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Summary

15 years ago, the fundamental biology of an inflammatory signaling complex eventually dubbed
“the inflammasome” began to unravel in chronologic parallel with the discovery that many
inflammatory diseases were associated with its hyperactivity. Though the genetic origins of
Familial Mediterranean Fever (FMF, caused my mutations in MEFV) were discovered first, it
would take nearly two decades before the mechanistic connections to a Pyrin inflammasome were
madel. In the interim, the intensive study of the NLRP3 inflammasome, and the diseases
associated with its hyperactivation, have largely dictated the paradigm of inflammasome
composition and function. Despite impressive gains, focusing on NLRP3 left gaps in our
understanding of inflammasome biology. Foremost among these gaps were how inflammasomes
become activated and the connections between inflammasome structure and function. Fortunately,
work in another inflammasome inducer, NLRC4, grew to fill those gaps. The current
understanding of the NLRC4 inflammasome is perhaps the most comprehensive illustration of the
inflammasome paradigm: trigger (e.g. cytosolic flagellin), sensor (NAIP), nucleator (NLRC4),
adaptor (ASC), and effector (CASP1). Detailed work has also identified observations that
challenge this paradigm. Simultaneously, the features unique to each inflammasome offer a lesson
in contrast, providing perspectives on inflammasome activation, regulation, and function. In this
review, we endeavor to highlight recent breakthroughs related to NLRC4 inflammasome structure
and activation, important /n7 vivowork in infection and systemic inflammation, and the
characterization of a spectrum of human NLRC4-associated autoinflammatory diseases.

ORIGINS

NLRC4 was originally described by Poyet and colleagues as a pro-apoptotic protein.
Searching for structural homologues of APAF1: a protein known to activate apoptotic
caspases in response to cytosolic cytochrome c, and containing a Caspase-Activation and
Recruitment Domain (CARD) and ATP-binding site?, they identified a protein capable of
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activating Caspase-1 (CASP1, a.k.a. IL-1 converting enzyme, ICE) and dubbed it ICE-
protease Activating Factor (IPAF). When its domain structure clearly placed it in the family
of Nucleotide binding/Leucine-Rich Repeat (NLR) proteins, and by virtue of its amino-
terminal CARD domain, it was renamed NLRCA4.

In the 15 years since, the known interaction with CASP1 has resulted in its inclusion in the
pantheon of proteins known to oligomerize and induce inflammasome-activation. We now
appreciate that this oligomerization results in an exponential cascade of adapter recruitment
and CASP1 autoproteolysis known as inflammasome activation, with resultant cleavage of
the inflammatory substrates prolL-1, pro-1L18, and Gasdermin D. Herein, we examine the
unique features of NLRC4 as a both an NLR protein and inflammasome activator. We will
focus predominantly on the many recent advances in 1) the structural biology that helps
define NLRC4 function, 2) the sensor proteins, known as NAIPs (NLR family Apoptosis
Inhibitory Proteins), that integrate cytosolic pathogen sensing and NLRC4 inflammasome
activation, 3) the importance of NLRC4 activation in host defense, particularly against
enteric pathogens, and 4) the special association of NLRC4 with IL-18 in human
autoinflammatory disease.

TRIGGERING THE NLRC4 INFLAMMASOME

The initial discovery of IPAF (later NLRC4), was accompanied by the observation that the
full-length protein was unable to activate CASP1 in transfected cells, while expression of
truncated versions of the protein lacking the C terminal series of leucine rich repeats (LRRs)
did induce CASP1 activation2. Since this observation, it has become clear that the activation
of NLRC4 and other inflammasome activating proteins is tightly regulated by transcriptional
and post-transcriptional mechanisms in order to prevent unregulated inflammatory signaling
by these complexes. NLRC4 expression is upregulated by pro-inflammatory stimuli such as
TNFa as well as through genotoxic stress-mediated P53 activation3: 4. However, consistent
with its role in danger sensing, numerous studies have demonstrated that basal levels of
NLRC4 expression are sufficient to support NLRC4 inflammasome activation in both
epithelial and immune cells. NLRC4 inflammasome activation is primarily regulated at the
post-transcriptional level. The two best-described regulatory mechanisms are ligand binding
and phosphorylation.

The first demonstration that activation of NLRC4 was likely ligand regulated was the
demonstration that murine macrophages lacking NLRC4 failed to activate CASP1 after
exposure to Salmonella typhimurium?. Two groups subsequently demonstrated that intra-
cytoplasmic flagellin from salmonella was capable of inducing NLRC4-mediated CASP1
activation®: 7. The common presumption in the field held that the LRR domain of NLRC4
acted as a direct flagellin receptor, as had been the case for the LRR domain of TLR58. Miao
and colleagues went on to demonstrate that components of the Sal/monella type 111 secretion
system (T3SS) could induce murine NLRC4-dependent CASP1 activation in the absence of
flagellin, suggesting that activation of NLRC4 by bacterial ligands might be more
complex® 10, Building upon the subsequent observation that NAIP5 also appeared to be
required for flagellin induced CASP1 activation, Kofoed and Vance and Zhao et al. nearly
simultaneously showed that mouse NAIP5 and NAIP2 formed complexes with NLRC4 and
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either flagellin or T3SS rod protein (Sa/monella PrgJ) respectivelyll 12, Additional studies
later revealed that NMaipé6 could substitute for NMajp5in the recognition of flagellin and that
Naip1 demonstrated a similar ability to induce NLRC4 inflammasome activation in response
to T3SS needle protein Prgl13: 14, Thus, different Majp genes in mice encode proteins
capable of conferring specific ligand-mediated activation of NLRC4 to a number of bacterial
ligands. However, humans lack the duplication of the A/A/P gene seen in mice. Nevertheless,
the single human NA/Pwas shown to permit T3SS rod protein PrgJ mediated NLRC4
activation. Recently, a splice variant transcribed from human AV/A/Pwas demonstrated to
promote flagellin-induced NLRC4 inflammasome activation in human cells!®.

The question remained how bacterial ligand binding connected NAIP, NLRC4, and
inflammasome activation. As an early clue, initial studies of NLRC4 revealed heterotypic
interactions with several NLR proteins, namely NOD1, NOD2, NLRP3, and NAIP, through
their Nucleotide Binding Domains using overexpression and co-immunoprecipitation6.
Later structural work suggested that ligand binding alters the structure of NAIP proteins
such that they can interact with NLRC4 and induce its oligomerization, and is discussed in
detail below. Nonetheless, NLRC4 may have heterotypic interactions with other NLR
proteins, potentially via a similar structural mechanism. Super-resolution microscopy
showed that NLRC4 and NLRP3 co-localize to inflammasome structures in infected cells,
though these studies lack the resolution to demonstrate direct protein:protein interactions
between NLRC4 and NLRP37:18_ |t remains unknown whether the formation of hetero-
oligomeric structures with other NLR proteins is a common feature of NLR signaling or
whether the ability of NLRC4 to respond to bacterial ligand-bound NAIP represents a
mechanism of NLR signaling unique to NLRCA4.

Because the consequences of unregulated inflammatory signaling can be quite deleterious to
the health of an organism, it is not surprising that additional regulatory mechanisms have
been identified in NLRC4 activation. These include post-translational modifications,
particularly phosphorylation and possibly ubiquitination. Murine NLRC4 expressed in
macrophages was found to be phosphorylated on Serine 533 (S533) in response to
Salmonella exposure. Further, an NLRC4 mutant unable to be phosphorylated at this site
was expressed in macrophages lacking wild type NLRC4 (N/rc477), and exhibited blunted
activation of caspase-1, induction of cell death, and secretion of IL-1p after Salmonella
infection1®. The & isoform of Protein Kinase C (PKC8) was found to phosphorylate NLRC4
in vitro and both inhibitor administration and genetic depletion of PKC8 was also found to
impair NLRC4-inflammasome dependent downstream signaling in this system?®. Recently,
another kinase, Leucine Rich Repeat-containing Kinase-2 (LRRK2), was also found to
associate with NLRC4. Association of NLRC4 with LRRK2 was accompanied by
phosphorylation at S53320. As previously reported for PKCS8, genetic reduction of LRRK2
expression also resulted in diminished NLRC4 inflammasome activation. Surprisingly, X-
ray crystallographic studies found S533 was phosphorylated in purified recombinant NLRC4
expressed in insect cells. This protein was crystalized in its inactive monomeric state and the
phosphorylation of this serine residue seemed to stabilize interactions within the inactive
molecule. It is likely that these phosphorylation-dependent contacts that would stabilize the
inactive state are artifacts induced during NLRC4 crystal formation. However, the finding
suggests that the phosphorylation alone is insufficient to induce activation and
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oligomerization of NLRC4 on its own. This is further supported by the finding that H. py/lori
flagellin is able to induce NLRC4 phosphorylation but does not trigger NAIP5-induced
events suggestive of NLRC4 inflammasome activation including caspase-1 activation or
IL-1pB secretion. These data support the possibility that phosphorylation of NLRC4 may be
involved in a preactivation step, possibly causing the release of NLRC4 from a basal inactive
protein complex, allowing the protein to respond to liganded NAIP proteins, and/or enabling
NLRC4 to homo-oligomerize more readily once the association with ligand-bound NAIP is
initiated?l. Though key questions about the identity of the kinases responsible for NLRC4
phosphorylation and whether they play a predominant or redundant role remain open, the
substantial functional data suggest this is likely a critical component in the regulatory
machinery responsible for ensuring NLRC4 is activated appropriately in response to
infection.

STRUCTURAL FEATURES OF NLRC4

Relative to other NLR proteins, the existence of several detailed structural studies of NLRC4
has been a boon to understanding the potential molecular mechanisms of NLRC4 activation.
Like all NLR family members, NLRC4 shares a common three-domain structure: an N-
terminal homotypic interaction domain, a central nucleotide binding domain, and a series of
C-terminal LRRs. The homotypic interaction domain of NLRC4 consists of the first 94
amino acids of the protein, which is predicted to fold into a common structural pattern
known as the CARD (Caspase-Activation and Recruitment Domain). The CARD typically
folds into 6 anti-parallel a-helices packed around a hydrophobic core. The central
Nucleotide Binding Domain falls into the superfamily of AAA+ ATPases and shares
structural features with other NLR proteins, including a core NTPase domain and two helical
domains (HD1 and HD2) that are interrupted by a region termed a winged helical domain
(WD). The NLRC4 C-terminal 440 amino acids consist of 15 repeating structural units each
a leucine rich beta strand linked to a short 8 to 15 amino acid alpha helix, so called leucine
rich repeats.

Recombinant mouse NLRC4 lacking the N-terminal CARD domain was isolated in
sufficient quantity and quality to permit X-ray crystallographic analysis of the structure. This
monomeric protein was found to have extensive intramolecular interactions between the C-
terminal LRR domain and the Nucleotide Binding Domain. The monomeric structure is
stabilized by these interactions along with interactions with ADP occupying the nucleotide
binding site?2. This group further demonstrated that mutation of a key residue in proximity
to ADP, H443, led to spontaneous formation of oligomeric NLRC4, and ostensibly
inflammasome activation. Many of the human NLRC4 gain-of-function mutations
(including H443, described in detail below) cluster near the ADP binding site, suggesting
that nucleotide binding or ATP hydrolysis are fundamental regulators of the conformational
changes necessary for oligomerization and inflammasome activation. Correspondingly,
mutation of the key lysine in the walker A motif of the NBD results in an NLRC4 protein
that fails to bind ATP and is unable to induce caspase-1 activation when over expressed?3.

Two studies of NLRC4 co-expressed with NAIP2 and the T3SS needle PrgJ revealed that
ligand-bound NAIP associated with NLRC4 and appeared to form disk-like structures
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consisting of (now opened) NLRC4 monomers. The NLRC4 monomers in this disk make
extensive intermolecular contacts with opposite faces of neighboring NLRC4

molecules?4 25, These two studies demonstrated a single NAIP was present in these
oligomeric structures that otherwise contained 11-fold symmetry; suggesting a single NAIP
could initiate the assembly of 10 NLRC4 molecules into a wheel shaped inflammasome. A
third cryo-EM based study on NLRC4 complexes began with coexpression of NAIP5 and
Flagellin (FIiC-D0,) in HEK293 cells. In contrast to the previous cryo-EM work, it revealed
NLRC4-containing structures that formed rod shaped oligomers consisting of helically
arranged monomers rather than closed discs?8. It is unclear whether NLRC4 may form either
complex when activated, whether there is a true difference in the oligomeric structure based
on the activating ligand-NAIP protein complex, or the extent to which either or both may
represent overexpression artifact.

In all three cryo-EM studies, the NLRC4 structure is opened relative to the X-ray
crystallography structure of monomeric NLRC4. This opening is accomplished by roughly a
90-degree rotation of the LRR domain at a hinge region between the LRR and the central
Nucleotide Binding Domain. This rotation results in the surface localization of a patch of
basic amino acids in the NBD that can then interact with an acidic surface of the next
NLRC4 monomer added to the structure?® 27. The rotation also positions an acidic region of
the LRR to interact with LRR of the previously added NLRC4 monomer, stabilizing the
opened structure. In this way, the opened NLRC4 can catalyze the addition of new NLRC4
monomers to the oligomeric structure. The open structure of NAIP is predicted to have
similarly positioned basic residues as found in the open NLRC4 unit but it lacks the
reciprocal acidic surface. Thus, NAIP is able to engage a single NLRC4 to initiate
inflammasome assembly but cannot be further incorporated into an assembling
inflammasome, resulting in one NAIP per oligomer. These data also support the ability of
hyperactive NLRC4 to induce oligomerization and inflammasome activation without NAIP,
with relevance to the pathophysiology of human autoinflammatory disease (as discussed
below). These studies offer an unprecedented level of structural detail that is not currently
available for NLRP3, NOD2, or other NLR proteins. It is unknown whether the deduced
structural changes that occur between these states for NAIP/NLRC4 oligomers will hold true
in other NLR proteins.

NLRC4 EFFECTOR MECHANISMS

Activation of the NLRC4 inflammasome appears to activate several different host signaling
events. NLRC4 was first identified as potential nucleotide binding protein that was capable
of activating CASP1, the primary protease responsible for converting pro-IL-1p to active,
secreted IL-1B2 28. CASP1 is also known to carry out similar proteolytic maturation of
IL-1829: 30, Thus, the effects of NLRC4 activation on cytokine signaling are dependent on 1)
the presence/abundance of pro-cytokine substrates, 2) the expression of I1L-1 and IL-18
receptors in both immune and non-immune cells, and 3) the site of receptor expression
(paracrine versus endocrine), all covered in depth in other sections of this special issue
[REFs]. However, CASP1 has other intracellular targets that can regulate cellular function.
CASP1 can induce proteolytic cleavage of the transcription factor, sterol response element
binding protein-1 (SREBP1), leading to alteration in sterol metabolism in the target cells3L.

Immunol Rev. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Duncan and Canna

Page 6

CASP1 also proteolytically activates a cytosolic protein known as Gasdermin-D, and the
amino-terminal fragment resulting from this cleavage subsequently assembles into
cytoplasmic membrane pores32. It is now known that activation of Gasdermin induces a loss
of cell membrane integrity and ultimately induces the cell death process known as
pyroptosis. Unlike apoptosis (classic programmed cell death), pyroptosis result in spillage of
proinflammatory intracellular components like the protein HMGBL1 that also cause further
inflammatory signaling in nearby host cells. This may be the mechanism by which activated
cytokines are released from macrophages. In addition to inducing inflammatory responses in
the host, pyroptosis also contributes to host defense by disrupting the intracellular
environment conducive to the pathogens that activate NLRC433,

In addition to processing pro-cytokines and inducing pyroptosis, CASP1 activation
downstream of NLRC4 results in the rapid production of pro-inflammatory prostaglandin
and leukotrienes including PGE2 and LTB4. Moltke and colleagues showed that a flagellin-
derived NAIP-NLRC4 activator induced calcium influx in peritoneal macrophages that
liberated arachidonic acid by activating calcium dependent phospholipase A234. Arachidonic
acid mobilized by CASP1 activation then fed into prostaglandin biosynthesis through
cyclooxygenase-1 and leukotriene biosynthesis by the action of lipoxygenases. It remains
unclear by what mechanism CASP1 drives arachidonic acid liberation, and whether this
mechanism is somehow specific to NLRC4 activation. Proteomic studies have identified as
many as 1000 potential protein targets of CASP1, suggesting that additional downstream
signaling events may occur in response to NLRC4-inflammasome mediated CASP1
activation beyond the three downstream signaling pathways discussed above3.

Another unique aspect of NLRC4 activation is its ability to interact directly with CASP1.
The CARD domain of NLRC4 can interact with the CARD domain of pro-CASP1, allowing
NLRC4 to directly activate the protease. However, NLRC4-induced CASP1 activation is
enhanced in cells by the presence of the adapter ASC (apoptotic speck protein containing a
CARD). ASC consists of a pyrin domain and CARD domain. Both inflammasome activation
and initiation of apoptosis can cause the condensation of a cell’s cytoplasmic ASC into a
potentially massive insoluble oligomer known as the apoptotic speck38. /n vitro assembly of
ASC fibrils seems to result from homopolymeric helices consisting of pyrin domains3’. This
brings the CARD domains of ASC in proximity allowing them to undergo a similar
polymerization, which can lead to polymerization of pro-CASP1 CARD domains and result
in activation of many pro-CASP1 molecules. The other major inflammasome-forming
proteins, including NLRP3, NLRP1, PYRIN, and AIM2, all require ASC to activate
caspase-1. Activated NLRC4 also associates with ASC and colocalizes with the ASC-
containing Speck after activation by Salmonellat® 38, These findings are consistent with the
ability of ASC to enhance NLRC4-induced CASP1 activation.

While CASP1 activation is a shared downstream effector mechanism between NLRC4 and
other inflammasome forming proteins, at least one other effector protease has been
described for NLRC4. NLRC4 was noted to recruit pro-CASP8 to the inflammasome
complex38. CASPS8 recruitment and activation in response to Sa/monella infection requires
both NLRC4 and ASC. CASP8 activation appears to be able to substitute for CASP1 in the
processing of pro-1L-1B38. However, unlike CASP1, CASP8 is a pro-apoptotic caspase. In
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cells in which CASP1 or Gasdermin are depleted, preventing pyroptosis, Sa/monella-
induced activation of NLRC4 will result in CASP8-dependent apoptosis3®.

NLRC4 IN HOST DEFENSE

NLRC4 is a critical component of defense against enteric pathogens

NLRC4 activation in response to Salmonella suggested the protein may play an important
role in defense against enteric pathogens. Further supporting this hypothesis, Salmonella
typhimurium, but not commensal intestinal microbes, were found to induce CASP1
activation and IL-1p secretion through NLRC4 in intestinal macrophages??. After
Salmonella PrgJ was found to activate the NAIP:NLRC4 inflammasome, homologs of this
T3SS Needle protein from other enteric pathogens including Shigella flexneri (MxiH) and
enterohemorrhagic £. coli (Eprl) were also found to activate NAIP1 — NLRC414,
Interestingly, ligands from commensal organisms, like flagellin from non-pathogenic £. coli,
were found to poorly activate NLRC4 when compared to Sa/monella-derived flagellinl, A
role for NLRC4 in defense against Sa/monella infection was clearly demonstrated when
Nirc4™~ mice were found to exhibit increased susceptibility to orogastric challenge with
Salmonella, showing decreased survival and increased systemic bacterial loads*: 42,
Interestingly, this difference was not seen when mice were challenged intraperitoneally,
suggesting NLRC4-mediated signaling was redundant to other pathogen sensing
mechanisms for Sa/monella outside of the Gl tract. Similar to the impact of N/rc4 deletion
on Salmonella infection outcomes, infection with the rodent GI pathogen Citrobacter
rodentium was more severe in NLRC4 deficient animals. A/rc4~~ mice infected by
orogastric inoculation with C. rodentium were found to have increased Citrobacterbacterial
loads, persistent weight loss, and worse colonic pathology than similarly treated WT mice?3,
Combined, these studies all suggest that the NLRC4 inflammasome plays an important role
in facilitating the clearance of bacterial enteric pathogens.

While many initial studies focused on recognition of intracellular Sa/monella by
macrophages or phagocytic cells, recent studies have demonstrated that multiple defensive
mechanisms initiated by NLRC4 in both epithelial and immune cells are responsible for
restricting Sa/monella and likely other enteric pathogens. Although many early studies
focused on the NLRC4’s ability to drive IL-1 secretion, a transgenic mouse that
overexpressed a secreted IL-18 decoy receptor was found to partially recapitulate the
increased susceptibility to orogastric S. typhimurium seen with AVirc4 deletion?2. Likewise,
Nirc4-dependent 1L-18 secretion activated Natural Killer cells, which were essential for
early colonic inflammation in Sa/monella infection*4.

Increasingly, we can also appreciate that non-hematopoietic NLRC4 inflammasome
signaling, primarily in gut epithelium, plays a role in controlling enteric bacterial infections.
Norlander and colleagues showed that reconstituting A/rc4~~ mice with wild-type bone
marrow did not restore control of Citrobacter rodentium infection®®. These observations
using bone marrow transplantation have subsequently been supported by tissue-specific gene
knock out experiments. Sellin and colleagues demonstrated that tissue-specific deletion of
Naip1-6in mouse gut epithelium led to increased Sa/monellabacterial burdens early in
infection. Specifically, expulsion of Sa/monella-infected enterocytes into the gut lumen was
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dependent on intestinal expression of NAIP proteins. Later studies with gut epithelium
specific knock-out of AM/rc4 also showed that expulsion of infected enterocytes relied on
NLRC4 using both /n-vivo animal studies and using an elegant primary cell organoid
system*7. As with the peritoneal macrophages34, NLRC4-dependent enterocyte expulsion
was accompanied by eicosanoid production. Remarkably, the enterocyte death and expulsion
did not entirely require CASP1, demonstrating that an NLRC4-induced, CASP8-mediated
cell death program also contributed to pathogen-infected enterocyte expulsion. Combined,
these studies demonstrate that the NAIP-NLRC4 inflammasome plays an important role in
controlling enteric infection by bacterial pathogens in both the epithelium and immune
compartments.

NLRC4 is a critical component of defense against systemic pathogens

Though the preponderance of murine /n vivo investigation of NLRC4 has focused on enteric
infections or cellular responses to enteric pathogens, a great deal of work has been done
examining its role combatting non-enteric pathogens. Additionally, the /n-vivo utilization of
non-infectious NLRC4 stimuli has resulted in some startling findings with relevance to the
physiology of acute systemic inflammation and the Systemic Inflammatory Response
Syndrome (SIRS).

Given the robust response of NLRC4 to NAIP proteins activated by cytosolic flagellin or
components the T3SS, a number of non-enteric bacteria require NLRC4 for full recognition
and clearance. Listeria monocytogenes triggers multiple inflammasomes in macrophages,
but requires NLRC4 for inflammasome activation unless cells are first primed with LPS*8,
Similarly, Pseudomonas aeruginosa peritonitis triggers the NLRC4 inflammasome in a
flagellin-independent manner®, and NLRC4 can protect from lung infection with non-
flagellated bacteria such as Klebsiella pneumonia®®. As with enteric pathogens like
Salmonella, pulmonary pathogens like Burkholderia pseudomallei can trigger both the
NLRC4 and NLRP3 inflammasomes and both are required for full protection®. These non-
enteric pathogens nevertheless trigger NLRC4 via mechanisms similar to classical NLRC4-
activating enteric pathogens like Sa/monellaand Shigella. through detection of flagellin or
components of bacterial T3SS by NAIP proteins. However, some bacteria, namely the
intracellular rickettsial pathogen Anaplasma phagoctyophilum, may induce macrophage
NLRC4 activation without expression of these PAMPs, via a mechanism dependent on
Cyclo-oxygenase 2 (COX2)-mediated prostaglandin synthesis24: 52,

Maltez and colleagues recently dissected complementary roles for the outcomes of NLRC4
inflammasome activation after infection with the ubiquitous intracellular bacterium C.
violaceum. Clearance of C. violaceum from the spleen required only pyroptosis, whereas
bacterial clearance from the liver required NLRC4-driven 1L-18 to induce appropriate
cytotoxicity in NK cells®3. This group was intrigued about the mechanism by which c.
violaceum and similar intracellular bacteria were cleared from the spleen in the absence of
cytokine production. They identified that inflammasome activation within infected
macrophages induced CASP1-dependent but IL-1p and IL-18 independent Pyroptosis-
associated Intracellular Traps (PITs)33. PITs consisted of swollen macrophages with
disrupted cellular and nuclear membranes and trapped intracellular bacteria within their
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borders. These PITs were readily taken up by activated neutrophils, and the trapped bacteria
were subsequently cleared through neutrophil NADPH-oxidase activity33. This mechanism
may be particularly important for clearance of the fastidious intracellular bacteria that
trigger NLRC4 inflammasomes.

The connection between Nlrc4 activation and prostaglandin synthesis was dramatically
illustrated by von Moltke and colleagues. This group capitalized on the fact that cytosolic
delivery of flagellin monomers could robustly and specifically activate macrophage NAIP5/
NLRC4 inflammasome in vitro. They systemically introduced a fusion protein enabling
delivery of flagellin intracellularly (FlaTox), and induced an immediate and deadly
“eicosanoid storm.” Injected mice developed rapidly fatal vascular leak that was dependent
on the NAIP5-NLRC4-CASP1 inflammasome as well as Phospholipase A2 and COX1
activity in resident peritoneal macrophages. Importantly, this response was independent of
IL-1B and I1L-1834. Subsequently, this group expressed FlaTox specifically in intestinal
epithelial cells, with resulting cytokine production and cell death requiring dual effects of
both CASP1 and CASPS, as discussed previously*’.

Although it is clear that NLRC4 is expressed and active in murine macrophages and
intestinal epithelial cells, its expression and role in neutrophils is controversial. In certain
intracellular infections (like Burkholderia) or in immune privileged sites (like cornea),
pathogens capable of triggering the NLRC4 inflammasome instead drive neutrophil
production of IL-1p independently of NLRC4°L: 54, By contrast, Chen et al. showed a
specific function for neutrophil NLRC4 in prolonged IL-1p production, in the absence of
neutrophil cell death, in the appropriate clearance of Salmonellz>°.

NLRC4 AND HUMAN DISEASE

The role of NLRC4 in murine host defense continues to undergo elaboration. Similarly,
human NLRCH4 is clearly important for /n vitro detection and clearance of intracellular
bacterial infection, and different isoforms of the single human NAIP appear capable of
detecting both T3SS rod proteins and flagellinl®. However, the relevance of NLRC4 for the
clearance of these pathogens from human hosts in the modern age is less well developed,
and immunodeficiency related to NLRC4 loss-of-function (or any inflammasome
component, for that matter) has not been described.

Increasingly, investigators are discovering an important role for NLRC4 in driving human
autoinflammation. Autoinflammation is the concept of systemic or organ-specific
inflammation not attributable to infection, malignancy, or antigen-specific autoimmunity®.
The autoinflammatory paradigm was initially molded around monogenic disorders of
spontaneous or increased inflammasome activity, and reinforced by the dramatic response of
many of these disorders to blockade of IL-1p. The concept has blossomed to include a
staggering number of diseases, many with monogenic causes, resulting from dysregulation
and hyperactivity of innate immune pathways®®. Disorders of inflammasome hyperactivity
(inflammasomopathies) typified many of the first-described autoinflammatory diseases, but
the genre has expanded far beyond the inflammasome.
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Following more than a decade of intense investigation of the PYRIN and NLRP3
inflammasomes, and the related inflammasomopathies FMF and CAPS (Cryopyrin-
Associated Periodic Syndromes), respectively, the first description of NLRC4-associated
disease came in 2014. Two groups independently and simultaneously described gain-of-
function mutations in NLRC4 as the cause of a syndrome of infantile enterocolitis and
recurrent Macrophage Activation Syndrome®’: 58, Functionally, these mutations induced
changes identical to those seen with FMF and CAPS mutations, with spontaneous/increased
macrophage inflammasome activity. One NLRC4-MAS patient showed substantial response
to IL-1 inhibition.

Three items set the NLRC4 inflammasomopathy apart from the PYRIN and NLRP3
inflammasomopathies, and these features have been largely confirmed by subsequent
reports. First, Macrophage Activation Syndrome (MAS) is not a feature of FMF and CAPS.
MAS is a life-threatening syndrome of hectic fever, low peripheral cell counts, hepatobiliary
dysfunction, coagulopathy, dramatically elevated serum ferritin, and hemophagocytosis®®. In
one patient, features of MAS began in utero and resulted in placental thrombosis, pre-term
birth, and perinatal demise®0. As such, MAS is clinically very similar to familial
Hemophagocytic Lymphohistiocytosis (FHLH), a disorder caused by impaired granule-
mediated cytotoxicity that is typically categorized as an immunodeficiency. MAS typically
complicates rheumatic diseases, particularly systemic Juvenile Idiopathic Arthritis (SJIA)
and Adult-Onset Still’s Disease (AOSD). Prior to the description of NLRC4-related disease,
MAS had very rarely been associated with inflammasomopathy or autoinflammation more
generally1. Thus, NLRCA4 finally provided a clear link between autoinflammation and the
Systemic Inflammatory Response Syndrome (SIRS) via a hyperinflammatory SIRS subtype
known as MAS.

Second, the described NLRC4-MAS patients had extraordinary and chronic elevation of
peripheral 1L-18. Despite both IL-1f and IL-18 being expressed in myeloid cells and
requiring inflammasome activity for their maturation, prior to the discovery of NLRC4-
MAS neither cytokine had been measured in great abundance in inflammasomopathy
patients’ serum. By contrast, extremely high levels of IL-18 were detected in patients with
sJIA and AOSD, particularly those who developed MAS®2: 63, Thus, even though NLRC4 is
both an inflammasomopathy and a cause of MAS, it seems that very high 1L-18 levels
correlate only with the latter. Interestingly, there is genetic evidence for an association
between NLRC4 and IL-18 remote from MAS: small elevations in 1L-18, long associated
with worse cardiac outcomes, were associated with an NLRC4 polymorphism in a Genome-
Wide Association Study (GWAS) of patients with known cardiac disease®4.

Despite providing little insight into its sources, 1L-18’s compelling role as a biomarker have
spurred interest into its role as a therapeutic target. Specifically, an infant with severe
NLRC4-MAS refractory to aggressive treatment, including IL-1 blockade, ultimately
showed an acute and dramatic response when 1L-18 blockade was added®. This was
achieved by administration of exogenous recombinant IL-18 binding protein (IL-18BP).
Similarly, another infant with NLRC4-MAS may have responded well to blockade of
Interferon-v, a cytokine implicated in fHLH whose production is induced by 1L-1866,
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Third, the infantile enterocolitis associated with NLRC4 hyperactivity is distinct amongst
both autoinflammatory diseases and other causes of very early onset Inflammatory Bowel
Disease (VEO-IBD). The described cases of NLRC4-associated enterocolitis all occurred
early in infancy, although not always in the neonatal period> 58. 60. 65 |nflammation could
involve the entirety of the intestines, from stomach through colon, although more mildly
affected patients appeared to have primarily duodenal inflammation. Most strikingly,
gastrointestinal disease in those patients who survived infancy largely disappeared, even
though bouts of MAS persisted and levels of serum IL-18 remained highly elevated®7: 58. 65,
In the context of murine NLRC4’s extraordinary role in gut host defense, this observation
suggests a complex interaction of NLRC4, IL-18, and the maturation of intestinal microbial
and immune homeostasis.

Though MAS and enterocolitis have been the most dramatic clinical manifestations of
NLRCA4-associated disease, other more typical autoinflammatory symptoms have been
described. Kitamura and colleagues described an extended family with a relatively mild
phenotype of cold-induced urticaria®”. Response to IL-1 inhibition and peripheral IL-18
were not assessed. Subsequently, Volker-Touw et al. described another extended family with
a spectrum of autoinflammatory phenotypes, including urticarial and nodular rashes,
conjunctivitis, arthritis, IBD, and sensorineural hearing loss (a hallmark symptom of CAPS)
that segregated with a missense NVLRC4 mutation®8. Response to IL-1 inhibition was highly
variable in this kindred, and biopsy of the nodular rash demonstrated lymphohistiocytic
infiltrate as opposed to the neutrophilic infiltrate of other inflammasomopathy rashes. Serum
IL-18 was profoundly elevated in affected members of this kindred. Finally, Kawasaki et al.
described a patient with clinical symptoms of severe CAPS whose disease was entirely
responsive to IL-1 blockade, and who was eventually found to carry a high-frequency
somatic VL RC4 mutation®. Thus, not all patients with NLRC4 inflammasomopathy
develop MAS or enterocolitis, but these other presentations are nevertheless consistent with
those observed in many other autoinflammatory diseases. The specific proclivity of murine
NLRC4 activation for eicosanoid production has not been evaluated in these patients,
particularly those with incomplete responses to IL-1p and/or IL-18 blockade, but COX
inhibition has been insufficient treatment in all but the most mildly-affected patients.

The sources of phenotypic heterogeneity are difficult to establish in any monogenic disease,
although here again NLRC4 offers some interesting clues. Despite small numbers of patients
described thusfar, there may be a genotype/phenotype correlation between the amino acid
position of NLRC4 mutation and the phenotypes described. MAS associated mutations have
been concentrated around amino acid positions 337 to 341, within Helical Domain (HD)-1.
Mutations associated with more classical inflammasomopathy symptoms have been
identified at positions 443 and 445, within the Winged Helix Domain (WHD). Notably, the
H443P mutation, was uniquely associated with increased interaction with SUG1 and
ubiquitinated proteins, and ultimately drove a CASP8 dependent apoptosis in a human lung
epithelial cell line”. This increased activity was independent of $533 phosphorylation,
consistent with /in vitro work with other NLRC4 gain-of-function mutations (unpublished
observations). Levels of CASP1 as a competing effector of the NLRC4 inflammasome in
this cell line were not assessed. Somatic mutations, albeit variable in their presentation,
occurred at positions 171 (in utero MAS, placental thrombosis) and 177 (severe CAPS),
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within the Nucleotide Binding Domain (NBD). All of the mutations published to date have
occurred within close proximity of the putative ADP/ATP binding site?2.

As translational investigation and clinical observations accumulate, we will refine our
understanding of the links between NLRC4 hyperactivity, autoinflammation, IL-18, infantile
enterocolitis, and MAS. Simultaneously, we hope these findings will illuminate
circumstances in which NLRC4 or associated signaling pathways are important in more
common diseases like sJIA and AOSD, and potentially in host defense and beyond.

SUMMARY

Despite a relatively delayed start, research on the NLRC4 inflammasome has provided
foundational insights into inflammasome biology, and increasingly autoinflammatory
disease (see Figure). The complex interactions between NAIP proteins and NLRC4, rather
than defining the limits of inflammasome activation, offer detailed insights into the types of
inputs evolution has selected. The recent elaboration of the murine crystal and cryo-EM
structures have provided a molecular basis for NLR autoinhibition and activation, as well as
a living framework for the inflammasome paradigm. A large body of work on the
microbiology and cellular immunology of murine Nlrc4 activity has secured its place in the
firmament of innate immune host defense mechanisms, and identified avenues of research
on novel sites of action (myeloid versus epithelial), regulatory mechanisms (e.g.
phosphorylation), inflammasome interacting partners (e.g. other NLRs, Caspase-8), and
effector mechanisms (e.g. eicosanoid induction). Finally, the discovery and study of human
NLRC4 inflammasomopathies have provided several clues, most notably the unique
associations with IL-18, MAS, and infantile enterocolitis, on which future work will surely
build. Overall, the foundations of NLRC4 biology, from monomeric structure through
human phenotypes, are uniquely comprehensive for inflammasomes and have provided
critical insights and tools to probe this important innate immune mechanism.
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Figure.
Structural, functional, and translational insights gleaned from the study of NLRC4

inflammasomes. Structural: NAIP proteins detect monomers of flagellin or Type Il
Secretion System (T3SS) needle or rod proteins and nucleate the oligomerization of NLRC4
to initiate inflammasome activation. Functional: NLRC4 inflammasomes present in
macrophages, neutrophils, and Intestinal Epithelial Cells (IECs) mediate substrate cleavage
via CASP1 or CASP8 to induce effector programs including release of inflammatory
mediators and various cell death programs including Pore-Induced Intracellular Traps
(PITs), and IEC expulsion. Translational: Gain-of-function (GOF) mutations clustering near
NLRC4’s ADP-binding site have been associated with skin rash, enterocolitis, Macrophage
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Activation Syndrome, and chronically elevated IL-18. Figures adapted from Galan JE et al.
10, Zhang L et al.2®, Rauch | et al.#”, Canna SW et al.%5, and Kitamura A et al.%7.

Immunol Rev. Author manuscript; available in PMC 2019 January 01.



	Summary
	ORIGINS
	TRIGGERING THE NLRC4 INFLAMMASOME
	STRUCTURAL FEATURES OF NLRC4
	NLRC4 EFFECTOR MECHANISMS
	NLRC4 IN HOST DEFENSE
	NLRC4 is a critical component of defense against enteric pathogens
	NLRC4 is a critical component of defense against systemic pathogens

	NLRC4 AND HUMAN DISEASE
	SUMMARY
	References
	Figure

