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Abstract

Pattern recognition receptors recognize signals originating from pathogens and comprise a large

part of the arsenal in innate immune responses. The NOD-like receptors (NLRs) are one particular

class of these receptors that survey the cytoplasm for signs of pathogen invasion. Upon detection,

they trigger the formation of a macromolecular complex called the inflammasome that is required

for elimination of the pathogen, as well as amplifying a pro-inflammatory response. Although the

core machinery has been defined, recent data emphasize the complexity of how NLR

inflammasomes function. Here, we highlight new discoveries that reveal how precisely fine-tuned

NLR inflammasome functions are, and how that may be modulated by antagonistic effects of

concomitant inflammasome activation as well as novel regulatory factors.

Introduction

In the last decade, an explosion of research has helped define the core mechanisms involved

in detecting intracellular bacterial infections. As part of the first line of defense, the innate

immune response employs several classes of receptors (pattern recognition receptors, PRRs)

that respond to specific pathogen-associated and danger-associated molecular patterns

(PAMPs and DAMPs) such as lipopolysaccharide, reactive oxygen species (ROS), and

dsDNA [1]. Extracellular detection of these signals relies on Toll-like (TLRs) and C-type

lectin receptors that facilitate signal transduction across cell membranes, leading to pro-

inflammatory gene expression through the transcription factor, NFκB [2,3]. For a more

comprehensive review of TLR signaling, see [2]. If bacteria invade the cell, cytosolic PRRs

belonging to the NOD-like receptor (NLR), retinoic-acid inducible gene-I (RIG-I), and

PYHIN (e.g. AIM2) families aid in amplifying pro-inflammatory responses [4]. A subset of

TLRs also monitor endosomal compartments [2].

NOD-like receptors: domains and functions in inflammasomes

To date, there are over 20 NLRs identified in humans and mice that are characterized by a

central nucleotide-binding domain (NBD/NACHT) required for oligomerization and a

leucine-rich repeat domain (LRR) at the C-terminal end that is thought to mediate auto-

regulation of activity and ligand-sensing. NLRs can vary in the number of LRRs as well as
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their N-terminal homophilic interacting domains that include caspase activation and

recruitment (CARD) or PYRIN (PYD) domains (Figure 1) [5]. Upon detection of their

respective ligands, NLRs recruit the apoptosis-associated speck-like protein containing a

CARD (ASC). Because ASC contains both CARD and PYD domains, it oligomerizes to

form the cytosolic structure, ASC speck, and also recruits CARD-containing pro-caspase-1.

Together, they form a macromolecular complex called the inflammasome that is capable of

initiating a specialized cell death called pyroptosis as well as cleavage and secretion of the

zymogen forms of caspase-1 and the pro-inflammatory cytokines, IL-18 and IL-1β [5,6].

Based on this model, researchers have evaluated cytosolic-sensing utilizing any of the

following readouts: ASC speck formation (represents oligomerization), the release of

cytosolic compounds owing to pyroptosis, and processing and/or secretion of caspase-1,

IL-1α/β, IL-18, and HMGB1 (danger signal).

Here, we will describe recent developments that contribute to our understanding of how

intracellular bacteria are sensed and controlled through different NLR inflammasomes.

These studies provide further evidence that simultaneous engagement of multiple NLRs can

occur upon bacterial infection. Several reports also describe new inflammasome regulatory

factors that intersect with TLR and type I interferon (IFN) signaling pathways. Thus, the

integration of multiple host signaling pathways appears to be essential in effectively

mounting the appropriate innate immune response.

Novel implications for NLR inflammasome functions

NLRP12 teams up with NLRP3 and NLRC4 to combat Yersinia infections

Vladimer et al. recently reported pro-inflammatory responses upon NLRP12 inflammasome

activation in contrast to a previous report of anti-inflammatory effects [7,8]. When the

authors infected murine bone-marrow derived macrophages (BMDMs) with Y. pestis

expressing hexa-acylated lipid A that is normally absent in Y. pestis grown at the host

temperature, they observed strong engagement of TLR4, upregulation of Nlrp12 expression,

and NLRP12-dependent pro-inflammatory cytokine secretion [7,9]. Furthermore, the authors

show that NLRP12 inflammasome activation is dependent on the Type III secretion system

(T3SS) of Y. pestis, similar to NLRP3 and NLRC4 [10]. Thus, all three NLRs appear to be

involved in inducing pro-inflammatory cytokine secretion to successfully clear the infection

in mice.

NLRP7-dependent recognition of bacterial lipoproteins stimulates cytokine processing but
not cell death

Work on cytosolic detection of microbial lipopeptides, the prominent PAMP of Mycoplasma

spp., has also revealed a role for NLRP7 in THP-1 cells [11••]. Interestingly, NLRP7-ASC-

caspase-1 complex formation leads to processing of pro-IL-1β but not pyroptosis. A

separation of inflammasome function has also been reported for NLRC4 inflammasomes

[12••]. Although the regulation of this division of labor is unknown, a weak interaction

between the PYD domains of NLRP7 and ASC may be important [13•]. It is possible that

distinct inflammasome subcomplexes can be formed to yield alternate outputs.
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NLRP6 inflammasomes have differential impacts on systemic infections

Surprisingly, studies on NLRP6 implicate cell-type specific effects [14••,15]. In mouse

colonic epithelial cells, NLRP6 deficiency leads to an increased risk of severe colitis

associated with reduced IL-18 levels and altered fecal microbiota [14••]. Thus, NLRP6, in

cooperation with NLRP3, seems to be required for the maintenance of a functional intestinal

microflora [14••,16]. By contrast, intraperitoneal infections with Listeria monocytogenes and

Salmonella typhimurium lead to enhanced resistance in NLRP6 deficient mice [15]. In this

model, NLRP6 appears to act as a molecular buffer to dampen undesired pro-inflammatory

responses caused by NLR activation in hematopoietic cells [15].

Emerging mechanisms of inflammasome regulation

Tight regulation of caspase-1 activity is crucial because uncontrolled pro-inflammatory

responses and cell death have severe negative consequences. A number of recent studies

have shed light on regulatory mechanisms of NLR and caspase-1 activation, including the

double-stranded RNA-dependent protein kinase, PKR. This kinase acts downstream of

TLR4 signaling and was previously implicated in the response to viral infections and various

PAMPs and DAMPs [17–19]. However, the molecular mechanism was unclear. Lu et al.

now suggest that the broad influence of PKR is owing to its ability to associate with several

inflammasomes including NLRP1, NLRP3, NLRC4, and AIM2 (Figure 2) [20].

Surprisingly, although gel filtration of LPS/ATP-stimulated BMDMs lysed under low-

stringency conditions indicates a stable interaction between PKR, NLRP3, caspase-1, and

ASC, it appears that the bulk of caspase-1 and ASC elute in the lower molecular weight

fractions. Perhaps NLRs interact transiently and only long enough to oligomerize ASC-

caspase-1 complexes.

NLRC4 regulation has also come under the spotlight. Prior work implicated NLRC4 in

cytosolic-sensing of T3SS components, flagellin and PrgJ, though no direct interactions had

been reported [21–23]. Recent biochemical analyses from two independent groups

demonstrate that different NAIP (NLR family, apoptosis inhibitory protein) paralogues

determine the specificity of NLRC4 inflammasomes [24••,25••]. NAIP2 and NAIP5/6

control ligand-dependent NLRC4 oligomerization upon association with PrgJ and flagellin,

respectively (Figure 2) [24••,25••,26,27]. Interestingly, this family of proteins contains N-

terminal BIR domains in addition to the basal NLR structure (Figure 1). Although the

precise function of the BIR domain is unclear, it certainly contributes to NLRC4

inflammasome formation whose EM structure was recently solved [28•]. The resultant disk-

like structure is believed to form the platform on which caspase-1 is activated [28•]. In

addition, Qu et al. report that NLRC4 activity is modulated by PKCδ phosphorylation

between the NACHT and LRR domain that licenses it towards inflammasome activation in

response to S. typhimurium infection (Figure 2) [29]. In the future, it will be interesting to

determine whether the phospho-specific NLRC4 antibody developed by Qu et al. recognizes

NLRC4 in the absence of NAIP 2/5/6 to assess the interplay between these two regulatory

pathways.

Although the ligands involved in NAIP/NLRC4 inflammasome activation have been

identified, those for NLRP3 inflammasomes are less well defined. They include, but are not
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limited to, viral, bacterial, and fungal PAMPs in addition to DAMPs such as ROS,

cathepsins, ATP, and crystalline substances [30]. Several recent reports suggest that these

diverse stimuli may all converge upon mitochondrial dysregulation through ROS generation.

NLRP3 was found to localize with the perinuclear endoplasmic reticulum and mitochondria

in THP-1 cells while NLRP3 inflammasome activation was attenuated by downregulating

voltage-dependent anion channels that affect mitochondrial metabolism [31]. The presence

of ROS also has been shown to alleviate the inhibitory interaction of thioredoxin with

thioredoxin-interacting protein, TXNIP, allowing TXNIP to associate with NLRP3, and

activate caspase-1 (Figure 2) [32••].

Guanylate binding protein 5 (GBP5) was also recently identified as a mediator in NLRP3

inflammasome activation in response to various bacterial ligands [33]. Loss of GBP5

resulted in a reduction of IL-1β secretion and caspase-1 activity, in both THP-1 cells and

murine macrophages. Shenoy et al. propose an intriguing model; tetrameric GBP5 binds

NLRP3 to promote ASC oligomerization, and hence, inflammasome activation (Figure 2)

[33]. Since GBP5 activity seems to be restricted to NLRP3 inflammasomes, it would be

interesting to assess the potential involvement of GBPs with other inflammasomes [33].

How all these novel factors integrate together to fine-tune a concerted inflammasome

response will require further examination.

The NAIPs, PKR, and GBP5 may aid in transitioning NLRs from an inactive to active

conformation. Consistent with this, previous studies have found that deletion of the LRR

domains of NLRP1 and NLRC4 leads to constitutive caspase-1 activation in the absence of

ligand [24••,34,35]. In addition, anthrax lethal toxin-mediated cleavage of NLRP1 causes

caspase-1 activation [36,37]. Because Frew et al. observe that the cleaved fragments remain

associated, it is possible that the cleavage event brings the NLRP1 domains that are critical

for activation into close proximity.

Caspase-11: a new player in cytosolic-sensing pathways

Cytosolic sensing through NLR inflammasomes can result in pyroptotic cell death mediated

by caspase-1 or caspase-11. Using different stimuli, Kayagaki et al. demonstrate that

caspase-1 mediated responses (IL-1β secretion) can be uncoupled from those of caspase-11

(cell death) [38]. Importantly, we show that caspase-11 dependent cell death induced by S.

typhimurium is detrimental to the host in the absence of caspase-1 mediated innate

immunity, resulting in increased susceptibility to disease [39]. Although, the sensor that

activates caspase-11 during S. typhimurium infection remains a mystery, it is dependent on

both TLR as well as IFN-α/β receptor (IFNAR) signaling in response to the type-I IFNs

(IFN-α/β) [39–41]. Recent results from our lab indicate that the addition of exogenous IFN-β

does not affect caspase-11 expression, though it does bypass the requirement for the TLR

adaptor genes, Myd88/Trif, to induce caspase-11 mediated cell death in the context of S.

typhimurium infection in primary BMDMs [39]. This suggests that two, as yet unidentified,

signals are necessary for caspase-11-mediated cell death: (1) an IFN-β inducible gene

product and (2) an infection-dependent response.
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Although Broz et al. find that caspase-11 can only be activated in the context of S.

typhimurium infection, Rathinam et al. report that IFN-β or IFN-γ treatment alone can

increase CASP11 levels that is sufficient to induce cell death [40]. However, these

contradictory results may be attributed to the use of immortalized versus primary BMDMs

since the immortalization process requires the use of retroviruses that maintain their

replication-proficiency post-transduction (unpublished observation). Rathinam et al. further

argue that caspase-11 expression is sufficient for activation because they observe caspase-11

auto-catalytic processing upon ectopic expression in HEK293 cells, but the physiological

relevance of this finding is unclear. Caspase-1, whose activation is dependent on NLR

engagement in BMDMs, can also be auto-activated upon expression in HEK293 cells [42].

The downstream effects of caspase-11 activation are also controversial. Broz et al.

demonstrate using confocal microscopy that inflammasome assembly upon S. typhimurium

infection is disrupted in the absence of caspase-11 [39]. By contrast, Rathinam et al.

conclude that ASC oligomerization does not depend on caspase-11. However, these

differences are probably owing to the methods employed. Rathinam et al. assessed ASC

oligomerization by analyzing BMDM lysates from two different mouse backgrounds

(C57BL/6 caspase-11+/+ and 129S6 caspase-11−/−). However, the use of immunoblotting to

detect ASC complexes does not discriminate between dimers and multi-oligomers in the

same manner as confocal microscopy.

Conclusions and future directions

Several cytosolic receptors can nucleate inflammasome assembly. However, the recurring

observation of concomitant NLR inflammasome activation in response to bacterial

infections emphasizes the necessity to understand their spatiotemporal relationships upon

infection. Furthermore, the precise biochemical composition of inflammasomes is still

unknown, thus limiting our understanding of the underlying molecular mechanisms of

assembly. This has also restricted our methods used to assess cytosolic-sensing as outlined

in “NOD-like receptors: domains and functions in inflammasomes.” Because these are

thought to be the most downstream events, it can skew interpretations of results. For

instance, we now know that cytosolic-sensing can lead to cell death irrespective of

caspase-1 processing [12••]. However, new emerging data are building upon this solid

foundation. Distilling molecular pathways to their fundamental biochemistry such as with

the NAIP-NLRC4-flagellin complex has led to a minimal NLRC4 inflammasome EM

structure that is sure to generate new, testable hypotheses [28•]. Further investigation will

also be necessary to understand how TLR, NLR, and type I IFN signaling pathways are

integrated together in response to bacterial infections. The misregulation of these pathways

has been implicated in numerous human diseases, including auto-inflammatory diseases

[43]. Thus, an increased understanding of how immune signaling pathways are interwoven

during bacterial infections and manipulated by pathogens will likely lead to the development

of more directed and improved therapies to combat bacterial infections and inflammatory

diseases.
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Figure 1.
NLR domains and inflammasome components. NLRs are characterized by a common

central nucleotide-binding/NACHT domain and a leucine-rich repeat domain. Different

members of the NLR family are distinguished by domains residing in the variable N-

terminal regions. They can include caspase-activation and recruitment (CARD), PYRIN

(PYD), or BIR (baculovirus IAP repeat) domains. The ASC adaptor contains both CARD

and PYD domains, while caspase-1 contains a CARD domain.
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Figure 2.
(Blue, left) TLR4 activation induces signaling pathways that upregulate transcription

through NFκB. PKR is also phosphorylated upon activation of TLR4 signaling. Binding to

NLRP1, NLRP3, NLRC4, and AIM2 enhances inflammasome function. (Gray, middle) The

inhibitory association of thioredoxin (THX) to TXNIP is relieved in the presence of ROS.

TXNIP is free to bind NLRP3 that enhances inflammasome function. GBP5 tetramerization

is triggered by an as yet unknown stimulus that then promotes ASC oligomerization to

amplify inflammasome activation. It is not clear if TXNIP remains bound to NLRP3 during

this time. (Green, right) NLRC4 activation requires both flagellin and NAIP5/6 to induce an

inflammasome response. PKCδ phosphorylation of NLRC4 may also enhance NLRC4

inflammasome activity. The kinetics of the NLRC4 phosphorylation and NAIP association

during inflammasome function is not clear. Regardless of how inflammasomes are

regulated, their engagement is required for pyroptosis and processing of pro-caspase-1, pro-

IL-1β, and pro-IL-18.
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