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Abstract

Organismal fitness demands proper response to neutralize the threat from infection or injury. At 

the mammalian intestinal epithelium barrier, the inflammasome coordinates an elaborate tissue 

repair response marked by the induction of anti-microbial peptides, wound-healing cytokines, and 

reparative proliferation of epithelial stem cells. The inflammasome in myeloid and intestinal 

epithelial compartments exerts these effects in part, through maintenance of a healthy microbiota. 

Disease-associated mutations and elevated expression of certain inflammasome sensors have been 

identified. In many cases, inhibition of inflammasome activity has dramatic effects on disease 

outcome in mouse models of experimental colitis. Here, we discuss recent studies on the role of 

distinct inflammasome sensors in intestinal homeostasis and how this knowledge may be 

translated into a therapeutic setting.
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Inflammation: the antidote to restoring tissue homeostasis

Homeostatic balance is critical for the health of multi-cellular organisms and is under threat 

during infection and traumatic tissue injury. The cellular and tissue response to these insults 

is critical for the health and survival of the organism. This has drawn many investigators to 

study the underlying mechanisms that help restore this homeostatic balance. Inflammation is 

a host response defined by immune cells infiltrating affected tissues. It has a central role in 

mediating host defense against pathogens, tissue repair and restoration of homeostasis. 

Immune effectors and specialized stromal cells at epithelial surfaces produce cytokines and 

anti-microbial defensins to orchestrate tissue repair and to minimize opportunistic infections, 

respectively. Recent studies indicate that the pro-inflammatory cytokines IL-1β and IL-18 

have critical roles in tissue homeostasis in the intestinal epithelium. Their expression is 

controlled by the inflammasome, a multi-component Moreover, dysregulation of 
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inflammasome activity and IL-1β expression have been implicated in the pathogenesis of 

inflammatory bowel diseases (IBD)[2]. Accordingly, therapeutic agents targeting certain 

inflammasome receptors and IL-1β have shown promise in mouse models of colitis[3, 4]. 

Thus, the potential clinical relevance in IBD and other inflammatory diseases has fueled 

recent advances in inflammasome biology, a topic explored in this review.

Tissue homeostasis in the intestinal epithelium

In addition to its role in nutrient breakdown and uptake, the mammalian intestinal epithelium 

functions as a critical barrier against pathogens and microbiota. This barrier function is 

achieved by the coordinated action of immune effectors, which include T and B 

lymphocytes, intra-epithelial lymphocytes (IELs), mononuclear phagocytes (MNPs), and 

innate lymphoid cells (ILCs), that populate the epithelial layer and the underlying lamina 

propria (Fig. 1)[5]. These cells are often organized into specialized gut-associated 
lymphoid tissues (GALT) such as in Peyer’s patches[5]. Due to the constant exposure to 

food antigens and microbes in the lumen, a sophisticated homeostatic system is needed to 

balance inflammation and tolerance in order to avoid inflammatory pathology, as well as 

microbial invasion. For example, M cells in Peyer’s patches efficiently capture luminal 

antigens through transcytosis for antigen presentation[5]. In addition to immune effectors, 

specialized secretory cells in the intestinal lining such as goblet cells and Paneth cells 
secrete mucus and anti-microbial peptides (AMPs) respectively, which help fend off 

pathogenic microbes[5]. Moreover, commensal bacteria that reside in the intestinal lumen 

also contribute to tissue homeostasis through production of metabolites such as short chain 

fatty acids, which facilitate the functional development of immune effectors[6]. In turn, 

microbial metabolites are sensed by G-protein coupled receptors (GPR) such as GPR43 in 

colonic epithelial cells, which subsequently stimulate potassium efflux and NLRP3 
inflammasome activation[7, 8]. As discussed below, inflammasome activation plays critical 

roles in the maintenance of a healthy and balanced microbiome. These observations have 

revealed an interplay between host and microbe, shaping the intestinal microbiota. Indeed, 

the importance of a healthy microbiota is highlighted by the association between intestinal 
dysbiosis and inflammatory bowel diseases (IBD)[9]. This is biologically relevant because 

breakdown of any of these homeostastic mechanisms can lead to susceptibility to infection 

or contribute to injury to the intestinal epithelium, chronic inflammation, or other 

detrimental pathologies, including cancer[10].

The Inflammasome: architecture, mechanism and biological effects on 

tissue homeostasis

Inflammasome Architecture

Inflammasomes are intracellular molecular protein scaffolds that govern the cleavage of the 

IL-1 family of cytokines and lead to an inflammatory form of cell death termed 

pyroptosis[11]. The inflammasome also triggers necroptosis, a lytic form of inflammatory 

cell death[12–15]. While the inflammasome is primarily known to mediate host defense 

against pathogens, recent evidence from mouse models in which specific inflammasome 

sensors were inhibited shows that it also plays critical roles in intestinal tissue 
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homeostasis[16]. In addition to maintenance of tissue homeostasis at quiescence, the 

inflammasome also senses acute injury through damage-associated molecular patterns 
(DAMPs) released from dying cells in the intestine to trigger the tissue repair response[17]. 

These activities can be mediated by distinct inflammasome sensors such as NLRP3 in 

hematopoietic and stromal cells in the mammalian intestine[16, 18].

The basic architecture of inflammasome complexes consists of an upstream receptor or 

sensor from the nucleotide-binding domain and a leucine rich repeat containing protein 

(NLR), the AIM2 (absent in melanoma 2)-like receptor, tripartite motif (TRIM) proteins, an 

adaptor protein called ASC (apoptosis-associated speck like protein containing caspase 

recruitment domain (CARD)), and the cysteine protease CASPASE-1[1] (Fig. 2). 

Inflammasomes are considered to be in an inhibitory state under resting conditions[1, 11]. A 

variety of signals of self or foreign origins can relieve this inhibition, leading to the 

recruitment of ASC via pyrin domain-mediated homotypic interactions. Subsequently, 

activation of the inflammasome sensors trigger prion-like polymerization of the adaptor 

molecule ASC and CASPASE-1 via homotypic interaction of the CARD domain, leading to 

proximity-induced activation of CASPASE-1[19–21]. CASPASE-1-mediated cleavage then 

facilitates the generation of mature IL-1β and IL-18, given that these cytokines are initially 

generated as proforms. In some cases, CASPASE-8 can also promote IL-1β and IL-18 

maturation[22–24]. Since both IL-1β and IL-18 lack signal peptides, it has been suggested 

that cell death through pyroptosis or necrosis is critical for secretion of these cytokines from 

the cells[25]. In support of this model, ligands that activate the inflammasome, and 

pyroptosis, trigger concomitant release of IL-1β[25]. However, this view has recently been 

challenged, as imaging analysis with single cell and isolated liposomes indicates that IL-1β 
can be released from living dendritic cells and macrophages[26, 27].

Inflammasome and Tissue Homeostasis

Both IL-1β and IL-18 act on a variety of innate and adaptive immune cells to regulate their 

differentiation, activation and mobilization to local tissues[28]. They also target non-

hematopoietic cells such as endothelial and epithelial cells to stimulate vascular functions 

and tissue repair[28]. While IL-1β expression is usually stimulus-driven, IL-18 is expressed 

constitutively in intestinal tissues in mice[29–31]. Intestinal epithelial cells (IECs) are the 

major producers of constitutively expressed IL-18[32]. Steady state expression of IL-18 in 

turn, contributes to intestinal barrier function through the maintenance of goblet cells (the 

major producers of mucus in the intestine), and is also critical for maintenance of a healthy 

microbiota (Fig. 1)[33]. Consistent with the role for IL-18 in intestinal homeostasis, disease-

associated polymorphisms in human IL18, IL18 receptor 1 (IL18R1) and IL18 receptor 
accessory protein (IL18RAP) have been found in Crohn’s disease[2, 34]. In addition, mice 

lacking IL-18 or the IL-18 receptor have been reported to be more susceptible to dextran 

sodium sulfate (DSS), a colitogenic agent that causes intestinal injury and inflammation[35]. 

Indeed, a radiation chimera experiment using Il18−/− and Il18r1−/− mice showed that IL-18 

restricts inflammation-driving Th17 cell differentiation and can promote regulatory T cell-
mediated inhibition of inflammation[35]. This indicates that although IL-18 is normally 

considered to be an innate cytokine, it also regulates adaptive immune cells at the epithelial 

surface. Moreover, in response to tissue damage, IL-18 expression can be further elevated 
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and the tissue repair-associated cytokine IL-22 has a critical role in stimulating both steady 

state and induced expression of IL-18[36]. For example, infection of Il22−/− mice with the 

colitis-inducing bacteria Citrobacter rodentium was shown to compromise IL-18 expression, 

leading to more severe weight loss and colitis in the animals[36]. This indicates that IL-22 is 

a key driver for IL-18 expression. Interestingly, IL-18 can also promote expression of IL-22, 

as in the case of Toxoplasma gondii infection in mice[36]. In contrast to IL-18, IL-1β is 

transiently induced in response to infection or injury[29–31]. While transient IL-1β 
expression can stimulate protective responses through induction of repair-associated 

cytokines such as IL-22[31], sustained IL-1β exposure can also lead to detrimental 

pathology. For instance, in mouse models of chemically-induced colitis, failure to properly 

repair intestinal injury has been shown to lead to sustained IL-1β expression, ultimately 

increasing the susceptibility to inflammation-induced colon cancer[10]. Thus, this is a 

recurring theme: tissue homeostasis can be achieved with the appropriate level and duration 

of cytokine exposure[37].

Inflammasome Activation and Pyroptosis

Another outcome of inflammasome activation is cell death by pyroptosis. Pyroptosis is 

characterized by loss of plasma membrane integrity, osmotic swelling, membrane rupture, 

and lysis[1]. Recently, two independent studies employing ENU mutagenesis and genome-
wide Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 
screens in mice and mouse macrophages identified Gasdermin D (GSDMD) as the 

executioner of pyroptosis[38, 39]. GSDMD, highly conserved in mouse and humans, 

belongs to the gasdermin family of proteins that also include GSDMA, GSDMB, GSDMC, 

and GSDME[40]. GSDMD-N has a strong affinity for phosphatidylinositol lipid species 

found on the inner leaflet of the plasma membrane[41, 42]. The N-terminal domain of 

GSDMD (GSDMD-N) possesses pore-forming activity, but is normally inhibited by the C-

terminal domain (GSDMD-C)[38, 39]. Specifically, when inserted into the plasma 

membrane, GSDMD-N undergoes oligomerization and forms pores with a 10 – 15 nm inner 

diameter; extensive pore formation by GSDMD results in osmotic membrane rupture and 

cell death[27]. Of note, by using glycine to prevent membrane rupture, a recent report 

showed that GSDMD pores can facilitate the release of mature IL-1β from living 

macrophages without inducing cell death[26, 27]. Active CASPASE-1 and CASPASE-11 

(and CASPASE-4 and CASPASE-5 in humans) liberate GSDMD-N from GSDMD-C by 

cleaving the linker region between the two domains[38, 39, 41–43]. Moreover, certain 

chemotherapy drugs such as topotecan, etoposide and cisplatin can stimulate cancer cell 

pyroptosis via CASPASE 3-mediated cleavage of the related GSDME[44]. In addition to 

IL-1 family cytokine secretion and pyroptosis, CASPASE-1 activation can also trigger the 

unconventional release of DAMPs or alarmins such as S100A8, that also lack the signal 

sequence for secretion[45]. To date, a role for GSDMD or pyroptosis in intestinal 

homeostasis has not been investigated. However, GSDMD-deficient mice are viable and 

could be useful in deciphering the role of GSDMD in intestinal homeostasis[39]. The 

challenge remains being able to distinguish the impact of pyroptotic versus non-pyroptotic 

effects of GSDMD in intestinal dysbiosis. Nonetheless, collectively, these recent findings 

illustrate the important concept that machinery that controls pyroptosis and other related cell 

death modes such as necroptosis, can exacerbate inflammation through cell death-
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independent cytokine expression and secretion. These two responses provide powerful 

synergy to orchestrate an effective response to restore homeostasis[46]. Below, we discuss 

recent progress on the role of different inflammasome sensors in intestinal homeostasis.

The NLRC4 inflammasome

NLRC4 and AIM2 inflammasome receptors survey the intracellular milieu for the presence 

of microbial components. Each of these inflammasome sensors are activated by distinct 

triggers. The bacterial type III secretion system (T3SS) machinery and flagellin (a bacterial 

locomotive component), elicit NLRC4 inflammasome assembly in the cytosol[47–49]. The 

ability of a single NLRC4 protein to sense multiple bacterial proteins is conferred by a 

family of nucleotide-binding oligomerization domain-like receptor family apoptosis 

inhibitory proteins (NAIP) in mice[50, 51]; NAIP1 binds to the needle protein of the T3SS, 

NAIP2 binds to the basal rod component of T3SS, and NAIP5 as well as NAIP6 sense 

flagellin[52, 53]. However, humans only have one NAIP protein, capable of recognizing 

both T3SS components and flagellin[54, 55]. A recent cryo-electron microscopy study 

revealed that multiple copies of NAIP bind to the ligand to induce an open conformation in 

NLRC4, leading to the formation of the mouse NLRC4 inflammasome complex[56]. As 

bacterial pathogens inject virulence proteins through the T3SS to manipulate host cell 

responses, NLRC4 surveillance of T3SS is critical for anti-bacterial host defense.

Recent studies also showed that the NAIP-NLRC4 inflammasome mediates protection 

against Salmonella Typhimurium in rodents[32]. Expulsion of bacteria from infected IECs 

into the intestinal lumen was reported to be compromised in Naip1-6−/−, Casp1/11−/− 

(caspase deficient) and Nlrc4−/− mice, leading to increased bacterial load in the 

intraepithelial region[57]. Furthermore, this NAIP-NLRC4 response was independent of 

IL-1β, IL-18 and GSDMD[57, 58]. This is a surprising and significant finding because it is 

the first example in which inflammasome regulates immunity independent of its two most 

well-known functions, namely IL-1 family processing and pyroptosis. By imaging murine 

intestinal organoid cultures when using a loxP-STOP-loxP Nlrc4 transgene that restored 

Nlrc4 expression in a tissue-specific manner in cells from Nlrc4−/− mice, one study 

demonstrated that NLRC4 could stimulate actin rearrangement to promote Salmonella 
expulsion from infected IECs[58]. Furthermore, examination of mice deficient in 

CASPASE-1 and CASPASE-8 revealed that NLRC4 could mediate these effects through 

both caspases[58]. This appears to be one of many scenarios where CASPASE-8 can 

functionally replace CASPASE-1 to stimulate inflammasome activity. These results also 

highlight the importance of IEC-intrinsic inflammasome signaling in intestinal homeostasis 

and indicate that the inflammasome can promote immunity and intestinal homeostasis 

independently from its cytokine processing function. Of relevance, two gain-of-function 

NLRC4 mutations, namely T337S and V341A substitutions, lead to the constitutive 

activation of NLRC4, which has been linked to autoinflammatory enterocolitis in 

humans[59, 60]. Consequently, these findings underscore the critical role of the NLRC4 

inflammasome in intestinal homeostasis.
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The AIM2 inflammasome

Double stranded DNA (dsDNA) is normally excluded from the cytosol, but can enter the 

cytosol during invasion with intracellular bacteria, DNA viruses, or in response to cellular 

trauma that causes nuclear DNA leakage into the cytosol[61]. In these situations, cytosolic 

dsDNA acts as a platform to oligomerize AIM2 via the C-terminal HIN domain, triggering 

the assembly of AIM2-ASC-caspase-inflammasome (Fig. 2)[62–64]. Recent evidence 

indicates that AIM2 has critical functions in regulating intestinal inflammation. For 

example, expression of AIM2 protein and mRNA, and the mRNA expression of the related 

inflammasome sensor Interferon gamma inducible protein 16 (IFI16) is increased in patients 

with inflammatory bowel disease[65]. Moreover, Aim2−/− mice have been reported to 

exhibit decreased basal antimicrobial peptide expression, a likely cause for dysbiosis in 

these animals[66]. In this study, increased expression of basal IL-22 binding protein 

(IL-22BP) by colonic dendritic cells – antagonizing the tissue repair-associated cytokine 

IL-22 – was noted relative to wild type mice. These changes also led to reduced IL-1β and 

IL-18 expression and increased sensitivity to DSS-induced colitis in Aim2−/− mice relative 

to wild type mice. However, the severe colitis in Aim2−/− mice was ameliorated with 

intraperitoneal administration of recombinant IL-18, indicating that inflammasome cleavage 

activity was responsible for AIM2-mediated protection from colitis[66, 67]. These results 

indicate that AIM2 can promote intestinal homeostasis through maintenance of steady state 

expression of IL-18.

Chemotherapy targets rapidly induce dividing cells towards a cell death pathway; as such, 

the intestinal epithelium is susceptible to chemotherapy-induced damage. For instance, in 

response to the chemotherapeutic agent irinotecan, massive quantities of self-DNA have 

been shown to be released in the intestine in humans and mice, stimulating AIM2 activation 

and promoting IL-1β and IL-18 secretion. These events in turn, lead to intestinal 

inflammation and diarrhea[68]. As such, A, deficiency has been documented to protect mice 

from ionizing irradiation-induced gastrointestinal disease[69] rendering the animals 

susceptible to inflammation-induced colorectal cancer[70]. Accordingly, supporting the 

notion that AIM2 has a critical role in restricting inflammation-induced colorectal cancer, 

AIM2 mutations and microsatellite instability have been detected in human small intestine 

adenocarcinomas[71, 72], and loss of AIM2 has been associated with poor survival in 

colorectal cancer in human patients[73]. Hence, AIM2 may be a key player in the 

maintenance of intestinal tissue homeostasis (Fig. 3A). Whether AIM2 exerts its effects in 

the intestine through microbiota balance is a subject that warrants further investigations.

The NLRP3 inflammasome

Changes in the intracellular environment can be a cue for the activation of certain 

inflammasome receptors, and NLRP3 is a prime example of such a receptor[1]. NLRP3 is 

activated by an expanding number of stimuli including, but not limited to, pore-forming 

toxins, endogenous danger-associated molecular patterns such as uric acid and ATP, and 

crystal/particulate matters such as silica and alum[1]. The diverse chemical nature of these 

triggers suggests that NLRP3 is not a direct sensor of these agents. Instead, these stimuli 

appear to converge on interconnected cellular events such as depletion of intracellular 
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potassium, destabilization of organelles such as lysosomes, and mitochondrial reactive 

oxygen species (ROS), all of which have been implicated in the activation of NLRP3 in mice 

and humans[74]. The Never In Mitosis Gene A (NIMA)-related expressed kinase 7 (NEK7) 

is a serine-threonine kinase involved in the cell cycle, recently identified as an essential 

component of NLRP3 activation through a N-ethyl-N-nitrosourea (ENU) mutagenesis screen 

in mice, as well as through a genome-wide CRISPR/Cas9 screen and a proteomic screen, 

both in mouse macrophages[75–77]. The N-terminal leucine-rich repeat (LRR) domain of 

NLRP3 has been shown to interact with NEK7, thus promoting the oligomerization of the 

NLRP3-ASC complex[75]. These results indicate that unlike other inflammasome 

complexes, the NLRP3 inflammasome contains an additional component critical for its 

activity.

NLRP3 and Metabolism

Emerging evidence suggests that the perturbation of cellular metabolic processes can be 

critical for NLRP3 inflammasome assembly in mouse macrophages, as in the case of 

glycolysis[78–80]. Glycolysis metabolizes glucose to generate ATP, pyruvate to fuel the 

tricarboxylic acid (TCA) cycle, and other intermediates for the pentose phosphate pathway. 

The glycolytic pathway has been associated with inflammatory responses of both innate and 

adaptive cell types. For instance, hexokinase, localized on the mitochondrial outer 

membrane, is a critical glycolytic enzyme responsible for the phosphorylation of glucose to 

glucose-6-phosphate[79]. On the one hand, the displacement of hexokinase from the 

mitochondrial outer membrane by N-acetylglucosamine, or the accumulation of glucose-6-

phosphate, can lead to NLRP3 activation in mouse macrophages[79]. Similarly, elevated 

intracellular levels of citrate (a TCA cycle intermediate), can also trigger NLRP3 activation 

by impairing the glycolytic cycle in mouse macrophages[79]. On the other hand, hexokinase 

1 has also been shown to positively regulate the NLRP3 inflammasome, as evidenced from 

hexokinase 1 silencing, which was found to suppresses NLRP3 activation in mouse 

macrophages[80]. Similarly, genetic and pharmacological inhibition of pyruvate kinase 

isoform M2 (PKM2), an enzyme that catalyzes dephosphorylation of PEP in glycolysis, has 

been found to impair the activation of the NLRP3 inflammasome[81]. Fatty acid metabolism 

has also been linked to the NLRP3 inflammasome. Specifically, fatty acid synthesis can 

promote the priming steps of NLRP3 activation, such as by leading to the expression of 

Nlrp3 and Il1b genes[82]. Moreover, wild type mice treated with a NOX4 inhibitor, or 

Nox4−/− mice, have been found to exhibit reduced expression of the fatty acid oxidation 

enzyme carnitine palmytoyltransferase 1A, leading to reduced NLRP3 activation in mouse 

macrophages.[78]. Taken together, it is evident that alterations in cellular metabolism can 

impinge on the activity of the NLRP3 inflammasome.

NLRP3 and Intestinal Homeostasis

Since the NLRP3 inflammasome can respond to many different signals, it might not be 

surprising if it played a key role in intestinal homeostasis. However, as in the case of many 

other inflammasome regulators, the role of NLRP3 in intestinal inflammation is 

controversial, with data supporting both beneficial and disease-driving roles. For instance, 

several studies have reported that NLRP3-deficient mice are susceptible to DSS-induced 

colitis or to induction of colorectal cancer (using the pro-carcinogen azoxymethane (AOM) 
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and DSS mouse models)[18, 83, 84]. Another study indicated that Nlrp3−/− mice developed 

a more severe colitis than controls in response to Citrobacter rodentium infection[85]. 

Moroever, consistent with a role for NLRP3 in restricting injury-induced intestinal 

inflammation, Pycard−/− (ASC-deficient) and Casp1−/− mice were shown to succumb to 

more severe DSS-induced colitis and were more prone to inflammation-associated colorectal 

cancer than wild type mice[84].

However, in contrast to these reports, there is evidence that supports a disease-driving role 

for NLRP3 in the intestine. A few studies have indicated that Nlrp3−/− and Il1b−/− mice are 

more protected against DSS-induced colitis than wild type mice[86, 87]. In fact, the majority 

of reports suggest that NLRP3 inhibition ameliorates colitis in different mouse models. For 

instance, glybenclamide (aka glyburide) – which blocks potassium efflux and therefore 

NLRP3 inflammasome activation—was shown to significantly reduce colitis in Il10−/− mice 

as well as the expression of cytokines such as TNF, IL-6, IL-1β and IL-17 in intestinal tissue 

explants derived from Crohn’s disease patients relative to controls[88]. Accordingly, NLRP3 

expression has correlated with disease severity in Crohn’s disease patients[88, 89]. Also, 

disease-driving mutations in the autophagy adaptor ATG16L1 have been documented in 

human IBD patients[90, 91], and loss of ATG16L1 in mouse macrophages has been shown 

to compromise NLRP3 inflammasome activation[92].

Furthermore, radiation chimera experiments in mice in which the wild type hematopoietic 

compartment was replaced with Nlrp3−/− donor cells, have shown that NLRP3-mediated 

IL-1β production in the murine hematopoietic cell compartment can mediate protection 

against AOM/DSS-induced colorectal cancer[84]. A subsequent study using diphtheria 

toxin-mediated depletion of chemokine CCR2+ cells revealed that CCR2+ monocytes could 

be a major source of NLRP3-driven IL-1β production[86]. These results indicated that 

NLRP3 could function in both hematopoietic and stromal compartments to mediate 

intestinal homeostasis.

In addition to IL-1β, NLRP3 can also regulate intestinal injury and tissue repair through an 

IL-18-IL-22BP axis. IL-22BP antagonizes IL-22, whose transient expression is critical for 

tissue repair[93]. IL-22BP is constitutively expressed by conventional dendritic cells in the 

intestinal lamina propria[94]. In response to tissue injury, its expression decreases[93]. 

Specifically, in a mouse model of DSS-induced colitis, intestinal tissue damage resulted in 

stimulation of Nlrp3 and expression of IL-18 in the intestine, in turn inhibiting IL-22BP 

expression[93]. Thus, sensitivity to tissue damage in colitic Nlrp3-deficient mice has been 

attributed to dysregulated IL-1β and IL-18 expression (Fig. 3B)[93]. Collectively, the role of 

NLRP3 in intestinal homeostasis is not clear-cut and warrants further study. It is possible 

that the presence or absence of certain pathobionts in different animal facilities might 

contribute to the discrepant results observed in Nlrp3−/− mice for different experimental 

colitis studies[86, 95]. One possible explanation for the increased susceptibility of Nlrp3−/− 

mice to intestinal injury and inflammation could be due to altered microbiota; indeed, co-

housing Nlrp3−/− mice with wild type mice has been found to restore a normal response of 

to DSS-induced colitis[96].
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The Pyrin, NLRP6, and NLRP9b Inflammasomes

Pyrin

Pyrin, which is a tripartite motif (TRIM) protein, forms inflammasome complexes with ASC 

and CASPASE-1 by a distinct mechanism: instead of detecting bacterial components 

directly like the NAIP-NLRC4 inflammasome, pyrin senses bacterial virulence factor-

induced modifications of host proteins, similarly to the ‘guard’ mechanism in plants[97]. 

Specifically, Rho GTPase modifications by bacterial toxins such as Clostridium difficile 
toxin B (TcdB) and pertussis toxin-mediated ADP-ribosylation activate the pyrin 

inflammasome[98, 99]. A recent study showed that in response to DSS, Pyrin-deficient mice 

exhibited increased intestinal permeability and became more susceptible to DSS-induced 

colitis and colitis-induced colorectal cancer relative to controls[100]. IL-18 expression was 

also reduced in Pyrin-deficient mice, and intravenous administration of recombinant IL-18 

reversed the intestinal permeability and susceptibility of Pyrin-deficient mice to DSS-

induced colitis[100].

NLRP6, and NLRP9b

Unlike many other inflammasome sensors, which are expressed in hematopoietic and 

stromal cells, NLPR6 is mainly expressed in colonic myofibroblasts and IECs in mice. 

NLRP6 can regulate the expression of IL-18 and anti-microbial peptides, as well as the 

secretion of mucus by goblet cells in mice[101, 102]. Moreover, the NLRP6 inflammasome 

can be activated by low molecular weight metabolites such as taurine, pinitol, sebacate, and 

undecanedioate derived from colonic bacteria in mice[103, 104]. As such, NLRP6 has been 

hypothesized to play a key role in determining colonic microbiota composition (Fig. 3C)

[103, 105]. Consistent with this model, Nlrp6−/− mice were originally reported to be highly 

susceptible to DSS-induced colitis and AOM/DSS-induced tumorigenesis[106]. However, 

this view has been recently challenged, as several reports have shown that these effects could 

be attributed to the presence of certain pathobionts in specific mouse colonies[107–109]. 

Specifically, co-housed wild type and Nlrp6−/− littermates have been found to harbor 

comparable microbiota compositions, and thus, to exhibit similar sensitivity to chemically-

induced colitis[107, 109]. Nonetheless, patients with ulcerative colitis do exhibit reduced 

epithelial NLRP6 expression[110], and NLRP6 has been shown to confer protection against 

colitis in IL-10-deficient mice[111], suggesting that NLRP6 may exert microbiota-

independent effects to maintain intestinal tissue integrity. In addition to homeostatic control, 

NLRP6 has also been implicated in antiviral immunity against enteric viruses such as 

encephalomyocarditis virus and norovirus[92]. In this case, NLRP6 engages the RNA 

helicase Dhx15 to induce type I and type III interferon production in response to oral 

infection with encephalomyocarditis virus in mice[112]. Hence, while it is unlikely that 

NLRP6 regulates microbiota balance, it appears to have a significant function in gut 

immunity and homeostasis.

Laslty, the NLRP9b inflammasome has also been implicated in viral recognition: a recent 

study in mice demonstrated that the NLRP9b inflammasome in IECs recognized viral 

double-stranded RNA via the RNA helicase Dhx9 and mediates resistance to rotavirus[113]. 

Indeed, IEC-specific deletion of NLRP9b compromised the ability of mice to contain 
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rotavirus infection[113]. Taken together, these results indicate that distinct inflammasome 

sensors may have specialized functions in recognition of commensal and pathogenic bacteria 

and viruses.

The Noncanonical inflammasome

Besides CASPASE 1-associated inflammasomes, recent work has identified a novel role for 

CASPASE 11 as a non-canonical inflammasome. Specifically, both CASPASE 11 in mice 

and CASPASE 4 and CASPASE 5 in humans can function as intracellular receptors for 

lipopolysaccharide (LPS)– an abundant endotoxin of Gram-negative bacteria – and are 

activated by direct binding to LPS[114–117]. LPS gains access to the cytosol when bacteria 

breach the phagosome or via outer membrane vesicles secreted by bacteria[118, 119]. 

CASPASE 11 activation is triggered by LPS binding via the CARD domain, which leads to 

activation of the NLRP3 inflammasome and pyroptosis[115]. Besides LPS, CASPASE 11 

also senses certain endogenous lipid species such as oxidized phospholipids (1-palmitoyl-2-

arachidonoyl-sn-glycero-3-phosphorylcholine) that are liberated during oxidative stress and 

tissue damage[26]. Similar to CASPASE 1, CASPASE 11 plays a protective role in DSS-

induced colitis in mice[120, 121]. Of note, although co-housing Casp11−/− mice with wild 

type mice has been shown to normalize the microbiota of the former, it fails to rescue the 

hyper-sensitivity of Casp11−/− mice to DSS-induced colitis[120, 121]. In this model, IL-1β 
and IL-18 expression do not seem to be ablated, but rather are elevated in Casp11−/− mice. 

These results seem to indicate that CASPASE 1 and CASPASE 11 can confer protection 

against injury-induced inflammation in the intestine via distinct mechanisms, although 

further testing is needed to better elucidate the biological impact of these findings in the 

context of intestinal inflammation.

Modifiers of inflammasome activity in intestinal homeostasis

Receptor interacting protein kinase 2 (RIPK2) has been reported to transduce signals from 

the intracellular pattern recognition receptor NOD2 to confer protection against Crohn’s 

disease[122]. In addition, recent work has shown that the related kinase RIPK3 – an 

essential mediator of necroptosis—can also regulate intestinal homeostasis by modulating 

the NLRP3 inflammasome and inflammasome-independent processing of pro-IL-1β in 

mice[30]. In response to DSS-induced intestinal tissue injury in mice, RIPK3 was deemed 

able to stimulate the optimal production of IL-1β and IL-23 by colonic dendritic cells, which 

in turn induced the expression of the repair-associated cytokine IL-22 by innate lymphoid 

cells[30]. As a result, Ripk3−/− mice were highly susceptible to inflammation-induced 

colorectal cancer[10]. Another study demonstrated that in mouse bone marrow derived 

dendritic cells, RIPK3 could promote IL-1β processing and secretion through 

inflammasome-associated CASPASE 1 as well as CASPASE 8[24]. Furthermore, since 

mouse dendritic cells that express kinase inactive RIPK3 retained this activity, necroptosis 

was found to be dispensable and RIPK3 function in this situation was surmised to be distinct 

from necroptosis[24]. This necroptosis-independent function of RIPK3 was also found to be 

mediated by a unique population of CD11c+ mononuclear phagocytes in the mouse 

intestinal lamina propria, since cell sorting of these cells revealed that RIPK3 deficiency 

significantly impaired Il1b and Il23 expression[29]. RIPK3- and CASPASE 8-dependent 
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inflammasome activation and pro-IL-1β processing have also been observed in mouse 

dendritic cells, macrophages and human monocytes, as well as in a mouse model of α-

hemolysin-producing Escherichia coli-induced sepsis[12, 23, 123–125]. However, it is 

noteworthy that increased sensitivity to DSS-induced colitis in Ripk3−/− mice were not 

observed in another study[126]. Since separately-housed Ripk3−/− mice exhibit an altered 

microbiota compared to wild type littermates[30], the discrepant results might be attributed 

to colony-specific microbiota differences as well as to the dosage and duration of DSS used 

in the two different studies, although this remains to be further determined. And, although 

the precise mechanism by which RIPK3 promotes inflammasome activity has not been 

elucidated, these results nonetheless highlight the possibility that inflammasome activity can 

be modulated by accessory factors in a cell type- and context-dependent manner.

Concluding remarks

Emerging experimental evidence now shows that the inflammasome has critical roles in 

intestinal homeostasis beyond host defense against pathogens. Although it is still unclear 

whether disease-associated mutations or polymorphisms in the inflammasome sensors can 

drive human IBD[127], mounting evidence in mouse models suggests that inhibition of 

NLRP3 might prove to be a potentially effective therapeutic tool in human IBD, pending 

further investigation. Since other inflammasome sensors have also been shown to participate 

in the disease process in mouse models of colitis, one pressing challenge will be to 

interrogate if targeting inflammasome sensors, modifiers of inflammasome activity, or the 

pyroptosis effector GSDMD, might also yield putative therapeutic benefits in the clinic (Box 

1). However, this is not a straight-forward task, as it is increasingly evident that commensal 

bacteria and the metabolites they produce can influence inflammasome activity and vice 

versa[7, 8] (see Outstanding Questions). Thus, it will be important to develop and refine 

bioinformatics tools and model systems to enable the precise determination of how distinct 

microbiota can modulate the behavior and activity of specific inflammasome sensors; such 

approaches may facilitate getting one step closer to achieving targeted treatments for human 

IBD.
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Glossary

Alarmins
Factors or cytokines produced by cells in response to trauma that stimulate an inflammatory 

reaction

ASC
An adaptor that contains a pyrin domain and a CARD domain whose function includes 

linking the inflammasome receptor to caspase 1 to facilitate their polymerization and 

activation
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Caspases
Cysteine proteases that recognizes and cleave tetrapeptide consensus sequences after an 

aspartic acid

Commensal microbiota
Bacteria that reside in the lumen of the intestine and which contribute to intestinal 

homeostasis through the production of specific small molecule metabolites

CRISPR/Cas9 screen
Loss-of-function genetic screen that uses a modified bacterial defense mechanism to 

introduce inactivating base insertions or deletions in genes using an RNA guide (gRNA)

Damage-associated molecular patterns (DAMPs)
Intracellular molecules normally sequestered in healthy cells, but are released to the 

extracellular milieu upon cell injury or cell death

ENU mutagenesis screen
A genetic screen that inactivates genes using the alkylating agent N-ethyl-N-nitrosourea to 

modify bases in DNA sequences

Gasdermin D (GSDMD)
The effector molecule that executes cell death by pyroptosis. Upon cleavage by caspase 1, 

the N-terminus of gasdermin D forms pores on the plasma membrane to mediate pyroptosis

Goblet cells
Specialized secretory cells that produce the mucus lining the lumen side of the intestinal 

epithelium

Gut-associated lymphoid tissues (GALT)
Regions in the intestine lamina propria in which lymphocytes, myeloid cells and other 

specialized stromal cells organize together to maximize injury- and microbe-sensing

Inflammasome
macromolecular complexes that mediate processing of IL-1 family cytokines and a lytic 

form of cell death called pyroptosis

Intestinal epithelium
A monolayer of stromal cells that functions as a physical barrier between the intestinal 

lumen and the soft tissues underneath it

IL-1β and IL-18
Pro-inflammatory cytokines that mediates intestinal tissue homeostasis and acute injury-

induced tissue repair

Irinotecan
A topoisomerase inhibitor widely used in the treatment of colon cancer

Lamina propria
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The connective tissue layer underneath the intestinal epithelium where immune effectors 

reside

Microfold cells (M cells)
Specialized cells whose main function is to survey and capture antigens in the intestinal 

lumen for transport and presentation to immune cells in the lamina propria

Microsatellite instability
The condition of genetic instability caused by defects in DNA mismatch repair

Muckle-wells syndrome
A rare autosomal dominant disease caused by mutation in CIAS1, which encodes the protein 

cryopyrin. It belongs to a group of conditions collectively referred to as periodic fever 

syndrome. Disease manifestation includes sensorineural deafness, recurrent hives, episodic 

fever and joint pain

Inflammatory bowel disease (IBD)
A group of inflammatory conditions affecting the small and large intestine. Major types of 

IBD include Crohn’s disease and ulcerative colitis

Intestinal dysbiosis
Imbalance of the normal, healthy microbial composition in the intestine

Intra-epithelial lymphocytes (IELs) and innate lymphoid cells (ILCs) and mononuclear phagocytes (MNPs)
Distinct groups of specialized immune effectors in the lamina propria with distinct functions 

in tissue homeostasis and immune defense against pathogens. They mainly exert their effects 

through cytokine expression

Necroptosis
A pro-inflammatory form of cell death marked by plasma membrane leakage and mediated 

by the kinase RIPK3

NLRP3 inflammasome
A macro-molecular complex that cleaves pro-IL-1β and pro-IL-18 into the mature cytokines. 

It senses a diverse array of stimuli that culminate in potassium efflux and its activation

Non-canonical inflammasome
pathway characterized by the presence of caspase-4 and caspase-5 in humans and caspase-11 

in rodents and is involved in innate immune sensing of cytosolic LPS

Paneth cells
Specialized secretory cells found at the base of the intestinal crypts that produce anti-

microbial peptides to maintain a balanced microbiota

Peyer’s patches
Specialized lymphoid follicles found mainly in the small intestine. It is a major form of 

GALT
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Prion-like polymerization
Pathogenic prion proteins convert or polymerize normal prion protein to cause disease-

driving prion protein aggregation. During inflammasome activation, a similar process takes 

place in which the inflammasome adaptor ASC polymerizes CASPASE 1 via the CARD

Pyroptosis
A lytic programmed cell death characterized by loss of plasma membrane integrity, release 

of inflammatory intracellular contents as well as cell swelling, and mediated by gasdermins

Quiescence
A quiet state in which normal activity and function of the intestine is not perturbed by injury 

or infection

Regulatory T cells (Tregs)
Specialized effector T cells whose main function is to maintain immune homeostasis by 

preventing immune response against self-antigens

RIPK3
A serine/threonine kinase that drives inflammation through necroptosis and cell death-

independent cytokine expression

Th17 cells
Specialized CD4+ effector T lymphocytes defined by the production of the inflammatory 

cytokine IL-17 and have critical roles in host defense against extracellular pathogens and 

multiple forms of inflammatory diseases

Tissue Homeostasis
A state of equilibrium in which the body keeps the structural and functional integrity of 

tissues and organs intact

Transcytosis
A form of cellular transport in which molecules are transported from one end of the cell to 

the other. In the case of M cells, transcytosis mediates transport of antigens from the lumen 

side of the epithelium to the lamina propria for presentation to sentinel immune effectors 

such as dendritic cells

Type III secretion system (T3SS)
A bacterial multi-protein syringe-needle like secretion apparatus with which bacteria deliver 

an array of virulence factors into host cells
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Highlights

• Tissue homeostasis in the intestine requires the coordinate action between 

immune effectors, stromal cells and the commensal microbiota.

• Distinct inflammasome sensors mediate the crosstalk between immune 

effectors, intestinal epithelial cells and the microbiota to maintain intestinal 

homeostasis.

• The cytokines IL-1β and IL-18 have key functions in the maintenance of 

homeostatic balance in the intestine.

• Whether cytokines promote or inhibit pathological inflammation is 

determined by the strength and duration of their activity.
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Box 1: Clinician’s Corner

– Cytokines are key drivers of intestinal injury, inflammation and tissue repair. 

However, they also have a role in maintaining tissue homeostasis. While 

transient induction of cytokines in response to acute injury usually initiates a 

beneficial wound healing program, sustained injury can lead to chronic 

elevation of inflammatory mediators and damaging pathology. Hence, 

cytokines that normally exert beneficial effects in tissue homeostasis can 

drive detrimental disease if the magnitude and duration of their activity is not 

properly calibrated.

– Are any of the Inflammasome receptors viable targets in inflammatory bowel 

diseases? Several classes of NLRP3 inhibitors have been developed[3, 4]. 

These inhibitors have shown efficacy in mouse models of multiple sclerosis 

and several other inflammatory diseases. However, their efficacy in intestinal 

inflammation has not been tested.

– Instead of directly targeting the core components of the inflammasome, one 

therapeutic strategy may be to target modulators of inflammasome activity. In 

this regard, inhibitors against RIPK1, a related kinase to RIPK3, are currently 

been tested in pre-clinical trials for inflammatory diseases including 

inflammatory bowel disease[128]. This class of inhibitors may harbor a 

potential added advantage of inhibiting multiple inflammatory pathways.

– Canakinumab is a humanized anti-IL-1β antibody being used to treat 

autoinflammatory disorders such as Muckle-wells syndrome. It is also being 

tested as a therapy in rheumatoid arthritis, obstructive pulmonary disease and 

Type I and Type 2 diabetes[129, 130]. Given the role of IL-1β in intestinal 

inflammation, Canakinumab and other IL-1β antagonists might consitute 

promising therapeutic tools for treating colitis and colitis-associated 

colorectal cancer, but this remains to be determined.
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Outstanding questions

– Do the different inflammasome sensors/receptors have functions beyond IL-1 

family cytokine cleavage and pyroptosis that can account for their differential 

roles in antimicrobial defense and tissue homeostasis in the intestine?

– Mouse models of experimental colitis are highly sensitive to the microbiome. 

This has led to disparate observations from different laboratories regarding 

inflammasome roles even when genetically identical mice have been used. 

Improved models and practices that minimize the impact of environmental 

effects such as the influence of microbiota on inflammasome activity are 

essential to achieve a proper understanding of the molecular mechanisms that 

regulate mammalian intestinal homeostasis.

– How do modifiers such as RIPK3 regulate the activity of the NLRP3 

inflammasome in tissue homeostasis?
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Figure 1. The multifaceted mechanisms that maintain mammalian intestinal epithelium integrity
The intestine is populated by many different types of immune effectors including T cells, B 

cells, intra-epithelial lymphocytes (IELs), mononuclear phagocytes (MNPs), dendritic cells 

(DCs) and macrophages. These cells can organize into special lymphoid structures such as 

Peyer’s patches in the lamina propria. M cells in these gut-associated lymphoid tissues 

(GALT) and MNPs both sample antigens in the lumen as a first line defense against disease 

or injury. Moreover, goblet cell and Paneth cells secret mucus and anti-microbial peptides 

(AMPs) respectively to minimize pathogen invasion.
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Figure 2. Inflammasomes and intestinal homeostasis
A wide variety of signals of host and microbial origins are sensed by distinct inflammasome 

receptors leading to the assembly of ASC- CASPASE-1 complexes and the maturation of 

CASPASE-1. Enzymatically, active CASPASE-1 activates pro-IL-1β, pro-IL-18, and 

gasdermin D (GSDMD) by proteolytic processing. GSDMD executes lytic cell death via 

plasma membrane perforation and also facilitates IL-1β, IL-18 and alarmin release. All these 

outcomes of inflammasome activation impact the functions of intestinal epithelial cells 

(IELs) and lamina propria immune cells to varying extents, and thus, orchestrate intestinal 

homeostasis in a context-dependent fashion. In addition, the apoptosis caspase CASPASE-3 

can cleave GSDME in response to chemotherapy to trigger cancer cell pyroptosis. It is 

however unclear if GSDME-induced pyroptosis participates in intestinal homeostasis. LRR: 

Leucine rich repeats, NBD: nucleotide binding domain, PYD: pyrin domain, CARD: 

caspase activation and recruitment domain, HIN: HIN-200 domain.
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Figure 3. Distinct inflammasome receptors can mediate mammalian tissue repair and 
homeostasis in a context-dependent manner
A. Chemotherapy causes damage of the intestinal epithelium and release of DNA, which 

stimulates the AIM2 inflammasome. IL-1β release in turn can activate the expression of 

IL-22 by immune cells such as innate lymphoid cells (ILCs) to initiate the tissue repair 

program.

B. Intestinal epithelium injury caused by other chemical insults can activate the NLRP3 

inflammasome in both intestinal epithelial cells and immune cells such as mononuclear 

phagocytes (MNPs). Increased expression of IL-1β and IL-18 can stimulates a two-fold 
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response: IL-1β can induce IL-22 expression in ILCs to initiate tissue repair program. At the 

same time, IL-18 can inhibit the expression of IL-22BP, thus further increasing the efficacy 

of IL-22-induced tissue repair.

C. In a homeostatic state, microbial metabolites help shape the healthy intestinal tissue 

milieu by stimulating NLRP6-mediated tonic expression of IL-18. This tonic level of IL-18 

can promote the production of anti-microbial peptides (AMPs) by Paneth cells and mucus 

production by goblet cells to form a protective layer against commensal bacteria and 

invading pathogens.
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