of cellular ROS and it is therefore
not completely unexpected that we found mitochondrial ROS capable
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Figure 4 | VDAC s essential for NLRP3 inflammasome activation. a, THP1
cells stably expressing shVDACI were stimulated with various NLRP
inflammasome activators and then analysed for caspase-1 activation and IL-13
secretion. b, THP1 cells expressing shRNA against VDAC2 were stimulated
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of NLRP3 inflammasome activation. This notion is based on the fol-
lowing observations: (1) inhibition of complex I or III of the mitochon-
drial respiratory chain, known to result in ROS generation, causes
unprompted NLRP3 inflammasome activation; (2) inhibition of mito-
phagy/autophagy, resulting in the prolonged presence of damaged,
ROS-generating mitochondria, leads to spontaneous inflammasome
activation; (3) NLRP3 and ASC co-localize with mitochondria and
MAMs in the presence of NLRP3 inflammasome activators; (4) knock
down by shRNA or inhibition by Bcl-2 of VDAC ion channels that are
crucial in mitochondrial activity and ROS generation significantly
impair NLRP3 inflaimmasome activation. The dependence on
VDAC is specific for the NLRP3 inflammasome and is not seen with
the AIM?2 or IPAF inflammasomes, indicating that the signalling path-
ways leading to their activation are distinct.

VDAC is essential for the uptake of Ca®* into the mitochondria
from MAMs to promote mitochondrial metabolic activity'”. Upon
NLRP3 inflammasome activation, a substantial portion of the inflam-
masome is associated to MAMs, indicating that NLRP3 checks and
modulates mitochondrial activity.

There is a large amount of literature proposing a link between
mitochondrial malfunction, ROS and chronic inflammatory diseases.
Damage to mitochondria is now understood to have a role in the
pathogenesis of a wide range of seemingly unrelated disorders'®. For
example, mutations in PINK1, PARKIN and DJ-1 are frequent causes
of recessive Parkinson’s disease. Both PINK1 and PARKIN are crucial
in the removal of damaged mitochondria by mitophagy, whereas DJ-1
is localized to mitochondria and has a role in oxidative stress protec-
tion. Mutations in proteins involved in mitophagy/autophagy, such as
ATG16 and IRGM, are also frequently found in Crohn’s disease'. In
line with this, increased IL-1f3 production is observed in mice deficient
in the autophagy gene ATGI6 (ref. 20). It is, however, unlikely that
inhibition of mitophagy is generally used as a means to activate the
NLRP3 inflammasome signalling pathway. In our opinion, a more
direct mechanism, that is, an excessive induction of mitochondrial
oxidative phosphorylation, is more likely.

Taken together, our data unravel unexpected mechanistic parallels
between signalling pathways leading to apoptosis and inflammation. In
both instances, signals converge at the level of mitochondria where
VDAC activity seems to have a role for the activation of two seemingly
unrelated downstream processes. VDAC is not only crucial for inflam-
masome activation, as shown here, but also has a role in apoptosis induc-
tion by Bax®'. The mechanism that determines whether mitochondria
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with MSU, R837, silica, alum or nigericin and analysed for IL-1f secretion.
¢, THP1 cells expressing shRNA against VDAC1 were stimulated with MSU
and nigericin, and NLRP3 Jocalization was analysed by confocal microscopy.
Scale bars: 20 pm.
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induce inflammasome or apoptosome assembly is currently unclear.
Whereas ROS is essential for the activation of both the inflammasome
and apoptosome®*, apoptosome formation requires in addition cyto-
chrome c¢ release from mitochondria into the cytosol. There is no
evidence for cytochrome c¢ being implicated in inflammasome activa-
tion, yet it cannot be ruled out that recognition of a different protein
released from partially damaged mitochondria is required. The
decision to induce inflammation or apoptosis must be tightly con-
trolled to avoid pathological conditions associated with a chronic
inflammatory response. Regrettably, this control mechanism seems
to be easily deranged, as shown by the many diseases that are associated
with mutations in genes that affect mitochondrial function.

METHODS SUMMARY

Mice. Nlrp3~'~, Asc™'~, Ipaf '~ and H2K-Bcl-2 transgenic mice were described
previously*>**. All mice were on a C57BL/6 background except for experiments
used for NLRP1b inflammasome activation (BALB/c).

Cell fractionation. MAMs, mitochondria and microsomes were isolated from
PMA-differentiated THP1 cells as previously described™.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Mice. Nlrp3~'~, Asc™'~, Ipaf '~ and H2K-Bcl-2 transgenic mice were described
previously*®*. All mice were on a C57BL/6 background except for experiments
used for NLRP1b inflammasome activation (BALB/c).

Cell fractionation. MAMs, mitochondria and microsomes were isolated from
PMA-differentiated THP1 cells as previously described™.

Reagents. Nigericin, rotenone, antimycin, thenoyltrifluoroacetone (TTFA), uric
acid, (2R4R)-4-aminopyrrolidine-2, 4-dicarboxylate (APDC), 3-methyladenine
(3-MA), ATP, menadione, carbonyl cyanide 3-chlorophenylhydrazone (CCCP),
poly(AT) and silica were purchased from Sigma. MitoSOX, Mitotracker green,
Mitotracker deep red, JC-1 and lysotracker red were from Invitrogen. LDH release
kits were from Roche. Ultrapure LPS and R837 were obtained from Invivogen. Inject
alum was from Pierce. Salmonella typhimurium is a gift from R. Van Bruggen. Anti-
human prolL-1f was produced in house. The anti-NLRP3 antibodies (Cryo-2) were
from Adipogen. Anti-human cleaved IL-1f (D116), anti-ATG5 (2630S), anti-beclin
1 (3738), anti-calnexin (2433S), anti-caspase-3 (9662) and anti-VDACI (4866)
antibodies were purchased from Cell Signaling. Anti-ASC antibody (AL177) was
from Adipogen. Anti-TXNIP (40-3700) antibody was from Invitrogen. Anti-
VDACS3 antibody (sc-79341), anti-FACL-4 (sc-47997) and anti-human caspase-1
(sc-622) were from Santa Cruz. Anti-VDAC2 antibody (ab77160), anti-Giantin
(ab24586), anti-GAPDH (ab8245) and anti-calreticulin (ab14234) were from
Abcam. Anti-mouse IL-1P antibody was a gift from R. Solari. Anti-mouse
caspase-1 (p20) antibody was a gift from P. Vandenabeele. Anti-Flag (M2) antibody
was from Sigma. Bacillus anthracis lethal toxin (protective antigen and lethal factor)
was from List Biological Laboratories. All tissue culture reagents were from
Invitrogen.

Generation of stable THP1 cells expressing Flag-NLRP3 or Flag-ASC.
Retroviral vector (LZRS-MS-IRES-ZEO/PBR-Flag-NLRP3 or Flag-ASC) was
co-transfected with the helper plasmids VSV-G and Hit60 into 293T cells by
calcium phosphate transfection. Culture supernatants containing recombinant
viral particles were harvested and used to infect THP1 cells in the presence of
polybrene (8 mgml™"). To establish stable cell lines, THP1 cells were selected with
zeocin (1 mg ml ") on day 3 after infection.

Transduction of GFP-LC3 in BMDMs. Lentiviral vector (plex-GFP-LC3) was
co-transfected with the helper plasmids pPCMVARS8.91 and pMDG into 293T cells
by calcium phosphate transfection. Culture supernatants containing recombinant
viral particles were harvested and used to infect BMDMs on day 3 after differenti-
ation. On day 7, the cells can be used for advanced experiments.

Cell preparation and stimulation. Human THPI cells were cultured in RPMI
1640 media, supplemented with 10% FBS. THP1 cells were differentiated for 3 h with
100 nM phorbol-12-myristate-13-acetate (PMA). Bone marrow macrophages were
derived from tibia and femoral bone marrow progenitors as described”’, and were
primed for 4 h with 100 ng ml ™" Ultra-pure LPS. For the induction of inflammasome
activation, 10° LPS-primed bone marrow macrophages or PMA-differentiated
THP1 cells plated in 12-well plates were treated with MSU (150 pgml ™), alum
(200 ugml™"), silica (200pgml™"), R837 (15pugml™") for 6h or with ATP
(5mM) or nigericin (15pM) for 30min. For poly(dA:dT) transfection,

poly(dA:dT) was transfected using Lipofectamine (4 plml™") as per the manufac-
turer’s protocol (Invitrogen). Cell extracts and precipitated supernatants were ana-
lysed by immunoblot.

Generation of stable THP1 cells expressing shRNA. THP1 cells stably expres-
sing ShRNA were obtained as previously described**; sShRNA against NLRP3 and
caspase-1 plasmids has been described'® and shRNA plasmids against beclin-1,
ATG5, VDACI1, VDAC2 and VDAC3 were from Sigma.

Confocal microscopy. PMA-differentiated THP1 cells were plated on coverslips
for 3 days and then used for stimulation or staining with Mitotracker red (50 nM)
or Lysotracker (200 nM). After washing two times with PBST, the cells were fixed
with PFA 4% in PBS for 15min and then washed three times with PBST. After
permeabilization with Triton X-100 and blocking with 10% goat serum in PBS,
cells were incubated with primary antibodies (in 10% goat serum) overnight at
4 °C. After washing with PBST, cells were incubated with secondary antibodies
(Invitrogen) in 10% goat serum-PBS for 60 min and rinsed in PBST. Confocal
microscopy analyses were carried out using a Zeiss LSM510.

Flow cytometric analyses. Mitochondrial mass was measured by fluorescence
levels upon staining with Mitotracker green and Mitotracker deep red at 50 nM
for 30 min at 37 °C. Mitochondria-associated ROS levels were measured by stain-
ing cells with MitoSOX at 2.5 pM for 30 min at 37 °C. Mitochondria membrane
potential was measured using the kit from Invitrogen and performed according to
the manufacturer’s instructions. Cells were then washed with PBS solution and re-
suspended in cold PBS solution containing 1% FBS for FACS analysis.
Salmonellainfection. Salmonella typhimurium was pre-cultured on day 1. On day
2, differentiated THP1 cells were infected for 1 h with the S. typhimurium culture
(1:100). Cells were washed and then incubated for 3 h in OptiMEM medium with
gentamycin (Invitrogen).

ELISA. Cell culture supernatants were assayed for mouse IL-1B and TNF (R&D)
according to manufacturer’s instructions.

Immunoelectron microscopy. For the pre-embedding immuno-EM of cells,
PMA-differentiated Flag-Nlrp3-THP1 cells were fixed with 4% PFA for 15 min
and were cryoprotected in 2% glycerol and 20% DMSO in PBS. After two freeze—
thaw cycles, the cells were blocked in PBS with 0.2% BSA and 0.02% Triton X-100
for 1h. After washing, the cells were incubated with anti-Flag antibody and gold-
conjugated secondary antibody. Silver enhancement was performed by incubating
cells with silver enhancement reagent for 1 h in room temperature. After osmifica-
tion in 0.5% osmium tetroxide for 15 min and dehydration in graded alcohol, the
samples were embedded in Durcupan.

Statistical analyses. All values were expressed as the mean * s.e.m. of individual
samples. Samples were analysed using Student’s t-test for two groups and ANOVA
for multiple groups.
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CORRECTIONS & AMENDMENTS

CORRIGENDUM
doi:10.1038/nature10156

A role for mitochondria in NLRP3

inflammasome activation
Rongbin Zhou, Amir S. Yazdi, Philippe Menu & Jiirg Tschopp

Nature 469, 221-225 (2011)

On page 2 of the print and PDF version of this Letter, there are two
citations to Fig. 2f. The first citation to Fig. 2e, f, which refers to active
IL-1B in the culture supernatant after knockdown of beclin 1 and
ATGS, should instead be to Fig. 2d, ; the second citation to Fig. 2f,
which refers to the stimulation of cells with MSU or nigericin, should
be to Fig. 2e. These have been corrected in the HTML version of the
manuscript.
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