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Abstract
NLRs play fundamental roles in host-defense and inflammatory disorders. NLRP6 is a newly
characterized member of this family that inhibits NF-κB and MAP-kinase dependent immune
signaling to hamper anti-microbial defense. Further, NLRP6 regulates intestinal inflammation by
maintaining gut microbiota composition. In this review, we examine the recent studies and
emphasize the key functions regulated by NLRP6.
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1. Introduction
Members of the Nod-Like Receptor (NLR) family play fundamental roles in immunity and
host defense. Gain-of-function mutations in NLRs are correlated with several inflammatory
disorders. Further, certain NLRs play critical roles in pathogen recognition and activate
downstream signaling cascades resulting in anti-microbial defense [1-3]. However, a
functional role for most of the family members is yet to be elucidated. While pattern-
recognition receptors such as Toll-like receptors (TLRs) are well defined, the biology of
NLRs as a family is only beginning to be understood. In contrast to TLRs that mostly sense
extracellular microbes, NLRs sense microbial or danger stimuli in the cytoplasm [1, 2].
Remarkably, pattern recognition receptors (PRRs) recognize pathogen-associated molecular
patterns (PAMPs), which are conserved among pathogens and non-pathogens alike. As such,
they are unable to differentiate microbes based on their pathogenicity [4, 5]. However,
invasion of the host-cytoplasm is a more serious threat and NLRs are aptly localized to
respond to these insults.

NLRs are comprised of 23 family members in humans and 34 in the mouse genome [6, 7].
Structurally, NLRP6 resembles the well-studied member NLRP3 consisting of a N-terminal
Pyrin domain, a central NOD domain and C-terminal leucine-rich repeats. Following
activation, NLRP3, as also NLRC4 and NLRP1, forms a multimeric structure known as the
‘inflammasome’ typically leading to oligomerization of the adaptor protein ASC and
activation of the cysteine protease pro-caspase-1 [8], which further cleaves precursors of
IL-1β and IL-18 to their biologically active forms [6, 9-12]. NLRP3 is activated in response

© 2013 Elsevier Masson SAS. All rights reserved.
*Correspondence should be addressed to: Thirumala-Devi Kanneganti, Department of Immunology, St Jude Children’s Research
Hospital, MS #351, 570, St. Jude Place, Suite E7004, Memphis TN 38105-2794, Tel: (901) 595-3634; Fax. (901) 595-5766.
Thirumala-Devi.Kanneganti@StJude.org. .

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Microbes Infect. Author manuscript; available in PMC 2014 September 01.

Published in final edited form as:
Microbes Infect. 2013 ; 15(0): . doi:10.1016/j.micinf.2013.06.009.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to numerous diverse stimuli by equally distinct mechanisms that include changes in ion flux,
generation of reactive oxygen species and lysosomal disruption. In contrast to a prior belief
of direct sensing, NLRC4 was recently shown to attain specificity through distinct NAIP
proteins that recognize a functional bacterial type III or IV secretion system or flagellin and
subsequently activate NLRC4 [13, 14]. While it is beginning to be deciphered for a limited
set of NLRs, the specific ligand and activation mechanisms for most of the family members
remains unknown.

Characterization of the NLR family members is essential to gain deeper understanding of the
functions of these receptors in immunity and inflammatory disorders. Recently, NLRC5 was
described to act as a transactivator of MHC class I genes (CITA) [15]. NLRP10 was
proposed to initiate adaptive immunity by dendritic cells and its ablation resulted in
increased susceptibility to Candida albicans infection [16, 17]. NLRP7 was demonstrated to
assemble an inflammasome in response to microbial diacylated lipopeptides in human
macrophages [18]. In the last few years, a number of NLRs were described that function to
restrain immune signaling. NLRX1 inhibited inflammatory cytokine production via the
MAVS-RIG-I pathway [19]. NLRC3 and NLRP12 inhibited TLR-dependent activation of
NF-κB [20-22]. Similarly, our lab described role for NLRP6 in inhibiting TLR-dependent
NF-κB and MAP-kinase signaling [23]. Below, we will discuss in detail the newly
discovered roles of NLRP6 in inflammation and host-defense.

2. NLRP6 protects against colitis and colitis-associated carcinogenesis
Ulcerative colitis is an inflammatory disorder of the gastrointestinal tract affecting 1.4
million people in the United States [24]. During DSS-induced experimental colitis in mice,
tight junctions between epithelial cells in the colon are disrupted allowing permeability of
commensal bacteria and bacterial ligands into the underlying lamina propria thereby
promoting gratuitous inflammation. In this model, Nlrp6-deficient mice displayed enhanced
susceptibility accompanied with reduced serum IL-18 levels [25]. Interestingly, this was
correlated to altered fecal microbiota composition in Nlrp6-deficient mice as demonstrated
by increased representation of the bacterial phyla Bacteroidetes (family Prevotellaceae) and
TM7. These microbial communities also displayed enhanced expansion in Asc−/− and
Casp1−/− mice that demonstrated equal susceptibility to colitis thereby implying a role for
NLRP6 in inflammasome formation. Furthermore, the colitogenic gut microbiota could
establish increased representation in WT mice when co-housed with any of the above-
mentioned knock-out animals [25]. The expansion of Prevotellaceae stimulated elevated
levels of CCL5 (RANTES) in colons of Asc−/−, Nlrp6−/− and in susceptible co-housed WT
mice [25]. However, despite comparable acquisition of Prevotellaceae, Ccl5−/− mice
exhibited significant resistance to DSS-induced colitis [25] thus implying a downstream
function for CCL5 in enhancing disease (Fig. 1). Finally, in agreement with a role for IL-18,
mice deficient in il18 also displayed expansion of Prevotellaceae and thus enhanced colon
CCL5 expression. These findings thus demonstrate a critical role for inflammasome-
dependent IL-18 production in maintaining composition of the intestinal microbiota (Fig. 1).
However, certain differences exist in the fecal microbiota composition of Asc−/− and
Nlrp6−/− mice compared to il18−/− mice [25] suggesting the presence of additional IL-18-
independent mechanisms of microbiota regulation. Altered microbiota composition was also
demonstrated to result in exacerbated non-alcoholic fatty liver disease and non-alcoholic
steatohepatitis in Nlrp6- or il18 - deficient mice [26]. However, whether IL-18 directly
regulates the growth of bacteria belonging to family Prevotellaceae needs to be examined.

Chronic inflammation during colitis predisposes individuals to an increased risk of
colorectal cancer, the second leading cause of death due to cancer in the US. In 2009,
136,000 people were diagnosed with colorectal cancer resulting in 50,000 deaths [27]. By
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employing the AOM/DSS model, Chen et al. demonstrated enhanced susceptibility of
Nlrp6-deficient mice to colitis-associated carcinogenesis (CAC). This was associated with
reduced serum and colonic IL-18 levels [28]. However, no difference in IL-1β and IL-18
transcripts or a role for IL-1R signaling was observed [29]. Indeed, Nlrp6 expression has
been proposed as a diagnostic marker in colon adenocarcinoma detection [30].

Enhanced susceptibility to colitis and colorectal tumorigenesis has also been demonstrated
before in mice lacking components of the NLRP3 inflammasome owing to reduced IL-18
production in these mice [31-33]. NLRP3-inflammasome dependent IL-18 production
maintained colonic epithelial cell integrity in these studies (Fig. 1). Although, whether this
was accompanied with altered intestinal microbiota is not known. However, dysregulated
colonic β-defensin expression and consequently reduced antimicrobial ability in Nlrp3−/−

mice was shown to be associated with altered gut flora represented by enhanced expansion
of bacterial groups belonging to several families including Enterobacteriaceae and
Clostridiaceae [34]. Further, co-housing experiments between WT and Nlrp3−/− mice
performed by Elinav et al. to equilibrate microflora resulted in slightly attenuated colitis in
the knockout mice [25]. Taken together, these studies propose that NLRP3-inflammasome
mediates protection against colitis by multiple mechanisms and that the relative role of each
is dependent upon several factors including differences in experimental conditions and
microflora variations among mice harbored in different laboratories. Further, if established,
it would be interesting to clarify whether Asc−/− and Casp1−/− mice also show identical
alterations as Nlrp3−/− mice in their gut flora. Similarly, a recent report demonstrated
enhanced susceptibility to colitis and colitis-associated carcinogenesis in Nod2-deficient
mice owing to altered gut microbial communities [35]. However, in agreement with the
established role of NOD2, this was independent of IL-18 levels but surprisingly resulted due
to enhanced IL-6 levels. Nonetheless, the susceptibility of several different mice lacking
distinct NLRs suggests non-redundant roles for these receptors in maintaining intestinal
homeostasis.

The mechanisms that promote intestinal repair and wound healing lead to tumorigenesis
upon dysregulation [29, 36]. Certainly, the features shared between wound healing and
tumour development are similar enough to lead to the view that wounds incompetent to heal
develop into tumors because of enhanced cell migration and proliferation in that area [37].
Normand et al. demonstrated that NLRP6 regulates self-renewal of the intestinal epithelium
and its ablation lead to defective wound healing thereby promoting colitis associated-
colorectal carcinogenesis [29]. Deficiency in Nlrp6 resulted in enhanced expression of
several genes including Csnk1ε (casein kinase 1 epsilon) and Smarcc1 (member of SWI/
SNF family), which are associated with enhanced proliferation of the dysplastic epithelium
[29]. Notably, Csnk1ε is known to phosphorylate proteins involved in several key pathways
of tumour progression such as β-catenin and Csnk1ε inhibition results in growth arrest [38].
Therefore production of numerous paracrine factors in Nlrp6−/− mice may promote tumour
development through activation of the Wnt/β-catenin pathway that is critical in cell
proliferation during development and healing.

Consistent with a role in regulating wound healing, another study proposed that NLRs
NLRP6 and NLRP3 modulate levels of IL22 neutralizing receptor IL22BP (IL22 binding
protein) secreted by CD11c+ dendritic cells at steady-state levels [36]. Upon AOM/DSS
exposure, the induction of intestinal damage induces IL-22 levels, probably by innate
lymphoid cells [39]. IL-22 activity promotes cell proliferation and is necessary during the
early phase for colonic epithelial cell repair; however, IL-22 needs to be neutralized in the
later phases by IL-22BP. Counterintuitive to this is the data that inflammasome-mediated
IL-18 production down-regulates IL-22BP thereby increasing IL-22/IL-22BP ratio (Fig. 1);
yet ablation of il18 or il18r1 results in enhanced susceptibility to colitis-associated colon
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cancer [40, 41]. Apparently, this can be explained by the fact that IL-18 protects against
intestinal damage by maintaining epithelial barrier integrity [40, 41]. Thus, delayed colon
repair in il18−/− mice may allow bacterial translocation and hence intestinal inflammation,
thereby promoting tumorigenesis. Indeed, elevated production of IL-6 family cytokines and
STAT3 phosphorylation were observed in il18−/− mice upon AOM/DSS treatment [41].
Furthermore, IL-18 administration can lower tumour burden in Casp1−/− mice possibly
through its role in IFN-γ-mediated antitumour activity of cytotoxic T and Natural Killer
cells [42]. These studies thus suggest that IL-18 plays distinct roles and that regulating
IL-22BP levels is one of the mechanisms by which IL-18 maintains intestinal homeostasis.

3.NLRP6 negatively regulates host-defense signaling
Recently, we described a detrimental role for NLRP6 in microbial infection and
demonstrated that ablation of Nlrp6 results in profound resistance to intracellular pathogens
Listeria monocytogenes and Salmonella typhimurium [23]. According to estimates from the
Centers for Disease Control, 48 million people get hospitalized owing to food borne
illnesses every year. Listeria and Salmonella are among the top-three pathogens for these
illnesses that eventually lead to death [43]. Mice deficient in Nlrp6 exhibited significantly
reduced bacterial burden by day 1 post-infection and more than 70% of the deficient mice
survived lethal Listeria infection [23]. These data propose NLRP6 as a highly compelling
drug target for protection again bacterial infections. However, the activity of NLRP6 can
only be neutralized selectively since its deficiency is also associated with disruption of gut
homeostasis. Particularly, in recent years the therapeutic efficacy of some of the commonly
used antibiotics has decreased extensively because of their excessive misuse leading to the
emergence of multi-drug resistant strains. Therefore, there is an urgent need to discover
newer therapies to combat infectious diseases. Here, neutralization of NLRP6 in conjunction
with conventional antimicrobials may provide protection in addition to removing selective
pressure and thereby the emergence of drug-resistant strains [44]. However, if Nlrp6-
deficiency will be protective against a broad-range of pathogenic microbes needs to be
examined.

NLRP6 specifically inhibited TLR2 and TLR4-dependent activation of the canonical NF-κB
(Fig. 2) and MAP-kinase pathways [23]. Furthermore, there was increased production of
cytokines and chemokines such as TNFα, IL-6 and KC by Nlrp6−/− macrophages either
infected with Listeria or exposed to TLR2 or TLR4 ligands (Fig. 1). Indeed, NF-κB
dependent cytokines such as TNFα and IL-6 were also markedly elevated in Nlrp6−/− mice
in vivo after exposure to AOM/DSS [28]. Elevated production of TNFα and IL-6 can
promote tumorigenesis (Fig. 1) through activation of the STAT3 pathway specifically in the
intestinal epithelial cells [45, 46]. In agreement, mice lacking TNF-Rp55 or IL-6 exhibited
decreased colitis associated cancer [46, 47]. Consistent with enhanced levels of chemokines,
increased frequency of monocytes and neutrophils were observed in the circulation of
Listeria infected Nlrp6-deficient mice (Fig. 1). Although, these cells did not exhibit
enhanced pathogen killing in vitro, their enhanced numbers may contribute to early
clearance of bacteria [23]. Taken together, these studies convincingly support a negative role
for NLRP6 in regulating the NF-κB pathway. However, NLRP6 did not affect NOD1 and
NOD2 dependent activation of NF-κB and MAP-kinase pathways thereby proposing
specificity for TLR-induced signaling and implying an upstream function for NLRP6 in the
TLR pathway [23]. More likely, we believe, NLRP6 acts as a checkpoint for enhanced
unwarranted inflammation. Although, how NLRP6 is activated and whether it plays any
significant role during TLR3 or TLR7 signaling, mainly activated upon viral infection, still
needs to be investigated.
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As mentioned earlier, naïve Nlrp6-KO mice show alterations in microbiota composition
with expanded representation of Prevotellaceae [25]. However, co-housing experiments
between WT and Nlrp6−/− mice, which resulted in similar gut microbiota composition, did
not alter the resistance of Nlrp6−/− mice to Listeria [23]. One explanation here could be that
altered microbial communities calibrate responses only in the gastrointestinal models and do
not regulate immunity upon systemic bacterial infection. Further, in the colitis model,
Nlrp6−/− mice showed expansion of Prevotellaceae that resulted in elevated expression of
the proinflammatory chemokines CCL5 [25]. Collectively, these studies suggest that
irrespective of the upstream trigger, the development of colitis and CAC is accompanied
with, and perhaps dependent upon enhanced cytokine and chemokine production in Nlrp6−/−

mice.

CCL5 is secreted by many cells including epithelial cells, macrophages, fibroblasts and T
cells [48] and is a potent chemoattractant of a variety of innate and adaptive immune cells
[49]. Earlier studies demonstrated a detrimental role for CCL5 in both TNBS- and DSS-
induced colitis [50, 51]. However, a protective role has been exhibited for CCL5 upon
challenge with various viral and bacterial pathogens. Ccl5-deficient mice showed poor CD8
T-cell responses to LCMV accompanied with increased viral load [52] and its expression
was actively reduced by human cytomegalovirus to evade immune responses [53]. Upon
Chlamydia infection, the mRNA expression of CCL5 and its receptor CCR5 were elevated
in the spleen and lymph nodes and its inhibition was associated with delayed bacterial
clearance [54]. Likewise, its expression was also associated with increased resistance to
Leishmania major infection [55]. Interestingly, both NOD1 and NOD2 stimulate CCL5
production from murine macrophages [56]. As Listeria signals through NLRs NOD1 and
NOD2 [3, 57], it would be interesting to investigate whether CCL5 has any role in immunity
to Listeria infection in Nlrp6−/− mice.

4. NLRP6 expression and signaling compartment
NLRP6 is expressed in immune cells such as granulocytes, dendritic cells, CD4 and CD8 T-
cells and macrophages [23, 28, 29, 58]. Also, it is highly expressed in duodenum, ileum,
colon, small intestine and liver [28]. Further, Nlrp6 was also abundantly expressed in human
PBMCs [59] and exhibited enhanced levels in tissue samples from colon cancer patients
[30]. Nlrp6 expression increased gradually during the late gestation from embryonic days
E16 to E20 in the rat fetal intestine [60]. Analysis of the promoter region demonstrated an
abundance of peroxisome proliferator-activated receptor γ (PPAR-γ) and retinoid × receptor-
α (RXR-α) binding motifs in the Nlrp6 gene. PPAR-γ is a member of the nuclear hormone
receptor superfamily and heterodimerizes with RXR-α to play a critical role in glucose
homeostasis [61, 62]. Consequently, the transcriptional expression of Nlrp6 increased in
Caco2 cells exposed to PPAR-γ agonist rosiglitazone [60]. Nlrp6 expression was also
enhanced in human and mouse colon epithelial cell lines treated with rosiglitazone but
dampened when exposed to corticotropin-releasing hormone (CRH) [63]. Serum levels of
CRH elevated in mice subjected to water-avoidance stress model and the associated
reduction in Nlrp6 resulted in altered microbiota and severe intestinal pathology [63].
However, reduced inflammasome activity observed in this model was because of lower
transcriptional expression of Nlrp6 and pro-IL-1β. Interestingly, treatment with either
probiotics or PPAR-γ agonist reduced intestinal pathology.

Similar to NLRP6, PPAR-γ maintains intestinal homeostasis [64] and rosiglitazone
administration reduced the severity of colitis [61]. In addition, PPAR-γ also appears to
compromise immunity against bacterial infections both in vitro and in vivo [65]. siRNA
knock-down of PPAR-γ in THP1 macrophages resulted in reduced intracellular
Mycobacterium tuberculosis load [66]. Furthermore, in parallel with Nlrp6-ablation, loss of
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PPAR-γ (myeloid cell specific) resulted in increased production of inflammatory cytokines
coupled with enhanced monocyte recruitment, thereby promoting increased protection
against Listeria infection [65]. These results unambiguously agree with NLRP6 function and
raise the possibility that PPAR-γ functions in an NLRP6-dependent manner to impede
bacterial clearance.

NLRP6 signaling was found to be important in both the radiosensitive (hematopoietic) and
radioresistant (stromal) cells in the bacterial infection model [23]. This is consistent with
previous reports highlighting a critical role for cytokine and chemokine production by both
the compartments during bacterial infection. However, contrasting results were reported in
the colitis and colitis-associated cancer model with reports suggesting a role for either
epithelial cells or both the hematopoietic and non-hematopoietic compartment [25, 28, 29].
In one study, NLRP6 signaling in the radiosensitive colon myofibroblasts was associated
with self-renewal of the intestinal epithelium [29]. Furthermore, NLRP6 has been suggested
to regulate inflammasome-dependent IL-18 production in the epithelial cells, but was
dispensable for this function in macrophages or neutrophils [23, 25, 28]. Clearly, NLRP6
signaling plays distinct roles in different cell types and studies in myeloid cell specific or
epithelial cell specific conditional knock-outs will further clarify its role in these discrete
compartments.

5. NLRP6 regulates inflammasome - dependent and – independent
functions

The earliest studies on NLRP6 demonstrated its role in inflammasome assembly [58].
Overexpression of inflammasome components and NLRP6 in COS7L cells lead to the
cleavage of pro-caspase-1 and release of IL-1β. Similarly, overexpression studies in 293T
cells resulted in NLRP6 co-localization with ASC that was blunted in the absence of a
functional PYRIN domain [58]. However, the authors were unable to demonstrate this
interaction by co-immunoprecipitation experiments therefore making it difficult to interpret
contrasting results obtained by microscopy and biochemical assays. Subsequent studies by
employing Nlrp6-deficient mouse macrophages suggested no role in caspase-1 activation or
mature IL-1β release in response to diverse inflammasome activating ligands, including LPS
and ATP, in two different studies [23, 28]. Further, NLRP6 did not regulate inflammasome-
dependent IL-1β production in human PBMCs [59]. However, studies with colitis and CAC
models in mice observed reduced IL-18 production in serum and colon lysates [25, 28, 67].
These studies suggest that NLRP6 may mediate inflammasome assembly in colon epithelial
cells and that this NLR accomplishes inflammasome-independent roles in other cell types
such as macrophages and neutrophils. Nonetheless, direct biochemical evidence
demonstrating an NLRP6 inflammasome in colonic epithelial cells is still awaited and
further studies are required to decipher activating ligands of NLRP6.

6. Concluding remarks
The physiological function of NLRP6 seems to be to dampen detrimental inflammatory
responses. Particularly in the case of intracellular cytoplasmic pathogens, multiple pattern
recognition receptors such as TLRs and NLRs are activated at different stages of bacterial
invasion, at the cell surface or in the cytosol. Prolonged activation of these multiple
receptors may lead to robust pro-inflammatory responses that might be damaging to the
host-tissue (Fig. 2). Hence, NLRP6 acts as a molecular rheostat to dampen TLR induced
pathways activated by the extracellular recognition of bacterial ligands and thus maintains
immune homeostasis (Fig. 2). Indeed, Nlrp6-deficiency elevated production of cytokines
and chemokines and resulted in enhanced susceptibility to colitis and colitis-associated
carcinogenesis. Taken together, this suggests that NLRP6 signaling is beneficial during
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conditions where an inflammatory response is unwarranted, while its activity is detrimental
when an inflammatory response is vital. Thus, although the role of NLRP6 seems to be
either protective or detrimental depending on the context of the model used, the underlying
mechanisms in these studies appear to be the same.

As with other NLR family members, activation mechanisms of NLRP6 are still unclear. It is
reasonable to believe that NLRP6 recognizes select host-derived factors during intestinal
damage. Recognition of certain conserved bacterial PAMPs would explain the role of
NLRP6 in both infection and gastrointestinal models, where commensal bacteria too play a
large role. However, another possibility would be that just like NLRP3, NLRP6 does not
have any direct ligand binding and is activated in response to certain upstream biochemical
alterations that signal enhanced unwarranted inflammation. Clearly, NLRP6 activity can be
modulated for therapeutic purposes. However, future studies are required to answer several
of these outstanding questions.
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Figure 1. NLRP6 regulates inflammasome –dependent and inflammasome-independent
functions
Left: NLRP6 inhibits canonical NF-κB and MAP-kinase signaling in an inflammasome-
independent manner. Thus, deficiency in Nlrp6 results in enhanced secretion of cytokines
and chemokines. Consequently, increased monocytes and neutrophils are recruited thereby
augmenting anti-microbial defense. Right: NLRP6 protects against intestinal homeostasis by
maintaining gut microbiota composition and IL-18 production in an inflammasome-
dependent manner. Nlrp6 ablation results in an altered microbiota with enhanced expression
of Prevotellaceae and enhanced production of CCL5 thus promoting colitis. IL-18
production also regulates epithelial barrier integrity. Further, IL-18 regulates the levels of
IL-22BP released by dendritic cells to adjust IL-22/IL-22BP ratio. Increased IL-22/IL-22BP
ratio in the early phase of intestinal damage promotes colonic epithelial cell repair while its
increase in the later phase promotes colitis-associated carcinogenesis.
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Figure 2. NLRP6 maintains immune homeostasis
Multiple pattern-recognition receptors such as TLRs and NLRs are activated at different
stages of bacterial invasion, at the cell surface or in the cytoplasm. Prolonged activation of
these receptors lead to enhanced unwarranted inflammation and may promote tissue-
damage. NLRP6 inhibits canonical NF-κB signaling thus hindering the TLR pathway
activated by the extracellular recognition of bacterial ligands and thus maintaining immune
homeostasis.
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