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Inflammasomes are supramolecular organizing centers that operate to drive interleukin-1 (IL-1)-dependent
inflammation. Depending on context, inflammatory caspases act upstream or downstream of inflammasome
assembly, serving as the principal enzymes that control activities of these organelles. In this review, we
discuss mechanisms of inflammasome assembly and signaling. We posit that upstream regulatory proteins,
classically known as pattern-recognition receptors, operate to assess infectious and non-infectious threats
to the host. Threat assessment is achieved through two general strategies: (1) direct binding of receptors to
microbial or host-derived ligands or (2) indirect detection of changes in cellular homeostasis. Upon activa-
tion, these upstream regulatory factors seed the assembly of inflammasomes, leading to IL-1 family cytokine
release from living (hyperactive) or dead (pyroptotic) cells. The molecular and physiological consequences of

these distinct cell fate decisions are discussed.

The Innate Immune System as a Threat-Assessment
Computer

All organisms must interact with their environment to survive.
Fundamental to these interactions is the ability of the host to
discern its surroundings so that adaptations to environmental
changes can be made. The specific changes that occur in
the environment are countless, but they can be grouped
into two broad categories. The first category encompasses
beneficial changes, such as friendly encounters or exposure
to favorable temperatures, salinity, or nutrients. The second
category includes detrimental changes, such as dangerous
encounters or conditions that cause susceptibility to infec-
tion and tissue damage. Determination of potential
threat to the host is a task that is crucial to adapting to
any new environment.

At the cellular level, research over the last several years has re-
vealed a variety of responses to environmental changes, which
range from neuronal circuits that detect pain and temperature
alterations to immune pathways that detect microbial encoun-
ters and tissue injury (lwasaki and Medzhitov, 2010; Koch
et al., 2018). Although these discoveries have provided a clearer
view of the cells and genes important for host adaptation to the
environment, there is a lack of broad-based hypotheses to
explain the logic underlying cell sensory networks.

Herein, we discuss recent developments into how mamma-
lian cells detect environmental change, with a specific focus
on detrimental changes to the host. We discuss how these
threats can be grouped into two major classes of molecular
signals, which are defined by classical terms: pathogen-associ-
ated molecular patterns (PAMPs) and damage-associated mo-
lecular patterns (DAMPs) (Janeway, 1989; Matzinger, 1994).
The former class, when detected by the host, indicates encoun-
ters with microbes and their products. The latter class indicates
encounters with environmental conditions that caused a ho-
meostatic disruption, perhaps resulting in cellular or subcellular
injury. Thus, the fundamental distinction between DAMPs and
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PAMPs is the source of the molecule, not their chemical
structures.

A growing body of evidence supports the idea that a common
sensory system is used to detect DAMPs and PAMPs. This sen-
sory system consists of a diverse family of receptors, defined by
Charles Janeway, Jr., as pattern-recognition receptors (PRRs)
(Janeway, 1989). PRRs have been viewed as sentinels of the mi-
crobial world around us. However, the ability of PRRs to serve as
exclusive indicators of microbial encounters through detection
of PAMPs is seemingly compromised by the increasing accep-
tance that these receptors also detect DAMPs. Thus, PRRs
can no longer be considered to have evolved for the exclusive
purpose of detecting microbes. An alternative view of the innate
immune system is that PAMP detection is but one function of
PRRs and that the detection of DAMPs is as important to the
host as the detection of PAMPs in terms of adapting to environ-
mental changes. Consistent with this idea are the activities of tis-
sue-resident macrophages. These cells have been historically
viewed as antimicrobial cells that use PRRs to detect infection,
but recent work has extended their functions to include regula-
tion of tissue homeostasis and detection of non-infectious
threats (Okabe and Medzhitov, 2016). The innate immune sys-
tem may therefore be best viewed not simply as a microbe-
detection system but rather a threat-assessment computer,
whose function is to detect many types of potentially deleterious
changes in the environment.

Viewing the innate immune system as a threat-assessment
computer may explain genetic and clinical evidence of the role
of PRRs in diseases with an infectious component and diseases
in which no microbe has been implicated. In both cases, PRRs
and the cells that encode them are critical for disease develop-
ment and resolution. Moreover, from an evolutionary perspec-
tive, this view may explain the long-recognized roles of one of
the first-identified PRRs, the Drosophila Toll receptor, in antimi-
crobial defense and development. In the next sections, we
explore these concepts with a specific focus on PRRs that link
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PAMPs in the blood activate the
inflammasome in monocytes resulting
in hyperactivation

Figure 1. Tissue-Level Topology Affects
Threat-Level Classification
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diverse environmental threats to the assembly and activation of
inflammasomes. We have chosen inflammasome-activating
PRRs as a centerpiece for this discussion, because examples
of these PRRs responding to various environmental threats
have been identified. For example, individual inflammasome-
activating PRRs directly detect PAMPs, DAMPs, or changes in
cellular processes indicative of altered homeostasis. The collec-
tive knowledge that PRRs detect each of these classes of threats
supports our thesis.

Threat Assessment by Differential Localization of PRRs
and Their Ligands

Low-risk environmental threats include PAMPs in the extracel-
lular environment of barrier tissues in the organism (Figure 1).
PAMPs in these environments do not necessarily indicate an
encounter with a pathogen. These extracellular PAMPs induce
inflammatory responses to eliminate the possibility of infection.
Because infection is only a possibility, the host response may
not be activated maximally. The responses induced under these
conditions include the expression of inflammatory chemokines,
cytokines, and other factors that ensure induction of adaptive
immunity (Iwasaki and Medzhitov, 2010). These responses are
often induced through the Toll-like receptor (TLR) family of
PRRs. TLRs survey external environments through receptor
localization at the plasma and endosomal membranes, with their
ligand binding domains exposed to the extracellular space or en-
dosomal lumen (Brubaker et al., 2015). The mechanisms of TLR
signaling have been reviewed elsewhere (Bryant et al., 2015;
Pandey et al., 2014), and we will only summarize their mecha-
nisms of action here. Upon PAMP detection, TLRs dimerize
and seed the formation of helical oligomeric complexes of pro-
teins in the cytosol. These complexes, known as supramolecular
organizing centers (SMOCs), represent the signaling organelles
of the innate immune system (Kagan et al., 2014). TLR-associ-
ated SMOCs concentrate enzymes that drive downstream
signaling events that augment metabolism, transcription, and
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translation (Tan and Kagan, 2019). These responses are best
understood to drive inflammatory responses and stimulate
adaptive immunity (lwasaki and Medzhitov, 2010).

Detection of extracellular PAMPs would be a relatively low-
level threat because commensal and other non-pathogenic mi-
crobes might shed ligands (Figure 2). These detection events
thus result in a proportionate signaling outcome in which the
responding cells do not sacrifice themselves by committing to
a cell death program. Commitment to a death program is
restricted to threats that represent a clear and present danger
to the host. One danger to the host occurs during encounters
with microbial pathogens.

All pathogens manipulate the host cells they encounter to
promote their own replication. This process presents a life-
threatening risk to the host, which must be addressed by
proportionally high defensive responses. A common defensive
response induced upon pathogenic encounters is to kill the in-
fected cells to prevent intracellular microbial replication. This ter-
minal cell fate decision by the host is only made when the threat
is high; non-pathogenic encounters should not result in host cell
death. Mechanistically, virulence assessment occurs by the
detection of PAMPs in specific intra- or extracellular compart-
ments. In contrast to extracellular PAMPs, which may not neces-
sarily indicate an encounter with a virulent pathogen (or even a
living microbe), cytosolic PAMPs almost always coincide with
direct exposure to living and perhaps virulent microbes. The
reason for this trend is that pathogenic manipulation of host cells
is accomplished through access by the pathogen (or its virulence
factors) to the host cytosolic environment (Figure 2). For
example, bacteria can encode cell-associated secretion sys-
tems that inject virulence factors into the host cytosol. Fungal
pathogens are increasingly recognized for their ability to similarly
manipulate the host, and viruses must enter the host cytosol to
replicate. Because non-infectious organisms do not encode
virulence determinants, they cannot intentionally access the
host cytosol. Only infectious agents deliver PAMPs to the
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Figure 2. Cellular-Level Topology Affects
Threat-Level Classification
The extracellular space, endosomal lumen, and
cytosol are sites of microbial recognition with
different sensors and outcomes. Plasma mem-
brane TLRs survey the extracellular space for
PAMPs or DAMPs representing a lower threat level
because the molecular patterns could derive from
commensal bacteria or sterile injury. Endosomal
TLRs survey the endosomal lumen that topologi-
cally is considered continuous with the extracel-
lular space, representing a lower threat level
because the molecular patterns could derive from
productive degradation of commensals or host cell
debris. TLR activation leads to transcription of pro-
¥ 3 inflammatory cytokines, such as pro-IL-18 and
o5 tumor necrosis factor alpha (TNF-a), and upregu-
RN % lation of pattern-recognition receptors, such as the
3 inflammasome seed NLRP3. Pathogens can inject
J effectors and translocate PAMPs into the cytosol
through the plasma membrane or endosomal
membrane. Pathogens can also directly trans-
locate from the endosomal lumen into the sterile
cytosol. Exogenous PAMPs or pathogens found in
the cytosol cause inflammasome activation, rep-
resenting a higher threat level because the host is
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cytosol. Thus, cytosolic PRRs are uniquely positioned to identify
pathogenic encounters. Consequently, these PRRs induce a
heightened state of inflammation and the host-determined
demise of the infected cell. Cytosolic PRRs include members
of the nucleotide-binding domain, leucine-rich-containing
(NLR) family, and the proteins AIM2 and Pyrin. The SMOC
induced by these receptors—the inflammasome—is the focus
of this review.

Inflammasomes are protein complexes that represent the site
of caspase-1 activity. Caspase-1 is best known as an inter-
leukin-1 (IL-1)-converting enzyme with the capacity to cleave
biologically inert pro-IL-18 into its active form: IL-1B (Garlanda
et al.,, 2013). IL-1 was the first cytokine identified and repre-
sents one of the most potent pyrogens produced by mammals.
Perhaps because of its potent induction of local and systemic
inflammation, the regulation of IL-1o. and IL-1p release from
cells is more tightly controlled than that of other cytokines.
Whereas all other well-characterized cytokines, chemokines,
and interferons (IFNs) are secreted upon synthesis, the secre-
tion and inflammatory activity of the IL-1 family is dissociated
from its synthesis (Garlanda et al., 2013). This dissociation
is due to the lack of an N-terminal secretion signal in many
members of the IL-1 family. Thus, several IL-1 family members,
such as IL-18, IL-18, and IL-37, are produced in the cytosol
as latent proteins that cannot achieve bioactivity until they
are cleaved by caspase-1 and released from cells. One notable
exception to this rule relates to the anti-inflammatory IL-1 re-
ceptor antagonist (IL-1Ra), which contains a signal peptide
for secretion through the biosynthetic pathway. Inflamma-
some-associated caspase-1 is responsible for generating
bioactive IL-18 and IL-18 and promoting their release into the
extracellular space.

A common mechanism through which inflammasomes pro-
mote IL-1p release is the induction of pyroptosis, a lytic form of

being invaded or intoxicated by pathogenic mi-
crobes. Inflammasome activation leads to release
of IL-1B and IL-18 and to pyroptotic cell death.

cell death that non-specifically releases cytosolic content from
cells. Because pyroptosis is a terminal event, the choice of
a cell to commit to this process must be tightly regulated. It
stands to reason that such a commitment to cellular suicide
would only be justified in instances of high-threat encounters,
which is supported by our current knowledge that only cytosolic
PRRs can induce pyroptosis. Based on these principles, extra-
cellular PAMPs are classified as low-threat and resolvable
problems, whereas cytosolic PAMPs are contextualized as
high-threat problems that may induce drastic cell fate decisions
such as cell death.

Several examples of individual PAMPs drive transcriptional re-
sponses via TLRs and cell death responses from inflammasome-
associated PRRs. These PAMPs include bacterial lipopolysac-
charide (LPS) that can be sensed by TLR4 or caspase-11; bac-
terial flagellin that can be sensed by TLR5, NAIP5, or NAIP6;
and DNA that can be sensed by TLR9 or AIM2. Although the
idea that pathogens and non-pathogens may be viewed differ-
ently by the innate immune system has been offered previously
(Blander and Sander, 2012; Vance et al., 2009), these earlier
commentaries preceded the identification of molecular explana-
tions by which threat assessment is accomplished. Threat-level
determination by inflammasome-stimulating PRRs may be
beneficial during infection by stimulating adaptive immune re-
sponses through heightened inflammatory responses and cell
death of infected cells (Evavold and Kagan, 2018). Dysregulation
of inflammasome signaling may be deleterious to the host during
sepsis (Kayagaki et al., 2011) or through host reaction to gout
crystals and amyloid plaques (Heneka et al., 2013; Martinon
et al., 2006). These latter scenarios represent chronic exposure
to high concentrations of PAMPs and DAMPs. In subsequent
sections, we discuss mechanisms by which PRRs drive inflam-
masome assembly and activity and additional context-depen-
dent considerations made by cells to gauge threat.
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Nucleation Reflect Diverse Mechanisms to
Contextualize the Intent of Pathogens
Inflammasomes by definition serve as platforms to
activate the inflammatory caspase, caspase-1. The
NAIP inflammasome recognizes bacterial PAMPs
in the cytosol through oligomerization of NLRC4 to
directly recruit caspase-1 or in combination with
l ASC. The AIM2 inflammasome recognizes mis-
localized dsDNA in the cytosol that may represent
Pyrin PAMPs or DAMPs to seed an inflammasome using
l ASC to recruit caspase-1. The literature suggests
that NLRP3 may directly sense ligands or may
sense broad dysfunction of host processes to seed
an inflammasome using ASC to recruit caspase-1.
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The NLRP1 inflammasome serves as a bait protein
to indirectly sense pathogens by sensing path-
ogen-derived protease activity. NLRP1 may
directly recruit caspase-1, but ASC amplifies cas-
pase-1 activation. The pyrin inflammasome is

Mechanisms of Inflammasome Assembly and Activity
Like all SMOCs, inflammasomes are composed of two abundant
functional units. The first unit consists of an adaptor protein or
proteins with oligomerization potential, and the second unit is
an effector enzyme whose activity drives inflammatory re-
sponses (Figure 3). Oligomerization potential is converted into
action by an upstream seed protein, usually a PRR, which drives
adaptor oligomerization and stimulates effector enzyme activity
(Cai et al., 2014; Lu et al., 2014). This simple two-unit principle
enables diverse seed proteins to assemble SMOCs with distinct
effector functions and likely explains their prevalence in nature.
Moreover, the simplicity of SMOC architecture ensures flexibility
of design and has enabled synthetic organizing centers to be en-
gineered to induce user-defined responses (Tan and Kagan,
2019). In this section, we describe the mechanisms that drive
SMOC formation, with a focus on how different proteins operate
by the two-unit SMOC design principle to mediate signal trans-
duction to disparate inputs.

A large class of inflammasomes uses the protein ASC as its
oligomerization unit (Cai et al., 2014; Lu et al., 2014). The PRRs
NLRP1, NLRP3, NLRP6, AIM2, and Pyrin engage ASC through
interactions between the pyrin domain on the receptor and the
pyrin domain of ASC, resulting in oligomerization (Chae et al.,
2011; Fernandes-Alnemri et al., 2009; Hornung et al., 2009).
ASC also contains a caspase activation and recruitment domain
(CARD) that can mediate homotypic interactions with the CARD
found in the effector enzyme pro-caspase-1 (Lu et al., 2014,
2016). The PRR NLRP1 may also engage ASC via CARD-
CARD interactions (Chavarria-Smith et al., 2016; Zhong et al.,
2016). Pro-caspase-1 is thought to have low intrinsic protease
activity, although the purified p45 precursor enzyme (pro-cas-
pase-1) can autoprocess in solution (Ayala et al., 1994). This
low intrinsic activity might explain the requirement of p45 recruit-
ment into the inflammasome for full activation. It is thought that
the induced proximity and increased local concentration of the
p45 species of pro-caspase-1 within inflammasomes allows for
caspase self-cleavage at various aspartic acid residues, leading
to an active but transient species recently defined as a p33/p10
heterodimer (Boucher et al., 2018). Many studies have noted that
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sequestered during homeostasis. Disruption of
cytoskeleton-associated RhoA kinase activity
indirectly leads to pyrin release to seed an in-
flammasome using ASC to recruit caspase-1.

the p20/p10 heterodimer is active at high concentrations, but
recent work demonstrates that the p20/p10 heterodimers may
represent downregulation of caspase activity at later stages of
inflammasome signaling (Boucher et al., 2018). Indeed, these
p20/p10 heterodimers are no longer tethered to the inflamma-
some; they can be released from the cell and are often used as
biomarkers to indicate earlier caspase activation (Boucher
et al., 2018; Keller et al., 2008).

PRRs of the NAIP family also stimulate inflammasome for-
mation, but they may not use ASC as the core oligomerization
unit (Hu et al., 2015; Zhang et al., 2015). Rather, NAIPs
engage the adaptor NLRC4 through NACHT domain interac-
tions in the PRR and adaptor. Akin to oligomerized ASC,
NLRC4 recruits pro-caspase-1 into the assembled inflamma-
some through CARD-CARD interactions between the adaptor
and the effector. ASC is likely recruited to these inflamma-
somes to augment caspase-1 activity (Case and Roy, 2011).
In fact, macrophages stimulated with NAIP agonists can
induce pyroptosis in an ASC-independent, caspase-1-depen-
dent manner, but these cells fail to efficiently cleave other
abundant caspase-1 substrates, such as pro-IL-18, in the
absence of ASC (Broz et al., 2010). The precise biochemical
relationship between ASC-dependent and ASC-independent
activities of the NAIP-NLRC4 inflammasome remains to
be defined.

In the examples described above, caspases operate as the
effector component of the assembled SMOC. A notable excep-
tion to this idea has emerged with the identification that murine
caspase-11 and its human counterparts (caspase-4 and cas-
pase-5) are PRRs that form high-affinity interactions with LPS
(Shi et al., 2014). LPS binds the CARD of these inflammatory
caspases and stimulates their latent protease activity, which
leads to the assembly of the NLRP3 inflammasome (Shi et al.,
2014). Notably, the link between caspase-11 activation and
NLRP3 inflammasome assembly is indirect and is mediated
by the actions of a recently identified caspase substrate known
as gasdermin D (GSDMD) (Kayagaki et al., 2015; Ruhl and Broz,
2015; Shi et al.,, 2015). The details of this process will be
described later.
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Regulation of Inflammasome Assembly by Subcellular
Localization

Increasing attention has been paid to the biochemical and cell
biological aspects of inflammasome components and regula-
tors. This aspect of inflammasome biology is in its infancy, with
no clear understanding of the cell biological principles that
explain pathway activity. Despite this lack of knowledge, a
consensus is emerging whereby the movement of PRRs or their
downstream components from the site of recognition to the site
of signaling controls inflammasome assembly and activity. This
general conclusion is consistent with work done on other PRR-
regulated pathways, where the PAMP-inducible transport of re-
ceptors and downstream signaling machinery is critical to initiate
inflammatory activity (Tan and Kagan, 2017).

In support of active transport processes being necessary for
inflammasome activity, NLRP3 and Pyrin inflammasome assem-
bly can be inhibited by chemicals that target microtubule stability
(Gao et al., 2016; Martinon et al., 2006; Misawa et al., 2013). In
unstimulated cells, NLRP3 is diffuse in the cytosol, but upon
diverse triggers, NLRP3 translocates to the mitochondrial mem-
brane (Elliott et al., 2018; Zhou et al., 2010). Several studies
suggest NLRP3 translocation to mitochondria depends on an
interaction with MAVS, a mitochondrial and peroxisomal trans-
membrane protein necessary for RIG-I-like receptor (RLR) signal
transduction (Subramanian et al., 2013). Other studies highlight
lipid changes in the outer mitochondrial membrane as mediators
of NLRP3 recruitment through interactions with cardiolipin (Elliott
etal., 2018; lyer et al., 2013). A recent study suggests additional
lipids affect NLRP3 localization early in inflammasome signaling.
This study reports that a polybasic site within NLRP3 is neces-
sary for binding of NLRP3 to the Golgi-localized phosphatidyli-
nositol-4-phosphate (Chen and Chen, 2018).

Another study implicated the Golgi cisternae in NLRP3
signaling, though this study suggests NLRP3 first associates to
mitochondria-associated membranes (MAMs) on the endo-
plasmic reticulum (Zhang et al., 2017). Increased production of
the lipid mediator diacylglycerol activates protein kinase D
(PKD) near the Golgi to promote NLRP3-dependent responses.
In this study, NLRP3 disassociation from the MAM is required
for inflammasome assembly, and PKD phosphorylation of
NLRP3 is sufficient to mediate inflammasome signaling. Cas-
pase-1 also binds cardiolipin and can associate with mitochon-
drial membranes (Elliott et al., 2018).

Calcium mediates mitochondrial damage and NLRP3 inflam-
masome assembly (Murakami et al., 2012). Calcium fluxes may
also be required for localization of ASC to pre-localized NLRP3
and caspase-1 on cardiolipin-exposing mitochondria (Elliott
et al., 2018; lyer et al., 2013). In response to several inflamma-
some stimulators, a large ASC aggregate, or speck, forms within
the cytosol and has been described generally as perinuclear
(Fernandes-Alnemri et al., 2007). Because the ASC speck con-
tains NLRP3 and enzymatically active caspase-1, it is consid-
ered an inflammasome. How this speck assembles is unclear,
but it may result from a trafficking event that coalesces inflam-
masome components that initially interacted with one another
on membranous organelles. Like NLRP3, AIM2 is considered
to be diffuse in the cytosol and localizes into ASC specks upon
cellular stimulation (Fernandes-Alnemri et al., 2009; Hornung
et al., 2009). AIM2 can also form an inflammasome within the nu-

cleus after exposure to ionizing irradiation (Hu et al., 2016). The
location of PRR oligomerization and signal transduction may
depend on the cell type studied and the stimulation used.
More studies are required to define the spatial relationship of in-
flammasome components in multiple cell types, with the hope
that the community might describe sequential trafficking events
in endogenous conditions to determine whether heterologous or
synthetic reconstitution systems reflect natural biology.
Regulation of Inflammasome Assembly by Heterologous
Signaling Pathways

Inflammasomes and their upstream receptors are not the only
PRR networks that can be considered threat-assessment sta-
tions. Rather, we view all PRRs as operating in this manner,
and perhaps all cytokine receptors. Collectively, cells use
these diverse receptor families to identify environmental
changes and mount appropriate responses. It therefore stands
to reason that the information gathered from one receptor fam-
ily would be useful to others in the same cell or tissue micro-
environment. Work done over many years supports this idea
in the context of inflammasome activity, because these net-
works are sensitive to environmental changes that they do
not directly detect.

Many pro-inflammatory signaling cascades can synergize with
the inflammasome-stimulating pathways to incur higher respon-
siveness within stimulated cells. The addition of these priming
steps allows peak inflammasome responsiveness. Other PRR
families can determine lower-level threats before recognition of
higher-level threats by inflammasome seed proteins. An
example of inflammasome priming involves the NLRP3 inflam-
masome. Compared with naive cells, cells that have been
treated with TLR agonists or pro-inflammatory cytokines are
more responsive to subsequent stimuli that induce inflamma-
some assembly (Bauernfeind et al., 2009; Franchi et al., 2009).
This priming event is linked to the ability of TLRs to induce the
upregulation of NLRP3 (Bauernfeind et al., 2009). Similarly,
type | IFN activities increase expression of AIM2 and caspase-
11 to sensitize cells to subsequent stimuli (Fernandes-Alnemri
et al., 2009; Hornung et al., 2009; Rathinam et al., 2012). In addi-
tion to upregulation of inflammasome-associated PRRs, activa-
tion of the transcription factors AP-1 and nuclear factor kB (NF-
kB) induces expression of the inflammasome substrates pro-IL-
1B and pro-IL-18 (Garlanda et al., 2013).

Transcriptional upregulation of PRRs is not the only mecha-
nism of inflammasome priming. Indeed, simultaneous encoun-
ters of TLR ligands and inflammasome activators stimulate
immediate (non-transcription dependent) assembly of the
NLRP3 inflammasome (Juliana et al., 2012; Schroder et al.,
2012). This immediate assembly does not occur in response
to either stimulus alone, and stimulation of inflammasome as-
sembly in this manner requires the TLR-associated kinases
IRAK1 and IRAK4 (Fernandes-Alnemri et al., 2013; Lin et al.,
2014). Removal of ubiquitin post-translational modifications on
NLRP3 can promote inflammasome signaling (Juliana et al.,
2012; Py et al., 2013). TLR signaling can also stimulate the exter-
nalization of cardiolipin from the inner membrane of mitochon-
dria (Elliott et al., 2018; lyer et al., 2013). This exposed cardiolipin
serves as a cue for NLRP3 homing to mitochondria before a sec-
ondary inflammasome-initiating signal. The adaptor ASC must
also relocate during priming (Elliott et al., 2018). In human cells
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after LPS treatment, ASC translocates from the nucleus to the
cytosol (Bryan et al., 2009).

The ability of TLRs and cytokines to prime cells for rapid in-
flammasome assembly can be considered in the context of the
threat-assessment hypothesis. Encounters with extracellular
PAMPs that stimulate TLRs (or cytokines) indicate that an
encounter with a microbe may have occurred, but it does not
indicate the threat of virulence. As such, TLR signaling does
not stimulate inflammasome activity; rather, it poises cells for
the possibility of a virulent encounter with a pathogen.

There is one exception to the rule that TLR signaling does not
stimulate inflammasome assembly, because human monocytes
directly link TLR signaling to inflammasome activity (Gaidt et al.,
2016; Vigano et al., 2015). Although the ability of monocytes to
directly activate inflammasomes after TLR stimulation seemingly
violates the idea of threat assessment, another variable may be
involved. Monocytes are circulating cells, and infection that
reaches the blood has the possibility of systemic spread—a
major threat to host viability (Figure 1). In contrast, infections in
peripheral tissues can be contained locally without systemic
threat. It is possible that monocytes are designed in a manner
that the mere presence of PAMPs in the blood represents a
heightened threat to the host that triggers TLR and inflamma-
some activities. In contrast, phagocytes in peripheral tissues
may use coincident detection of TLR ligands, cytokine receptor
ligands, and inflammasome activities to gauge threat to the host.
Consistent with this idea, monocytes are capable of linking TLR
stimuli to inflammasome activity, but monocyte-derived macro-
phages (which reside in the tissues) do not (Netea et al., 2009).
Other examples of cell-type-specific inflammasome activities
will be discussed later.

Diverse Environmental Signals Link Threat Assessment
to Inflammasome Assembly

The NAIP PRRs seed inflammasome assembly after direct
recognition of PAMPs in the cytosol. Human NAIP and murine
NAIP1, NAIP2, NAIP5, and NAIP6 directly recognize flagellin,
rod, and needle proteins of bacterial secretion systems to oligo-
merize NLRC4 and recruit pro-caspase-1. Human NAIP was
initially described to recognize the needle protein of bacterial
type 3 secretion systems (Yang et al., 2013). Murine NAIP1
also responds to type 3 secretion system needle proteins (Raya-
majhi et al., 2013; Zhao et al., 2011). In primary monocyte-
derived macrophages, a splice variant of the NAIP protein is
produced. This NAIP variant can also respond to cytosolic
flagellin (Kortmann et al., 2015). Murine NAIP5 and NAIP6
respond to flagellin and activate caspase-1 in an NLRC4-depen-
dent manner (Lightfield et al., 2011; Zhao et al., 2011). Murine
NAIP2 binds to type 3 secretion system rod proteins, and recent
work suggests that NAIP in primary human macrophages may
also sense rod proteins (Reyes Ruiz et al, 2017; Zhao
et al., 2011).

The direct recognition of a molecule that is not usually in the
cytosol, such as components of bacterial secretion systems or
flagellin subunits, by NAIPs to drive inflammasome assembly is
analogous to the operation of the apoptosome. In the latter,
the flagellin equivalent would be cytochrome ¢, which is normally
absent from the cytosol but leaks from damaged mitochondria.
Cytosolic cytochrome c is recognized by APAF-1, leading to
recruitment of pro-caspase-9 and the assembly of the apopto-
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some (Cheng et al., 2016). Structures of the NAIP-NLRC4 inflam-
masome with bacterial ligands confirm similarities in signaling
between the inflammasome and the apoptosome because
both SMOCs form higher-order oligomers in the shape of a
disk (Hu et al., 2015; Zhang et al., 2015). Inflammasomes are
described to have prion-like polymerization properties, whereby
the CARDs of the adaptor protein ASC and caspase-1 form fila-
ments when mixed in vitro (Cai et al., 2014; Lu et al., 2014).
Recent work has extended these findings to include similar fila-
ment formation and structural interactions between the CARDs
of NLRC4 and caspase-1 (Li et al., 2018). Receptor structures
of flagellin complexed with NAIP5 and NLRC4 or PrgJ com-
plexed with NAIP2 and NLRC4, using a CARD-truncated version
of NLRC4, reveal drastic conformational changes that provide a
new oligomerization surface to sequentially recruit and alter the
conformation of additional NLRC4 adaptor proteins (Hu et al.,
2015; Zhang et al., 2015). This receptor oligomerization mode
has the potential to be highly sensitive to pathogenic invasion
because one NAIP recognizing presumably one ligand is
capable of seeding the NLRC4 oligomer (Hu et al., 2015; Zhang
et al., 2015).

AIM2 provides another example of direct PAMP detection
by an inflammasome-stimulating PRR. AIM2 contains a HIN
domain that is responsible for binding double-stranded DNA
(dsDNA) (Birckstimmer et al., 2009; Fernandes-Alnemri et al.,
2009; Hornung et al., 2009). This binding is cooperative and de-
pends on the length of the DNA, with at least 80 bp necessary to
trigger inflammasome assembly (Jin et al., 2012). AIM2 forms
homo-oligomers and clusters along multivalent DNA (Lu et al.,
2015; Morrone et al., 2015). AIM2 can oligomerize or form fila-
ments independently of ligand at high concentrations (Morrone
et al., 2015). This finding suggests that DNA interactions in-
crease the local concentration of AIM2 monomers to promote
receptor nucleation for the AIM2 inflammasome with subse-
quent binding of the AIM2 pyrin domain to the pyrin domain of
ASC. Indeed, when mixing the AIM2 pyrin domain with the
ASC pyrin domain in vitro, the AIM2 pyrin domain localized to
the ends of helical filaments, consistent with the role of AIM2
in seeding ASC filaments in cells (Lu et al., 2014). AIM2 can
respond to DNA that constitutes direct PAMP recognition in
the context of viral infections (Hornung et al., 2009). AIM2 can
also detect bacterial DNA after lysis of bacteria in endosomes
and subsequent release into the cytosol (Jones et al., 2010;
Sauer et al., 2010). Mislocalized host DNA during treatment
with the HIV protease inhibitor Nelfinavir can result in recogni-
tion of DNA by AIM2 in the cytosol (Di Micco et al., 2016).
AIM2 can also sense mislocalized host DNA in mouse models
of arthritis (Baum et al., 2015; Jakobs et al., 2015). Radiation
therapy can cause inflammasome activation of cell types in
the gut, independent of NLRP3 (Stoecklein et al., 2015). Inter-
estingly, AIM2 responds to self-DNA (DAMPs) in response to ra-
diation therapy, but this recognition may occur in the nucleus as
opposed to the cytosol (Hu et al., 2016). Recent work proposes
that the cGAS-STING pathway of cytosolic DNA recognition
may intersect with NLRP3 activation (Gaidt et al., 2017; Swan-
son et al., 2017). These results suggest that multiple inflamma-
somes integrate the signal of mislocalized dsDNA. In the
following sections, we discuss additional strategies that PRRs
use to assess threats. Rather than directly binding to PAMPs
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or DAMPs, the following examples detect changes in cell ho-
meostasis that are indicative of a potential threat.

Although the NLRP3 inflammasome is the most studied in-
flammasome to date, much confusion surrounds the signals
that lead to receptor activity. With few exceptions (described
later) NLRP3 is generally not considered a PRR that detects
PAMPs or DAMPs directly but rather is thought to respond indi-
rectly to alterations in homeostasis. Examples of such homeo-
static disruptions include mitochondrial dysfunction, membrane
permeability, aberrant ion flux, or lysosomal destabilization
(Swanson et al., 2019). The precise mechanism of NLRP3 activa-
tion is unclear but is linked to interactions with damaged mito-
chondrial membranes or the dispersed trans-Golgi network
(Chen and Chen, 2018; lyer et al., 2013). However, some reports
suggest NLRP3 colocalizes with DAMPs, such as oxidized
mtDNA or newly synthesized mtDNA (Shimada et al., 2012;
Zhong et al., 2018). Therefore, the NLRP3 inflammasome might
represent either ligand-directed receptor nucleation or host
modification-directed receptor nucleation. Because leucine-
rich repeats (LRRs) of TLRs mediate ligand binding, it has
been assumed that the LRRs of NLRP3 are involved in activa-
tion or autoinhibition. A recent study refutes this assumption
based on truncation mutants, showing that the LRRs of NLRP3
are dispensable for inflammasome activity (Hafner-Bratkovic
et al., 2018).

One major activating signal for the NLRP3 inflammasome is
potassium efflux from the cytosol (Swanson et al., 2019). This
efflux event may occur during phagocytosis of particulate anti-
gens that can damage membranes, signaling of extracellular
ATP through P2X7 receptors and subsequent opening of pan-
nexin-1 channels, or direct action of bacterial pore-forming pro-
teins and potassium ionophores such as nigericin (Swanson
et al., 2019). In other situations, reactive oxygen species (ROS)
production, mitochondrial damage, or other metabolic abnor-
malities, such as hexokinase inactivation, can lead to both
potassium-dependent and potassium-independent NLRP3 acti-
vation (Swanson et al., 2019). Recent work implicates a require-
ment for the kinase NEK7 in NLRP3 activation (He et al., 2016;
Schmid-Burgk et al., 2016). A direct interaction between NEK7
and NLRP3 occurs, which has been structurally defined (Sharif
et al., 2019).

The NLRP1 and Pyrin inflammasomes represent a final mode
of receptor proximal inflammasome activation, which involves
pathogen effector- or host modification-directed assembly.
Many bacterial and viral pathogens alter or reprogram cellular
processes to their advantage through effector proteins. Human
NLRP1 contains an N-terminal pyrin domain with a C-terminal
extension harboring a CARD. Murine NLRP1b is missing the
pyrin domain and contains only the C-terminal CARD. As such,
ASC is dispensable for NLRP1b activation of caspase-1 in
mouse cells, though ASC oligomerizes in response to NLRP1
activation in human cells (Broz et al., 2010). Engineered NLRP1
that contains a tobacco etch virus (TEV) protease site demon-
strates that proteolysis is sufficient to activate inflammasome
signaling (Chavarria-Smith and Vance, 2013). Inhibition of the di-
peptidases DPP8/9 can cause NLRP1 inflammasome activation
in mouse and human cells (Okondo et al., 2017). DPP8/9 inhibi-
tion activates caspase-1-dependent cell death in human leuke-
mia cell lines, but this study implicates another protein, known

as CARDS, in seeding the inflammasome (Johnson et al.,
2018). The proteasome is required for activation of the NLRP1 in-
flammasome because inhibition of the proteasome blocks lethal
toxin and DPP8/9 inhibitor-induced NLRP1 activation (Okondo
et al., 2018). Two reports confirm that proteasomal degradation
of NLRP1 promotes NLRP1 inflammasome activation (Chui
et al., 2019; Sandstrom et al., 2019). One group posits a model
whereby an autoprocessed NLRP1 protein that has been
cleaved within the FIIND domain, yet is still associated with the
resulting N-terminal fragment of NLRP1, may be relieved of
this autoinhibitory interaction through proteasome degradation
of the N-terminal residues of NLRP1 (Sandstrom et al., 2019).
Cleavage in the N terminus targets NLRP1 to the proteasome
and results in processive degradation of the fragment of
NLRP1 that remains associated with the FIIND-CARD domain
C-terminal fragment, thus releasing the FIIND-CARD fragment
to seed inflammasome assembly.

Pyrin senses abnormal modifications of RhoA, a cytoskeleton-
associated Rho guanosine triphosphatase (GTPase). RhoA and
Pyrin are not thought to directly interact (Xu et al., 2014). Instead,
Pyrin indirectly senses pathogen modifications of RhoA by
sensing alterations in the homeostatic activities of RhoA. RhoA
controls the activity of the kinases PKN1 and PKN2, which
constitutively phosphorylate Pyrin to enforce interaction be-
tween Pyrin and the 14-3-3 proteins, 14-3-3¢ and 14-3-31 (Gao
et al., 2016; Park et al., 2016). Interaction between 14-3-3 pro-
teins and Pyrin prevent activation of the Pyrin inflammasome
(Gao et al., 2016). Mutations that abrogate phosphorylation of
Pyrin or otherwise inhibit Pyrin association with 14-3-3 proteins
lead to activation of the Pyrin inflammasome (Gao et al., 2016;
Masters et al., 2016; Park et al., 2016). Post-translational modi-
fications of RhoA, such as addition of sugars, result in altered ac-
tivity of RhoA (Xu et al., 2014). RhoA dysfunction can lead to inac-
tivation of the kinases PKN1 and PKN2 (Park et al., 2016).
Inactivation of PKN1 and PKN2 results in dephosphorylation of
Pyrin (Gao et al., 2016; Park et al., 2016). Dephosphorylated
Pyrin is relieved of 14-3-3 sequestration, which ultimately pro-
motes oligomerization of the inflammasome through interactions
with ASC and caspase-1 (Gao et al., 2016; Jéru et al., 2005; Mas-
ters et al., 2016).

The modes by which the inflammasome-seeding activity of
NLRP1 and Pyrin are activated are distinct from how other
PRRs detect PAMPs and DAMPs directly. By acting as a
bait molecule for proteolytic cleavage by bacterial effectors
or possibly host proteases, NLRP1 is poised to sense activ-
ities associated with pathogens that threaten the host without
directly sensing a molecule encoded by the threat. Similarly,
by sensing alterations in RhoA GTPase activity, the Pyrin in-
flammasome indirectly senses host modification by microbes
to contextualize pathogenic invasion. Thus, we can categorize
threat assessment by PRRs into two modes of activation: (1)
PAMP- or DAMP-directed activity that represents direct
recognition of ligands and (2) effector or host alteration-
directed activity that represents indirect recognition of threats
to the host (Figure 3). Thus, molecular patterns that activate
PRRs can be considered in classical terms of protein-ligand
interactions, but this definition of “pattern” can be expanded
to include indicators of altered host pathways and homeostat-
ic programs.
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Figure 4. Cell-Fate Decisions after
Inflammasome Activation

(A) Inflammasome activation can lead to the cell
fates of hyperactivation or pyroptosis depending
on the cell type and stimulation. Magnitude and
kinetics of caspase-1 activation may affect the
rates and quantity of GSDMD cleaved, leading to
different magnitude and kinetics of GSDMD pore
residency on the plasma membrane. Membrane
repair processes remove GSDMD pores from the
plasma membrane.

(B) Theoretical magnitudes and kinetics of cas-
pase-1 activity, GSDMD cleavage, and IL-18
release for pyroptotic and hyperactive cell fates.
Caspase-1 curves are extrapolated based on a
comparison of hyperactive neutrophils and py-
roptotic macrophages treated with the same
stimulus (Boucher et al., 2018). GSDMD pore
curves are extrapolated based on a membrane
permeability level of hyperactive macrophages
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with doatA S. aureus compared to pyroptotic
macrophages treated with nigericin or FlaTox

IL-1p release
rough GSDMD B
pores R

W Hyperactivation W Hyperactivation

B pores pores 8

> 1%

£ 8 :
3 g b
< s Q@
b o [
@ o Cell death threshold =
§ g (Rate of membrane repair) ;
@ /”— [%]

6] O]

Time (hours) Time (hours) Time (hours)
H Pyroptosis B Pyroptosis M Pyroptosis

W Hyperactivation

(a flagellin, anthrax lethal toxin fusion protein)
(Evavold et al., 2018). IL-1B release curves are
extrapolated based on comparison of hyperactive
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Effector Functions of Inflammasomes: Cell-Fate
Decisions between Pyroptosis and Hyperactivation

Thus far, we have discussed themes and mechanisms that
govern inflammasome assembly. We now discuss the conse-
quences of inflammasome assembly on cellular and host
physiology. Two consequences occur in a context-dependent
manner.

One consequence of inflammasome assembly is the caspase-
dependent induction of pyroptosis. Pyroptosis is associated with
the rupture of the plasma membrane and the release of cytosolic
content into the extracellular media (Figure 4). IL-1 family cyto-
kines, such as IL-1B and IL-18, represent notable examples of
released cytosolic content. Because pyroptosis is a lethal event
to the cell, the threat must be at its highest level for this cell fate
commitment to be made. Examples of such heightened threats
include the presence of PAMPs in the cytosol (Hagar et al.,
2013; Kayagaki et al., 2013). The commitment to pyroptosis un-
der these encounters is therefore warranted, because the host
must do all it can to limit pathogen replication and spread. The
coincident death of the cell and release of IL-1f should accom-
plish both goals, because IL-1 signaling to neighboring cells in-
duces a massive inflammatory response that should contain
and resolve the infection (Garlanda et al., 2013).

In recent years, it has become clear that not all cells commit to
pyroptosis once an inflammasome has been assembled. Indeed,
certain cells and stimuli result in the inflammasome-dependent
release of IL-1B from living cells (Chen et al., 2014; Gaidt et al.,
2016; Wolf et al., 2016; Zanoni et al., 2016). Typically, cells will
couple the expression of a given cytokine to its secretion, but
the requirement of caspase-1 for IL-1f secretion renders cells
capable of IL-1 release only after inflammasomes are assembled
(Garlanda et al., 2013). Thus, when cells are exposed to TLR sig-
nals, they secrete many cytokines, chemokines, and IFNs, but
they do not secrete the cytosolic IL-1 family members IL-18
and IL-18 (Garlanda et al., 2013; lwasaki and Medzhitov, 2010).
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and pyroptotic macrophages treated with ATP
(Zanoni et al., 2017).

Under conditions of inflammasome assembly that do not result
in pyroptosis, IL-1 family members can be added to the reper-
toire of cytokines that are secreted. This addition of IL-1f to
the secreted repertoire results in enhanced ability to stimulate
inflammation compared with cells that do not contain inflamma-
somes (Zanoni et al., 2016). Moreover, based on the importance
of IL-1 in adaptive immunity, the ability of inflammasomes to add
IL-1B to the secreted repertoire endows cells with an enhanced
ability to stimulate antigen-specific T cell responses (Zanoni
et al., 2016). As such, cells that use inflammasomes to secrete
IL-18 while maintaining viability are considered hyperactive
(Figure 4), in contrast to their dead (pyroptotic) or traditionally
activated counterparts (Evavold et al., 2018; Zanoni et al.,
2016, 2017).

The stimuli that induce cell hyperactivation are only beginning
to emerge, but examples include PAMPs and DAMPs. One such
DAMP that induces cell hyperactivation is a set of oxidized lipids
released from dying cells that are collectively known as oxPAPC
(Evavold et al., 2018; Zanoni et al., 2016, 2017). oxPAPC is the
collective term for a pool of oxidation products of the lipid spe-
cies 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcho-
line (PAPC). This pool of lipids is recognized as the inflammatory
lipid species in atherosclerosis-associated oxidized low-density
lipoprotein (LDL), and ROS production and cell death processes
can generate oxPAPC from cellular membranes (Freigang,
2016). These lipids are not capable of inducing inflammasome
assembly when encountered in isolation and in fact display
immunosuppressive activities (Bochkov et al., 2002). But when
combined with TLR ligands, oxPAPC induces NLRP3-depen-
dent IL-1f release from living cells (Zanoni et al., 2016). oxPAPC
components are captured from the extracellular space by CD14
(Zanoni et al., 2017). Subsequent CD14-dependent endocytosis
delivers these lipids to intracellular caspase-11, which somehow
leads to NLRP3-dependent inflammasome assembly and IL-18
release from living cells (Zanoni et al., 2016, 2017). Notably,
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different lipid components of oxPAPC are capable of hyperacti-
vating macrophages and dendritic cells (Yeon et al., 2017; Za-
noni et al., 2017).

Similar to the DAMP oxPAPC, PAMPs can hyperactivate
phagocytes (Gaidt et al., 2016; Wolf et al., 2016). One example
derives from the aforementioned studies of how human mono-
cytes respond to LPS in the extracellular space (Gaidt et al.,
2016; Vigano et al., 2015). This response results in NLRP3-
dependent assembly of an inflammasome that promotes IL-1
release from living cells. The N-acetylglucosamine (NAG) sugar
moiety of bacterial peptidoglycan (PGN) can also hyperactivate
macrophages, promoting IL-1B release without defects in cell
viability (Wolf et al., 2016). The process by which NAG stimulates
inflammasome activities involves the inactivation of the meta-
bolic regulator hexokinase, which leads to NLPR3-dependent
IL-1B release from living cells (Wolf et al., 2016). Similar findings
were made with whole bacteria, because macrophages infected
with Staphylococcus aureus secrete IL-1p in the absence of cell
death (Wolf et al., 2016). Destabilizing PGN through genetic inac-
tivation of the bacterial enzyme O-acetyl transferase results in
increased NAG release into the cytosol and cell hyperactivation
(Wolf et al., 2016).

Although the fates of hyperactive and pyroptotic cells differ in
terms of viability, both cell fates result in release of active IL-1
family cytokines, such as IL-1p and IL-18, by a process depen-
dent on plasma membrane-localized pores (Evavold et al.,
2018; Heilig et al., 2018). Later, we describe mechanisms gov-
erning these cell fate decisions and how IL-1p synthesis, cleav-
age, and secretion are regulated.

Major targets of inflammasome-associated caspase-1 are the
IL-1 family cytokines pro-IL-1B and pro-IL-18 (Garlanda et al.,
2013). As described earlier, these cytokines are translated in
the cytosol of cells and do not contain an N-terminal signal pep-
tide for trafficking through the biosynthetic pathway (Garlanda
et al., 2013). Instead, the secretion of these cytokines is tightly
correlated to inflammasome activation. Caspase-1 cleaves off
the pro-domain yielding the bioactive, mature species of IL-1B
and IL-18. This cleavage event may promote secretion of these
cytokines by changing the isoelectric point of the protein (Mon-
teleone et al., 2018). The pro-domains of IL-18 and IL-18 exhibit
an overall negative charge, but the residues corresponding to the
bioactive species are positively charged. Cleavage by cas-
pase-1 releases the pro-domain, leaving the positively charged
bioactive species (Monteleone et al., 2018). This positive charge
enforces localization at the negatively charged inner leaflet of the
plasma membrane, thus positioning these cytokines for subse-
quent release from the cell (Monteleone et al., 2018).

The mechanism of IL-18 and IL-18 release from cells has
recently been defined with the identification of another cas-
pase-1 substrate, the cytosolic protein GSDMD (Kayagaki
et al., 2015; Shi et al., 2015). GSDMD is cleaved by caspase-1
to yield an N-terminal and C-terminal fragment (Kayagaki et al.,
2015; Shi et al., 2015). The N-terminal fragment has affinity for
acidic phosphoinositides, phosphatidylserine, and cardiolipin
(Ding et al., 2016; Liu et al., 2016). When the N-terminal fragment
binds these lipids, oligomers can form structures that resemble
pores that traverse the lipid bilayer (Ding et al., 2016; Liu et al.,
2016). Genetic analysis in macrophages and in vitro liposome-
based studies demonstrate that these pores serve as conduits

for the release of IL-1a. and IL-1p from macrophages and IL-13
and IL-18 across intact lipid bilayers (Evavold et al., 2018). These
findings have been extended to include a genetic requirement for
GSDMD in secretion of IL-1B8 and IL-18 from primary murine
macrophages and IL-1B from dendritic cells and neutrophils
(Heilig et al., 2018). GSDMD pores are therefore considered
mediators of the direct secretion of several IL-1 family members
from the cytosol into the extracellular space. GSDMD-depen-
dent IL-1p release can be inhibited by treatment with the drug
necrosulfonamide, which covalently reacts with a crucial
cysteine residue within the N terminus of GSDMD (Rathkey
et al., 2018). Notably, the process of GSDMD pore formation is
necessary for both cellular activation states, pyroptosis and hy-
peractivation, because GSDMD-deficient cells are unable to
acutely release IL-18 or lyse in response to inflammasome stim-
uli (Evavold et al., 2018; Heilig et al., 2018; Kayagaki et al., 2015;
Shi et al., 2015).

How the same protein GSDMD can promote the release of IL-
1B from living and dead cells is unclear, but it may be linked to the
finding that hyperactive cells display evidence of fewer pores at
their surface than pyroptotic cells (Evavold et al., 2018). It is
possible that a cell can tolerate the presence of some GSDMD
pores, which would be removed by endosomal sorting com-
plexes required for transport (ESCRT)-mediated membrane
repair events. An excessive number of pores may overwhelm
the repair machinery and lead to pyroptosis, as has been demon-
strated for the host pore-forming protein MLKL (Gong et al.,
2017). Consistent with this idea is a study demonstrating that
the rate of pyroptosis increases in cells that are defective for
ESCRT-mediated membrane repair (Ruhl et al., 2018).

In addition to caspase-1, caspase-8 can cleave GSDMD to
facilitate cytokine release (Orning et al., 2018; Sarhan et al,,
2018). During Salmonella infection of murine macrophages, cas-
pase-8 can be recruited to the inflammasome (Man et al., 2013).
Recruitment of caspase-8 requires interactions between the
pyrin domain of filamentous ASC with the death effector domain
(DED) of caspase-8 (Vajjhala et al., 2015). Human and porcine
monocytes can activate caspase-8 downstream of TLR4 recog-
nition of LPS (Gaidt et al., 2016). These cell types require involve-
ment of the NLRP3 inflammasome for cleavage and release of
IL-1B, but it is unclear whether GSDMD or other gasdermin family
members mediate release of IL-1B. The adaptor protein FADD
and caspase-8 promote priming upstream of canonical and
non-canonical inflammasome signaling (Gurung et al., 2014).
Stimulation of the death receptor Fas in dendritic cells results
in caspase-8 activation and IL-1p release (Bossaller et al.,
2012). Executioner apoptotic caspases (caspase-3 and cas-
pase-7) inactivate GSDMD through cleavage at an aspartic
acid residue within the N-terminal pore-forming domain (Chen
et al., 2019; Taabazuing et al., 2017). In Yersinia infection, cas-
pase-8 can activate caspase-1 to mediate cell death (Philip
et al., 2014). Recent work has extended this finding to reveal in-
hibition of TAK1 results in caspase-8-mediated cleavage of
GSDMD and cell death (Orning et al., 2018; Sarhan et al., 2018).

Murine caspase-11 (and human caspase-4 and caspase-5)
cleave GSDMD, but not IL-1B (Kayagaki et al., 2015; Shi et al.,
2015). Caspase-11 has been associated with caspase-1 activa-
tion (Wang et al., 1998). IL-1p release after activation of caspase-
11 in response to LPS, parasitic lipophosphoglycan (LPG), or

Immunity 57, October 15, 2019 617

CellPress




CellPress

oxPAPC requires NLRP3 (de Carvalho et al., 2019; Hagar et al.,
2013; Kayagaki et al., 2013; Zanoni et al., 2016). Although mech-
anisms of internalization of LPS and oxidized lipids have been
described, such as CD14-dependent endocytosis of purified
LPS and oxidized lipids, HMGB1-RAGE-dependent endocytosis
of LPS, clathrin-mediated endocytosis of bacterial outer mem-
brane vesicles (OMVs), or phagocytosis of whole bacteria, the
machinery involved in translocation of LPS or oxidized lipids
from the endosomal lumen into the cytosol remain elusive
(Deng et al., 2018; Vanaja et al., 2016; Zanoni et al., 2011). LPS
was originally thought to mediate oligomerization of caspase-
11 monomers into a high-molecular-weight species (Shi et al.,
2014), but a recent study suggests that this high-molecular-
weight species represents interactions between caspase-11
monomers and LPS micelles (Wacker et al., 2017). In the context
of LPS-caspase-11 interactions, GSDMD is required for activa-
tion of the NLRP3 inflammasome and IL-1p release (Kayagaki
et al., 2015; Ruhl and Broz, 2015; Shi et al., 2015). This process
is potassium dependent and likely results from GSDMD pore for-
mation upstream of potassium efflux-dependent NLRP3 activa-
tion (Ruhl and Broz, 2015). oxPAPC-caspase-11 interactions
activate the NLRP3 inflammasome in a potassium-independent
manner (Zanoni et al., 2016). Consistent with this model, GSDMD
is not required for IL-1B cleavage, but it is required for IL-18
secretion (Evavold et al., 2018). Parasite-derived LPG does not
directly bind or activate caspase-11, but caspase-11 is geneti-
cally required for optimal IL-1B secretion (de Carvalho et al.,
2019). This finding suggests that an intermediary protein or
host molecule links LPG recognition to activation of caspase-11.
Cell-Type-Dependent Activities of Inflammasomes

Most inflammasome biology literature has focused on cells of
myeloid origin. Of these cell types, neutrophils seem the most
resistant to pyroptosis (Chen et al., 2014). This may result from
increased expression of machinery involved in membrane repair
processes. Like the processes of pyroptosis and hyperactivation
in macrophages and dendritic cells, GSDMD is also required for
rapid IL-1B secretion by neutrophils (Heilig et al., 2018). These
cells use GSDMD for normal cell death and turnover in vivo
(Kambara et al., 2018). Neutrophils also require GSDMD to
execute a cell-type-specific cell death program known as
NETosis (Chen et al., 2018; Sollberger et al., 2018). The require-
ment for GSDMD in neutrophils for non-lytic IL-1B release,
routine non-inflammatory cell death turnover, and the special-
ized cell death program of NETosis mirrors the multifunctional
role of GSDMD pores in the macrophage and dendritic cell fates
of hyperactivation and pyroptosis.

These findings may argue that the kinetics of caspase
activation and thus GSDMD cleavage play important roles in
determining the fate of a neutrophil. Consistent with this idea,
caspase-1 activation kinetics have been determined for neutro-
phils and macrophages treated with the same inflammasome
triggers. In pyroptotic macrophages, caspase-1 is maximally
activated at acute time points that correlate with maximal cleav-
age of cell-associated GSDMD (Boucher et al., 2018). This high
level of acute activation may flood the cell with GSDMD pores
that occur too quickly for membrane repair to resolve, thus lead-
ing to pyroptosis (Figure 4). In contrast, neutrophils treated with
inflammasome activators had evidence of a lower quantity of
activated caspase-1 that was sustained for a longer duration
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(Boucher et al., 2018). These results suggest that the chronic,
low activation of inflammatory caspases can lead to transient
pore formation based on lower quantities of cleaved GSDMD.
Cells that have a lower pore burden at the plasma membrane
could activate programs of membrane repair that delay or pre-
vent death so that the cell can accomplish other energetic and
inflammatory activities (Ruhl et al., 2018).

Like neutrophils, dendritic cells may be more resistant to lytic
stimuli than macrophages (Yoon et al., 2017). These results sug-
gest that similar mechanisms influence the decision between hy-
peractivation and pyroptosis in these cell types. A recent study
suggests that the heterogeneous nature of granulocyte-macro-
phage colony-stimulating factor (GM-CSF)-derived dendritic
cell cultures may affect the proportion of cells able to respond
to inflammasome activators (Erlich et al., 2019). Future studies
should validate these conclusions using other dendritic cell
sources.

Non-phagocytic cells, such as endothelial cells, epithelial
cells, and T cells, can also assemble inflammasomes. Endothe-
lial cells undergo pyroptosis in response to LPS in mouse models
of sepsis (Cheng et al., 2017; Deng et al., 2018). Endothelial cells
undergo inflammasome activation and pyroptosis during hemor-
rhagic shock (Xiang et al., 2011). Certain gut epithelial cells
known as goblet cells require the PRR NLRP6, ASC, and cas-
pase-1 to secrete mucin (Wlodarska et al., 2014). Impaired
secretion of mucin in mice lacking NLRP6 inflammasome com-
ponents results in defects in the physical and chemical mucus
barrier in the gut, leading to susceptibility to infection. Gut
epithelial cells also express the inflammasome seed NLRP9b.
Global NLRP9b deficiency results in susceptibility to rotavirus
infection, and conditional deletion from intestinal epithelial cells
allowed enhanced rotavirus replication (Zhu et al., 2017). The
NLRC4 inflammasome in gut epithelia mediates extrusion of in-
fected enterocytes during bacterial infection (Rauch et al,
2017). Many cell types, including epithelial cells and lympho-
cytes, in the gut appear sensitive to radiation therapy and acti-
vate pyroptosis in an AIM2-dependent manner (Hu et al., 2016;
Stoecklein et al., 2015). In addition, within T cells, the PRR
IFI16 stimulates inflammasome activity in response to abortive
HIV infection in human tonsil extracts (Monroe et al., 2014).
T cells also form non-lytic inflammasomes that may provide au-
tocrine IL-1 signals that may enforce differentiation into patho-
genic Th17 lineages during autoimmunity (Martin et al., 2016).
T-cell-intrinsic inflammasome collaboration with complement
receptor signaling may also enforce the Th1 lineage in human
T cells (Arbore et al., 2016). More studies are required to verify
the existence of cell types outside the myeloid lineage that
respond to inflammasome triggers, but current reports suggest
roles for both lytic and non-lytic inflammasomes within these
cell types.

Anti-inflammatory Signaling and Inflammasomes

Some PRR and cytokine receptor pathways can have antago-
nistic effects on inflammasome signaling. Prolonged treatment
of cells with IFN+y, IFNB, or LPS can result in nitric oxide (NO) pro-
duction that negatively regulates the NLRP3 inflammasome
(Hernandez-Cuellar et al., 2012; Mishra et al., 2013). IL-10 is
another cytokine that has been shown to inhibit the NLRP3
inflammasome. IL-10 signaling on myeloid cells may inhibit in-
flammasome signaling through preservation of mitochondria
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and metabolism (Ip et al., 2017). Autophagy can be selective
in the case of damaged organelles or invading microbes or
non-selective in the case of starvation-induced general catabo-
lism of cytosolic components. Selective autophagy of mitochon-
dria (mitophagy) may indirectly reduce the propensity for NLRP3
oligomers to form by removing membranous scaffolds such as
exposed cardiolipin or activating ligands such as oxidized
mtDNA and newly synthesized mtDNA. Autophagy may regulate
inflammasome signaling by capturing NLRP3 inflammasome
oligomers (Shi et al., 2012). Autophagy may degrade the inflam-
masome substrate pro-IL-1 (Harris et al., 2011). Related meta-
bolic pathways negatively regulate inflammasome signaling. For
example, increased concentrations of the secondary messenger
cyclic AMP (cAMP) lead to inhibition of inflammasome signaling
(Leeetal., 2012; Yan et al., 2015). cAMP binding to NLRP3 leads
to NLRP3 ubiquitination by the E3 ubiquitin ligase MARCH7 (Yan
et al., 2015). The mTOR pathway also regulates the NLRP3 in-
flammasome because inhibition of Raptor/mTORC leads to
decreased caspase-1 activation and IL-1p release (Moon et al.,
2015). Some PRRs may directly or indirectly inhibit inflamma-
some signaling. In the example of the AIM2 inflammasome, the
HIN-containing protein p202 counteracts AIM2 oligomerization
and inflammasome signaling (Roberts et al., 2009). Because
both of these proteins contain HIN domains that bind DNA in a
sequence-independent manner, it is likely that p202 interrupts
homo-oligomerization of AIM2 along the same dsDNA, poten-
tially through tetramerization and increased binding affinity for
dsDNA (Ru et al., 2013; Yin et al., 2013). IFI16 may also act as
a negative regulator of the AIM2 inflammasome through a similar
mechanism of competition for dsDNA ligand (Wang et al., 2018).
Perspectives

Herein, we have described the current state of the inflamma-
some literature with the goal of illustrating SMOCs as signaling
organelles that respond to various threats to the host. The liter-
ature mandates that we do not consider inflammasomes solely
in the context of infection, because inflammasomes serve impor-
tant roles in the context of non-infectious tissue injury or disrup-
tion of homeostasis. This broad view not only explains many of
the findings made in infectious or non-infectious settings related
to the roles of inflammasomes but also highlights the important
gaps in our knowledge. We are far from providing unifying views
(or mechanistic views) of many aspects of inflammasome
biology. As such, we expect that interest in this area will remain
robust.

In the future, we expect several biological questions will reach
the forefront of inquiry. For example, we have a remedial
understanding of how cell fate decisions are made once inflam-
masomes are assembled. Inflammasome assembly results in
pyroptosis in some contexts and hyperactivation in other
contexts. Current inflammasome research supports the notion
that pyroptosis is a common downstream consequence of
inflammasome signaling after strong stimulations in vitro.
Whether these in vitro stimulations correspond to physiological
settings or reflect in vivo inflammasome activities remains largely
unexplored.

Active trafficking events are required for inflammasome forma-
tion, and energetically intensive activities, such as membrane
repair, are constantly repressing pyroptotic cell fate in cells
with active inflammasomes (Gao et al., 2016; Li et al., 2017; Mis-

awa et al., 2013; Park et al., 2016; Ruhl et al., 2018). Mitochon-
drial dysfunction may also occur in response to inflammasome
activation or may serve as a molecular cue to form the inflamma-
some (Swanson et al., 2019). Therefore, it is likely that host
metabolism will influence the cell fate decision between hyper-
activation and pyroptosis in vitro and in vivo. In support of this
hypothesis, a recent paper suggests that the nicotinamide
adenine dinucleotide (NAD)-depleting Toll/IL-1 receptor/resis-
tance protein (TIR)-domain-containing protein SARM1 mediates
pyroptosis and enforces energetic cell death after inflamma-
some activators (Carty et al., 2019). Moreover, cells deficient in
SARM1 display features of hyperactive cells as they secrete IL-
1B in the absence of lysis. These cells contain cleaved GSDMD
and have permeabilized membranes, but they maintain mito-
chondrial polarization. This study finds that naturally hyperacti-
vating stimuli, such as PGN treatment, show maintenance of
mitochondrial activity irrespective of SARM1. The interplay be-
tween metabolism and inflammasome signaling in mediating
the cell fate decisions between pyroptosis and hyperactivation
merits further investigation.

One of the challenges with addressing these questions is that
we are largely limited to population-based assays. Indeed,
much of our knowledge regarding SMOC formation, GSDMD
cleavage, and IL-1pB cleavage and release from cells is based
on population assays. Development of tools to monitor inflam-
masome signaling within single cells is still needed. Some tools
have been developed (Nagar et al., 2019; Tzeng et al., 2016).
Once these tools (and others) become more widespread in
use, a detailed analysis of the mechanisms and consequences
of inflammasome activity can be explored.
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