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Abstract

Background & Aims—Inflammatory bowel diseases (IBD) increase risk for colorectal cancer. 

Mutations in the Mediterranean fever gene (MEFV or pyrin) are associated with hereditary 

autoinflammatory disease and severe IBD. Expression of MEFV, a sensor protein that the initiates 

assembly of the inflammasome complex, is increased in colon biopsies from patients with IBD. 

We investigated the role of pyrin in intestinal homeostasis in mice.

Methods—Mefv−/− mice and C57/BL6 mice (controls) were given azoxymethane followed by 

multiple rounds of dextran sodium sulfate (DSS) to induce colitis and tumorigenesis. In some 

experiments, Mefv−/− mice were given injections of recombinant interleukin 18 (rIL18) or saline 

(control) during DSS administration. Colon tissues were collected at different time points during 

colitis development and analyzed by histology, immunohistochemistry, immunoblots, or ELISAs 

(to measure cytokines). Spleen and mesenteric lymph node were collected, processed, and 

analyzed by flow cytometry. Colon epithelial permeability was measured in mice with colitis by 

gavage of fluorescent dextran and quantification of serum levels.

Results—MEFV was expressed in colons of control mice and expression increased during 

chronic and acute inflammation; high levels were detected in colon tumor and adjacent non-tumor 

tissues. Mefv−/− mice developed more severe colitis than control mice, with a greater extent of 

epithelial hyperplasia and a larger tumor burden. Levels of inflammatory cytokines (IL6) and 

chemokines were significantly higher in colons of Mefv−/− mice than control mice following 

colitis induction, whereas the level IL18, which depends on the inflammasome for maturation and 
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release, was significantly lower in colons of Mefv−/− mice. Mefv−/− mice had increased epithelial 

permeability following administration of DSS than control mice, and loss of the tight junction 

proteins occludin and claudin-2 from intercellular junctions. STAT3 was activated 

(phosphorylated) in inflamed colon tissues from Mefv−/−, which also had increased expression of 

stem cell markers (OLFM4, BMI1, and MSI1) compared to colons from control mice. 

Administration of rIL18 to Mefv−/− mice reduced epithelial permeability, intestinal inflammation, 

the severity of colitis, and colon tumorigenesis.

Conclusions—In studies of mice with DSS-induced colitis, we found that pyrin (MEFV) is 

required for inflammasome activation and IL18 maturation, which promote intestinal barrier 

integrity and prevent colon inflammation and tumorigenesis. Strategies to increase activity of 

MEFV or IL18 might be developed for treatment of IBD and prevention of colitis-associated 

tumorigenesis.
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Introduction

Inflammatory bowel diseases (IBDs), which include Crohn’s disease and ulcerative colitis, 

are the most commonly diagnosed inflammatory disorders of the intestinal tract in developed 

countries and affect approximately 1.4 million people in the United States (US).1 Colitis 

involves chronic inflammation of the intestine with episodic acute flare-ups that manifest as 

abdominal pain, diarrhea, rectal bleeding, and loss of body weight.2, 3 The physical barrier 

formed by the epithelium and the mucus between the microbiota and underlying host 

immune system is deteriorated in patients with IBD.4, 5 Chronic bowel inflammation is also 

a major predisposing factor for colorectal cancer, and colitis occurs in approximately 90% of 

cases with colorectal cancer.6 Colorectal cancer is a leading cause of cancer-related death in 

adults, with more than 160,000 cases being diagnosed annually in the US.6

Colorectal cancer with underlying inflammation is termed colitis-associated cancer (CAC).1 

Studies in experimental models have linked inflammatory imbalance in the gut to disruption 

of the epithelial barrier, which eventually leads to the development of IBD and tumors.7

The Pyrin (MEFV) gene is mutated in patients with familial Mediterranean fever (FMF), a 

hereditary autoinflammatory disease.8, 9 The severity of IBD is high in patients with FMF, 

and presence of MEFV mutations is a susceptibility factor for IBD.10–14 MEFV expression 

is considerably increased in colon biopsies from patients with ulcerative colitis and Crohn’s 

disease.15, 16 However, the function of pyrin in gut homeostasis, inflammation or 

tumorigenesis has not been explored.

Pyrin belongs to a family of innate sensors that in response to microbial or danger signals 

assemble as a multimeric complex called the inflammasome.17, 18 The inflammasome 

complex comprises of a sensor/receptor, the adaptor ASC and the enzymatic component, 

caspase-1. Inflammasome-forming receptors are cytosolic sensors that include nucleotide-

binding oligomerization domain-like receptors (NLRs), AIM2-like receptors (ALRs) and 
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pyrin. Pyrin sequentially recruits ASC and caspase-1 to form an inflammasome complex in 

response to bacterial toxins that inactivate Rho.17, 18 The inflammasome assembly leads to 

activation of the cysteine protease caspase-1, which triggers proteolytic processing of 

cytokines, IL-1β and IL-18 and induces pyroptosis, a form of inflammatory cell death.19 

Mutations in genes encoding inflammasome components are frequently associated with 

cancer and autoinflammatory diseases.20, 21 Multiple NLRs22,23–30 and AIM231, 32 modulate 

colitis and colon tumorigenesis through inflammasome- dependent or independent functions. 

Whether pyrin functions as an inflammasome in the gut is currently unknown.

In this study, we show that pyrin plays a critical role in inhibiting colitis and CAC in 

azoxymethane–dextran sodium sulfate (AOM–DSS) model. The pyrin inflammasome 

promotes IL-18 maturation in the gut. Reduced inflammasome-mediated release of IL-18 

compromises tight junction integrity and the epithelial barrier in Mefv−/− mice, which leads 

to increased colitis. Further, inflammation in Mefv−/− mice is pro-tumorigenic, as it involves 

increased STAT3 activation and epithelial stem cell activity, and impaired anti-tumorigenic 

interferon gamma (IFNγ) production and cytotoxic T-cell (CD8+ T cells) activation. 

Increased colitis, tumor-promoting inflammatory imbalance and consequent tumorigenesis 

in Mefv−/− mice is ameliorated by supplementation with exogenous IL-18. These findings 

reveal a critical role for the pyrin inflammasome in promoting epithelial barrier integrity and 

shaping the colonic inflammatory environment to restrain colitis and CAC.

Methods

Mice

C57BL/6 wild type (WT) mice and Mefv−/− mice were generated as previously 

described33, 34 and re-derived in C57BL/6J mice at the St. Jude animal facility. Experiments 

were done with mice described in Van Gorp et al,33 and Chae et al34 Mice were maintained 

in a specific pathogen-free facility. All animal study protocols were approved by the St. Jude 

Children’s Research Hospital Animal Care and Use Committee.

Induction of Colitis and Tumors

The AOM–DSS murine model for colorectal tumorigenesis has been previously described.25 

For the DSS model of colitis, mice were administered the indicated dose of DSS (mol wt 

36–40 kDa; Affymetrix) for 6 days, followed by regular water. For experiments with 

exogenous IL-18 supplementation, recombinant IL-18 (rIL-18, MBL) was injected retro-

orbitally at days 1 (0.5μg), 3 (0.5μg), 5 (0.1μg), and 7 (0.1μg) of DSS treatment as 

previously described25.

Histology and Microscopy Analysis

Colons were fixed in 10% formalin, embedded in paraffin, sectioned, and stained with 

hematoxylin and eosin (H&E). Histological analysis for inflammation, epithelial 

hyperplasia, and tumorigenesis was performed by a board-certified pathologist (PV) as 

previously described.30
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Epithelial Permeability Assay

Epithelial permeability was assessed 4 days after DSS treatment by using FITC-dextran (mol 

wt 4 kDa, 46944, Sigma-Aldrich) as previously described.23 Briefly, mice were gavaged 

with FITC-dextran (60 mg/kg per mouse) and serum FITC-dextran concentrations were 

assessed after 4 h.

Western Blotting

Proteins were extracted from colon tissues using RIPA lysis buffer supplemented with 

proteinase and phosphatase inhibitors (Roche) as previously described.30. Protein 

concentration was assessed using Pierce BCA protein assay (ThermoFischer Scientific) and 

all samples were normalized to 2μg/ml. Samples were resolved by 8%–15% sodium dodecyl 

sulfate–polyacrylamide gel (SDS-PAGE) electrophoresis and transferred onto 

polyvinylidene difluoride membranes. Blocking was performed in 5% skim milk for 1 h, and 

membranes were incubated with primary antibodies overnight at 4°C. Membranes were 

incubated with horse radish peroxidase–conjugated secondary antibody for 1 h, and proteins 

were visualized by using ECL substrate (ThermoScientific). Primary antibodies used were 

anti-pyrin (1:1000, ab195975, Abcam), anti-caspase-1 (1:500, sc-515, Santa Cruz 

Biotechnology), anti-P-STAT3 Tyr705 (1:1,000, 9131, Cell Signaling Technology), anti-

IL-1β (1:1000, AF410, R&D systems) and anti-GAPDH (1:10,000; 5174, Cell Signaling 

Technology).

Measurement of Cytokine Levels

Cytokine levels in colon homogenates, and sera were measured by the enzyme-linked 

immunosorbent assay (ELISA). For colon tissue, cytokine levels were normalized to the 

protein concentration of the lysate and presented as picogram or nanogram per milligram (pg 

or ng/mg). IL-18 ELISA (BMS618/3TEN, Affymetrix eBioscience) and multiplex ELISAs 

(MCYTOMAG-70K, Millipore) were performed according to manufacturers’ instructions.

Flow Cytometry Analysis

Single-cell suspensions were prepared from the colon as previously described.35 The 

following monoclonal antibodies were used to stain and sort cells- Epcam (clone G8.8), 

CD45.2 (clone 104), CD90.2 (clone 30-H12), and MHCII (clone M5/114.152). Splenic and 

MLN cells were processed and stimulated as previously described.35 Briefly, single-cell 

suspensions were prepared and stimulated with phorbol-12-myristate-13-acetate and 

ionomycin for 4 h, with brefeldin A (00-4506, Affymetrix eBioscience) added for the last 2 

h. For intracellular cytokine staining, cells were fixed and permeabilized by using a fixation 

and permeabilization solution (00-5523, eBioscience). Antibodies used for staining were 

anti-CD3 (clone 145 – 2C11), anti-CD4 (clone RM4-5), anti-CD19 (clone 1D3), anti-IFNγ 
(50-7311, Tonbo), and anti- TNF (506322, Biolegend). Flow cytometry data were acquired 

on an LSRII flow cytometer (BD Biosciences) and analyzed with FlowJo software 

(TreeStar).
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Quantitative Real-Time PCR

RNA was isolated by using RNeasy kit (Sigma-Aldrich) as per manufacturer’s instructions 

and converted into cDNA as previously described.36 Gene expression was assessed by using 

the 2× SYBR Green master mix as per the manufacturer’s instructions (Applied 

Biosystems). Sequences for quantitative RT-PCR (qRT-PCR) primers are listed in Table S1. 

qRT-PCR data were analyzed by the 2−ΔΔCT method, with β-actin as the housekeeping gene.

Statistical Analysis

Data on changes in body weight were analyzed by two-way ANOVA, followed by the 

Holm–Sidak post-hoc test. Statistical significance for other datasets was determined by 

parametric or non-parametric tests. P<0.05 was considered significant, and is represented as 

*P<.05, **P<.01, ***P<.001, and ****P<.0001. NS: not significant.

Results

Pyrin Regulates the Development of Colorectal Cancer in the AOM–DSS Murine Model

To determine if pyrin has a potential role in pathogenesis of colon cancer, we compared the 

expression of MEFV in biopsies from normal and tumor colon tissue from human patients 

from GENT database.37 MEFV expression was significantly higher in tumor biopsies as 

compared to the normal colon tissue (Figure 1A). To evaluate the role of Mefv (Pyrin) in 

CAC, the physiologically relevant AOM–DSS murine model was used to mimic colorectal 

cancer associated with chronic inflammation.38 Mefv (Pyrin) was detected in the colon 

tissue under homeostatic conditions (day 0), and was substantially upregulated during 

chronic inflammation (day 80 after AOM treatment; Figure 1B). Mefv expression was 

significantly upregulated in both tumor and adjacent non-tumor tissues at the end of the 

tumorigenesis experiment (day 80, Figure 1C). Compared with WT mice, Mefv−/− mice lost 

significantly more body weight during each round of DSS treatment (Figure 1D) and at the 

end of the experiment, exhibited greater extent of splenomegaly, which is indicative of 

enhanced systemic inflammation (Figure 1E, 1F). At day 80 post-AOM, compared with WT 

mice, Mefv−/− mice exhibited significantly increased tumor burden in terms of the total 

number and size of macroscopically observed tumors (Figure 1G–I). Histological analysis 

revealed greater extent of epithelial hyperplasia in the colons of Mefv−/− mice than of WT 

mice (Figure 1J, 1K). The role of pyrin in restraining CAC was also confirmed in an 

independently generated Mefv−/− mouse line. The second line of Mefv−/− mice too lost 

significantly more body weight during DSS administration and had higher tumor burden at 

the end of the AOM-DSS treatment (Figure S1). The protective role of pyrin was haplo-

sufficient, as littermate mice heterozygous for pyrin expression (Mefv+/−) were similar to 

WT mice in body weight during AOM–DSS treatment and tumor burden at the end of the 

experiment (Figure S1). These findings clearly demonstrate that pyrin protects mice from 

CAC.

Stem cells are the cells of origin for cancer,39, 40 and innate sensors such as AIM231, 32 and 

NLRC330, 41 have an epithelial stem-cell intrinsic role in regulating cellular proliferation and 

consequent tumorigenesis. To assess if the anti-tumorigenic role of pyrin was associated 

with a regulatory stem-cell intrinsic role in proliferation, we generated organoid cultures 
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from WT and Mefv−/− colons. The size of resulting organoids is proportional to proliferation 

of stem cells, that is a potential driver of the tumorigenic response in vivo30, 31, 42–44. Stem 

cells isolated from the colons of WT and Mefv−/− mice grew into similarly sized organoids 

(Fig S2) demonstrating that pyrin does not play a stem cell-intrinsic role in regulating 

proliferation. Therefore, the increased colon tumorigenesis observed in Mefv−/− mice is 

likely a consequence of increased pro-tumorigenic inflammation.

Pyrin Acts as a Critical Inflammasome in the Colon to Restrict Colon Inflammation

IBD is considered a predisposing factor for tumorigenesis and is strongly correlated with 

tumorigenesis.1 Increased MEFV expression in colonic biopsies of patients with UC and 

association of sequence variations in MEFV with UC have been previously reported.15, 45 

Similar to the increase in Mefv levels (and protein expression) observed during chronic 

inflammation, pyrin expression was also considerably upregulated during acute colitis 

(Figure 2A). To determine the cellular specificity of pyrin expression in the colon, epithelial 

cells and immune cells of the epithelial fraction (Ep) and lymphocytes and phagocytes of the 

lamina propria (LP) fraction were purified by fluorescence-activated cell sorting and 

analyzed for Mefv expression. Mefv was expressed in both epithelial cells (CD45−EpCam+) 

and immune cells (CD45+Epcam−) of the Ep and lymphocytes and MHCII+ cells of the LP 

fraction under homeostatic conditions (Figure 2B). After AOM–DSS treatment, Mefv was 

significantly upregulated in immune cells of the Ep fraction and in CD90+ lymphocytes and 

MHC-II+ cells of the LP fraction (Figure 2B). This upregulation of Mefv in immune cells in 
vivo after inflammatory stimuli is consistent with its upregulation after lipopolysaccharide 

(LPS) stimulation in BMDMs (Figure S3).

To determine the role of pyrin in inducing colitis, WT and Mefv−/− mice were administered 

DSS in drinking water for 6 days (starting at day 5 after AOM treatment), followed by 

regular drinking water. After DSS administration, Mefv−/− mice lost significantly more body 

weight and displayed higher disease activity than did WT mice (Figure 2C and 2D). At day 

15 of AOM-DSS treatment, Mefv−/− mice had significantly shorter colons (Figure 2E and 

2F), which is a characteristic feature of acute colitis.46 Histological analysis revealed that 

colon tissue from colitic Mefv−/− mice exhibited a progressive increase in inflammation, 

ulceration, edema, and the extent of lesions (Figure 2G and 2H). Increased weight loss and 

shortening of colon length in Mefv−/− mice was also observed with DSS treatment alone (no 

AOM, Figure S4A–C). We also assessed the role of pyrin in colitis induced by direct 

activation of immune cells by an agonistic anti-CD40 antibody.47 The loss of pyrin protected 

against body weight loss, colon length shortening and histological perturbations of 

inflammation, edema, and hyperplasia in response to CD40 stimulation, demonstrating that 

pyrin activation is pathogenic in this model of colitis (Fig S4 D–H). These data demonstrate 

that pyrin has distinct role in colitis induced by epithelial damage and direct immune cell 

activation.

To ascertain the immunological basis of increased AOM-DSS-induced CAC in Mefv−/− 

mice, the inflammatory response to damage induced by AOM–DSS was assessed in the 

colon at days 9 and 15 of AOM–DSS treatment. As shown in the disease curves in Figure 3, 

day 9 after AOM treatment (day 4 of DSS administration) was considered a preclinical time 
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point, since all parameters of disease including weight loss, disease activity, and colon 

shortening were similar between WT and Mefv−/− mice (Figure 3A). Day 15 post-AOM was 

considered an acute time point, because mice displayed peak differences in weight loss, 

disease activity, and colon shortening (Figure 3A). Expressions of inflammatory mediators 

Il6, Kc, Lipocalin, and S100a9 in response to AOM-DSS treatment was significantly higher 

in colons of Mefv−/− mice than of WT mice at day 15 (Figure 3B). Levels of inflammatory 

cytokines and chemokines IL-6, G-CSF, GM-CSF, KC, MCP-1, and MIP-1α were also 

significantly higher in colons of Mefv−/− mice than WT mice at day 15 (Figure 3C). Serum 

levels of IL-6, G-CSF, KC, and MIP1α were also elevated in Mefv−/− mice during acute 

colitis (Figure S5A). Importantly, levels of inflammatory mediators in colon and serum from 

WT and Mefv−/− mice were similar at day 9 (Figure 3B–C, S5). In contrast to the higher 

levels of inflammatory cytokines, the level of IL-18, a critical cytokine that is dependent on 

the inflammasome for its maturation and release, was significantly lower in colons of Mefv
−/− mice than WT mice at both day 9 and day 15 (Figure 3D). The decrease in IL-18 release 

was independent of transcriptional regulation, as the level of Il18 transcript was similar 

between colons of WT and Mefv−/− mice (Figure 3E). The decrease in levels of mature 

IL-18 was due to lower activation of caspase-1, as evidenced by lower level of cleaved 

caspase-1 subunit (p10) in the colon tissue from Mefv−/− mice than from WT mice (Figure 

3F). IL-1β is another cytokine that is dependent on the inflammasome complex for its 

maturation and release. However, unlike IL-18, IL-1β was not detectable at the protein level 

under basal conditions or at day 9 (Figure 3F–G). Consistent with increased inflammation 

and expression of other inflammatory mediators, the levels of IL-1β transcript and protein 

(pro-form) were significantly upregulated in the colons of Mefv−/− mice at day 15 (Figure 

3F–G). These findings demonstrate that pyrin inflammasome activation in the colon is 

required for optimum IL-18 maturation and for restraining inflammation during colitis.

Loss of Pyrin Leads to a Tumor-Promoting Inflammatory Environment

Inflammation acts as a double-edged sword in the context of inflammatory diseases. 

Although it prompts an appropriate wound healing and restorative response, it is also a 

critical driver of tumorigenesis. We measured pro- and anti-tumorigenic inflammatory 

responses to determine whether they were differentially regulated in the absence of pyrin. 

Levels of IFNγ, a key cytokine involved in tumor cytotoxicity, and promoted by IL-1848–50 

was significantly lower in colons of Mefv−/− mice than in WT mice in response to acute 

colitis (Figure 4A). As compared with WT mice, activation of cytotoxic T cells in the spleen 

and mesenteric lymph node (MLN) of Mefv−/− mice was also significantly impaired, as 

revealed by decrease in IFNγ and tumor necrosis factor (TNF) production (Figure 4B and 

4C). Therefore, unlike the levels of other inflammatory mediators (Figure 3, S5A), IFNγ 
production and cytotoxic-T cell activation was significantly lower in Mefv−/− mice during 

AOM-DSS treatment. Conversely, pro-tumorigenic STAT3 activation was significantly 

higher in colons of Mefv−/− mice than of WT mice (Figure 4D). Consistent with this 

increased pro-tumorigenic and decreased anti-tumorigenic signaling, epithelial stem cell 

activity, as ascertained by expression of stem cell markers Olfm4, Bmi1, and Msi1, was 

significantly higher in Mefv−/− mice than WT mice (Figure 4E). Taken together, these 

results demonstrate that pyrin deficiency leads to inflammatory milieu marked by enhanced 
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pro-tumorigenic IL-6/STAT3 signaling and reduced anti-tumorigenic IL-18/IFNγ signaling 

that leads to increased epithelial stem cell activity and consequent tumorigenesis.

Loss of Pyrin Compromises Tight Junction Integrity and Epithelial Barrier Function

Barrier dysfunction is prominent in human patients with IBD51 and is associated with 

increased incidence and severity of colitis in animal models.52–55 Because decreased IL-18 

maturation preceded increased inflammation and tissue damage in Mefv−/− mice, we posited 

that the early IL-18 response restricts epithelial barrier dysfunction. We assessed epithelial 

permeability by evaluating the flux of orogastrically administered fluorescein isothiocyanate 

(FITC)–dextran from gut lumen into the circulation. Epithelial permeability increased early 

during DSS administration (day 9 of AOM-DSS) and this increase was higher in Mefv−/− 

mice than in WT mice (Figure 5A), demonstrating a critical role of pyrin in epithelial barrier 

restitution.

Inflammasome activation has been linked to epithelial barrier function through multiple 

mechanisms, including mucus secretion and antimicrobial peptide production.56–59 The 

production of Il22 and AMPs, Reg3g, Ang4 and Retnlb was similar in the absence of pyrin 

at day 9 of AOM-DSS (Figure 5B). Further, goblet cell differentiation, as assessed by levels 

of goblet cell maturation factors, Tff3 and Klf4 (Figure 5C), and production of mucins 

Muc1, Muc2, Muc3, Muc4 (Figure 5D), and Muc5ac (data not shown) were similar between 

Mefv−/− and WT mice at day 9. Collectively, these findings demonstrate that the lack of 

pyrin-mediated IL-18 maturation does not affect production of IL-22 and AMPs, goblet cell 

differentiation or mucus production during the early response to DSS administration. On the 

other hand, expressions of Il22, AMPs such as Reg3b, Reg3g, Mptx1, and Retnlb and mucin 

Muc2 were either similar or significantly upregulated in colons of Mefv−/− mice at day 15 

(Figure S6A, B). Expression of Ang4 and Tff3 though was significantly downregulated in 

colons of Mefv−/− mice (Figure S6A–B) at day 15 of AOM-DSS treatment (Figure S6B). As 

some of these processes are differentially regulated at the later time (Figure S6A–B), they 

may contribute to the overall disease progression, but are unlikely to be responsible for the 

enhanced epithelial permeability early during colitis.

An important component of epithelial barrier function is maintenance of intercellular tight 

junctions (TJ). Tight junction comprises of proteins including occludin, claudins and Zonula 

occludens-1 (ZO-1) that are anchored to the cell cytoskeleton through F-actin, and TJ 

integrity is a critical determinant of paracellular permeability.60 We therefore assessed 

whether tight junction integrity was affected by loss of pyrin.

Expression of TJ proteins, including Occludin, Zo1, Zo2, and Claudin2 was unaffected by 

loss of pyrin at day 9, while expression of Occludin and Zo1 was significantly reduced in 

colons of Mefv−/− mice at day 15 (Figure S6C). At day 9, localization of occludin with peri-

junctional F-actin (Figure 5E, S6D) and claudin-2 at the apical junction (Figure 5F) was 

significantly decreased. This loss of occludin and claudin-2 from the intercellular junctions 

was significantly higher in the absence of pyrin (Figure 5E, 5F, S6D), suggesting that tight 

junction integrity was impaired in Mefv−/− mice. The aberrant localization of TJ proteins 

and loss of epithelial barrier integrity could not be attributed to increased cell death as 

ulceration (Figure 2H) and activation of apoptotic caspases-3, -7 and -8 were largely 
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unaffected by loss of pyrin at day 9 post AOM-DSS (Figure S6E). Altered localization of TJ 

proteins, including occludin and claudin-2 is associated with susceptibility to DSS induced 

colitis, highlighting the significance of TJ kinetics in epithelial integrity.61, 62 These findings 

demonstrate that while Mefv−/− mice exhibit multiple features of mucosal inflammation, 

loss of tight junctions and impaired epithelial barrier integrity precede the induction of overt 

inflammation. Further, compromised epithelial integrity is concurrent with reduced IL-18 

maturation in colons of Mefv−/− mice.

Complementation with Recombinant IL-18 Restrains Epithelial Injury and Pro-tumorigenic 
Inflammation In Pyrin-deficient Mice

After demonstrating that pyrin acts as an inflammasome in the colon to promote IL-18 

maturation we assessed whether supplementation with recombinant IL-18 could rescue the 

overt epithelial damage and pro-tumorigenic inflammation observed in Mefv−/− mice. 

Exogenous IL-18 supplementation reduced the systemic translocation of luminally-

introduced (oral gavage) FITC-dextran observed in Mefv−/− mice during DSS administration 

(Figure 6A). It also significantly reduced the loss in body weight, clinical and histological 

signs of colitis, and colon shortening in Mefv−/− mice (Figure 6B–G). Consequently, Mefv
−/− mice treated with rIL-18 exhibited lower induction of inflammatory markers, Lipocalin 
and S100a9 (Figure 6H). Overall, IL-18 supplementation protected against overt 

inflammatory damage and colitis that ensues from loss of epithelial barrier integrity in Mefv
−/− mice.

IL-18 supplementation further modulated the inflammatory response in colitic Mefv−/− 

mice. Exogenous IL-18 reduced the production of chemokines- G-CSF, GM-CSF and KC, 

decreased the levels of pro-tumorigenic IL-6 and STAT3 phosphorylation (Figure S7A, B). 

IL-18 supplementation also promoted the anti-tumorigenic inflammatory response, including 

enhanced Ifng expression (Figure S7C), and CD8 T-cell activation in the spleen and draining 

lymph nodes (Figure S7D–G). The inflammatory milieu modulated by IL-18 

supplementation therefore led to lower epithelial stem cell activity in the colons of Mefv−/− 

mice (Figure S7H).

Reduced IL-18 production in the absence of pyrin was also observed at day 80 post AOM-

DSS (Figure 7A). We further assessed if exogenous IL-18 administration could also reduce 

the increased tumor burden in Mefv−/− mice. Exogenous IL-18 protected against AOM-DSS 

induced weight loss (Figure 7B) and splenomegaly (Figure 7C) in response to AOM-DSS 

treatment. IL-18-supplemented Mefv−/− mice also exhibited reduced number of tumors in 

the colon, which were also smaller in size compared to tumors in colons of Mefv−/− mice 

given PBS (Figure 7D–F). These findings confirm the critical role of the pyrin-IL-18 axis in 

promoting epithelial integrity and restraining pro-tumorigenic inflammation, thereby 

restricting colitis and associated colorectal cancer. In line with these observations, the 

expression of IL18 and IL18 receptor accessory protein (IL18RAP) were significantly 

reduced in colon biopsies obtained from CRC patients when compared to the normal colon 

biopsies (Figure 7G), demonstrating that IL-18 signaling is dampened during colon 

tumorigenesis and could be a potential therapeutic target.
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Discussion

Only 25% of patients with IBD achieve sustained disease remission with currently available 

anti-TNF biologics, whereas another 30% require total colectomy.63 IBD is also a strong 

predisposing factor for colon cancer, a common malignancy in adults.6 Therefore, further 

investigations of mechanisms that underlie IBD and colon cancer are required to develop 

effective therapeutic strategies. In this study, we demonstrate that pyrin functions as an 

inflammasome in the colon and is essential for IL-18 maturation during DSS induced colitis 

and associated tumorigenesis.

Inflammasome activation and resultant IL-18 maturation has been associated with multiple 

functions such as goblet cell maturation56 and production of IL-22 and antimicrobial 

peptides.59, 64 However, we found that Mefv−/− mice did not exhibit such defects early 

during disease progression, suggesting that although these pathways might modulate disease 

progression, they are unlikely to be responsible for increased epithelial permeability early 

during DSS induced colitis. Tight junctions regulate paracellular permeability, and their 

cellular organization is critical to integrity of the epithelial barrier. Consequently, mutations 

in genes encoding tight junction components are associated with increased susceptibility to 

IBD.52 Alterations in tight junction integrity precede and exacerbate incidence of 

inflammation in multiple mouse models.54, 55 However, the mechanisms that regulate the 

cellular dynamics and localization of TJ proteins are not well understood. We show here that 

pyrin-dependent IL-18 maturation restricts paracellular permeability by promoting integrity 

of epithelial tight junctions. Importantly, although decreased epithelial permeability 

associated with inflammasome activation has been previously demonstrated at the time point 

of acute colitis,23 we show that loss of epithelial integrity precedes overt inflammation and is 

a consequence of reduced inflammasome-mediated IL-18 maturation.

IL-18 plays multifaceted roles in colitis. Polymorphisms predicted to dampen the IL-18 

signaling pathway are associated with increased susceptibility to IBD.65, 66. Il18−/− mice are 

also highly susceptible to colitis and CAC,25, 67 and mice lacking inflammasome 

components such as Nlrp3−/−, Asc−/−, and Caspase1−/− have similarly increased 

susceptibility to colitis and CAC, which can be rescued by administering exogenous 

IL-18.23, 24 However, loss of IL-18 signaling in epithelial cells slightly ameliorates the 

susceptibility to colitis, and excess IL-18 signaling in decoy receptor–deficient mice (Il18bp
−/−) increases disease susceptibility.56 Therefore, both lack and excess of IL-18 can promote 

inflammation in the colon. These studies highlight that tight control of inflammasome 

activity and IL-18 production are required for gut homeostasis and suggest that patients be 

stratified according to their inflammatory profile to design efficacious therapeutic regimens.

In summary, our study demonstrates that pyrin inflammasome activation protects against 

AOM-DSS induced colitis and CAC. Pyrin inflammasome–mediated IL-18 maturation 

promotes epithelial barrier integrity to limit DSS-induced damage and inflammation. It also 

blocks activation of IL-6–STAT3 axis, which can promote tumorigenesis in this model.68 

Reduced epithelial damage is accompanied by a reduction in epithelial stem cell activity, 

which decreases the uncontrolled epithelial stemness that leads to tumor induction.30, 31 

Another axis promoted by pyrin activation is anti-tumor response through IFNγ production 
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and cytotoxic T-cell activation.25, 69 Pyrin inflammasome–mediated IL-18 maturation affects 

colitis and CAC through multiple mechanisms, including promoting epithelial integrity and 

anti-tumor immune cell activation (Fig S8). Therefore, pyrin inflammasome activation and 

IL-18 supplementation should be explored as therapeutic targets for patients with IBD and 

colon cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ALR AIM2-like receptor

AMP antimicrobial protein

AOM–DSS azoxymethane–dextran sodium sulfate

BMDM bone marrow–derived macrophage

CAC colitis-associated cancer

ELISA nzyme-linked immunosorbent assay

Ep epithelial fraction

FITC fluorescein isothiocyanate

IFNγ interferon gamma

LP lamina propria

LPS lipopolysaccharide

MLN mesenteric lymph node

NLR nucleotide-binding oligomerization domain-like receptor

US United States
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Figure 1. Pyrin decreases susceptibility to colitis-associated cancer
(A) MEFV expression in colon biopsy samples from tumor tissues of human patients with 

CRC compared to that in normal tissue. (B) Immunoblot for Mefv expression in colon tissue 

in response to inflammation induced by AOM–DSS treatment in WT mice. (C) Mefv 
expression in tumor and non-tumor colon tissue (NTC) relative to expression in the basal 

colon tissue (Day 0) of WT mice. (D) Change in body weight in WT and Mefv−/− mice 

injected with AOM on day 0 and administered 3 rounds of 2% DSS in drinking water. (E) 
Spleen weight, (F) representative spleen images, (G) overall tumor burden, (H) 
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representative images of the distal colon and (I) size distribution of macroscopically 

observed tumors in the colon at day 80 after AOM injection. (J) Histological score and (H) 
representative H&E stained image of slide scan, and at 4× and 10× magnification of colon 

sections at day 80 after AOM injection. Data are pooled from 2 independent repeats and 

were analyzed by (D) two-way ANOVA followed by the Holm–Sidak post-hoc test and (A, 
C, E, G, I, J) Mann–Whitney U test. Error bars represent (A) min. to max. and (C, D, E, G, 
I, J) mean±standard error of the mean (SEM), and (E, J) each symbol represents an 

individual mouse with 12–14 mice per group.
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Figure 2. Pyrin decreases susceptibility to DSS-induced colitis
(A) Immunoblot for pyrin expression in the colon. (B) qPCR analysis for Pyrin expression in 

sorted colonic cells in response to acute colitis (day 15 after AOM). (C) Change in body 

weight, and (D) disease activity index in mice during administration of 2.5 % DSS in 

drinking water. (E) Colon length and (F) representative photographs of colons from WT and 

Mefv−/− mice at the indicated days after AOM-DSS administration. (G) H&E staining at 

20× magnification. (H) Histological analysis of colon tissue in mice at indicated days after 

AOM treatment. I, U, E, and A stand for inflammation, ulceration, edema, and the area 
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affected by histological perturbations, respectively. Data represent 2 independent 

experiments and are presented as mean±SEM. (E) Each symbol represents an individual 

mouse. N = 8–10 mice per time point per experimental group, and N = 3–5 for basal (Day 0) 

analysis. Data were analyzed by (A, B) two-way ANOVA, followed by the Holm–Sidak 

post-hoc test and (C, F) parametric or non-parametric t-test
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Figure 3. Pyrin inflammasome inhibits overt inflammation in response to AOM–DSS treatment
(A) Schematic of time points for analysis. D stands for day. (B, E, F) qPCR analysis for 

expression of inflammatory genes and (C, D) cytokine production in the colon tissue. (G) 
Level of caspase-1 (pro and cleaved forms) and IL-1β in homogenates from colon tissue at 

indicated days after AOM-DSS administration. Data represent 2 independent experiments, 

with 8–10 mice per group for each time point. Error bars represent mean±SEM, and data 

were analyzed by the parametric or non-parametric t-test.
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Figure 4. Loss of pyrin leads to a tumor-promoting inflammatory environment in response to 
DSS-induced colitis
qPCR analysis for expression of (A) Ifng and (E) epithelial stem cell markers in the colon 

tissue. Intracellular cytokine staining in ex vivo–stimulated cytotoxic T cells in the (B) 
spleen and (C) mesenteric lymph node (MLN) in response to AOM–DSS treatment. (D) 
Immunoblot for STAT3 activation in lysate from colon tissue at indicated days after DSS 

administration. Data represent 2 independent experiments, with 8–10 mice per group for 

each time point. Error bars represent mean±SEM, and data were analyzed by the parametric 

or non-parametric t-test.
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Figure 5. Pyrin inflammasome inhibits the loss of epithelial barrier integrity in DSS-induced 
colitis
(A) Serum levels of FITC-dextran in mice at 4 days of DSS treatment. qPCR analysis for 

expression of (B) Il22 and AMPs, (C) goblet cell maturation markers, and (D) mucin genes. 

Immunofluorescence images of (E) F- actin (green), occludin (red) and DNA (blue) of distal 

colon segments, and (F) F-actin (green) and claudin-2 (red) in colon tissue of mice treated 

with water (control) or 4 days of DSS administration (DSS). Data represent 2 independent 
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experiments with 8–10 mice per group for each time point. Error bars represent mean±SEM, 

and data were analyzed by the parametric or non-parametric t-test).
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Figure 6. Pyrin inflammasome–mediated IL-18 protects against DSS-induced colitis
(A) Serum levels of FITC-dextran in mice at 4 days of DSS treatment. Control represents 

mice kept on water (no DSS). (B) Change in body weight and (C) disease activity index of 

mice during administration of DSS in drinking water. (D) Colon length and (E) 
representative photographs of colons of WT and Mefv−/− mice at the end of the experiment. 

(F) Histological analysis and (G) H&E staining at 10× magnification of colon tissue from 

mice at the end of the experiment (day 15). qPCR analysis for (H) inflammatory mediators 

in colon tissue from mice in response to DSS-induced colitis. Mefv−/− mice were injected 
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either PBS or rIL-18 at concentrations of 0.5μg/mouse (days 6 and 8) and 0.1μg/mouse 

(days 10 and 12). Data represent 2 independent experiments and are presented as mean

±SEM. N = 9–10 mice per group. Data were analyzed by (C, D) two-way ANOVA, followed 

by the Holm–Sidak post-hoc test and (A, D, F, H) parametric or non-parametric t-test
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Figure 7. IL-18 complementation compensates for the loss of Pyrin inflammasome during colon 
tumorigenesis
(A) IL-18 levels in sera of mice at day 80 post AOM-DSS treatment. (B) Change in body 

weight in WT and Mefv−/− mice injected with AOM on day 0 and administered 3 rounds of 

2% DSS in drinking water. Mefv−/− mice were further injected either PBS or rIL-18 at 

concentrations of 0.5μg/mouse (days 1 and 3 of every DSS cycle) and 0.1μg/mouse (days 5 

and 7 of every DSS cycle). (C) Spleen weight, (D) tumor burden and (E) size distribution of 

macroscopically observed tumors in colons at day 80 post AOM-DSS treatment. (F) 
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Representative image for distal and middle sections of the colon. (G) IL18 and IL18RAP 
(IL-18 receptor accessory protein) expression in colon biopsy samples from tumor tissues of 

human patients with CRC compared to that in normal tissue. (A–F) Data represent 2 

independent experiments and are presented as mean±SEM. N = 9–10 mice per group. Error 

bars represent (A–E) mean±SEM, (G) min. to max. and data were analyzed by (A, C, D, G) 
parametric or non-parametric t-test and (B, E) two-way ANOVA, followed by the Holm–

Sidak post-hoc test.
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