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Abstract

Innate immunity is critical for host defenses against pathogens, but many bacteria display complex ways
of interacting with innate immune signaling, as they may both activate and evade certain pathways.
Gram-negative bacteria can exhibit specialized nano-machine secretion systems for delivery of effector
proteins into mammalian cells. Bacterial type III, IV and VI secretion systems are known for their impact
on caspase-1 activating inflammasomes, necessary for producing bioactive inflammatory cytokines IL-13
and IL-18, key participants of anti-bacterial responses. Here we discuss how these secretion systems can
mediate triggering and inhibition of inflammasome signaling. We propose that a fine balance between
secretion-system mediated activation and inhibition can determine net activation of inflammasome
activity, and control inflammation, clearance or spread of the infection.

Innate Immunity

Innate immunity plays a critical role in controlling the spread of microbes which breach physical and
integumentary barriers. Innate immune cells - such as macrophages, neutrophils, dendritic cells - sense
conserved and recognizable pathogen- and danger-associated molecular patterns (PAMPs and DAMPs)
through pattern recognition receptors (PRRs)(1,2). Activation of such receptors turns on intracellular
pathways to relay the signal to the DNA level and activate transcription of cytokines, chemokines,
interferons, and other factors important for priming an immune response. PRR families include NOD-like
receptors (NLRs), Toll-like receptors (TLRs), AIM2-like receptors, and others.

TLRs represent an key class of PRRs, capable of recognizing a range of bacterial and viral molecules
to initiate an innate immune response arrest a potential infection in its early stages. TLRs 2, 4, 5, and 6 are
located at the cell surface and recognize PAMPs including Pam2Cys4 from Gram-positive bacteria (TLRs 2
and 6), LPS from Gram-negative bacteria (TLR4), and bacterial flagellin (TLRS) among others(1). TLRs 3,
7,8,9, 11, and 13 are found on endosomal membranes and primarily recognize nucleic acids.

Activation of transcription factor NF-kB downstream of certain TLRs results in production of
chemotactic and pro-inflammatory cytokines including TNFa, IL-6, IL-8, IL-1p, and IL-18. The latter two
cytokines, IL-1p, and IL-18, are particularly powerful immune orchestrators but require post-translational
modification by enzymatic cleavage in order to be secreted in their mature forms. This enzymatic processing
is classically accomplished via molecular complexes called inflammasomes. These complexes form upon
activation of additional PRR sensors, ensuring the specificity of IL-1p/IL-18-dependent immune responses.

Inflammasomes and their Role in Disease

Inflammasomes are increasingly recognized as critical orchestrators of immunity. These multi-
molecular protein complexes are at the center of a variety of pathways in innate immune cells, including
cytokine production(3), cytoskeletal remodeling(4), and cell death(5). Inflammasome formation is initiated
when a pathogen or danger-associated molecular patterns (PAMP or DAMP) are recognized and triggers
signaling often via NOD-like receptor (NLR) protein such as NLRP3 or NLRC4. This results in nucleation
and oligomerization of the adaptor protein Asc at the site of the NLR, and recruitment of pro-caspase-1 to the
CARD domain of Asc(6). Dimers of pro-caspase-1 are then cleaved to active caspase-1 through



autoproteolysis, which then catalyzes the final processing of pro-IL-1p and pro-IL-18 into their mature
secreted forms. Activation of caspase-1 is also accompanied by an inflammatory form of apoptosis, termed
pyroptosis. Non-canonical caspase-11 inflammasomes, as well as pathways dependent on caspase-8 or
neutrophil proteases have also been described(7-10).

Inflammasome-dependent secretion of IL-1B and IL-18 is critical for immune control of many
microbes(11-16), and may play an important role in vaccine adjuvant-induced responses(17). However,
dysregulation or inappropriate activation of inflammasomes can also produce severe autoinflammation(18-
21) and contribute to autoimmune disorders(22-24), Alzheimer's disease(25), Parkinson's Disease(26), and
many other pathologic processes. To some extent the roles of IL-1 and IL-18 overlap(27). Prominent effects
of IL-1B include recruitment of neutrophils to sites of infection, promoting endothelial cell adhesion, and
stimulating adaptive Th17 responses. An important role of IL-18 is to induce NK cells and T-cells to produce
IFN-g, which activates macrophages. IL-1f in particular tends to cause host tissue damage, whereas 1L-18
tends to have a less detrimental effect while still helping to control infection. This can be critical for the
clearance of intracellular pathogens, and for efficient activation of adaptive immune responses. Consequently,
inflammasome-activated caspase-1 and subsequent levels of IL-1p and IL-18 secretion are key events in
many infectious and non-infectious diseases.

Heterogeneity of Inflammasome structure, activation, and regulation mechanisms

Consistent with the delicate balance needed between a sufficiently robust immune response and
minimal tissue damage, sophisticated mechanisms exist to tightly regulate the specificity and sensitivity of
inflammasome pathways. While the general model of NLR-Asc-Caspase-1 from early inflammasome studies
is useful for a basic conceptualization of this system, the extent of its heterogeneity is being increasingly
recognized and appreciated.

Recent findings have suggested that inflammasome complexes involve organized helical structures
and the creation of fibril like structures(28), where the NLR or AIM2 nucleates Asc fibril polymer formation
and finally caspase-1 polymers, culminating in formation of cleaved caspase-1. The structures can be viewed
as supramolecular organizing centers (SMOCs).

NLR molecules such as NLRP1, NLRP3, NLRP6, and NLRP12 contain LRRs which are believed to
be involved in activation, an ATPase NACHT domain (except NLRP1), and a pyrin domain through which
they interact with Asc. However NLRC4 (sometimes referred to as IPAF) contains a CARD domain, which
recruits Asc but can also directly recruit caspase-1. Although NLRC4 activation is more robust in the
presence of Asc, it is not required. NLRP1b(29) and NOD1(30) can also activate caspase-1 independently of
Asc.

Non-NLR sensors such as Pyrin, IF116, and AIM2 also exist; these proteins contain Asc-interacting
pyrin domains, but lack the LRR domains present on many other signaling molecules. Instead, AIM2 and
IF116 contain DNA-sensing HIN domains(31), and have been reported to respond to viral as well as bacterial
DNA in the cytosol(32-34). In the case of Pyrin, a directly activating pathogen ligand has not been
established but it has been proposed that this pathway responds to pathologic Rho-GTPase activity induced
by multiple Gram-negative pathogens(18).

The case of Pyrin also demonstrates that inflammasome activation is not necessarily the result of a
direct interaction of a sensor with a PAMP or DAMP ligand. The Pyrin inflammasome can be made hyper-
active by mutations in the SPRY domain(35) or other domains(36); in humans such mutations are the cause
of the most common autoinflammatory disease - Familial Mediterranean Fever (FMF)(37). The mechanisms
of Pyrin activation and regulation are still being actively studied. Activity of the Pyrin inflammasome may be
influenced by PSTPIP1(38), Siva(39), certain 14-3-3 isoforms(36,40), the leading edge of polymerizing
actin(41), and a diverse variety of microbial molecules(42). Very recently, PKN1/2 kinases have also been
implicated in controlling Pyrin activation by phosphorylating Pyrin to an inactive, 14-3-3 bound form(43),
and the mevalonate pathway also regulates Pyrin inflammasomes(44). Many aspects of the activation
mechanism remain unknown, but the emerging picture is one where Pyrin is triggered by perturbations in
intracellular homeostasis, which are sensed by the endogenous signaling partners of Pyrin rather than by
direct binding of a pathogenic ligand to Pyrin.



Other inflammasomes require cofactors for activation as well. The NLRC4 inflammasome is well
known for recognizing flagellin, yet NLRC4 does not bind flagellin directly; instead, the presence of flagellin
is relayed to NLRC4 by NAIP proteins which directly bind the ligand(45,46). NLRP3, often regarded as the
quintessential classical inflammasome component, also has a complex mechanism of activation which senses
DAMPs and PAMPs indirectly. NLRP3 can be activated by a variety of triggers including excessive influxes
of calcium and/or efflux of potassium, oxidative damage, elevated ATP levels, and bacterial pore-forming
toxins, crystallized molecules such as silica or uric acid, oxidized mitochondrial DNA, and many others(47).
Activation by mitochondrial DNA appears attractive as a unifying mechanism, since the other activating
events may trigger the upstream damage which causes the release and oxidation of mitochondrial DNA. How
NLRP3 is involved in signaling in response to mitochondrial DNA is still incompletely understood. The
mitochondrial DNA hypothesis may also explain observations that autophagy is associated with reduced
inflammasome activation(48), as turnover of damaged mitochondria as well as ubiquitinated inflammasome
components increases(49-51). If so, a recent study by Orlowski et al showing that multiple endogenous
cathepsins potentiate NLRP3 activity may reveal another important mechanism of inflammasome
regulation(52), considering that cathepsin activity is known to inhibit autophagy(53,54). However, other
regulators may also contribute to signaling via this important pathway. Several studies have proposed NEK7
as a key participant in NLRP3-induced caspase-1 cleavage and cell death(55-57).

Another important NLRP3-activating mechanism occurs through upstream recognition of
intracellular LPS by caspase-11. In this pathway, termed the non-canonical inflammasome, LPS-activated
caspase-11 cleaves gasdermin D, which is involved in caspase-11 and caspase-1 dependent pyroptosis and
NLRP3-dependent caspase-1 activation(58,59). Mechanistically, it has been proposed that gasdermin D
forms pyroptotic pores in host cell membranes, and may even kill intracellular bacteria(60-63). Caspase-11
activity depends on interferon pathways, as TLR4, TRIF, and IFNARI1 deficient cells show heavily
impaired caspase-11 processing(64). Recently it was shown that type-I interferons activate guanylate
binding proteins (GBPs) which are involved in trafficking proteins to the plasma membrane or
membranes of intracellular organelles, and are required for activation of the inflammasomes pathways as
well as other antimicrobial actions in response to vacuolar Gram-negative bacteria(65-69). However,
while the non-canonical caspase-11 inflammasome plays a critical role in host defense against intracellular
Gram-negatives(64,70-72), mice lacking gasdermin D or caspase-11 are also protected from high dose LPS-
mediated septic shock(58,73).

It is also important to note that some NLRs, such as NLRP6 and NLRP12, may have both pro- and
anti-inflammatory functions(74-76). NLRP6 was shown to negatively regulate NF-kB driven innate immune
responses and actually impede clearance of bacterial pathogens(77). Interestingly, in gut epithelial cells and
neurons NLRP6 has a protective effect independent of inflammasome activity(78,79). NLRP6 was recently
shown to recognize dsRNA together with Dhx 15 (another potential cofactor), and play an important role in
defense against norovirus in the gut independently of caspase-1(80). The unusual functions of NLRP6
complicate the evaluation of mechanisms of its involvement in inflammasome processes.

In some disease contexts NLRP12 may also forms an Asc-dependent inflammasome and promote
caspase-1 activation. NLRP12 contributes to caspase-1 activity and IL-1f production in response to Y.
pestis(76) and K. pneumoniag(81) and Plasmodium(82). To date, however, no specific trigger of an NLRP12
inflammasome has been identified. Like NLRP6, NLRP12 has been suggested to negatively regulate NF-
kB(83) and to limit inflammatory immune responses both in the intestines and in neurons(84,85), and
NLRP12 can suppress immune responses to Salmonella infection.

A number of pathways are also capable of processing IL-1f and IL-18 independently of
inflammasomes. Indeed, the IL-1p response to certain stimuli can be nearly unchanged in mice lacking
caspase-1 or Asc(86-88). Several neutrophil proteases including serine proteinase-3, cathepsin G, and
neutrophil elastase are known to directly process IL-1f and IL-18(89). In addition, caspase-8 can activate
caspase-1 through an incompletely understood mechanism(90-92); however, caspase-8 has also been reported
to process IL-1p independently of caspase-1(10,93,94).

Finally, it should be noted that inflammasome expression varies by cell type, stage of maturation, and
type of activation. Expression of NLRP3, for example, is generally too low under resting conditions and



needs to be induced by priming (usually with lipopolysaccharide) before it may be activated. By contrast,
expression of NLRC4 relative to NLRP3 may inverse within hours of stimulation in some cells(95), which
may have important implications for studies involving long periods of priming or infection. Priming is also
sometimes necessary to induce expression of Pyrin(96), which Gavrilin and colleagues showed to be lost in
macrophages upon differentiation; however, monocytes and PBMCs differentiated in the presence of
additional growth factors restores Pyrin expression(97). Similarly, NLRP12 may have low expression in fully
differentiated macrophages but is present in neutrophils(98). For these reasons, inflammasome studies in any
cell line should be carefully scrutinized for appropriate expression of relevant components. However, some
inflammasome components may not even be properly expressed in certain mouse strains. A known example
is NLRP1b, as several common strains including C57Bl/6 lack a functional protein, and this correlates with
lack of sensitivity of cells towards anthrax lethal toxin (99). Expression of cofactors involved in regulation of
various inflammasomes may also differ significantly. Therefore, caution is warranted before drawing
conclusions following negative results in inflammasome studies, both in vitro and in vivo.

In summary, the remarkable variety in these pathways raises questions about what defines an
inflammasome, and should caution against generalizations about their mechanisms. New developments have
uncovered additional members of several pathways. Considerable effort (for example, by utilizing
CRISPR/Cas9 technology) is being spent on expanding the numbers of players, and will undoubtedly help
with further characterization of signaling events.

Secretion systems of bacterial pathogens

The ability to export molecules to manipulate the host environment is an essential ability of
bacterial pathogens. Some of the most virulent Gram-negative bacteria have evolved type 3, 4 and 6
secretion systems capable of penetrating host cells and injecting effector proteins to alter normal cellular
processes in ways that benefit the pathogen. Thus, these secretion systems are typically essential virulence
factors. Examples of such bacteria - Salmonella, Shigella, Francisella, Legionella, Burkholderia,
Pseudomonas, Yersinia, and others - infect millions of patients worldwide, with a large number of deaths.
In addition to the health and economic burden owed to these pathogens, some are candidates for bioterror
and biowarfare.

There has been significant progress in understanding the structural and mechanistic aspects of
bacterial secretion systems(100). Yet the complex roles they play in the host-pathogen interaction,
particularly as they pertain to immune responses, are only beginning to be recognized and appreciated.
Considering the breadth of pathways involved in inflammasome regulation described earlier, it should be
reasonably expected that molecules delivered by bacterial secretion systems with the design to manipulate
host cell homeostasis would in one way or another influence inflammasome pathways. The functions of
many of these molecules remain unknown or incompletely characterized, keeping this field rich with
questions and opportunity for inquiry.

Of the six secretion systems known in bacteria, the type III secretion system, (T3SS), type IV
secretion system (T4SS), and type VI secretion system (T6SS) are associated with the most virulent
human pathogens. Examples of pathogens with a T4SS are Legionella and Burkholderia bacteria, as well
as Helicobacter pylori (not discussed in this review). The T6SS was discovered relatively recently, and is
present in Vibrio, Pseudomonas, Burkholderia, and Francisella species.

Of these secretion systems, the T3SS is the best studied and common to some of the most
important and harmful bacterial pathogens (Yersinia, Salmonella, Shigella, Burkholderia, Pseudomonas,
and others). The delivery apparatus of the T3SS has remained well conserved across species, and consists
of the basal body, the needle, and a pore-forming complex at the tip. This structure is critically important
for virulence; however, some key components cannot be easily altered without significantly
compromising the ability to deliver effectors(101). Perhaps for this reason the secretion systems of
several pathogenic species have become recognizable immune targets, or pathogen-associated molecular
patterns (PAMPs) - molecules which are pathognomonic with bacterial infection for host immunity.
Cytokine responses to the T3SS tend to be quite robust and may involve the activation of toll-like
receptors and inflammasomes(45,102). Likewise, T3SS “injectisome” proteins, particularly those



involved in attachment and penetration of the host cell, have a disproportionate number of immune
epitopes compared to other bacterial proteins (IEDB.org); several of these are established protective
antigens that confer adaptive immunity against the pathogen(103). Consequently, there is constant
evolutionary pressure on T3SS pathogens to limit or manipulate the host response to its T3SS, and
likewise there is pressure on the host to develop sophisticated methods of immune recognition with
minimal immunotoxic harm to self.

Interactions of specific bacterial secretion systems with inflammasomes

Salmonella

Species of the Gram-negative Salmonella genus are the leading source of acute gastroenteritis
worldwide, resulting from foodborne poisoning through consumption of contaminated poultry, pork,
eggs, and milk. In total, Salmonella causes estimated 1.3 billion cases of human disease each year and as
many as 800,000 deaths (104-106). Salmonella enterica serovar Typhi, spread through contaminated
water, causes up to 20 million cases and 220,000 deaths per year globally(107). The combined 15.2
million disability-adjusted life years (DALYSs) lost per year due to typhoidal and non-typhoidal
Salmonella(108) make it the second greatest bacterial contributor to global disease burden after
tuberculosis.

S enterica serovar Typhimurium, one of the most common serovars causing nontyphoidal
salmonellosis, is a facultative intracellular bacterium able to survive and reproduce both inside and
outside of host cells. This adaptability requires a large number of genes which are distributed throughout
the Salmonella genome, distinguishing it from many other pathogens whose virulence genes are typically
more compartmentalized(109). Horizontal transfer of pathogenicity islands (so called because of their
absence in nonpathogenic serovars) gives some S. enterica serovars the ability to survive inside host cells
and effectively evade the immune system.

The two major virulence determinants of S, enterica, such as serovars Typhimurium and Typhi,
are the pathogenicity islands SPI-1 and SPI-2. These gene clusters encode two type III secretion systems
(T3SS) capable of forming needle-like structures on the surface of the bacteria through which more than
thirty specialized effector proteins can be injected directly into host cells(110,111).

SPI-1 is a 40-kb region which encodes two distinct regulatory proteins, InvF and HilA, in
addition to a T3SS termed Inv/Spa and a cluster of effector proteins. This secretion system was shown to
be necessary for bacterial contact with host cells, and effectors secreted through this system trigger host
cell pathways to internalize the bacteria(112).

The second pathogenicity island, SPI-2, encodes a two-component regulatory system as well as
another distinct T3SS (Spi/Ssa) which is a major virulence factor found in all subspecies of S.
enterica(113,114). The Spi/Ssa T3SS of the SPI-2 pathogenicity island differs in structure and function
from the Inv/Spa T3SS of the SPI-1, and while Inv/Spa mediates uptake of the bacterium, Spi/Ssa enables
the survival and replication inside the host cell(113,114).
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Figure 1. NLRC4 inflammasome structure and common recognition patterns of flagellin and T3SS
molecules. Known activators include Salmonella, Shigella, Burkholderia, Pseudomonas, and Yersinia. In
the upper left are shown homologs of Prgl and PrgJ which are known or predicted to activate NLRC4 via
NAIP1 or NAIP2, respectively.

During enteric infection S. enterica invades the intestinal mucosa, followed by phagocytic uptake
or entry into non-phagocytic enterocytes(105). The bacteria restricts the expression of SPI-1 and SPI-2
until it encounters the appropriate host environment, at which point it expresses the T3SS genes required
for further survival and propagation(115,116). Culturing S. Typhimurium at different conditions can
mimic different host environments. For example, bacteria grown to log-phase will increase expression of
SPI-1(117), but at stationary phase expression of SPI-1 decreases while expression of SPI-2 will
increase(118). Thus, the bacterium seems to sense whether it is in an extracellular or intracellular
environment, and alter the expression of its virulence factors for optimal adaptation.

The host immune system is able to sense and react to these bacterial factors. S. Typhimurium
expressing SPI-1 and the Inv/Spa T3SS induces rapid macrophage cell death and IL-1p production, which
is dependent on NLRC4 as well as the NLR apoptosis inhibitory proteins (NAIPs)(45,119). As mentioned
previously, NAIPs interact with NLRC4 upon sensing PAMPs and DAMPs, and trigger activation of the
NLRC4 inflammasome. Mice express four NAIP paralogs (NAIP 1, 2, 5 and 6) of which NAIPS and
NAIP6 detect bacterial flagellin, NAIP2 detects the Inv/Spa T3SS inner rod protein PrgJ(45,119), and
NAIPI and its human homolog NAIP detect the Inv/Spa T3SS needle protein Prgl(102,120-122).
Interestingly, there is only one known human NAIP protein, and this molecule may be responsible for
detecting both Prgl and flagellin(123).

As mentioned above, S. Typhimurium grown to stationary phase (mimicking an intracellular
niche) will upregulate SPI-2 while downregulating SPI-1. Macrophages infected with these bacteria will



undergo a much slower cell death (12-17 hours compared to 1-2 hours for log-phase bacteria), which is
not dependent on the Inv/Spa T3SS. Instead, this cell death is triggered by the Spi/Ssa T3SS and occurs
predominantly through NLRP3 and the noncanonical caspase-11 inflammasome, and to a lesser extent
through NLRC4(124). The Spi/Ssa T3SS is used by the bacteria to inject effector proteins into the cell
cytoplasm, but it also allows translocation of flagellin protein which triggers the NLRC4 inflammasome.
Using a Afla mutant which does not produce flagellin, Broz et al showed that S typhimurium initiates two
host inflammasome pathways, with the presence of flagellin and SPI-2 respectively triggering NLRC4
and caspase-11, likely with the SPI-2 needle mediating transfer of flagellin and LPS (124).

Caspase-11 is capable of detecting intracellular LPS through an TRIF/interferon assisted
pathway(64) and activate what has been termed a non-canonical inflammasome, leading to release of IL-
1B and IL18 and initiation of pyroptosis(7,73,125). It was proposed that caspase-11 binds directly to
LPS(126) leading to cleavage of gasdermin D and initiation of cell death(58,127). The Spi/Ssa T3SS
encoded by SPI-2 may introduce bacterial LPS into the host cytoplasm, activating caspase-11. The fact
that some caspase-11 dependent IL-1f production still occurs in the absence of SPI-2 suggests that LPS
may be delivered into the cytosol through an alternative mechanism, perhaps through the function of
guanylate binding proteins (GBPs).

S Typhimurium has several mechanisms to avoid immune detection and maintain an intracellular
growth niche. The bacteria shifts from SPI-1 to SPI-2 expression, and also down-regulates flagellin
expression in order to minimize activation of NLRC4. SPI-2 drives the expression of the Spi/Ssa T3SS,
which the bacterium uses to secrete effector proteins that help it persist in its vacuolar niche. One secreted
protein, SifA, induces stabilization of the vacuole by microtubules, and is critically important for
virulence(71,128). Yet the Spi/Ssa T3SS, which is required by the bacteria for virulence, also activates
inflammasome pathways by the mechanisms described above and results in the eventual clearance of the
pathogen.

Yersinia

Yersinia pestis is the etiologic agent of some of the deadliest pandemics in human history, with
total deaths in the hundreds of millions. Y. pestis continues to cause disease worldwide, particularly
impacting the African sub-continent(129). However, Y. pestis is endemic in rodents in the Western North
America, and sporadic cases of infection and death in the United States.

Human-pathogenic Yersiniae share a pCD1/pYV plasmid-encoded conserved T3SS with largely
similar needle structure and injected effector proteins (Yops). These Yops play an important role in
suppressing host immune functions and promoting bacterial survival. Avoiding immune surveillance is
particularly important to the biological strategy of the Y. pestis, the etiologic agent of plague; immune
evasion enables this pathogen to cause systemic disease with high mortality. Lack of a functional T3SS
renders Y. pestis and the related enteropathogens Y. pseudotuberculosis and Y. enterocolitica essentially
avirulent(130-135), although some aspects of disease may be observed with Y. pseudotuberculosis
lacking T3SS(136).

In the case of Yersinia, a robust early immune response orchestrated by Interleukin-1f (IL-1p)
and IL-18 favors host survival(76,137). The expression of these cytokines is effectively suppressed by
injected Yops, despite evidence that Yersinia can activate the NLRP3, NLRC4, and NLRPI12
inflammasomes(76,138), as well as a non-canonical caspase-8 pathway(91,92). How specific Yersinia
molecules activate and inhibit these pathways is not fully understood.

In the case of NLRP3 and NLRC4, activation depends on the presence of the functional T3SS
apparatus(90,138,139), and may be triggered by parts of the injectisome structure itself, such as Yscl(140)
or YscF(141). Other possible mechanisms for NLRP3 activation include hyper-translocation of the
YopB/D translocon into the cell cytoplasm(139), and the destabilizing effects of a large pore in cell
membrane or endosomes(142). It is also possible that in the presence of a functional needle, other
molecules (e.g. LPS) pass from the bacterium into the host cytoplasm and activate inflammasome
pathways. While the details of the mechanism(s) are not yet clear, inflammasome activation by the



injectisome is effectively blocked by YopK(138). Brodsky, Marketon and colleagues propose that this
effector operates at the host side site of the translocon and regulates the delivery of other Yops(139,143).
It is not clear if YopK may prevent the unintended entry of bacterial components other than Yops into the
host cell. Potentially, YopK could also conceal inflammasome-activating components of a hyper-
translocated injectisome, or stabilize the pore to prevent membrane-damage associated inflammasome
activation.

There is also some evidence indicating that YopE, an effector with GTPase activating protein (GAP)
activity which inhibits RhoA/G, Racl, and Cdc42, can also inhibit inflammasome activation by stabilizing
the injectisome pore (142,144). An early report by Schotte and colleagues suggested that the Rho-GTPase
inhibitor YopE may modulate caspase-1 activation in a manner dependent on Rac1(4). Although this finding
has not received much followup in the inflammasome field, it points to an understudied role of cytoskeletal
guanine nucleotide exchange factors (GEFs) and GAPs in inflammasome regulation. Many pathogens target
host GTPases to inhibit motility and phagocytosis, and there is compelling recent evidence that these
pathways can play important roles in regulating inflammasomes(7,42,145). Examples of other bacterial
effectors with GAP functions include Salmonella SptP and Pseudomonas ExoS/ExoT(146). Yersinia YopT
has protease activity towards Rho GTPases and can thus also inactivate this pathway(147). In the case of
YopE, it is also possible that its Rho-GTPase inhibiting function induces activation of one inflammasome
pathway, such as Pyrin (42,148), but inhibits another (perhaps, NLRP3) (4,142,144,149); however, this
perceived inhibition could also be influenced by YopE regulation of T3SS effector secretion. Our own studies
(Ratner et al, submitted) strongly suggest that YopE activates a Pyrin inflammasome pathway.

The Yersinia effector YopM also limits caspase-1 mediated IL-1B/IL-18 production through
another incompletely understood mechanism. YopM was originally proposed to directly bind and inhibit
caspase-1(150), yet subsequent results could suggest an alternative indirect ability of YopM to inhibit
caspase-1, dependent on the presence of the cytoskeletal scaffolding protein Iqgap1(151). Furthermore,
bindings partners of YopM include kinases Prk1/2 (also called PKN1/2) and Rsk1/2(152,153); interaction
with the latter (also known as S6 ribosomal kinase) with the C-terminus of YopM has also been suggested to
be important for caspase-1 inhibition and promotion of virulence by this effector(151,153). Recently, Pkn1/2
have been implicated in Pyrin inflammasome regulation(43). YopM is a homolog of E3-ubiquitin ligases
IpaH (Shigella) and SspH1 (Salmonella), which have no known roles in caspase-1 regulation. Yet YopM
does control IL-1p and IL-18 production in vivo, and contributes to virulence in a manner dependent on IL-
1B, IL-18, and caspase-1(90). Our recent results (Ratner et al, submitted) suggest that YopM binds a complex
of RSK1, PKNI1 and Pyrin, and blocks YopE-induced Pyrin inflammasome activation and not needle/rod
induced NLRP3/NLRC4 activation.

Another effector, YopJ, robustly suppresses IL-1p and IL-18 precursors as well as other NF-kB
dependent cytokines(90,154,155), but also triggers caspase-8 dependent activation of caspase-1, IL-1p
and IL-18 at low levels(91,92,156). Caspase-8 is important in host defense against Y. pestis(92,137), but it
is not clear whether this is due to its role in processing IL-1B/IL-18, its pro-apoptotic activity, or its role in
regulating other NF-kB dependent cytokines. In vitro studies indicate that YopJ is an acetyltransferase
targeting IKKB(157), MAP Kinase Kinases(158,159), and the MAP3K, TAK1(160,161). YopJ has also
been reported to behave as a deubiquitinase(162,163). Interestingly, the catalytic activity of Yopl
positively correlates with its ability to induce caspase-8 dependent cytotoxicity and IL-1p secretion, and
may affect virulence(164,165). Indeed, some studies in non-microbial systems indicate that inhibition or
lack of IKK B /MAPK leads to a paradoxical increase in IL-1P secretion and caspase-8 activation despite
an expected anti-inflammatory effect(166-168). One possibility is that the non-canonical caspase-8
pathway could be part of a host trapdoor mechanism for IL-1B/IL-18 production, designed to be triggered
when effectors participating in disease processes such as Yopl attempt to suppress the critical NF-
kB/MAPK pathways after surface receptor activation.

Burkholderia
Burkholderia species are closely related to Pseudomonas, and include several opportunistic
pathogens which can cause serious disease in humans. B. pseudomallei causes the highly lethal disease



melioidosis, and has even been considered as a candidate for biowarfare. Many species of Burkholderia
are considered harmless; however, cystic fibrosis (CF) patients are uniquely susceptible to chronic lung
infection with Burkholderia species, including ones which normally do not cause disease in humans.

Burkholderia pathogens are able to survive inside macrophages, and infection is typically
eventually resolved by adaptive immunity. Nevertheless, in the early stages of infection, the Burkholderia
secretion systems interact with several inflammasomes with important consequences for the course of
disease. Some polymorphisms of NLRC4, for example, significantly impact survival in melioidosis in
humans(169).

In general, it is difficult to distinguish whether effectors or secretion systems themselves are
responsible for activating an inflammasome, and it is even more challenging when multiple interacting
secretion systems are present. B. cenocepacia has a T2SS, T3SS, T4SS, and T6SS, each of which may
contribute to activation NLRP3 and possibly to a lesser extent NLRC4(170). The T6SS and T2SS
cooperate in the delivery of metalloproteinases zmpA and zmpB, which are essential for intracellular
survival and also partially contribute to NLRP3 activation. Yet there seem to be other NLRP3 activators
which have yet to be identified, and may include structural components of the secretion systems or other
translocated proteins.

By contrast, B. pseudomallei does not seem to trigger NLRP3 activation in macrophages, but
instead the early inflammasome response appears entirely dependent on NLRC4(171). This
inflammasome activity arrests replication of intracellular bacteria. The NLRC4 activation appears to be
primarily driven by the flagellin protein FliC and the basal body protein BsaK - a homolog of the
NLRC4-activating PrgJ protein in Salmonella. Later in infection, IL-1f secretion is driven by an NLRC4-
independent pathway, and is curiously accompanied by caspase-1 independent cell death. Both NLRC4
and TLR5 are required for host survival and resolution of B. pseudomallei lung infection in vivo, but
indeed there appears to be another unidentified inflammasome activated later during infection(169).
Although some inflammasome activity is essential for the host response, production of IL-1p specifically
leads to excessive neutrophil recruitment and elastase-mediated lung damage(172). Rather than resolution
of infection, this results in increased host mortality and systemic invasion by the pathogen. Instead, it is
IL-18 production by inflammasome activity which appears to assist survival and bacterial clearance.

B. cenocepacia, a particularly antibiotic-resistant bacterium that is often problematic when
appearing in CF patients, has also been shown to activate the Pyrin inflammasome in human monocytic
cells by Gavrilin, Wewers and colleagues(173), and this type of activation was recently also demonstrated
in mice(42). The T6SS, but not the T3SS activates Pyrin and induces its recruitment to phagosomes. The
B. cenocepacia T6SS is known to disrupt Rho-GTPases and cytoskeletal regulation(174-176), which are
events that have been hypothesized to activate Pyrin(18,41,42,177,178). This ability may be associated
with the effector TecA, which induces RhoA covalent modification (deamidation) in the GTPase switch-I
region(179). Loss of Pyrin is associated with increased intracellular bacterial survival, but also reduced
inflammation in the lungs of infected mice(42). This may be an important insight for CF lung infection
with Burkholderia species, as evidence suggests higher mortality and ineffective clearance of the related
P. aeruginosa pathogen associated with increased inflammasome responses.

Pseudomonas

Certain Pseudomonas species, particularly Pseudomonas aeruginosa, are important opportunistic
and nosocomial pathogens. They are particularly dangerous for immunocompromised and severely ill
patients, as well as individuals with cystic fibrosis (CF). P. aeruginosa is able to establish chronic lung
infection in CF patients due to the uniquely permissive environment of the CF lung; the ensuing
inflammation results in progressive lung damage and is currently the leading cause of death among CF
patients. Given the high hazard that P. aeruginosa poses to the sizable population of individuals with CF
worldwide, inflammasome responses to this pathogen in the context of the CF lung deserve special
attention.

The relationship between Pseudomonas infection and inflammasomes is complex and
controversial. Some studies indicate reduced bacterial clearance when inflammasome activation is



defective(180). Yet a majority of studies suggest that inflammasome activation is counterproductive to
bacterial clearance, particularly in the lungs, and may even exacerbate tissue damage and
mortality(95,181-185). In the study by Faure et al, it appears that inflammasome-driven IL-18 dampens
IL-17 activity, which is critical for clearing Pseudomonas lung infection. It is possible that these
discrepancies highlight a difference between corneal infection, where an IL-1p/IL-18 response is
beneficial to the host, and lung infection, where the same type of response is inappropriate. A curious
observation is that P. aeruginosa appears to exploit the regulation of host autophagy by IL-1p and
caspase-1, with the net result that inflammasome activation promotes the survival of the
pathogen(95,186,187).

Pseudomonas is primarily known to activate NLRC4 and NLRP3, although a caspase-1
independent pathway will also be discussed. The AIM2 inflammasome does not appear to be
activated(188). The Pseudomonas RhsT protein has been suggested to be an inflammasome activator,
however the authors do not elaborate on possible mechanisms(184). RhsT contains conserved sequence
homology with the Clostridium difficile toxin B (TcdB), a RhoA modifier and inhibitor, and a known
activator of the Pyrin inflammasome. Whether this protein indeed activates Pyrin or another
inflammasome warrants investigation, as the RhsT family proteins are widespread and conserved among
many pathogens, including several that have been shown to activate Pyrin.(42)

The NLRC4 inflammasome is activated by multiple Pseudomonas molecules, likely including the
T3SS injectisome itself, both in vivo and in vitro(181,189). Potentially recognized injectisome
components include Pscl (a homologue of the NLRC4-activating Salmonella basal body protein PrgJ),
and PscF (a homologue of Yersinia needle protein YscF). NLRC4 is also known to be activated by
flagellin proteins of many bacterial species, and Pseudomonas flagellin follows this pattern as well(185).
It is worth noting that NLRC4 activation correlates with bacterial motility, and some investigators have
suggested that it may be flagellar motility, rather than the flagellin protein per se, which leads to
phagocytosis and inflammasome activation(190,191). Yet this view is challenged by experiments
showing that surfactant protein A directly binds recombinant flagellin as well as live Pseudomonasin
vitro and in vivo, enhancing the phagocytosis and capacity of both to activate NLRC4(192). Findings by
Anantharajah and colleagues also suggest that IL-1 release and pyroptosis are not correlated to flagellar
motility(193). Thus, it is possible that decreased inflammasome activation by non-motile Pseudomonas is
due to reduced contact with host cells; this is especially worth considering given that clinical isolates of
Pseudomonas from chronically infected lungs are typically mucoid strains, which are resistant to contact
with immune cells and phagocytosis.

The P. aeruginosa T3SS has been shown to activate both NLRP3 and, surprisingly, NLRC4 by
inducing mitochondrial damage and DNA release(95,186). In the latter study, Jabir et al demonstrated
mitochondrial DNA binding to NLRC4 downstream of Pseudomonas infection, uncovering aspects of the
NLRC4 mechanism which may have been previously overlooked(187,194). Pseudomonas-triggered
inflammasome activation induces autophagy, which seems to be associated with defective killing of the
bacteria. Moreover, in an acidic microenvironment, as is typically the case in bacterial infection foci,
Pseudomonas T3SS triggers enhances inflammasome activation immune cells(195). This may be
significant because acidic conditions are known to favor autophagy(196-198), further assisting bacterial
survival. Cumulatively this adds to a growing body of evidence that in most cases, inflammasome
activation infection with P. aeruginosa is ineffective and histotoxic - particularly in the lung where
excessive inflammatory damage is associated with worse clinical outcome.
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Figure 2. NLRP3 inflammasome structure and function, including the non-canonical caspase-11 pathway.
Known activators are in red, and triggering molecules and processes are detailed.

These findings may help explain why CF patients are more vulnerable to P. aeruginosa lung
infection. First, the pH of the CF lung is more acidic than in healthy individuals(199,200), which was
shown to negatively impact bacterial killing by Pezzulo and colleagues(201). According to the studies
cited earlier, this lower pH would be associated with even greater inflammasome activation and decreased
bacterial clearance. Second, a recent elegant study by Rimessi and colleagues demonstrated that
Pseudomonas activates NLRP3 and NLRC4 more strongly in CF cells due to intrinsically impaired
calcium homeostasis(202). CFTR is a chloride ion channel, and its deficiency leads to abnormally high
intracellular and mitochondrial calcium levels. P. aeruginosa infection triggers additional calcium entry
via the mitochondrial calcium uniporter, resulting in greater mitochondrial damage, oxidative stress and
subsequent NLRP3 activation in CF cells. Thus, the intrinsically aberrant calcium homeostasis and
increased acidity exacerbate the inappropriate inflammasome activation in response to P. aeruginosa, and
lead to exaggerated neutrophil influx with subsequent lung damage by neutrophil elastase despite
perpetual failure to clear the bacteria. Indeed, inhibiting the Pannexin-1 (P2X7) channel with probenecid
prior to Pseudomonas infection successfully prevents calcium influx-driven caspase-1 activation, and
reduces the severity of infection in vivo(203,204).

Yet if caspase-1 inhibition in the lung is beneficial for the host and detrimental for Pseudomonas,
then what is the significance of ExoU - a Pseudomonas T3SS toxin which is reported to be a potent
caspase-1 inhibitor? According to Anantharajah and colleagues, IL-1P secretion is abrogated in the
presence of ExoU, and pyroptosis is replaced with rapid cell death(193), which is not caspase-8



dependent(92) and is likely necrotic(205). Neither the mechanism of cell death nor caspase-1 inhibition
are fully understood. ExoU is a phospholipase, which is unique among T3SS effectors(205), and it is
apparently able to effectively suppress both NLRC4-dependent and independent caspase-1 processing.
However, Pseudomonas strains which lack ExoU appear to have a competitive advantage over ExoU(+)
strains(206). Over time, the clinical isolates recovered from chronic Pseudomonas lung infections tend to
becomes ExoU(-), non-motile, and often completely lacking a T3SS.

In addition to NLRP3 and NLRC4, Pseudomonas also appears to trigger a non-canonical
inflammasome pathway. This pathway appears to be influenced by pilin and requires a functional T3SS,
but is not dependent on NLRP3, NLRC4, or Asc(207). Karmakar et al also identified a pathway of IL-1f
production by neutrophils in response to Pseudomonas corneal infection which is independent of Asc and
caspase-1, but dependent on the activity of neutrophil elastase and serine proteases(180). Here, IL-1p was
found to be necessary for bacterial clearance from the cornea, in contrast to the detrimental effects of 1L-
1B in Pseudomonas lung infection. Others have also reported a neutrophil-driven pathway in response to
Pseudomonas with similar non-canonical characteristics(182,208), with potential regulation by
Pstpip2(208). If these studies indeed describe a single pathway, then the fact that it is independent of
caspase-1 narrows the possibilities of enzymes known to directly cleave IL-10 to caspase-8, neutrophil
elastase, proteinase 3, and cathepsin G. Although evidence to confidently exclude a role for caspases-8
and 11 is incomplete, currently it appears Pseudomonas does not strongly activate these
pathways(7,64,92). Synthesizing all of these results may suggest a scenario where pilin is secreted by the
Pseudomonas T3SS, and perhaps activates direct processing of IL-1p and IL-18 by neutrophil serine
proteases independently of inflammasomes or caspase-1, although there may be other interpretations as
well.

Francisella

The facultative intracellular bacterium Francisella tularensis is the causative agent of tularemia,
an acute systemic disease typically presenting as pneumonia, with high mortality. It is a highly virulent
pathogen which, like Y. pestis, is classified as a category A select agent with the potential to be used for
bioterror and biowarfare. For non-select agent research, the model of choice is often F. tularensis
subspecies holarctica (Live Vaccine Strain, LVS) or F. novicida, as it is virulent in mice but attenuated in
humans(209-211).

F. novicida avoids degradation by phagocytes by escaping from the phagosome into the cytosol,
where it is then free to replicate. However, upon escape from the phagolysosome, F. novicida triggers
caspase-1 cleavage and IL-1p secretion(212). Francisella activates AIM2 in mice but, unlike the other
pathogens discussed in this review, does not seem to activate either NLRC4 nor NLRP3(213,214). In
human cells both NLRP3 and AIM2 are triggered(214). Activation of NLRP3 was recently corroborated
by another study where human monocytes produced IL-1p in response to Francisella bacteria and
ATP(215); this IL-1p secretion also required K+ influx, suggesting an NLRP3-dependent mechanism.
Perhaps a Francisella effector is able to inhibit NLRP3 activation in mice but not in humans(216), or
mice and humans have other potential differences in NLRP3 regulation. Another mouse-human difference
concerns Francisella activation of the Pyrin inflammasome. Gavrilin and colleagues showed that in
human monocyte-derived macrophages and THP-1 cells, Francisella triggers the Pyrin
inflammasome(97). This contrasts with findings by Fernandes-Alnemri et al, who showed that mice
lacking Pyrin still produce IL-1p in response to Francisella, while mice lacking AIM2 produce little to
none. Significant differences in the protein sequences of mouse Pyrin versus human Pyrin may partly
explain this discrepancy(217).

The mechanism by which F. novicida activates AIM2 is also unusual, occuring through an IRF-1
dependent pathway(218). Activation of the cytosolic DNA sensor cGAS and STING in response to
cytosolic F. novicida leads to IRF-1 mediated transcription of GBPs; specifically, GBP 2 and 5 were
found to lead to activation of AIM2, but not NLRP3, in a dsDNA dependent manner in mouse
macrophages. These GBPs have been proposed to be involved in the lysis of the bacteria or the bacteria
containing vacuole, thereby releasing bacterial DNA into the cytoplasm(69,218,219). As mentioned



carlier, the AIM?2 inflammasome assembles upon directly binding dsDNA via the HIN domain(31,220-
222). Yet the study by Man and colleagues shows that although AIM2 and cGAS can both bind dsDNA,
cGAS activation is upstream of AIM2 and is necessary for inflammasome formation in response to F.
novicida. Both AIM2 and IRF1 were required for restriction of F. novicida replication in vitro, and
survival in vivo(218). Potentially, interferon signaling could be necessary to increase AIM2 expression,
however other studies show that even small amounts of transfected dsDNA are enough to rapidly trigger
activation of the AIM2 inflammasome(223). A specific trigger of this pathway is not known, although
one possibility is that the F. novicida activator of STING is a secreted cyclic nucleotide, similar to L.
monocytogenes(224).

Cytosolic LPS from the intracellular F. novicida would be expected to also trigger caspase-11
activation. However, Francisella produces tetra-acylated rather than hexa-acylated LPS, which loses its
ability to bind and activate caspase-11(73). This is a similar strategy to that of Y. pestis, limiting
activation of TLR4(137), and downstream expression of inflammasome factors such as NLRP3, pro-
caspase-1, pro-IL-1B, and pro-IL-18.

The Francisella pathogenicity island (FPI) encodes 16-19 genes which express a Type VI
secretion system (T6SS) which is required for virulence. The IglC T6SS protein induces phagosome
rupture and allows Francisella to escape into the cytosol(210). This is in contrast to S. typhimurium,
which secretes factors in order to stabilize the phagosome and avoid cytosolic entry. Francisella lacking
functional IgIC fail to escape the phagosome, and also fail to trigger the AIM2 inflammasome(218). This
suggests that activation of AIM2 requires the presence of the bacteria in the cytosol, and bacterial
secretion of effectors and other factors into the cytosol from inside the phagosome may not be sufficient
to trigger inflammasome activity.

The function of IglC is still under investigation, and it may potentially be part of the T6SS
apparatus itself(225); indeed, it appears to be a homolog of Hep, which is thought to form the tube-like
structure of the T6SS for delivery of effectors(226,227). In this case, an IglC mutant may fail to activate
AIM2 simply because the activating molecule (presumably, DNA) is not translocated into the cytosol.
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Legionella

Legionella pneumophila is a Gram-negative intracellular pathogen responsible for the respiratory
infection known as Legionnaire's disease. The ability of Legionella to survive inside macrophages and the
way it interacts with inflammasomes is in many ways comparable to Salmonella. After phagocytosis,
survival and replication by L. pneumophila requires inhibition of phagosome-lysosome fusion, so that the
bacteria may persist in a protected vacuole. The requirement to stabilize this intracellular niche is evident
from the fact that bacteria that are incapable of growing inside host cells are also incapable of causing
disease in animals(228). However, upon sufficient replication the bacteria induces rupture of the vacuole
followed by lysis of the infected cell(229). This releases the bacteria into the host environment, allowing
it to infect more cells and for the infection to continue.

Legionella has a type IV secretion system (T4SS) encoded by a region of the genome called icm
(intracellular multiplication). The T4SS translocates hundreds of effector proteins into the cytoplasm in
order to stabilize the bacterial vacuole and establish a replicative niche(228-231); this high number of
effectors distinguishes Legionella among pathogens with secretion systems. Most of the effectors are
involved in manipulating host pathways to prevent fusion of the bacterial vacuole with lysosomes(232).



Some effectors such as SidF and SdhA prevent the host cells from undergoing apoptosis in order to limit
inflammatory responses and immune detection(233,234).

Despite having a T4SS rather than a T3SS, Legionella activates inflammasomes by mechanisms
similar to those of Salmonella. The Legionella T4SS transolcates LPS into the cytosol where it triggers
activation of the non-canonical caspase-11 dependent NLRP3 inflammasome (235,236). Pyroptosis
requires caspase-11, but not NLRP3 in cells infected with Legionella, which is consistent with the
gasdermin D-dependent mechanism proposed by Kayagaki and colleagues(58). Interestingly, it has also
been reported that activated caspase-11 induces fusion of the L. pneumophila-containing phagosome to
the lysosome through actin remodeling(72).

Legionella flagellin translocated into the cytoplasm through its secretion system is detected by the
NLRC4 inflammasome through the adaptor molecule Naip5(16,236-239). In other bacteria, the T3SS
needle protein PrgJ and its homologs may also trigger NLRC4, however Legionella lacks a T3SS and
flagellin may be the only NLRC4 activator in this pathogen. This NLRC4 pathway seems to be sufficient
for controlling bacterial replication, based on evidence that deficiency of caspase-1 but not caspase-11
impairs bacterial clearance both in vitro and in vivo(240). However, lack of caspase-1 is functionally
similar to a lack of caspase-11 and NLRC4, so it is not possible to evaluate the relative importance of the
caspase-11 pathway using a capase-1 deficient model. Given the robust caspase-11 dependent activation
of caspase-1 by L. pneumophila lacking flagellin(236), as well as its role in fusing the bacterial vacuole
with lysosomes(72), it is conceivable that caspase-11 may be redundant with NLRC4 and sufficient for
bacterial control on an NLRC4 " background. Legionella lacking the T4SS (dotA ™) does not show any
inflammasome activation or cell death(236), most likely because these mutant bacteria fail to secrete LPS
and flagellin along with essential effector proteins to stabilize the vacuole. This results in normal
trafficking of the bacterium to the lysosome where it is efficiently neutralized(237).

Shigella

The Gram-negative Shigella is the causative agent of shigellosis, a foodborne illness prevalent in
developing countries. Shigella results in severe gastrointestinal disease in humans, but does not seem to
cause significant disease in other animals. It invades the colonic and rectal mucosa leading to leukocyte
recruitment, severe inflammation, and often bloody diarrhea (dysentery) which leads to further spread of
infection in poorly sanitized regions. Like several other pathogens discussed in this review, the ability of
Shigella to survive intracellularly is a central part of its infection strategy.

Shigella is closely related to Salmonella, but one major distinction is that Shigella may
lackflagella. Like S typhimurium, pathogenic Shigella species, like S flexneri, S sonnei, S. dysenteriae
and S. boydii, are capable of entering gut epithelial cells as well as macrophages, and trigger rapid cell
death. Shigella also uses a T3SS to secrete effectors which induce vacuole rupture and release the bacteria
into the cytosol. Although Shigella lacks flagellin it still readily triggers the NLRC4 inflammasome
through the same T3SS it uses to escape this vacuole. NLRC4 is activated by Naip2, which detects the
inner rod protein Mxil(241), and Naip1, which recognizes the needle component MxiH(102,122,242).

Release of Shigella into the cytoplasm of the host cell also triggers IFN dependent caspase-11
activation(64), with downstream activation of caspase-1 through the non-canonical inflammasome,
secretion of IL-1p and IL-18, and pyroptosis via gasdermin D(58). It was also reported that caspase-4, the
human homolog of caspase-11, is involved in host resistance to Shigella(243); however, Shigella secretes
the effector protein OspC3 which inhibits caspase-4 activation. It is interesting that OspC3 is highly
specific to caspase-4 and does not inhibit caspase-11, suggesting the preference Shigella has for infecting
humans

The Shigella T3SS also appears to induce autophagy(244), which is known to suppress
inflammasome activation; inhibition of autophagy promoted cell death in infected macrophages, which is
again suggestive of pyroptosis. In the absence of caspase-1 or NLRC4 autophagy was dramatically
enhanced, which is consistent with reports that caspase-1 negatively regulates autophagy(187).

Similar to Yersinia, Shigella modifies its LPS in order to evade immune detection(245). Paciello
and colleagues show that during intracellular replication, Shigella predominantly expresses tri- and tetra-



acylated LPS with fewer acyl chains in lipid A than when it is cultured in growth media. This
hypoacylated LPS is much less potent in activating TRL4, resulting in limited expression of pro-caspase-
1, pro-IL-1B, and pro-IL-18. However, the authors also suggest that in late infection, when Shigella is
obligated to proliferate extracellularly due to decreasing access to live local cells to infect, the bacteria
reverts to production of immunopotent hexa-acylated LPS. This allows leukocytes to respond to the
pathogen more effectively and eventually clear it from the body.

Escherichia

Several Escherichia coli types affecting human health, such as Entero-Pathogenic E. coli (EPEC)
and Entero-Hemorrhagic E. coli (EHEC) harbor a T3SS and trigger IL-1p release, however, it is possible
that the mechanisms behind the IL-1f production in some settings may differ from other bacteria. One
study indicated that NLRP3-dependent EHEC-induced IL-1 was independent of the T3SS but dependent
upon formation of RNA:DNA hybrids(246), and another report suggested that inflammasome activation
via NLRP3 was triggered by viable E. coli and their mRNA(247). However, E. coli also is able to trigger
T3SS-dependent effects, such as activating NAIPs/NLRC4 via T3SS needle/rod components EprlJ, Escl
and Eprl(45,248), and the effector NleA may inhibit NLRP3 stimulation(249). Other human pathogens,
like Vibrio and Chlamydia also harbor secretion systems with potential of modulating inflammasome
activities.

Conclusion

Bacterial secretion systems interact with inflammasome pathways in many different fashions, both with
activating and inhibitory functions. Responses can be initiated by translocon/pore formation, directed by
secreted effector proteins or by components such as flagellin or LPS channeled through the needle. Each
pathogen has its distinct way of interacting with the host innate immune system, and can harbor inhibitory
proteins suppressing inflammasome activation, but the host may have evolved mechanisms to sense these
key virulence factors. However, it is often a battle between blocking and activating forces with regard to
net effect on innate immunity, and there is likely a delicate balance that will decide if and how the
pathogen may cause disease. This is a fascinating field, more progress is likely to increase the perceived
complexity of these mechanisms, but may also to help in the design of new therapeutics for inflammatory
diseases.

Acknowledgments

The work was supported by National Institutes of Health Grants AI07538, AI117706 (to E. L.) and
AI095213 (to D. R.), the Norwegian Cancer Society, the Research Council of Norway - Center of
Excellence Funding Scheme Project 223255/F50, and Bill and Melinda Gates Foundation GCE grant
OPP1106893 (to E.L.).

References

1. Kawai, T., and Akira, S. (2010) The role of pattern-recognition receptors in innate immunity:
update on Toll-like receptors. Nat Immunol 11, 373-384

2. Janeway, C. A, Jr., and Medzhitov, R. (2002) Innate immune recognition. Annu Rev Immunol 20,
197-216

3. Maslanik, T., Mahaffey, L., Tannura, K., Beninson, L., Greenwood, B. N., and Fleshner, M. (2013)

The inflammasome and danger associated molecular patterns (DAMPs) are implicated in
cytokine and chemokine responses following stressor exposure. Brain Behav Immun 28, 54-62
4, Schotte, P., Denecker, G., Van Den Broeke, A., Vandenabeele, P., Cornelis, G. R., and Beyaert, R.
(2004) Targeting Racl by the Yersinia effector protein YopE inhibits caspase-1-mediated
maturation and release of interleukin-1beta. J Biol Chem 279, 25134-25142
5. Bergsbaken, T., Fink, S. L., and Cookson, B. T. (2009) Pyroptosis: host cell death and
inflammation. Nat Rev Microbiol 7, 99-109



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Proell, M., Gerlic, M., Mace, P. D., Reed, J. C., and Riedl|, S. J. (2013) The CARD plays a critical role
in ASC foci formation and inflammasome signalling. Biochem J 449, 613-621

Kayagaki, N., Warming, S., Lamkanfi, M., Vande Walle, L., Louie, S., Dong, J., Newton, K., Qu, Y.,
Liu, J., Heldens, S., Zhang, J., Lee, W. P., Roose-Girma, M., and Dixit, V. M. (2011) Non-canonical
inflammasome activation targets caspase-11. Nature 479, 117-121

Broz, P., and Monack, D. M. (2013) Noncanonical inflammasomes: caspase-11 activation and
effector mechanisms. PLoS Pathog 9, e1003144

Gurung, P., Anand, P. K., Malireddi, R. K., Vande Walle, L., Van Opdenbosch, N., Dillon, C. P.,
Weinlich, R., Green, D. R., Lamkanfi, M., and Kanneganti, T. D. (2014) FADD and caspase-8
mediate priming and activation of the canonical and noncanonical NIrp3 inflammasomes. J
Immunol 192, 1835-1846

Gringhuis, S. I., Kaptein, T. M., Wevers, B. A., Theelen, B., van der Vlist, M., Boekhout, T., and
Geijtenbeek, T. B. (2012) Dectin-1 is an extracellular pathogen sensor for the induction and
processing of IL-1beta via a noncanonical caspase-8 inflammasome. Nat Immunol 13, 246-254
Vladimer, G. I., Marty-Roix, R., Ghosh, S., Weng, D., and Lien, E. (2013) Inflammasomes and host
defenses against bacterial infections. Curr Opin Microbiol 16, 23-31

Maltez, V. I., and Miao, E. A. (2016) Reassessing the Evolutionary Importance of Inflammasomes.
JImmunol 196, 956-962

Miao, E. A., Leaf, I. A,, Treuting, P. M., Mao, D. P., Dors, M., Sarkar, A., Warren, S. E., Wewers, M.
D., and Aderem, A. (2010) Caspase-1-induced pyroptosis is an innate immune effector
mechanism against intracellular bacteria. Nat Immunol 11, 1136-1142

Tsuji, N. M., Tsutsui, H., Seki, E., Kuida, K., Okamura, H., Nakanishi, K., and Flavell, R. A. (2004)
Roles of caspase-1 in Listeria infection in mice. Int Immunol 16, 335-343

Zheng, H., Fletcher, D., Kozak, W., Jiang, M., Hofmann, K. J., Conn, C. A., Soszynski, D., Grabiec,
C., Trumbauer, M. E., Shaw, A., and et al. (1995) Resistance to fever induction and impaired
acute-phase response in interleukin-1 beta-deficient mice. Immunity 3, 9-19

Case, C. L., Shin, S., and Roy, C. R. (2009) Asc and Ipaf Inflammasomes direct distinct pathways
for caspase-1 activation in response to Legionella pneumophila. Infect Immun 77, 1981-1991
Pisarev, V. M., Parajuli, P., Mosley, R. L., Chavez, J., Zimmerman, D., Winship, D., and Talmadge,
J. E. (2002) FIt3 ligand and conjugation to IL-1beta peptide as adjuvants for a type 1, T-cell
response to an HIV pl7 gag vaccine. Vaccine 20, 2358-2368

Yang, J., Xu, H., and Shao, F. (2014) Immunological function of familial Mediterranean fever
disease protein Pyrin. Sci China Life Sci 57, 1156-1161

Medlej-Hashim, M., Loiselet, J., Lefranc, G., and Megarbane, A. (2004) [Familial Mediterranean
Fever (FMF): from diagnosis to treatment]. Sante 14, 261-266

Stack, J. H., Beaumont, K., Larsen, P. D., Straley, K. S., Henkel, G. W., Randle, J. C., and Hoffman,
H. M. (2005) IL-converting enzyme/caspase-1 inhibitor VX-765 blocks the hypersensitive
response to an inflammatory stimulus in monocytes from familial cold autoinflammatory
syndrome patients. J Immunol 175, 2630-2634

Hoffman, H. M., Scott, P., Mueller, J. L., Misaghi, A., Stevens, S., Yancopoulos, G. D., Murphy, A,,
Valenzuela, D. M., and Liu-Bryan, R. (2010) Role of the leucine-rich repeat domain of
cryopyrin/NALP3 in monosodium urate crystal-induced inflammation in mice. Arthritis Rheum
62,2170-2179

Jha, S., Srivastava, S. Y., Brickey, W. J,, locca, H., Toews, A., Morrison, J. P., Chen, V. S, Gris, D.,
Matsushima, G. K., and Ting, J. P. (2010) The inflammasome sensor, NLRP3, regulates CNS
inflammation and demyelination via caspase-1 and interleukin-18. J Neurosci 30, 15811-15820



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Gris, D., Ye, Z., locca, H. A., Wen, H., Craven, R. R., Gris, P., Huang, M., Schneider, M., Miller, S.
D., and Ting, J. P. (2010) NLRP3 plays a critical role in the development of experimental
autoimmune encephalomyelitis by mediating Th1 and Th17 responses. J Immunol 185, 974-981
Inoue, M., Williams, K. L., Gunn, M. D., and Shinohara, M. L. (2012) NLRP3 inflammasome
induces chemotactic immune cell migration to the CNS in experimental autoimmune
encephalomyelitis. Proc Natl Acad Sci U S A 109, 10480-10485

Halle, A., Hornung, V., Petzold, G. C., Stewart, C. R., Monks, B. G., Reinheckel, T., Fitzgerald, K. A.,
Latz, E., Moore, K. J., and Golenbock, D. T. (2008) The NALP3 inflammasome is involved in the
innate immune response to amyloid-beta. Nat Immunol 9, 857-865

Yan, Y., liang, W., Liu, L., Wang, X., Ding, C., Tian, Z., and Zhou, R. (2015) Dopamine controls
systemic inflammation through inhibition of NLRP3 inflammasome. Cell 160, 62-73

Sims, J. E., and Smith, D. E. (2010) The IL-1 family: regulators of immunity. Nature Reviews
Immunology 10, 89-102

Lu, A., Magupalli, V. G., Ruan, J., Yin, Q., Atianand, M. K., Vos, M. R., Schroder, G. F., Fitzgerald,
K. A., Wu, H., and Egelman, E. H. (2014) Unified polymerization mechanism for the assembly of
ASC-dependent inflammasomes. Cell 156, 1193-1206

Van Opdenbosch, N., Gurung, P., Vande Walle, L., Fossoul, A., Kanneganti, T. D., and Lamkanfi,
M. (2014) Activation of the NLRP1b inflammasome independently of ASC-mediated caspase-1
autoproteolysis and speck formation. Nat Commun 5, 3209

Kavathas, P. B., Boeras, C. M., Mulla, M. J., and Abrahams, V. M. (2013) Nod1, but not the ASC
inflammasome, contributes to induction of IL-1beta secretion in human trophoblasts after
sensing of Chlamydia trachomatis. Mucosal Immunol 6, 235-243

Hornung, V., Ablasser, A., Charrel-Dennis, M., Bauernfeind, F., Horvath, G., Caffrey, D. R, Latz,
E., and Fitzgerald, K. A. (2009) AIM2 recognizes cytosolic dsDNA and forms a caspase-1-
activating inflammasome with ASC. Nature 458, 514-518

Connolly, D. J., and Bowie, A. G. (2014) The emerging role of human PYHIN proteins in innate
immunity: implications for health and disease. Biochem Pharmacol 92, 405-414

Khare, S., Ratsimandresy, R. A., de Almeida, L., Cuda, C. M., Rellick, S. L., Misharin, A. V., Wallin,
M. C., Gangopadhyay, A., Forte, E., Gottwein, E., Perlman, H., Reed, J. C., Greaves, D. R,,
Dorfleutner, A., and Stehlik, C. (2014) The PYRIN domain-only protein POP3 inhibits ALR
inflammasomes and regulates responses to infection with DNA viruses. Nat Immunol 15, 343-
353

Rathinam, V. A, Jiang, Z., Waggoner, S. N., Sharma, S., Cole, L. E., Waggoner, L., Vanaja, S. K.,
Monks, B. G., Ganesan, S., Latz, E., Hornung, V., Vogel, S. N., Szomolanyi-Tsuda, E., and
Fitzgerald, K. A. (2010) The AIM2 inflammasome is essential for host defense against cytosolic
bacteria and DNA viruses. Nat Immunol 11, 395-402

Chae, J. J., Cho, Y. H., Lee, G. S., Cheng, J., Liu, P. P., Feigenbaum, L., Katz, S. I., and Kastner, D. L.
(2011) Gain-of-function Pyrin mutations induce NLRP3 protein-independent interleukin-1beta
activation and severe autoinflammation in mice. Immunity 34, 755-768

Masters, S. L., Lagou, V., Jeru, I., Baker, P. )., Van Eyck, L., Parry, D. A., Lawless, D., De Nardo, D.,
Garcia-Perez, J. E., Dagley, L. F., Holley, C. L., Dooley, J., Moghaddas, F., Pasciuto, E., Jeandel, P.
Y., Sciot, R., Lyras, D., Webb, A. I, Nicholson, S. E., De Somer, L., van Nieuwenhove, E., Ruuth-
Praz, J., Copin, B., Cochet, E., Medlej-Hashim, M., Megarbane, A., Schroder, K., Savic, S., Goris,
A., Amselem, S., Wouters, C., and Liston, A. (2016) Familial autoinflammation with neutrophilic
dermatosis reveals a regulatory mechanism of pyrin activation. Sci Trans! Med 8, 332ra345
Manukyan, G., and Aminov, R. (2016) Update on Pyrin Functions and Mechanisms of Familial
Mediterranean Fever. Front Microbiol 7, 456



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Akkaya-Ulum, Y. Z., Balci-Peynircioglu, B., Purali, N., and Yilmaz, E. (2015) Pyrin-PSTPIP1
colocalises at the leading edge during cell migration. Cell Biol Int 39, 1384-1394
Balci-Peynircioglu, B., Waite, A. L., Hu, C., Richards, N., Staubach-Grosse, A., Yilmaz, E., and
Gumucio, D. L. (2008) Pyrin, product of the MEFV locus, interacts with the proapoptotic protein,
Siva. J Cell Physiol 216, 595-602

Jeruy, I, Papin, S., L'Hoste, S., Duquesnoy, P., Cazeneuve, C., Camonis, J., and Amselem, S. (2005)
Interaction of pyrin with 14.3.3 in an isoform-specific and phosphorylation-dependent manner
regulates its translocation to the nucleus. Arthritis Rheum 52, 1848-1857

Kim, M. L., Chae, J. J., Park, Y. H., De Nardo, D., Stirzaker, R. A., Ko, H. J., Tye, H., Cengia, L.,
DiRago, L., Metcalf, D., Roberts, A. W., Kastner, D. L., Lew, A. M., Lyras, D., Kile, B. T., Croker, B.
A., and Masters, S. L. (2015) Aberrant actin depolymerization triggers the pyrin inflammasome
and autoinflammatory disease that is dependent on IL-18, not IL-1beta. J Exp Med 212, 927-938
Xu, H., Yang, J., Gao, W.,, Li, L., Li, P., Zhang, L., Gong, Y. N., Peng, X., Xi, J. J., Chen, S., Wang, F.,
and Shao, F. (2014) Innate immune sensing of bacterial modifications of Rho GTPases by the
Pyrin inflammasome. Nature 513, 237-241

Park, Y. H., Wood, G., Kastner, D. L., and Chae, J. J. (2016) Pyrin inflammasome activation and
RhoA signaling in the autoinflammatory diseases FMF and HIDS. Nat Immunol 17, 914-921
Akula, M. K., Shi, M., Jiang, Z., Foster, C. E., Miao, D., Li, A. S., Zhang, X., Gavin, R. M., Forde, S.
D., Germain, G., Carpenter, S., Rosadini, C. V., Gritsman, K., Chae, J. J., Hampton, R., Silverman,
N., Gravallese, E. M., Kagan, J. C., Fitzgerald, K. A., Kastner, D. L., Golenbock, D. T., Bergo, M. O.,
and Wang, D. (2016) Control of the innate immune response by the mevalonate pathway. Nat
Immunol 17, 922-929

Zhao, Y., Yang, J., Shi, J., Gong, Y. N., Lu, Q., Xu, H., Liu, L., and Shao, F. (2011) The NLRC4
inflammasome receptors for bacterial flagellin and type Il secretion apparatus. Nature 477, 596-
600

Tenthorey, J. L., Kofoed, E. M., Daugherty, M. D., Malik, H. S., and Vance, R. E. (2014) Molecular
basis for specific recognition of bacterial ligands by NAIP/NLRC4 inflammasomes. Mol Cell 54,
17-29

Latz, E., Xiao, T. S., and Stutz, A. (2013) Activation and regulation of the inflammasomes. Nat Rev
Immunol 13, 397-411

Saitoh, T., Fujita, N., Jang, M. H., Uematsu, S., Yang, B. G., Satoh, T., Omori, H., Noda, T.,
Yamamoto, N., Komatsu, M., Tanaka, K., Kawai, T., Tsujimura, T., Takeuchi, O., Yoshimori, T., and
Akira, S. (2008) Loss of the autophagy protein Atgl6L1 enhances endotoxin-induced IL-1beta
production. Nature 456, 264-268

Harris, J., Hartman, M., Roche, C., Zeng, S. G., O'Shea, A., Sharp, F. A., Lambe, E. M., Creagh, E.
M., Golenbock, D. T., Tschopp, J., Kornfeld, H., Fitzgerald, K. A., and Lavelle, E. C. (2011)
Autophagy controls IL-1beta secretion by targeting pro-IL-1beta for degradation. J Biol Chem
286, 9587-9597

Shi, C. S., Shenderov, K., Huang, N. N., Kabat, J., Abu-Asab, M., Fitzgerald, K. A., Sher, A., and
Kehrl, J. H. (2012) Activation of autophagy by inflammatory signals limits IL-1beta production by
targeting ubiquitinated inflammasomes for destruction. Nat Immunol 13, 255-263

Zhou, R., Yazdi, A. S., Menu, P., and Tschopp, J. (2011) A role for mitochondria in NLRP3
inflammasome activation. Nature 469, 221-225

Orlowski, G. M., Colbert, J. D., Sharma, S., Bogyo, M., Robertson, S. A., and Rock, K. L. (2015)
Multiple Cathepsins Promote Pro-IL-1beta Synthesis and NLRP3-Mediated IL-1beta Activation. J
Immunol 195, 1685-1697



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Cartledge, D. M., Colella, R., Glazewski, L., Lu, G., and Mason, R. W. (2013) Inhibitors of
cathepsins B and L induce autophagy and cell death in neuroblastoma cells. Invest New Drugs
31, 20-29

Tatti, M., Motta, M., Di Bartolomeo, S., Scarpa, S., Cianfanelli, V., Cecconi, F., and Salvioli, R.
(2012) Reduced cathepsins B and D cause impaired autophagic degradation that can be almost
completely restored by overexpression of these two proteases in Sap C-deficient fibroblasts.
Hum Mol Genet 21, 5159-5173

Schmid-Burgk, J. L., Chauhan, D., Schmidt, T., Ebert, T. S., Reinhardt, J., Endl, E., and Hornung, V.
(2016) A Genome-wide CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)
Screen Identifies NEK7 as an Essential Component of NLRP3 Inflammasome Activation. J Biol
Chem 291, 103-109

He, Y., Zeng, M. Y., Yang, D., Motro, B., and Nunez, G. (2016) NEK7 is an essential mediator of
NLRP3 activation downstream of potassium efflux. Nature 530, 354-357

Shi, H., Wang, Y., Li, X., Zhan, X., Tang, M., Fina, M., Su, L., Pratt, D., Bu, C. H., Hildebrand, S.,
Lyon, S., Scott, L., Quan, J., Sun, Q., Russell, J., Arnett, S., Jurek, P., Chen, D., Kravchenko, V. V.,
Mathison, J. C., Moresco, E. M., Monson, N. L., Ulevitch, R. J., and Beutler, B. (2016) NLRP3
activation and mitosis are mutually exclusive events coordinated by NEK7, a new inflammasome
component. Nat Immunol 17, 250-258

Kayagaki, N., Stowe, I. B., Lee, B. L., O'Rourke, K., Anderson, K., Warming, S., Cuellar, T., Haley,
B., Roose-Girma, M., Phung, Q. T., Liu, P. S, Lill, J. R., Li, H., Wu, J., Kummerfeld, S., Zhang, J.,
Lee, W. P, Snipas, S. J., Salvesen, G. S., Morris, L. X., Fitzgerald, L., Zhang, Y., Bertram, E. M.,
Goodnow, C. C., and Dixit, V. M. (2015) Caspase-11 cleaves gasdermin D for non-canonical
inflammasome signalling. Nature 526, 666-671

Ruhl, S., and Broz, P. (2015) Caspase-11 activates a canonical NLRP3 inflammasome by
promoting K(+) efflux. Eur J Immunol 45, 2927-2936

Ding, J., Wang, K., Liu, W., She, Y., Sun, Q., Shi, J., Sun, H., Wang, D. C., and Shao, F. (2016) Pore-
forming activity and structural autoinhibition of the gasdermin family. Nature 535, 111-116
Liu, X., Zhang, Z., Ruan, J., Pan, Y., Magupalli, V. G., Wu, H., and Lieberman, J. (2016)
Inflammasome-activated gasdermin D causes pyroptosis by forming membrane pores. Nature
535, 153-158

Aglietti, R. A., Estevez, A., Gupta, A., Ramirez, M. G,, Liu, P. S., Kayagaki, N., Ciferri, C., Dixit, V.
M., and Dueber, E. C. (2016) GsdmD p30 elicited by caspase-11 during pyroptosis forms pores in
membranes. Proc Nat!/ Acad Sci U S A 113, 7858-7863

Sborgi, L., Ruhl, S., Mulvihill, E., Pipercevic, J., Heilig, R., Stahlberg, H., Farady, C. J., Muller, D. J.,
Broz, P., and Hiller, S. (2016) GSDMD membrane pore formation constitutes the mechanism of
pyroptotic cell death. EMBO J 35, 1766-1778

Rathinam, V. A,, Vanaja, S. K., Waggoner, L., Sokolovska, A., Becker, C., Stuart, L. M., Leong, J.
M., and Fitzgerald, K. A. (2012) TRIF licenses caspase-11-dependent NLRP3 inflammasome
activation by gram-negative bacteria. Cell 150, 606-619

Meunier, E., and Broz, P. (2015) Interferon-induced guanylate-binding proteins promote
cytosolic lipopolysaccharide detection by caspase-11. DNA Cell Biol 34, 1-5

Pilla, D. M., Hagar, J. A., Haldar, A. K., Mason, A. K., Degrandi, D., Pfeffer, K., Ernst, R. K.,
Yamamoto, M., Miao, E. A., and Coers, J. (2014) Guanylate binding proteins promote caspase-
11-dependent pyroptosis in response to cytoplasmic LPS. Proc Natl Acad Sci U S A 111, 6046-
6051

Kim, B. H., Shenoy, A. R., Kumar, P., Das, R., Tiwari, S., and MacMicking, J. D. (2011) A family of
IFN-gamma-inducible 65-kD GTPases protects against bacterial infection. Science 332, 717-721



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Yamamoto, M., Okuyama, M., Ma, J. S., Kimura, T., Kamiyama, N., Saiga, H., Ohshima, J., Sasai,
M., Kayama, H., Okamoto, T., Huang, D. C., Soldati-Favre, D., Horie, K., Takeda, J., and Takeda, K.
(2012) A cluster of interferon-gamma-inducible p65 GTPases plays a critical role in host defense
against Toxoplasma gondii. Immunity 37, 302-313

Meunier, E., Dick, M. S., Dreier, R. F., Schurmann, N., Kenzelmann Broz, D., Warming, S., Roose-
Girma, M., Bumann, D., Kayagaki, N., Takeda, K., Yamamoto, M., and Broz, P. (2014) Caspase-11
activation requires lysis of pathogen-containing vacuoles by IFN-induced GTPases. Nature 509,
366-370

Aachoui, Y., Kajiwara, Y., Leaf, I. A,, Mao, D., Ting, J. P., Coers, J., Aderem, A., Buxbaum, J. D., and
Miao, E. A. (2015) Canonical Inflammasomes Drive IFN-gamma to Prime Caspase-11 in Defense
against a Cytosol-Invasive Bacterium. Cell Host Microbe 18, 320-332

Aachoui, Y., Leaf, I. A,, Hagar, J. A., Fontana, M. F., Campos, C. G., Zak, D. E., Tan, M. H., Cotter, P.
A., Vance, R. E., Aderem, A., and Miao, E. A. (2013) Caspase-11 protects against bacteria that
escape the vacuole. Science 339, 975-978

Akhter, A., Caution, K., Abu Khweek, A., Tazi, M., Abdulrahman, B. A., Abdelaziz, D. H., Voss, O.
H., Doseff, A. I., Hassan, H., Azad, A. K., Schlesinger, L. S., Wewers, M. D., Gavrilin, M. A,, and
Amer, A. 0. (2012) Caspase-11 promotes the fusion of phagosomes harboring pathogenic
bacteria with lysosomes by modulating actin polymerization. Immunity 37, 35-47

Hagar, J. A., Powell, D. A., Aachoui, Y., Ernst, R. K., and Miao, E. A. (2013) Cytoplasmic LPS
activates caspase-11: implications in TLR4-independent endotoxic shock. Science 341, 1250-
1253

Tuncer, S., Fiorillo, M. T., and Sorrentino, R. (2014) The multifaceted nature of NLRP12. J Leukoc
Biol 96, 991-1000

Chen, G. Y. (2014) Role of NIrp6 and Nirp12 in the maintenance of intestinal homeostasis. Eur J
Immunol 44, 321-327

Vladimer, G. |., Weng, D., Paquette, S. W., Vanaja, S. K., Rathinam, V. A., Aune, M. H., Conlon, J.
E., Burbage, J. J., Proulx, M. K., Liu, Q., Reed, G., Mecsas, J. C., lwakura, Y., Bertin, J., Goguen, J.
D., Fitzgerald, K. A., and Lien, E. (2012) The NLRP12 inflammasome recognizes Yersinia pestis.
Immunity 37, 96-107

Anand, P. K., Malireddi, R. K., Lukens, J. R., Vogel, P., Bertin, J., Lamkanfi, M., and Kanneganti, T.
D. (2012) NLRP6 negatively regulates innate immunity and host defence against bacterial
pathogens. Nature 488, 389-393

Wilodarska, M., Thaiss, C. A., Nowarski, R., Henao-Mejia, J., Zhang, J. P., Brown, E. M., Frankel,
G., Levy, M., Katz, M. N., Philbrick, W. M., Elinav, E., Finlay, B. B., and Flavell, R. A. (2014) NLRP6
inflammasome orchestrates the colonic host-microbial interface by regulating goblet cell mucus
secretion. Cell 156, 1045-1059

Ydens, E., Demon, D., Lornet, G., De Winter, V., Timmerman, V., Lamkanfi, M., and Janssens, S.
(2015) NIrp6 promotes recovery after peripheral nerve injury independently of inflammasomes.
J Neuroinflammation 12, 143

Wang, P., Zhu, S., Yang, L., Cui, S., Pan, W., Jackson, R., Zheng, Y., Rongvaux, A., Sun, Q., Yang, G.,
Gao, S., Lin, R,, You, F., Flavell, R., and Fikrig, E. (2015) Nlrp6 regulates intestinal antiviral innate
immunity. Science 350, 826-830

Cai, S., Batra, S., Del Piero, F., and Jeyaseelan, S. (2016) NLRP12 modulates host defense through
IL-17A-CXCL1 axis. Mucosal Immunol 9, 503-514

Ataide, M. A,, Andrade, W. A., Zamboni, D. S., Wang, D., Souza Mdo, C., Franklin, B. S, Elian, S.,
Martins, F. S., Pereira, D., Reed, G., Fitzgerald, K. A., Golenbock, D. T., and Gazzinelli, R. T. (2014)
Malaria-induced NLRP12/NLRP3-dependent caspase-1 activation mediates inflammation and
hypersensitivity to bacterial superinfection. PLoS Pathog 10, e1003885



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Zambetti, L. P., and Mortellaro, A. (2014) NLRPs, microbiota, and gut homeostasis: unravelling
the connection. J Pathol 233, 321-330

Gharagozloo, M., Mahvelati, T. M., Imbeault, E., Gris, P., Zerif, E., Bobbala, D., langumaran, S.,
Amrani, A., and Gris, D. (2015) The nod-like receptor, Nlrp12, plays an anti-inflammatory role in
experimental autoimmune encephalomyelitis. J Neuroinflammation 12, 198

Lukens, J. R., Gurung, P., Shaw, P. J.,, Barr, M. J., Zaki, M. H., Brown, S. A., Vogel, P., Chi, H., and
Kanneganti, T. D. (2015) The NLRP12 Sensor Negatively Regulates Autoinflammatory Disease by
Modulating Interleukin-4 Production in T Cells. Immunity 42, 654-664

Kono, H., Orlowski, G. M., Patel, Z., and Rock, K. L. (2012) The IL-1-dependent sterile
inflammatory response has a substantial caspase-1-independent component that requires
cathepsin C.J Immunol 189, 3734-3740

Provoost, S., Maes, T., Pauwels, N. S., Vanden Berghe, T., Vandenabeele, P., Lambrecht, B. N.,
Joos, G. F., and Tournoy, K. G. (2011) NLRP3/caspase-1-independent IL-1beta production
mediates diesel exhaust particle-induced pulmonary inflammation. J Immunol 187, 3331-3337
Mayer-Barber, K. D., Barber, D. L., Shenderov, K., White, S. D., Wilson, M. S., Cheever, A., Kugler,
D., Hieny, S., Caspar, P., Nunez, G., Schlueter, D., Flavell, R. A., Sutterwala, F. S., and Sher, A.
(2010) Caspase-1 independent IL-1beta production is critical for host resistance to
mycobacterium tuberculosis and does not require TLR signaling in vivo. J Immunol 184, 3326-
3330

Guma, M., Ronacher, L., Liu-Bryan, R., Takai, S., Karin, M., and Corr, M. (2009) Caspase 1-
independent activation of interleukin-1beta in neutrophil-predominant inflammation. Arthritis
Rheum 60, 3642-3650

Ratner, D., Orning, M. P., Starheim, K. K., Marty-Roix, R., Proulx, M. K., Goguen, J. D., and Lien, E.
(2016) Manipulation of IL-1beta and IL-18 production by Yersinia pestis effectors Yopl and YopM
and redundant impact on virulence. J Biol Chem

Philip, N. H., Dillon, C. P., Snyder, A. G., Fitzgerald, P., Wynosky-Dolfi, M. A., Zwack, E. E., Hu, B.,
Fitzgerald, L., Mauldin, E. A., Copenhaver, A. M., Shin, S., Wei, L., Parker, M., Zhang, J., Oberst,
A., Green, D. R,, and Brodsky, I. E. (2014) Caspase-8 mediates caspase-1 processing and innate
immune defense in response to bacterial blockade of NF-kappaB and MAPK signaling. Proc Nat/
Acad Sci U S A 111, 7385-7390

Weng, D., Marty-Roix, R., Ganesan, S., Proulx, M. K., Vladimer, G. I., Kaiser, W. J., Mocarski, E. S.,
Pouliot, K., Chan, F. K., Kelliher, M. A., Harris, P. A., Bertin, J., Gough, P. J., Shayakhmetov, D. M.,
Goguen, J. D,, Fitzgerald, K. A., Silverman, N., and Lien, E. (2014) Caspase-8 and RIP kinases
regulate bacteria-induced innate immune responses and cell death. Proc Natl Acad Sci U S A
111, 7391-7396

Ganesan, S., Rathinam, V. A,, Bossaller, L., Army, K., Kaiser, W. J., Mocarski, E. S., Dillon, C. P.,
Green, D. R., Mayadas, T. N, Levitz, S. M., Hise, A. G., Silverman, N., and Fitzgerald, K. A. (2014)
Caspase-8 modulates dectin-1 and complement receptor 3-driven IL-1beta production in
response to beta-glucans and the fungal pathogen, Candida albicans. J Immunol 193, 2519-2530
Antonopoulos, C., El Sanadi, C., Kaiser, W. J., Mocarski, E. S., and Dubyak, G. R. (2013)
Proapoptotic chemotherapeutic drugs induce noncanonical processing and release of IL-1beta
via caspase-8 in dendritic cells. J Immunol 191, 4789-4803

Deng, Q., Wang, Y., Zhang, Y., Li, M., Li, D., Huang, X., Wu, Y., Pu, J., and Wu, M. (2015)
Pseudomonas aeruginosa Triggers Macrophage Autophagy To Escape Intracellular Killing by
Activation of the NLRP3 Inflammasome. Infect Inmun 84, 56-66

Yu, J. W.,, Farias, A., Hwang, |., Fernandes-Alnemri, T., and Alnemri, E. S. (2013) Ribotoxic stress
through p38 mitogen-activated protein kinase activates in vitro the human pyrin inflammasome.
J Biol Chem 288, 11378-11383



97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Gavrilin, M. A., Mitra, S., Seshadri, S., Nateri, J., Berhe, F., Hall, M. W., and Wewers, M. D. (2009)
Pyrin critical to macrophage IL-1beta response to Francisella challenge. J Immunol 182, 7982-
7989

Zamoshnikova, A., Gross, C. J., Schuster, S., Chen, K. W., Wilson, A., Tacchini-Cottier, F., and
Schroder, K. (2016) NLRP12 is a neutrophil-specific, negative regulator of in vitro cell migration
but does not modulate LPS- or infection-induced NF-kappaB or ERK signalling. Immunobiology
221, 341-346

Boyden, E. D., and Dietrich, W. F. (2006) Nalp1b controls mouse macrophage susceptibility to
anthrax lethal toxin. Nat Genet 38, 240-244

Costa, T. R., Felisberto-Rodrigues, C., Meir, A., Prevost, M. S., Redzej, A., Trokter, M., and
Waksman, G. (2015) Secretion systems in Gram-negative bacteria: structural and mechanistic
insights. Nat Rev Microbiol 13, 343-359

Holzer, S. U., and Hensel, M. (2010) Functional dissection of translocon proteins of the
Salmonella pathogenicity island 2-encoded type Il secretion system. BMC Microbiol 10, 104
Yang, J., Zhao, Y., Shi, J., and Shao, F. (2013) Human NAIP and mouse NAIP1 recognize bacterial
type lll secretion needle protein for inflammasome activation. Proc Natl Acad Sci U S A 110,
14408-14413

Sato, H., and Frank, D. W. (2011) Multi-Functional Characteristics of the Pseudomonas
aeruginosa Type Il Needle-Tip Protein, PcrV; Comparison to Orthologs in other Gram-negative
Bacteria. Front Microbiol 2, 142

Majowicz, S. E., Musto, J., Scallan, E., Angulo, F. J., Kirk, M., O'Brien, S. J., Jones, T. F., Fazil, A,,
and Hoekstra, R. M. (2010) The global burden of nontyphoidal Salmonella gastroenteritis. Clin
Infect Dis 50, 882-889

McGhie, E. J., Brawn, L. C., Hume, P. J., Humphreys, D., and Koronakis, V. (2009) Salmonella
takes control: effector-driven manipulation of the host. Curr Opin Microbiol 12, 117-124

Ao, T. T, Feasey, N. A, Gordon, M. A,, Keddy, K. H., Angulo, F. J., and Crump, J. A. (2015) Global
burden of invasive nontyphoidal Salmonella disease, 2010(1). Emerg Infect Dis 21

Mogasale, V., Maskery, B., Ochiai, R. L., Lee, J. S., Mogasale, V. V., Ramani, E., Kim, Y. E., Park, J.
K., and Wierzba, T. F. (2014) Burden of typhoid fever in low-income and middle-income
countries: a systematic, literature-based update with risk-factor adjustment. Lancet Glob Health
2, e570-580

Murray, C. J. et al (2015) Global, regional, and national disability-adjusted life years (DALYs) for
306 diseases and injuries and healthy life expectancy (HALE) for 188 countries, 1990-2013:
guantifying the epidemiological transition. Lancet 386, 2145-2191

Groisman, E. A., and Ochman, H. (1997) How Salmonella became a pathogen. Trends Microbiol
5, 343-349

Galan, J. E. (2001) Salmonella interactions with host cells: type Il secretion at work. Annu Rev
Cell Dev Biol 17, 53-86

Figueira, R., and Holden, D. W. (2012) Functions of the Salmonella pathogenicity island 2 (SPI-2)
type Il secretion system effectors. Microbiology 158, 1147-1161

Galan, J. E. (1996) Molecular genetic bases of Salmonella entry into host cells. Mol Microbiol 20,
263-271

Hensel, M., Shea, J. E., Baumler, A. J.,, Gleeson, C., Blattner, F., and Holden, D. W. (1997) Analysis
of the boundaries of Salmonella pathogenicity island 2 and the corresponding chromosomal
region of Escherichia coli K-12. J Bacteriol 179, 1105-1111

Ochman, H., and Groisman, E. A. (1996) Distribution of pathogenicity islands in Salmonella spp.
Infect Immun 64, 5410-5412



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.
133.

Ellermeier, J. R., and Slauch, J. M. (2007) Adaptation to the host environment: regulation of the
SPI1 type lll secretion system in Salmonella enterica serovar Typhimurium. Curr Opin Microbiol
10, 24-29

Kimbrough, T. G., and Miller, S. I. (2002) Assembly of the type Il secretion needle complex of
Salmonella typhimurium. Microbes Infect 4, 75-82

Mariathasan, S., Newton, K., Monack, D. M., Vucic, D., French, D. M., Lee, W. P., Roose-Girma,
M., Erickson, S., and Dixit, V. M. (2004) Differential activation of the inflammasome by caspase-1
adaptors ASC and Ipaf. Nature 430, 213-218

Broz, P., Newton, K., Lamkanfi, M., Mariathasan, S., Dixit, V. M., and Monack, D. M. (2010)
Redundant roles for inflammasome receptors NLRP3 and NLRC4 in host defense against
Salmonella. J Exp Med 207, 1745-1755

Kofoed, E. M., and Vance, R. E. (2011) Innate immune recognition of bacterial ligands by NAIPs
determines inflammasome specificity. Nature 477, 592-595

Rayamajhi, M., Zak, D. E., Chavarria-Smith, J., Vance, R. E., and Miao, E. A. (2013) Cutting edge:
Mouse NAIP1 detects the type Ill secretion system needle protein. J Immunol 191, 3986-3989
Rauch, I., Tenthorey, J. L., Nichols, R. D., Al Moussawi, K., Kang, J. J., Kang, C., Kazmierczak, B. I.,
and Vance, R. E. (2016) NAIP proteins are required for cytosolic detection of specific bacterial
ligands in vivo. J Exp Med

Zhao, Y., Shi, J., Shi, X., Wang, Y., Wang, F., and Shao, F. (2016) Genetic functions of the NAIP
family of inflammasome receptors for bacterial ligands in mice. J Exp Med 213, 647-656

Vinzing, M., Eitel, J., Lippmann, J., Hocke, A. C., Zahlten, J., Slevogt, H., N'Guessan P, D., Gunther,
S., Schmeck, B., Hippenstiel, S., Flieger, A., Suttorp, N., and Opitz, B. (2008) NAIP and Ipaf control
Legionella pneumophila replication in human cells. J Immunol 180, 6808-6815

Broz, P., Ruby, T., Belhocine, K., Bouley, D. M., Kayagaki, N., Dixit, V. M., and Monack, D. M.
(2012) Caspase-11 increases susceptibility to Salmonella infection in the absence of caspase-1.
Nature 490, 288-291

Kayagaki, N., Wong, M. T., Stowe, |. B., Ramani, S. R., Gonzalez, L. C., Akashi-Takamura, S.,
Miyake, K., Zhang, J., Lee, W. P., Muszynski, A., Forsberg, L. S., Carlson, R. W., and Dixit, V. M.
(2013) Noncanonical inflammasome activation by intracellular LPS independent of TLR4. Science
341, 1246-1249

Shi, J., Zhao, Y., Wang, Y., Gao, W., Ding, J., Li, P., Hu, L., and Shao, F. (2014) Inflammatory
caspases are innate immune receptors for intracellular LPS. Nature 514, 187-192

Shi, J., Zhao, Y., Wang, K., Shi, X., Wang, Y., Huang, H., Zhuang, Y., Cai, T., Wang, F., and Shao, F.
(2015) Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death. Nature
526, 660-665

Zhao, W., Moest, T., Zhao, Y., Guilhon, A. A., Buffat, C., Gorvel, J. P., and Meresse, S. (2015) The
Salmonella effector protein SifA plays a dual role in virulence. Sci Rep 5, 12979

Butler, T. (2013) Plague gives surprises in the first decade of the 21st century in the United
States and worldwide. Am J Trop Med Hyg 89, 788-793

Cornelis, G. R., Boland, A., Boyd, A. P., Geuijen, C., Iriarte, M., Neyt, C., Sory, M. P., and Stainier,
I. (1998) The virulence plasmid of Yersinia, an antihost genome. Microbiol Mol Biol Rev 62, 1315-
1352

Auerbuch, V., Golenbock, D. T., and Isberg, R. R. (2009) Innate immune recognition of Yersinia
pseudotuberculosis type Il secretion. PLoS Pathog 5, e1000686

Cornelis, G. R. (2002) The Yersinia Ysc-Yop virulence apparatus. Int J Med Microbiol 291, 455-462
Gemski, P., Lazere, J. R., Casey, T., and Wohlhieter, J. A. (1980) Presence of a virulence-
associated plasmid in Yersinia pseudotuberculosis. Infect Immun 28, 1044-1047



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Gemski, P., Lazere, J. R., and Casey, T. (1980) Plasmid associated with pathogenicity and calcium
dependency of Yersinia enterocolitica. Infect Immun 27, 682-685

Skrzypek, E., and Straley, S. C. (1995) Differential effects of deletions in IcrV on secretion of V
antigen, regulation of the low-Ca2+ response, and virulence of Yersinia pestis. J Bacteriol 177,
2530-2542

Balada-Llasat, J. M., and Mecsas, J. (2006) Yersinia has a tropism for B and T cell zones of lymph
nodes that is independent of the type Il secretion system. PLoS Pathog 2, e86

Montminy, S. W., Khan, N., McGrath, S., Walkowicz, M. J., Sharp, F., Conlon, J. E., Fukase, K.,
Kusumoto, S., Sweet, C., Miyake, K., Akira, S., Cotter, R. J., Goguen, J. D., and Lien, E. (2006)
Virulence factors of Yersinia pestis are overcome by a strong lipopolysaccharide response. Nat
Immunol 7, 1066-1073

Brodsky, I. E., Palm, N. W., Sadanand, S., Ryndak, M. B., Sutterwala, F. S., Flavell, R. A., Bliska, J.
B., and Medzhitov, R. (2010) A Yersinia effector protein promotes virulence by preventing
inflammasome recognition of the type Il secretion system. Cell Host Microbe 7, 376-387
Zwack, E. E., Snyder, A. G., Wynosky-Dolfi, M. A., Ruthel, G., Philip, N. H., Marketon, M. M.,
Francis, M. S., Bliska, J. B., and Brodsky, I. E. (2015) Inflammasome activation in response to the
Yersinia type Il secretion system requires hyperinjection of translocon proteins YopB and YopD.
MBio 6, €02095-02014

Kwuan, L., Adams, W., and Auerbuch, V. (2013) Impact of host membrane pore formation by the
Yersinia pseudotuberculosis type Il secretion system on the macrophage innate immune
response. Infect Immun 81, 905-914

Jessen, D. L., Osei-Owusu, P., Toosky, M., Roughead, W., Bradley, D. S., and Nilles, M. L. (2014)
Type lll secretion needle proteins induce cell signaling and cytokine secretion via Toll-like
receptors. Infect Immun 82, 2300-2309

Viboud, G. I., and Bliska, J. B. (2001) A bacterial type Il secretion system inhibits actin
polymerization to prevent pore formation in host cell membranes. EMBO J 20, 5373-5382
Dewoody, R., Merritt, P. M., and Marketon, M. M. (2013) YopK controls both rate and fidelity of
Yop translocation. Mol Microbiol 87, 301-317

Sheahan, K. L., and Isberg, R. R. (2015) Identification of mammalian proteins that collaborate
with type Il secretion system function: involvement of a chemokine receptor in supporting
translocon activity. MBio 6, €02023-02014

Basak, C., Pathak, S. K., Bhattacharyya, A., Mandal, D., Pathak, S., and Kundu, M. (2005) NF-
kappaB- and C/EBPbeta-driven interleukin-1beta gene expression and PAK1-mediated caspase-1
activation play essential roles in interleukin-1beta release from Helicobacter pylori
lipopolysaccharide-stimulated macrophages. J Biol Chem 280, 4279-4288

Aktories, K. (2011) Bacterial protein toxins that modify host regulatory GTPases. Nat Rev
Microbiol 9, 487-498

Viboud, G. I., and Bliska, J. B. (2005) Yersinia outer proteins: role in modulation of host cell
signaling responses and pathogenesis. Annu Rev Microbiol 59, 69-89

Wang, X., Parashar, K., Sitaram, A., and Bliska, J. B. (2014) The GAP activity of type Il effector
YopE triggers killing of Yersinia in macrophages. PLoS Pathog 10, e1004346

Thinwa, J., Segovia, J. A., Bose, S., and Dube, P. H. (2014) Integrin-mediated first signal for
inflammasome activation in intestinal epithelial cells. J Immunol 193, 1373-1382

LaRock, C. N., and Cookson, B. T. (2012) The Yersinia virulence effector YopM binds caspase-1 to
arrest inflammasome assembly and processing. Cell Host Microbe 12, 799-805

Chung, L. K., Philip, N. H., Schmidt, V. A,, Koller, A., Strowig, T., Flavell, R. A., Brodsky, I. E., and
Bliska, J. B. (2014) IQGAP1 is important for activation of caspase-1 in macrophages and is
targeted by Yersinia pestis type Ill effector YopM. MBio 5, e01402-01414



152.

153.

154.
155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Hentschke, M., Berneking, L., Belmar Campos, C., Buck, F., Ruckdeschel, K., and Aepfelbacher,
M. (2010) Yersinia virulence factor YopM induces sustained RSK activation by interfering with
dephosphorylation. PLoS One 5

McPhee, J. B., Mena, P., and Bliska, J. B. (2010) Delineation of regions of the Yersinia YopM
protein required for interaction with the RSK1 and PRK2 host kinases and their requirement for
interleukin-10 production and virulence. Infect Immun 78, 3529-3539

Orth, K. (2002) Function of the Yersinia effector Yopl. Curr Opin Microbiol 5, 38-43

Spinner, J. L., Hasenkrug, A. M., Shannon, J. G., Kobayashi, S. D., and Hinnebusch, B. J. (2016)
Role of the Yersinia YopJ protein in suppressing interleukin-8 secretion by human
polymorphonuclear leukocytes. Microbes Infect 18, 21-29

Lilo, S., Zheng, Y., and Bliska, J. B. (2008) Caspase-1 activation in macrophages infected with
Yersinia pestis KIM requires the type Il secretion system effector Yopl. Infect Immun 76, 3911-
3923

Zhou, L., Tan, A., and Hershenson, M. B. (2004) Yersinia YopJ inhibits pro-inflammatory molecule
expression in human bronchial epithelial cells. Respir Physiol Neurobiol 140, 89-97

Mittal, R., Peak-Chew, S. Y., and McMahon, H. T. (2006) Acetylation of MEK2 and | kappa B
kinase (IKK) activation loop residues by YoplJ inhibits signaling. Proc Natl Acad Sci U S A 103,
18574-18579

Mukherjee, S., and Orth, K. (2008) In vitro signaling by MAPK and NFkappaB pathways inhibited
by Yersinia Yopl). Methods Enzymol 438, 343-353

Paquette, N., Conlon, J., Sweet, C., Rus, F., Wilson, L., Pereira, A., Rosadini, C. V., Goutagny, N.,
Weber, A. N., Lane, W. S., Shaffer, S. A., Maniatis, S., Fitzgerald, K. A., Stuart, L., and Silverman,
N. (2012) Serine/threonine acetylation of TGFbeta-activated kinase (TAK1) by Yersinia pestis
YopJ inhibits innate immune signaling. Proc Nat/ Acad Sci U S A 109, 12710-12715

Meinzer, U., Barreau, F., Esmiol-Welterlin, S., Jung, C., Villard, C., Leger, T., Ben-Mkaddem, S.,
Berrebi, D., Dussaillant, M., Alnabhani, Z., Roy, M., Bonacorsi, S., Wolf-Watz, H., Perroy, J.,
Ollendorff, V., and Hugot, J. P. (2012) Yersinia pseudotuberculosis effector YopJ subverts the
Nod2/RICK/TAK1 pathway and activates caspase-1 to induce intestinal barrier dysfunction. Cell
Host Microbe 11, 337-351

Zhou, H., Monack, D. M., Kayagaki, N., Wertz, 1., Yin, J., Wolf, B., and Dixit, V. M. (2005) Yersinia
virulence factor YopJ acts as a deubiquitinase to inhibit NF-kappa B activation. J Exp Med 202,
1327-1332

Pruneda, J. N., Durkin, C. H., Geurink, P. P., Ovaa, H., Santhanam, B., Holden, D. W., and
Komander, D. (2016) The Molecular Basis for Ubiquitin and Ubiquitin-like Specificities in
Bacterial Effector Proteases. Mol Cell 63, 261-276

Zheng, Y., Lilo, S., Brodsky, I. E., Zhang, Y., Medzhitov, R., Marcu, K. B., and Bliska, J. B. (2011) A
Yersinia effector with enhanced inhibitory activity on the NF-kappaB pathway activates the
NLRP3/ASC/caspase-1 inflammasome in macrophages. PLoS Pathog 7, e1002026

Zauberman, A., Tidhar, A., Levy, Y., Bar-Haim, E., Halperin, G., Flashner, Y., Cohen, S.,
Shafferman, A., and Mamroud, E. (2009) Yersinia pestis endowed with increased cytotoxicity is
avirulent in a bubonic plague model and induces rapid protection against pneumonic plague.
PLoS One 4, e5938

Hsu, L. C., Enzler, T., Seita, J., Timmer, A. M., Lee, C. Y., Lai, T. Y., Yu, G. Y., Lai, L. C., Temkin, V.,
Sinzig, U., Aung, T., Nizet, V., Weissman, I. L., and Karin, M. (2011) IL-1beta-driven neutrophilia
preserves antibacterial defense in the absence of the kinase IKKbeta. Nat Immunol 12, 144-150
Greten, F. R,, Arkan, M. C,, Bollrath, J., Hsu, L. C., Goode, J., Miething, C., Goktuna, S. I.,
Neuenhahn, M., Fierer, J., Paxian, S., Van Rooijen, N., Xu, Y., O'Cain, T., Jaffee, B. B., Busch, D. H.,
Duyster, J., Schmid, R. M., Eckmann, L., and Karin, M. (2007) NF-kappaB is a negative regulator



168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

of IL-1beta secretion as revealed by genetic and pharmacological inhibition of IKKbeta. Cell 130,
918-931

Tilstra, J. S., Gaddy, D. F., Zhao, J., Dave, S. H., Niedernhofer, L. J., Plevy, S. E., and Robbins, P. D.
(2014) Pharmacologic IKK/NF-kappaB inhibition causes antigen presenting cells to undergo
TNFalpha dependent ROS-mediated programmed cell death. Sci Rep 4, 3631

West, T. E., Myers, N. D., Chantratita, N., Chierakul, W., Limmathurotsakul, D., Wuthiekanun, V.,
Miao, E. A., Hajjar, A. M., Peacock, S. J., Liggitt, H. D., and Skerrett, S. J. (2014) NLRC4 and TLR5
each contribute to host defense in respiratory melioidosis. PLoS Negl Trop Dis 8, e3178
Rosales-Reyes, R., Aubert, D. F., Tolman, J. S., Amer, A. O., and Valvano, M. A. (2012)
Burkholderia cenocepacia type VI secretion system mediates escape of type Il secreted proteins
into the cytoplasm of infected macrophages. PLoS One 7, e41726

Bast, A., Krause, K., Schmidt, I. H., Pudla, M., Brakopp, S., Hopf, V., Breitbach, K., and Steinmetz,
I. (2014) Caspase-1-dependent and -independent cell death pathways in Burkholderia
pseudomallei infection of macrophages. PLoS Pathog 10, e1003986

Sahoo, M., Del Barrio, L., Miller, M. A., and Re, F. (2014) Neutrophil elastase causes tissue
damage that decreases host tolerance to lung infection with burkholderia species. PLoS Pathog
10, e1004327

Gavrilin, M. A., Abdelaziz, D. H., Mostafa, M., Abdulrahman, B. A., Grandhi, J., Akhter, A., Abu
Khweek, A., Aubert, D. F., Valvano, M. A., Wewers, M. D., and Amer, A. O. (2012) Activation of
the pyrin inflammasome by intracellular Burkholderia cenocepacia. J Immunol 188, 3469-3477
Aubert, D. F., Hu, S., and Valvano, M. A. (2015) Quantification of type VI secretion system
activity in macrophages infected with Burkholderia cenocepacia. Microbiology 161, 2161-2173
Rosales-Reyes, R., Skeldon, A. M., Aubert, D. F., and Valvano, M. A. (2012) The Type VI secretion
system of Burkholderia cenocepacia affects multiple Rho family GTPases disrupting the actin
cytoskeleton and the assembly of NADPH oxidase complex in macrophages. Cell Microbiol 14,
255-273

Flannagan, R. S., Jaumouille, V., Huynh, K. K., Plumb, J. D., Downey, G. P., Valvano, M. A., and
Grinstein, S. (2012) Burkholderia cenocepacia disrupts host cell actin cytoskeleton by
inactivating Rac and Cdc42. Cell Microbiol 14, 239-254

de Zoete, M. R, and Flavell, R. A. (2014) Detecting "different": Pyrin senses modified GTPases.
Cell Res 24, 1286-1287

Waite, A. L., Schaner, P., Hu, C., Richards, N., Balci-Peynircioglu, B., Hong, A., Fox, M., and
Gumucio, D. L. (2009) Pyrin and ASC co-localize to cellular sites that are rich in polymerizing
actin. Exp Biol Med (Maywood) 234, 40-52

Aubert, D. F., Xu, H., Yang, J., Shi, X., Gao, W,, Li, L., Bisaro, F., Chen, S., Valvano, M. A., and Shao,
F. (2016) A Burkholderia Type VI Effector Deamidates Rho GTPases to Activate the Pyrin
Inflammasome and Trigger Inflammation. Cell Host Microbe 19, 664-674

Karmakar, M., Sun, Y., Hise, A. G., Rietsch, A., and Pearlman, E. (2012) Cutting edge: IL-1beta
processing during Pseudomonas aeruginosa infection is mediated by neutrophil serine proteases
and is independent of NLRC4 and caspase-1. J Immunol 189, 4231-4235

Faure, E., Mear, J. B., Faure, K., Normand, S., Couturier-Maillard, A., Grandjean, T., Balloy, V.,
Ryffel, B., Dessein, R., Chignard, M., Uyttenhove, C., Guery, B., Gosset, P., Chamaillard, M., and
Kipnis, E. (2014) Pseudomonas aeruginosa type-3 secretion system dampens host defense by
exploiting the NLRC4-coupled inflammasome. Am J Respir Crit Care Med 189, 799-811

Patankar, Y. R., Mabaera, R., and Berwin, B. (2015) Differential ASC requirements reveal a key
role for neutrophils and a noncanonical IL-1beta response to Pseudomonas aeruginosa. Am J
Physiol Lung Cell Mol Physiol 309, L902-913



183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Diao, L., Marshall, A. H., Dai, X., Bogdanovic, E., Abdullahi, A., Amini-Nik, S., and Jeschke, M. G.
(2014) Burn plus lipopolysaccharide augments endoplasmic reticulum stress and NLRP3
inflammasome activation and reduces PGC-1alpha in liver. Shock 41, 138-144

Kung, V. L., Khare, S., Stehlik, C., Bacon, E. M., Hughes, A. J., and Hauser, A. R. (2012) An rhs gene
of Pseudomonas aeruginosa encodes a virulence protein that activates the inflammasome. Proc
Natl Acad Sci U S A 109, 1275-1280

Cohen, T.S., and Prince, A. S. (2013) Activation of inflammasome signaling mediates pathology
of acute P. aeruginosa pneumonia. J Clin Invest 123, 1630-1637

Jabir, M. S., Hopkins, L., Ritchie, N. D., Ullah, I., Bayes, H. K., Li, D., Tourlomousis, P., Lupton, A,,
Puleston, D., Simon, A. K., Bryant, C., and Evans, T. J. (2015) Mitochondrial damage contributes
to Pseudomonas aeruginosa activation of the inflammasome and is downregulated by
autophagy. Autophagy 11, 166-182

Jabir, M. S., Ritchie, N. D., Li, D., Bayes, H. K., Tourlomousis, P., Puleston, D., Lupton, A., Hopkins,
L., Simon, A. K., Bryant, C., and Evans, T. J. (2014) Caspase-1 cleavage of the TLR adaptor TRIF
inhibits autophagy and beta-interferon production during Pseudomonas aeruginosa infection.
Cell Host Microbe 15, 214-227

Pang, Z., Sun, G., Junkins, R. D., and Lin, T. J. (2015) AIM2 inflammasome is dispensable for the
host defense against Pseudomonas aeruginosa infection. Cell Mol Biol (Noisy-le-grand) 61, 63-70
Ince, D., Sutterwala, F. S., and Yahr, T. L. (2015) Secretion of Flagellar Proteins by the
Pseudomonas aeruginosa Type lll Secretion-Injectisome System. J Bacteriol 197, 2003-2011
Patankar, Y. R., Lovewell, R. R., Poynter, M. E., Jyot, J., Kazmierczak, B. |., and Berwin, B. (2013)
Flagellar motility is a key determinant of the magnitude of the inflammasome response to
Pseudomonas aeruginosa. Infect Immun 81, 2043-2052

Huus, K. E., Joseph, J., Zhang, L., Wong, A., Aaron, S. D., Mah, T. F., and Sad, S. (2016) Clinical
Isolates of Pseudomonas aeruginosa from Chronically Infected Cystic Fibrosis Patients Fail To
Activate the Inflammasome during Both Stable Infection and Pulmonary Exacerbation. J
Immunol

Ketko, A. K., Lin, C., Moore, B. B., and LeVine, A. M. (2013) Surfactant protein A binds flagellin
enhancing phagocytosis and IL-1beta production. PLoS One 8, e82680

Anantharajah, A., Buyck, J. M., Faure, E., Glupczynski, Y., Rodriguez-Villalobos, H., De Vos, D.,
Pirnay, J. P., Bilocq, F., Guery, B., Tulkens, P. M., Mingeot-Leclercq, M. P., and Van Bambeke, F.
(2015) Correlation between cytotoxicity induced by Pseudomonas aeruginosa clinical isolates
from acute infections and IL-1beta secretion in a model of human THP-1 monocytes. Pathog Dis
73

Nakahira, K., Haspel, J. A., Rathinam, V. A,, Lee, S. J., Dolinay, T., Lam, H. C., Englert, J. A,,
Rabinovitch, M., Cernadas, M., Kim, H. P., Fitzgerald, K. A., Ryter, S. W., and Choi, A. M. (2011)
Autophagy proteins regulate innate immune responses by inhibiting the release of
mitochondrial DNA mediated by the NALP3 inflammasome. Nat Immunol 12, 222-230

Torres, I. M., Patankar, Y. R., Shabaneh, T. B., Dolben, E., Hogan, D. A., Leib, D. A., and Berwin, B.
L. (2014) Acidosis potentiates the host proinflammatory interleukin-1beta response to
Pseudomonas aeruginosa infection. Infect Immun 82, 4689-4697

Namba, T., Takabatake, Y., Kimura, T., Takahashi, A., Yamamoto, T., Matsuda, J., Kitamura, H.,
Niimura, F., Matsusaka, T., lwatani, H., Matsui, ., Kaimori, J., Kioka, H., Isaka, Y., and Rakugi, H.
(2014) Autophagic clearance of mitochondria in the kidney copes with metabolic acidosis. J Am
Soc Nephrol 25, 2254-2266

Wojtkowiak, J. W., and Gillies, R. J. (2012) Autophagy on acid. Autophagy 8, 1688-1689



198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

Marino, M. L., Pellegrini, P., Di Lernia, G., Djavaheri-Mergny, M., Brnjic, S., Zhang, X., Hagg, M.,
Linder, S., Fais, S., Codogno, P., and De Milito, A. (2012) Autophagy is a protective mechanism
for human melanoma cells under acidic stress. J Biol Chem 287, 30664-30676

Tate, S., MacGregor, G., Davis, M., Innes, J. A., and Greening, A. P. (2002) Airways in cystic
fibrosis are acidified: detection by exhaled breath condensate. Thorax 57, 926-929

Tang, X. X., Ostedgaard, L. S., Hoegger, M. J., Moninger, T. O., Karp, P. H., McMenimen, J. D.,
Choudhury, B., Varki, A., Stoltz, D. A., and Welsh, M. J. (2016) Acidic pH increases airway surface
liquid viscosity in cystic fibrosis. J Clin Invest 126, 879-891

Pezzulo, A. A, Tang, X. X., Hoegger, M. J., Alaiwa, M. H., Ramachandran, S., Moninger, T. O.,
Karp, P. H., Wohlford-Lenane, C. L., Haagsman, H. P., van Eijk, M., Banfi, B., Horswill, A. R., Stoltz,
D. A., McCray, P. B., Jr., Welsh, M. J., and Zabner, J. (2012) Reduced airway surface pH impairs
bacterial killing in the porcine cystic fibrosis lung. Nature 487, 109-113

Rimessi, A., Bezzerri, V., Patergnani, S., Marchi, S., Cabrini, G., and Pinton, P. (2015)
Mitochondrial Ca2+-dependent NLRP3 activation exacerbates the Pseudomonas aeruginosa-
driven inflammatory response in cystic fibrosis. Nat Commun 6, 6201

Wonnenberg, B., Tschernig, T., Voss, M., Bischoff, M., Meier, C., Schirmer, S. H., Langer, F., Bals,
R., and Beisswenger, C. (2014) Probenecid reduces infection and inflammation in acute
Pseudomonas aeruginosa pneumonia. Int J Med Microbiol 304, 725-729

Hanley, P. J., Kronlage, M., Kirschning, C., del Rey, A., Di Virgilio, F., Leipziger, J., Chessell, I. P.,
Sargin, S., Filippov, M. A., Lindemann, O., Mohr, S., Konigs, V., Schillers, H., Bahler, M., and
Schwab, A. (2012) Transient P2X7 receptor activation triggers macrophage death independent
of Toll-like receptors 2 and 4, caspase-1, and pannexin-1 proteins. J Biol Chem 287, 10650-10663
Sato, H., and Frank, D. W. (2004) ExoU is a potent intracellular phospholipase. Mol Microbiol 53,
1279-1290

Czechowska, K., McKeithen-Mead, S., Al Moussawi, K., and Kazmierczak, B. I. (2014) Cheating by
type 3 secretion system-negative Pseudomonas aeruginosa during pulmonary infection. Proc
Natl Acad Sci U S A 111, 7801-7806

Arlehamn, C. S., and Evans, T. J. (2011) Pseudomonas aeruginosa pilin activates the
inflammasome. Cell Microbiol 13, 388-401

Cassel, S. L., Janczy, J. R,, Bing, X., Wilson, S. P., Olivier, A. K., Otero, J. E., Iwakura, Y.,
Shayakhmetov, D. M., Bassuk, A. G., Abu-Amer, Y., Brogden, K. A., Burns, T. L., Sutterwala, F. S.,
and Ferguson, P. J. (2014) Inflammasome-independent IL-1beta mediates autoinflammatory
disease in Pstpip2-deficient mice. Proc Nat/ Acad Sci U S A 111, 1072-1077

Lauriano, C. M., Barker, J. R., Yoon, S. S., Nano, F. E., Arulanandam, B. P., Hassett, D. J., and
Klose, K. E. (2004) MglA regulates transcription of virulence factors necessary for Francisella
tularensis intraamoebae and intramacrophage survival. Proc Natl Acad Sci U S A 101, 4246-4249
Santic, M., Molmeret, M., Klose, K. E., Jones, S., and Kwaik, Y. A. (2005) The Francisella tularensis
pathogenicity island protein IgIC and its regulator MglA are essential for modulating phagosome
biogenesis and subsequent bacterial escape into the cytoplasm. Cell Microbiol 7, 969-979
Sjostedt, A. (2003) Virulence determinants and protective antigens of Francisella tularensis. Curr
Opin Microbiol 6, 66-71

Gavrilin, M. A,, Bouakl, I. J., Knatz, N. L., Duncan, M. D., Hall, M. W., Gunn, J. S., and Wewers, M.
D. (2006) Internalization and phagosome escape required for Francisella to induce human
monocyte IL-1beta processing and release. Proc Natl Acad Sci U S A 103, 141-146

Huang, M. T., Mortensen, B. L., Taxman, D. J., Craven, R. R., Taft-Benz, S., Kijek, T. M., Fuller, J.
R., Davis, B. K., Allen, I. C., Brickey, W. J., Gris, D., Wen, H., Kawula, T. H., and Ting, J. P. (2010)
Deletion of ripA alleviates suppression of the inflammasome and MAPK by Francisella tularensis.
JImmunol 185, 5476-5485



214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

Atianand, M. K., Duffy, E. B., Shah, A., Kar, S., Malik, M., and Harton, J. A. (2011) Francisella
tularensis reveals a disparity between human and mouse NLRP3 inflammasome activation. J Biol
Chem 286, 39033-39042

Ghonime, M. G., Mitra, S., Eldomany, R. A., Wewers, M. D., and Gavrilin, M. A. (2015)
Inflammasome priming is similar for francisella species that differentially induce inflammasome
activation. PLoS One 10, e0127278

Gillette, D. D., Curry, H. M., Cremer, T., Ravneberg, D., Fatehchand, K., Shah, P. A., Wewers, M.
D., Schlesinger, L. S., Butchar, J. P., Tridandapani, S., and Gavrilin, M. A. (2014) Virulent Type A
Francisella tularensis actively suppresses cytokine responses in human monocytes. Front Cell
Infect Microbiol 4, 45

Gavrilin, M. A,, and Wewers, M. D. (2011) Francisella Recognition by Inflammasomes:
Differences between Mice and Men. Front Microbiol 2, 11

Man, S. M., Karki, R., Malireddi, R. K., Neale, G., Vogel, P., Yamamoto, M., Lamkanfi, M., and
Kanneganti, T. D. (2015) The transcription factor IRF1 and guanylate-binding proteins target
activation of the AIM2 inflammasome by Francisella infection. Nat Immunol 16, 467-475
Meunier, E., Wallet, P., Dreier, R. F., Costanzo, S., Anton, L., Ruhl, S., Dussurgey, S., Dick, M. S.,
Kistner, A., Rigard, M., Degrandi, D., Pfeffer, K., Yamamoto, M., Henry, T., and Broz, P. (2015)
Guanylate-binding proteins promote activation of the AIM2 inflammasome during infection with
Francisella novicida. Nat Immunol 16, 476-484

Burckstummer, T., Baumann, C., Bluml, S., Dixit, E., Durnberger, G., Jahn, H., Planyavsky, M.,
Bilban, M., Colinge, J., Bennett, K. L., and Superti-Furga, G. (2009) An orthogonal proteomic-
genomic screen identifies AIM2 as a cytoplasmic DNA sensor for the inflammasome. Nat
Immunol 10, 266-272

Fernandes-Alnemri, T., Yu, J. W., Datta, P., Wu, J., and Alnemri, E. S. (2009) AIM2 activates the
inflammasome and cell death in response to cytoplasmic DNA. Nature 458, 509-513

Roberts, T. L., Idris, A., Dunn, J. A., Kelly, G. M., Burnton, C. M., Hodgson, S., Hardy, L. L.,
Garceau, V., Sweet, M. J., Ross, I. L., Hume, D. A., and Stacey, K. J. (2009) HIN-200 proteins
regulate caspase activation in response to foreign cytoplasmic DNA. Science 323, 1057-1060
Fernandes-Alnemri, T., Yu, J. W., Juliana, C., Solorzano, L., Kang, S., Wu, J., Datta, P., McCormick,
M., Huang, L., McDermott, E., Eisenlohr, L., Landel, C. P., and Alnemri, E. S. (2010) The AIM2
inflammasome is critical for innate immunity to Francisella tularensis. Nat Immunol 11, 385-393
Woodward, J. J., lavarone, A. T., and Portnoy, D. A. (2010) c-di-AMP secreted by intracellular
Listeria monocytogenes activates a host type | interferon response. Science 328, 1703-1705

de Bruin, O. M., Duplantis, B. N., Ludu, J. S., Hare, R. F., Nix, E. B., Schmerk, C. L., Robb, C. S,,
Boraston, A. B., Hueffer, K., and Nano, F. E. (2011) The biochemical properties of the Francisella
pathogenicity island (FPI)-encoded proteins IglA, IgIB, I1gIC, PdpB and DotU suggest roles in type
VI secretion. Microbiology 157, 3483-3491

Mougous, J. D., Cuff, M. E., Raunser, S., Shen, A., Zhou, M., Gifford, C. A., Goodman, A. L.,
Joachimiak, G., Ordonez, C. L., Lory, S., Walz, T., Joachimiak, A., and Mekalanos, J. J. (2006) A
virulence locus of Pseudomonas aeruginosa encodes a protein secretion apparatus. Science 312,
1526-1530

Leiman, P. G., Basler, M., Ramagopal, U. A., Bonanno, J. B., Sauder, J. M., Pukatzki, S., Burley, S.
K., Almo, S. C., and Mekalanos, J. J. (2009) Type VI secretion apparatus and phage tail-associated
protein complexes share a common evolutionary origin. Proc Nat/ Acad Sci U S A 106, 4154-4159
Marra, A., Blander, S. J., Horwitz, M. A., and Shuman, H. A. (1992) Identification of a Legionella
pneumophila locus required for intracellular multiplication in human macrophages. Proc Nat!
Acad Sci U S A 89, 9607-9611



229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

2309.

240.

241.

242.

243.

244,

245,

Hubber, A., and Roy, C. R. (2010) Modulation of host cell function by Legionella pneumophila
type IV effectors. Annu Rev Cell Dev Biol 26, 261-283

Berger, K. H., and Isberg, R. R. (1993) Two distinct defects in intracellular growth complemented
by a single genetic locus in Legionella pneumophila. Mol Microbiol 7, 7-19

Roy, C. R., Berger, K. H., and Isberg, R. R. (1998) Legionella pneumophila DotA protein is required
for early phagosome trafficking decisions that occur within minutes of bacterial uptake. Mol
Microbiol 28, 663-674

Rolando, M., and Buchrieser, C. (2014) Legionella pneumophila type IV effectors hijack the
transcription and translation machinery of the host cell. Trends Cell Biol 24, 771-778

Banga, S., Gao, P., Shen, X, Fiscus, V., Zong, W. X., Chen, L., and Luo, Z. Q. (2007) Legionella
pneumophila inhibits macrophage apoptosis by targeting pro-death members of the Bcl2
protein family. Proc Nat/ Acad Sci U S A 104, 5121-5126

Laguna, R. K., Creasey, E. A,, Li, Z., Valtz, N., and Isberg, R. R. (2006) A Legionella pneumophila-
translocated substrate that is required for growth within macrophages and protection from host
cell death. Proc Natl Acad Sci U S A 103, 18745-18750

Casson, C. N., Copenhaver, A. M., Zwack, E. E., Nguyen, H. T., Strowig, T., Javdan, B., Bradley, W.
P., Fung, T. C., Flavell, R. A., Brodsky, I. E., and Shin, S. (2013) Caspase-11 activation in response
to bacterial secretion systems that access the host cytosol. PLoS Pathog 9, e1003400

Case, C. L., Kohler, L. J., Lima, J. B., Strowig, T., de Zoete, M. R, Flavell, R. A., Zamboni, D. S., and
Roy, C. R. (2013) Caspase-11 stimulates rapid flagellin-independent pyroptosis in response to
Legionella pneumophila. Proc Natl Acad Sci U S A 110, 1851-1856

Amer, A., Franchi, L., Kanneganti, T. D., Body-Malapel, M., Ozoren, N., Brady, G., Meshinchi, S.,
Jagirdar, R., Gewirtz, A., Akira, S., and Nunez, G. (2006) Regulation of Legionella phagosome
maturation and infection through flagellin and host Ipaf. J Biol Chem 281, 35217-35223
Molofsky, A. B., Byrne, B. G., Whitfield, N. N., Madigan, C. A, Fuse, E. T., Tateda, K., and
Swanson, M. S. (2006) Cytosolic recognition of flagellin by mouse macrophages restricts
Legionella pneumophila infection. J Exp Med 203, 1093-1104

Case, C. L., and Roy, C. R. (2011) Asc modulates the function of NLRC4 in response to infection of
macrophages by Legionella pneumophila. MBio 2

Cerqueira, D. M., Pereira, M. S, Silva, A. L., Cunha, L. D., and Zamboni, D. S. (2015) Caspase-1
but Not Caspase-11 Is Required for NLRC4-Mediated Pyroptosis and Restriction of Infection by
Flagellated Legionella Species in Mouse Macrophages and In Vivo. J Immunol 195, 2303-2311
Suzuki, S., Franchi, L., He, Y., Munoz-Planillo, R., Mimuro, H., Suzuki, T., Sasakawa, C., and Nunez,
G. (2014) Shigella type Il secretion protein Mxil is recognized by Naip2 to induce Nlrc4
inflammasome activation independently of Pkcdelta. PLoS Pathog 10, e1003926

Rauch, I., Tenthorey, J. L., Nichols, R. D., Al Moussawi, K., Kang, J. J., Kang, C., Kazmierczak, B. I.,
and Vance, R. E. (2016) NAIP proteins are required for cytosolic detection of specific bacterial
ligands in vivo. J Exp Med 213, 657-665

Kobayashi, T., Ogawa, M., Sanada, T., Mimuro, H., Kim, M., Ashida, H., Akakura, R., Yoshida, M.,
Kawalec, M., Reichhart, J. M., Mizushima, T., and Sasakawa, C. (2013) The Shigella OspC3
effector inhibits caspase-4, antagonizes inflammatory cell death, and promotes epithelial
infection. Cell Host Microbe 13, 570-583

Suzuki, T., Franchi, L., Toma, C., Ashida, H., Ogawa, M., Yoshikawa, Y., Mimuro, H., Inohara, N.,
Sasakawa, C., and Nunez, G. (2007) Differential regulation of caspase-1 activation, pyroptosis,
and autophagy via Ipaf and ASC in Shigella-infected macrophages. PLoS Pathog 3, e111

Paciello, 1., Silipo, A., Lembo-Fazio, L., Curcuru, L., Zumsteg, A., Noel, G., Ciancarella, V., Sturiale,
L., Molinaro, A., and Bernardini, M. L. (2013) Intracellular Shigella remodels its LPS to dampen



246.

247.

248.

249.

the innate immune recognition and evade inflammasome activation. Proc Natl/ Acad Sci U S A
110, E4345-4354

Kailasan Vanaja, S., Rathinam, V. A,, Atianand, M. K., Kalantari, P., Skehan, B., Fitzgerald, K. A.,
and Leong, J. M. (2014) Bacterial RNA:DNA hybrids are activators of the NLRP3 inflammasome.
Proc Natl Acad Sci U S A 111, 7765-7770

Sander, L. E., Davis, M. J., Boekschoten, M. V., Amsen, D., Dascher, C. C., Ryffel, B., Swanson, J.
A., Muller, M., and Blander, J. M. (2011) Detection of prokaryotic mRNA signifies microbial
viability and promotes immunity. Nature 474, 385-389

Miao, E. A., Mao, D. P., Yudkovsky, N., Bonneau, R., Lorang, C. G., Warren, S. E., Leaf, |. A., and
Aderem, A. (2010) Innate immune detection of the type Ill secretion apparatus through the
NLRC4 inflammasome. Proc Natl Acad Sci U S A 107, 3076-3080

Yen, H., Sugimoto, N., and Tobe, T. (2015) Enteropathogenic Escherichia coli Uses NleA to Inhibit
NLRP3 Inflammasome Activation. PLoS Pathog 11, e1005121



<
S ) .
NG N $%¢ Bacterial Inner Membrane (IM)
e e
& & S
& & \;ﬂt‘ Bg2e82¢ Bacterial Outer Membrane (OM)

Prgl | SsaG | MxiH | Bsal

Prg) | Ssal | Mxil | BsaK

Host Membrane (HM)

Known NLRC4 activator

Hypothetical NLRC4 activator

Caspase-1

Caspase-1




Bacterial Inner Membrane (IM) Egg

[ == ]

Bacterial Outer Membrane (OM) Egg

WHQ

Host Membrane (HM) Eggq

Francisella
(human cells only) Salmonella (SP1-2) W

Legionella
Pseudomonas Shigella _
Ca*2 | Caspase-11
Destabilized
Burkholderia 1 Pore
ZzmpA zmpB

Hypertranslocation

)
! 1
' Direct recognition?
Caspase-1 [ PYD HMI-—

A
| |

plo I-
plo I-

lon influx?
ROS?

Damage?

__po_H wacr HJSEI) | NLRP3




BRLRERLY -E%i!? Bacterial Inner Membrane (IM)

$(8I900 8881880 .;E;E Bacterial Outer Membrane (OM)

Yirj;:ia Burk_l;;lseria LEEEEELe, . DL Host Membrane (HM)

Francisella

\GAP? ) ?

Caspase-1

]— Pyrin

PYD

PYD

-
3
R
- 14-3-3 Pknl1/2
\ ] =
! = PSTPIP1

Asc

actin



