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Background: The NLRP3 inflammasome is a sensor of specific pathogen, host and environmental danger mole-
cules. Upon activation NLRP3 recruits caspase-1, which cleaves and thereby activates precursor interleukin-1f
(IL-1p) and IL-18 to initiate immune responses. Several recent studies have posited that the mitochondria are
a central regulator of NLRP3 function.

Scope of review: Mitochondrial reactive oxygen species (mtROS) production, mitochondrial apoptosis, mitochon-
drial DNA (mtDNA) release, mitophagy, calcium induced mitochondrial damage and mitochondrial co-ordination
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mfgvrﬁ:ms ome of NLRP3 localization have all been implicated in regulating NLRP3 activity. In this article we review the literature
NLRP3 both for and against these models of NLRP3 inflammasome activation, and highlight other recent contentious

Mitochondria issues concerning NLRP3 functioning.

Reactive oxygen species Major conclusions: Although many mechanisms have been proposed for activating NLRP3, no unified model has yet

Caspase-1 to gain acceptance. Further research is required to clarify how the mitochondria might influence NLRP3 activity.

IL-1p General significance: While the NLRP3 inflammasome is important for host protection against microbial infection,
rare genetic mutations in NLRP3 also cause severe auto-inflammatory diseases. More recent research has implicated
NLRP3 activity in pathologies such as atherosclerosis, cancer, type 2 diabetes and Alzheimer's disease. Understand-
ing the mechanisms of NLRP3 inflammasome formation and regulation therefore has the potential to uncover new

inflammasome and disease specific therapeutic targets. This article is part of a Special Issue entitled Frontiers of

Mitochondrial Research.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

Inflammasomes are multiprotein complexes that form upon exposure
to pathogenic microbes and host danger signals to activate caspase-1 and
cause IL-1(3 and IL-18 maturation. Caspase-1 activation can also result in
an inflammatory form of cell death known as pyroptosis, which can play
an important physiological role in response to chemotherapy and micro-
bial infection [1,2]. Several cytosolic pattern recognition receptors (PRRs)
act as sensors of pathogen associated molecular patterns (PAMPS) and
damage associated molecular patterns (DAMPS) to initiate formation of
inflammasome complexes, including 6 members of the NOD-like recep-
tor family (NLRP1, NLRP3, NLRP6, NLRP7, NLRP12, NLRC4) and the
HIN-200 family member, AIM2, which uniquely recognizes and directly
binds cytosolic DNA [3]. Many of these inflammasomes, including
NLRP3 and AIM2, utilize the adaptor protein ASC (apoptosis-associated
speck-like protein containing a CARD) to recruit caspase-1 via CARD-
CARD homotypic interactions (Fig. 1).

NLR family pyrin domain containing 3 (NLRP3; also referred to as
NALP3 and cryopyrin) has been the most widely studied inflammasome.

¥ This article is part of a Special Issue entitled Frontiers of Mitochondrial Research.
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Amongst known inflammasome sensors, what appears unique to NLRP3
is its ability to not just sense DAMPs and PAMPs, but environmental
irritants and hazardous human made chemicals, such as asbestos
particles, biomaterials, nanoparticles and chemotherapeutic drugs.
Genetic deletion of NLRP3 in mice has implicated it in host protection
to pathogenic viruses, bacteria and fungi [3]. Gain of function mutations
in NLRP3 also occur in a spectrum of auto-inflammatory diseases termed
cryopyrin-associated periodic syndromes [4]. However, it is NLRP3's
inappropriate activation by host DAMPs, such as cholesterol crystals,
saturated fatty acids, islet amyloid polypeptide and amyloid-p that has
implicated it in widespread human conditions, including atherosclerosis,
type 2 diabetes and Alzheimer's disease [5].

The pathways and mechanisms that regulate NLRP3 function have
attracted considerable attention [6] (Fig. 2). A priming signal (or signal
1) is required for transcriptional induction of inactive precursor IL-13
(pro-IL-1p) and NLRP3, and experimentally, this is often performed by
Toll-like receptor (TLR) stimulation. Signal 1 stimuli are usually separa-
ble from formation of a functional NLRP3 inflammasome, which is in-
duced by a second trigger, the NLRP3 activator.

Junying Yuan and colleagues originally demonstrated a critical role
for caspase-11 in caspase-1 activation following endotoxic shock [7].
The non-canonical caspase-11 inflammasome has more recently been
shown to be activated by many gram negative bacteria and some
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Fig. 1. NLRP3 inflammasome components. NLRP3 is comprised of a series of leucine-rich
repeats (LRR) that may function as the sensor domain; a NACHT domain, common to all
NLR family members, which enables ATP-dependent oligomerization and activation of
the complex; a PYD (Pyrin) domain that facilitates its interaction with the adaptor protein
ASC (apoptosis-associated speck-like protein) that recruits caspase-1 via homotypic inter-
actions between CARD (Caspase recruitment domain) domains.

bacterial toxins (Fig. 2) and can induce lytic cell death in the absence of
caspase-1. Unlike the canonical NLRP3 inflammasome, this pathway
requires both NLRP3 and caspase-11 to cause caspase-1 activation and
IL-13 maturation [8]. Although the mechanism by which caspase-11
is activated remains unclear, it has been proposed that gram negative
bacteria induce signaling via the LPS-TLR4 adaptor proteins TRIF
and Myd88, and downstream type I interferon production, to induce
caspase-11 expression and activation [9-11]. However recent research
indicates that caspase-11 activation is caused by bacteria or LPS entry
into the host cytosol independent of TLR4, and that TLR4 and type I
interferon's may simply act to induce the expression of caspase-11
[12-14]. It is therefore likely that the activation of the caspase-11
inflammasome relies upon interactions between specific bacterial mole-
cules, such as LPS, and an unidentified cytosolic host receptor.

Unlike soluble NLRP3 triggers, particulate or crystalline stimuli have
been proposed to activate NLRP3 through phagolysosomal destabiliza-
tion and the release of proteolytic enzymes (Fig. 2). Many studies
have also linked the efflux of potassium (K*) with NLRP3 stimuli,
including crystalline and pore-forming toxins [15], and the exposure
of cells to physiological concentrations of K* or chemical inhibition of
K™ efflux blocks NLRP3 inflammasome activation [16-18]. Pannexin-1
was suggested to associate with the P2X7 receptor upon ATP binding
to form a non-selective hemi-channel allowing DAMPs and PAMPs
access to NLRP3, ion exchange and the release of IL-1( [19,20]. How-
ever, pannexin-1 deficient macrophages respond normally to P2X7R
and NLRP3 activation to activate caspase-1 and cause IL-13 release
[21]. More recently, work by the laboratory of Gabriel Nunez has pro-
posed that K* efflux is perhaps the common denominator essential
for NLRP3 activation by all NLRP3 stimuli [22].

Increased intracellular calcium (Ca?™) levels have also been sug-
gested as a pre-requisite for NLRP3 activation. NLRP3 stimuli are
proposed to cause the influx of calcium (Ca®™) via the cell surface tran-
sient receptor potential cation channel, subfamily M, member 2

(TRPM2), and also activate the calcium sensing receptor (CASR) to pro-
mote the release of Ca®™ stores from the endoplasmic reticulum (ER)
[23-26]. The mechanism by which increased cytosolic Ca?>* facilitates
NLRP3 activation requires further research, although it has recently
been highlighted that NLRP3 activation caused by excess Ca>* may result
from the precipitation of calcium crystals (in high phosphate ion media),
and as such, presumably acts as a particulate NLRP3 activator to cause
phagolysosomal disruption [22]. However, decreased NLRP3 functioning
upon genetic deletion of the calcium sensing gene GPRC6A or channel
TRPM2 [23,24] implies a role for Ca>* mediated NLRP3 activation beyond
calcium crystal mediated lysosomal damage.

1.1. A role for mitochondria in NLRP3 function?

Mitochondria play a central role in energy generation and are
essential for Bax and Bak dependent, or “mitochondrial,” apoptosis.
Mitochondria have also been directly implicated in innate immune
signal transduction, as the outer mitochondrial membrane protein
MAVS (mitochondrial anti-viral signaling) is an essential adaptor
protein for signaling anti-viral responses following stimulation of
the dsRNA receptors RIG-1 and Mda5 [27]. More recently, evidence
has been accumulating that links NLRP3 inflammasome activation to
mitochondrial metabolic activity, mitochondrial apoptosis, and MAVS
itself (Fig. 3). However, as outlined below, further work is clearly re-
quired to unify these models and establish their existence beyond rea-
sonable doubt.

1.2. Bcl-2 and inflammasome activation

The first link to inflammasome activation and the mitochondria
came from studies conducted in the laboratory of John Reed in 2007,
which suggested that the mitochondrial anti-apoptotic proteins Bcl-2
and Bcl-xL bind to and suppress NLRP1 inflammasome activity [28]. Re-
constitution of the NLRP1 inflammasome in 293 and HelLa cells demon-
strated that Bcl-2 or Bcl-xL expression limited NLRP1 activation of
caspase-1. Consistent with this idea, it was recently shown that a vac-
cinia virus Bcl-2 homologue, FL1, also prevents NLRP1 activation [29].
Notably, key experiments implicating Bcl-2 in NLRP1 regulation were
performed in ATP stimulated macrophages [28], and it is now known
that ATP is a potent NLRP3 activator. Cells deficient in Bcl-2 secreted
more IL-1p3 in response to ATP when compared to wildtype macro-
phages, while those overexpressing Bcl-2, displayed decreased IL-1( se-
cretion. Therefore one interpretation of this data is that Bcl-2 can limit
NLRP3 activation. While two recent studies using Bcl-2 overexpressing
cells also implied that Bcl-2 expression limits NLRP3 activity [30,31],
other research has found no influence of increased Bcl-2 expression on
NLRP3 function [32].

1.3. Mitophagy, ROS and NLRP3 activation

In 2008 the laboratory of Shizuo Akira demonstrated that deletion of
a key mammalian autophagic gene, Atg16L1, caused IL-1p secretion in
response to LPS alone, and also increased IL-1(3 secretion in response
to the canonical NLRP3 stimuli ATP or monosodium urate crystals
(MSU) [33]. In contrast, LPS induced secretion of cytokines such as
TNF, is unaffected by the loss of Atg16L1. Similarly, it has been shown
that genetic deletion of other genes required for autophagic functioning,
such as LC3B (microtubule-associated protein 1 light chain 3B) and
Beclin1, also increases NLRP3 activation [34]. Therefore autophagy clearly
plays a role in limiting inflammasome activity.

One mechanism by which autophagy may limit NLRP3 activity is
by sequestering and facilitating the degradation of inflammasome com-
ponents, such as pro-IL-1p3, NLRP3, caspase-1 or ASC. Despite showing
increased NLRP3 function, LC3B™/~ and Beclin1™/~ macrophages
did not show significant differences in pro-IL-13, ASC or caspase-1
expression before or after inflammasome activation [34]. Similarly,
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Fig. 2. Mechanisms proposed for NLRP3 inflammasome activation. A TLR priming signal (signal 1) is required for transcription of NLRP3 and pro-IL-1{3, while a variety of PAMPS
and DAMPS (signal 2) activate NLRP3 by initiating formation of a complex comprising of NLRP3, the adaptor protein ASC and pro-caspase-1. Auto-catalytically processed caspase-1 sub-
sequently cleaves pro-IL-1/3 to mature bioactive IL-1{. The exact mechanism for NLRP3 activation is unclear but may include pore formation and K™ efflux/Ca?* influx, lysosomal rupture
and ROS production. In contrast to canonical NLRP3 activators, cytosolic LPS derived from gram-negative bacteria is likely to bind an unknown receptor to activate a non-canonical
caspase-11 containing inflammasome that can also activate caspase-1. Inhibition of IAPs using a mimetic of the natural IAP antagonist mitochondrial protein SMAC/DIABLO has been
shown to activate the NLRP3 inflammasome via ripoptosome formation and RIP3 signaling. IAP inhibition or Fas signaling can also activate IL-1{ via caspase-8 (CASR: calcium-sensing
receptor; DAMPS: damage-associated molecular patterns; InsP3: inositol triphosphate; PAMPs: pathogen-associated molecular patterns; PLC: phospholipase C; ROS: reactive oxygen

species; TLR: toll like receptor; TRP: transient receptor potential channel).

Atg16L1~/~ cells also displayed normal caspase-1 levels [33]. These
findings suggest that the NLRP3-caspase-1 inflammasome complex is
not dramatically regulated by degradation within autophagosomes. In
contrast, it was proposed that following AIM2 activation, ubiquitylation
of ASC causes it to associate with the autophagic adaptor, p62, and
thereby targets the AIM2 inflammasome for autophagic destruction
[35]. Using chemical inhibitors and activators of autophagy, it has
also recently been suggested that pro-IL-13 may be regulated by
autophagy mediated degradation [36].

LPS priming and NLRP3 activation has often been observed to corre-
late with oxidative stress [37]. While initial ShRNA gene knockdown
studies in immortalized Thp1 cells suggested NADPH oxidases as the
source of ROS [38], subsequent studies using primary cells lacking
NADPH oxidases failed to confirm these findings [39]. In 2011 the labo-
ratories of Jurg Tschopp and Augustine Choi independently proposed
that mitochondria are the source of ROS that are either required for, or
facilitate, NLRP3 activation [30,34]. Autophagic clearance of damaged

mitochondria (mitophagy) was required for preventing mtROS produc-
tion and excessive NLRP3 signaling (Fig. 3) [30,34], and recently, RIP2
dependent mitophagy and mtROS suppression was proposed as key to
limiting pathologic NLRP3 activation of IL-18 following influenza A virus
infection [40]. Although few studies have examined the role of mitochon-
drial mediated NLRP3 regulation in human disease, mitochondrial ROS
has been linked to cytokine secretion, including IL-1B, in TNF-receptor-
associated periodic syndrome (TRAPS) patient monocytes [41], as well
as increased NLRP3 signaling in fibromyalgia patients [42].

In line with ROS being important for NLRP3 function, anti-
oxidants have been extensively used to efficiently inhibit NLRP3
activity. Nevertheless, it has been suggested that anti-oxidants inter-
fere with the LPS priming step and that they prevent LPS induced ex-
pression of NLRP3, and not NLRP3 activity per se [43]. However, it has
also been reported that anti-oxidant treatment after LPS stimulation
can still inhibit NLRP3 activity [24,44,45], and interestingly, Kate
Schroder's laboratory has shown that even a short LPS stimulation
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Fig. 3. Models for mitochondrial regulation of the NLRP3 inflammasome. LPS priming and NLRP3 activating agents stimulate mtROS production. This may occur by 1. VDAC activation,
which is reportedly repressed by Bcl-2. 2. Increased cytosolic calcium levels may trigger mitochondrial damage and mtROS production, and/or mtROS may also increase cytosolic calcium.
The excess production of mitochondrial ROS has a number of proposed consequences. 3. Increased mtROS production causes mitochondrial permeability transition (MPT) pore opening
and subsequently mtDNA release. 4. Alternatively, mtROS causes mtDNA oxidation, while at the same time NLRP3 stimuli induce Bax/Bak mediated mitochondrial membrane damage
allowing mtDNA release. As a consequence of 3 or 4, mtDNA binds and directly activates the NLRP3 inflammasome. 5. NLRP3 activation is repressed by ubiquitylation. Mitochondrial
ROS promotes NLRP3 de-ubiquitylation to facilitate its activation. Other proposed mechanisms by which the mitochondria may regulate the formation and activation of the NLRP3
inflammasome, include 6, microtubule-driven spatial rearrangement. Diminished NAD™ leads to increased acetylation (AC) of a-tubulin to facilitate dynein-mediated transport of the mi-
tochondria to the endoplasmic reticulum, which promotes NLRP3-ASC interactions. 7. Alternatively, or in addition to 6, the mitochondrial-associated adaptor protein MAVS (mitochondrial
antiviral signaling) recruits cytosolic NLRP3 to the mitochondria to facilitate optimal NLRP3 activation. 8. As a consequence of 1 to 7, the clearance of damaged ROS producing mitochondria
through autophagy (mitophagy) is important for limiting excess NLRP3 signaling. Please refer to the main text for the limitations associated with these proposed mechanisms,

and the appropriate references.

facilitates NLRP3-caspase-1 activation independent of NLRP3 induction
[46]. Recent studies by several groups suggest that LPS priming or
NLRP3 activating molecules prompt the de-ubiquitylation of NLRP3,
possibly in a mitochondrial ROS dependent manner, and that the de-
ubiquitylation of NLRP3 is critical for NLRP3 activation (Fig. 3)
[47-49]. This research implies that LPS induced mitochondrial ROS
may alert the cell to potential danger by calling NLRP3 to attention,
but does not send NLRP3 into battle.

The role of ROS induced by NLRP3 triggers, or signal 2, remains less
clear, but may involve the promotion of Ca?* influx. However, there
are conflicting reports on whether Ca* influx occurs downstream or
upstream of mitochondrial damage and ROS production [24,25]. Using
anti-oxidants combined with liposomes, silica or alum particles to acti-
vate NLRP3, the data of Liang Quo and colleagues suggested that Ca®*
influx was dependent on NLRP3 mediated ROS production [24]. In
contrast, the laboratory of Tiffany Horng proposed that Ca?>* influx in-
duced by the soluble NLRP3 stimulus, ATP, was the cause of mitochon-
drial dysfunction and ROS production (Fig. 3) [25]. Similarly, while Jae
Jin Chae and colleagues proposed that cyclic AMP (cAMP) binds
and inhibits NLRP3, and that Ca?*-CASR stimulation reduces cellular
cAMP to promote NLRP3 activity [26], the group of Ulf Wagner found
that manipulating cellular cAMP levels had no effect on Ca®>* mediated
NLRP3 activation [23].

The role of ROS in NLRP3 activation is further confounded by re-
search discounting any role for ROS in modulating NLRP3 activity [22],
while other laboratories have linked cellular ROS to the inhibition of
caspase-1 and IL-1f3 activation [50-52]. Over several years, the work
by Anna Rubartelli and colleagues has attempted to reconcile some of
these differences, and have suggested a model where the cells own
anti-oxidant response to ROS production is responsible for determining
the level of NLRP3 activity, and therefore both cellular oxidation and re-
duction reactions may participate in NLRP3 functioning [39].

1.4. Apoptosis and NLRP3 activation

Apoptosis is a mode of cell death caused through the activation of
intracellular caspases. Extrinsic or death receptor induced apoptosis
specifically activates caspase-8, an initiator caspase, which cleaves and
activates downstream executioner caspases responsible for cellular dis-
mantling. Intrinsic or mitochondrial apoptosis is signaled by cellular
stress, such as ultra violet irradiation, and culminates in the formation
of Bax and Bak oligomeric pores on mitochondria to cause irreversible
mitochondrial membrane damage. The loss of mitochondrial membrane
integrity allows the release of cytochrome c, where it binds Apaf1 to gen-
erate active caspase-9 and cause apoptotic cell death.

In 2012 the laboratory of Moshe Arditi delineated a model that uni-
fied how divergent structural and chemical molecules caused NLRP3
activation [31]. It was proposed that NLRP3 stimuli induce mitochon-
drial apoptosis to cause the release of oxidized mitochondrial DNA
(mtDNA), and that oxidized mtDNA bound and directly activated
NLRP3 (Fig. 3). Hence, if correct, this model predicts that genetic dele-
tion of Bax and Bak, which are essential executioners of mitochondrial
apoptosis, should prevent NLRP3 activation. However, in conflict with
the above model, our laboratory has observed normal NLRP3 function
in Bax and Bak doubly deficient bone marrow derived macrophages
(our unpublished data). Using caspase-1 deficient cells, recent work
shows that the NLRP3 and AIM2 inflammasomes do have the potential
to induce apoptosis, but after inflammasome assembly and ASC binding
to caspase-8, rather than via the mitochondria [53-55].

Augustine Choi's laboratory has also proposed that mtDNA release
facilitates NLRP3 function in response to LPS and ATP treatment [34].
However, in this study inflammasome activation was required for
mtDNA release and therefore, although mtDNA enhanced NLRP3 activa-
tion, it was not a prerequisite for NLRP3 inflammasome formation and
activation. Data from this research also demonstrated that mtDNA
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could efficiently activate the AIM2 inflammasome, and it remains
unclear as to which inflammasome, NLRP3 or AIM2, mtDNA activates
under physiological conditions. Because the mitochondrial permeability
transition (MPT) inhibitor cyclosporine A prevented LPS and ATP activa-
tion of NLRP3, MPT pore opening was proposed as a requirement for
mtDNA release into the cytoplasm (Fig. 3). However, genetic studies
have yet to validate if the MPT pore contributes to NLRP3 activity.

1.5. Localization of the NLRP3 inflammasome to mitochondrial membranes

Research by Jurg Tschopp's group linking mitochondrial ROS to
NLRP3 activation proposed that NLRP3 stimuli induced a re-localization
of NLRP3 from the ER to ER-mitochondrial membranes where it formed
a functional inflammasome with ASC and caspase-1 [30]. Subse-
quently, it was reported by Shizuo Akira's laboratory that dynein me-
diated microtubule transport of mitochondria was required for the
clustering of NLRP3 and ASC on ER-mitochondrial membranes to
drive inflammasome assembly (Fig. 3) [56]. NLRP3 binding to mito-
chondria has been reported by Robert Germain's group to require the
mitochondrial protein MAVS [57]. The tethering of NLRP3 to mitochon-
dria via MAVS appeared to be key to efficient NLRP3 activation, because
MAVS deficient macrophages were shown to be defective in NLRP3
function [57]. However, the role of MAVS in regulating NLRP3 activity
has been questioned, as other groups have been unable to detect differ-
ences in NLRP3 signaling between wild type and MAVS deficient cells
(Gabriel Nunez, personal communications).

Further ambiguities linking NLRP3 localization to the mitochondria
are several studies demonstrating that active AIM2, NLRC4 or NLRP3
inflammasomes all result in the formation of strong, probably cytosolic,
ASC-caspase-1 foci [11,18,53,58-61]. A recent study by Bing Sun and
colleagues examined ASC localization in peritoneal macrophages fol-
lowing NLRP3 stimulation by immuno-fluorescence microscopy, and
compared it to organelles such as mitochondria, Golgi, ER, endosomes,
phagosomes, and lysosomes. Consistent with active inflammasomes
being cytosolic, ASC foci showed no significant co-localization with
any of the organelles studied [58].

It is perceivable that NLRP3 mitochondrial-ER associations may be
transient in nature and occur to facilitate NLRP3-ASC-Caspase-1 interac-
tions and post-translational modifications, but that active inflammasomes
are subsequently released into the cytosol to efficiently process pro-IL-1{.
However, this possibility has yet to be explored.

1.6. Other inflammasome ambiguities

A number of other critical regulators of NLRP3 function have been
proposed in recent years. Below we review a few of the more interesting,
and often surprising, issues and conflicts in the NLRP3 inflammasome
literature that have yet to be resolved.

1.7. Lysosomal perturbation

One mechanism for NLRP3 activation that has gained credence is
through phagolysosomal rupture (Fig. 2). Particulate and crystalline
NLRP3 activators, including MSU crystals, alum, silica, amyloid-p, calci-
um pyrophosphate dehydrate, as well as bacteria (i.e. Mycobacterium
tuberculosis) are phagocytosed by antigen presenting cells and cause
disruption of the phagolysosome. It has been suggested that the release
of lysosomal cathepsin B activates NLRP3 via an undefined mechanism.
While inhibition of cathepsin B using CA-074 Methyl ester (CA-074-Me)
blocks particulate induced NLRP3 activation [62,63], genetic deletion of
cathepsin B has been reported to have no effect [22,64], or only a partial
effect [62], on NLRP3 function. Therefore there may be redundant or
additional lysosomal enzymes involved in NLRP3 activation, such as ca-
thepsin L [65]. Complicating the use of CA-074-Me are reports showing
that at higher doses it can inhibit NLRP3 stimuli, such as nigericin, that
activate NLRP3 independent of lysosomal disruption [66]. While typical

concentrations of 10-20 uM of CA-074 Me are used to examine whether
a particular NLRP3 stimulus acts by lysosomal perturbation, it is possible
that effects observed at doses higher than 1 pM are off-target [67]. A
recent report has also highlighted that rapid phagolysosomal rupture
may have an inhibitory effect on inflammasome activation by causing
cathepsin (CA-074-Me blockable) mediated caspase-1 degradation as
well as necrosis [68,69].

The potent vacuolar-type H* ATPase (V-ATPase) inhibitor
bafilomycin A1 limits lysosomal acidification and function. In addition
to CA-074-Me it is therefore often used as an additional tool to investi-
gate lysosomal mediated NLRP3 activation. However, bafilomycin Al
inhibits V-ATPase's located throughout the endomembrane system,
including the ER, Golgi apparatus and plasma membrane. Furthermore,
V-ATPase blockade by bafilomycin A1 induces a multitude of cellular
events, such as increasing lysosomal pH and inducing lysosomal
enzyme secretion into the extracellular environment, inhibiting
autophagy, inducing apoptosis and causing a loss of mitochondrial
function and membrane potential [70-72]. In fact, in human cells
enhanced LPS induced IL-13 or NLRP3 activation is observed in re-
sponse to agents that increase lysosomal pH and/or decrease cyto-
solic pH, including bafilomycin A1 and ammonium chloride, and
this may reflect a role for endo-lysosomal mediated exocytosis in
the secretion of activated inflammasomes and IL-1(3 [73,74]. Studies
have also used the lysosomotropic agent L-leucyl-L-leucine methyl
ester (LeuLeuOMe) to cause lysosome rupture and activate NLRP3
[63]. However, even here the polymerization of LeuLeuOMe within
lysosomes may impart pore-forming capabilities [75] that could, in
theory, activate NLRP3 when released into the cytosol. Therefore,
whether the release of phagolysosomal particulate and crystalline
NLRP3 stimuli into the cytosol causes NLRP3 activation upon lyso-
somal disruption, or if it is the release of lysosomal enzymes (or cal-
cium stores) that activate NLRP3, still appears a valid question.

1.8. TXNIP

Thioredoxin (TRX)-interacting protein (TXNIP) has been linked to
the regulation of cellular redox reactions and lipid and glucose metabo-
lism. Work by Jurg Tschopp's group proposed that TXNIP dissociates
from TRX and binds to NLRP3 upon excess ROS production to allow
for NLRP3 activation, and consistent with this, TXNIP deficient macro-
phages did not activate NLRP3 [76]. This was a significant observation
because NLRP3 signaling has emerged as a potential culprit in the devel-
opment of obesity-induced insulin resistance, atherosclerosis and type 2
diabetes [77]. Disappointingly however the NLRP3-TXNIP link has
not been reproducible in other laboratories, with the deletion of
TXNIP reported to have no impact on NLRP3 activation [78].

1.9. IAP proteins

Mammalian cells, including macrophages, express the related inhib-
itor of apoptosis (IAP) proteins cellular IAP1 (cIAP1), cIAP2 and X-linked
IAP (XIAP), and interestingly, an early study by David Vaux's group
demonstrated that expression of XIAP or cIAP1 could prevent cell killing
caused by caspase-1 overexpression [79]. However, more recently re-
search by Maya Saleh and colleagues has suggested that cIAP1 and
cIAP2 are, non-redundantly, required for caspase-1 activity [80]. It was
proposed that clAP1/2 and their binding partner TRAF2 regulate clAP1/2
mediated K63-linked ubiquitylation of caspase-1 to promote its acti-
vation. Consistent with this model, it was shown that deletion of
cIAP2 alone, or cIAP1, blunted NLRP3 activity. In contrast, using dif-
ferently derived cIAP1 or cIAP2 null mice to those used by the Maya
Saleh laboratory, or TRAF2 gene targeted myeloid cells, our group
observed no detrimental effect on NLRP3 and caspase-1 activation in
cIAP1, cIAP2, or TRAF2 deficient macrophages [45]. However, we did
observe that when cIAP1/2 were co-deleted with the related IAP,
XIAP, together they played a critical role in suppressing NLRP3
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activation following LPS treatment. LPS stimulation of macrophages de-
ficient in all three IAPs (cIAP1, cIAP2 and XIAP) activated a death signal-
ing complex termed the ripoptosome [81,82], and promoted receptor-
interacting protein 3 (RIP3) kinase activation of the NLRP3-caspase-1
inflammasome, as well as caspase-8 cleavage of pro-IL-1p (Fig. 2). Con-
sistent with these findings, Fas mediated activation of IL-1p has recently
been shown to occur by caspase-8 cleavage [83]. Similarly, several
groups have reported RIP3 activation in IAP depleted cell lines or pri-
mary murine macrophages [81,82,84], while David Wallach's laboratory
recently demonstrated that deletion of caspase-8, which negatively reg-
ulates RIP3, also resulted in RIP3 dependent activation of the NLRP3
inflammasome [85]. While RIP3 is critical for the execution of necroptotic
cell death, these studies highlight its potential for directly modulating
inflammatory cytokine activation.

1.10. TAK1

Regulation of cellular osmolarity has emerged as a determinant
of NLRP3 function, with studies implicating potassium efflux [16] and
increased intracellular calcium levels in NLRP3 activation [23-26]. It
has been suggested that cell swelling followed by a regulatory volume
decrease can act as a trigger for NLRP3 assembly and activation [86].
Although this conclusion has recently been challenged [22], it was pro-
posed that decreased extracellular osmolarity can activate TAK1 (TGF-p
activated kinase-1), and TAK1 inhibition by chemical compounds or
siRNA silencing blocks NLRP3 activation [86,87]. However our group,
and that of Rong-Fu Wang, has independently demonstrated that genetic
deletion of TAK1 in macrophages does not reduce NLRP3 activity caused
by stimuli such as ATP, nigericin or alum [45,88].

1.11. PKR

PKR, or double-stranded RNA-activated protein kinase, is a key reg-
ulator of several pathways involved in inflammation, cell death and the
immune response to microbial infections. It has been reported by Kevin
Tracey and colleagues that PKR deficient cells are defective for NLRP1,
NLRP3, NLRC4 and AIM2 inflammasome function, and that auto-
phosphorylation of PKR prompts its interaction with these specific
NLRs to activate them [89]. However, the laboratory of Gabriel Nunez
recently published that two independent lines of PKR deficient mice
showed normal inflammasome activation following NLRP3, NLRC4
and AIM2 stimulation [90]. Remarkably, in another twist, a recent pub-
lication described 7-desacetoxy-6,7-dehydrogedunin (7DG) as a novel
PKR inhibitor that prevented inflammasome formation and activation,
as did siRNA silencing of PKR. In contrast to the previous study though,
PKR phosphorylation was reported as being dispensable for PKR medi-
ated inflammasome activation [91].

2. Conclusions

Much progress has been made in elucidating how NLRP3 is assem-
bled into an active inflammasome complex, and the mechanisms that
regulate its function. Yet several issues raised in this review clearly high-
light the need for further work. Recent studies have indicated that some
of the contradictory findings reported in the inflammasome field may
result from chemical or gene knockdown off-target effects, differences
in intestinal mircroflora between mouse colonies, or subtle differences
in the genetic backgrounds of independently derived mutant mice.
For example, while chemical or siRNA targeting of NADPH oxidases,
TXNIP, cathepsin B, TAK1 and pannexin-1 initially implicated these pro-
teins as critical in regulating NLRP3 function, the use of gene-targeted
mice or primary human patient cells has questioned these conclusions
[21,22,45,51,78,88,92]. It is feasible that the differential effects of vari-
ous chemical redox modulators may also be explained by off-target ac-
tions (such as cell death) or the different metabolic landscapes and

redox responses of immortalized monocyte and macrophage cell lines
versus primary monocytes and macrophages.

Opposing findings for the role of NLRP3 and caspase-1 in murine
colitis models appear to be caused, at least in part, by differences in
intestinal microflora between independently housed mouse colonies,
and the use, or not, of littermate controls [93]. In regards to the im-
portance of mouse strain genetic background, the original caspase-1
null mice derived on the 129 mouse lineage [94] have recently been
shown to harbor a caspase-11 inactivating mutation [8], calling for a
re-evaluation of many studies using these mice that were published
prior to this knowledge. This finding also has implications for other
genes that are closely linked to caspase-11 and were targeted using
the 129 mouse strain. For example, despite extensive back-crossing of
129 derived cIAP1 deficient mice onto a C57BL/6 background, the geno-
mic proximity of cIAP1 (and cIAP2) to caspase-11 (2.5 Mbp) can fail to
restore functional caspase-11 [95]. Different immune responses and
altered expression of unrelated genes have also been observed in inde-
pendently derived ASC deficient mice [96,97], and while the causes for
this remain unclear, minor but significant variations in the genetic back-
ground of these mice may also explain some discrepancies.

Despite these ambiguities and unresolved issues surrounding NLRP3
regulation, a significant body of work has implicated redox reactions
and ion fluxes in NLRP3 activation. However, their targets require clari-
fication and further genetic evidence is needed to properly evaluate the
importance of these processes in NLRP3 functioning, If, as recently pro-
posed [22], potassium efflux is the critical inflammasome determinant
required for NLRP3 activation by all stimuli, understanding mechanisti-
cally how potassium efflux occurs under different conditions, and how
this triggers NLRP3 activation, will be important to elucidate.

Future work to resolve the intracellular localization of NLRP3 before
and after activation is also needed. This is likely to require increased
imaging resolution than is currently afforded by standard fluorescence
and confocal microscopy techniques. The predominant active ASC foci
reported by several laboratories suggest that this large oligomeric
complex should be amenable to detailed immuno-electron micros-
copy analysis. Once the localization of the inactive and active NLRP3
inflammasome can be agreed upon, this will facilitate our understand-
ing of what, if any, role the mitochondria might play in regulating its
activity, be it ROS production, mtDNA induced activation or the co-
ordination of NLRP3 protein interactions.
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