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Interleukin 1β (IL-1β) is a significant mediator of inflammation and tissue damage in IBD. The balance between IL-1β and its endogenous inhibitor-IL-1Ra-, plays a critical role in both initiation and regulation of inflammation. However, the precise role of IL-1β as a causative factor in IBD or simply a consequence of inflammation remains unclear. This review summarizes current knowledge on the molecular and cellular characteristics of IL-1β, describes the existing evidence on the role of this cytokine as a modulator of intestinal homeostasis and an activator of inflammatory responses, and also discusses the role of microRNAs in the regulation of IL-1β-related inflammatory responses in IBD. Current evidence indicates that IL-1β is involved in several aspects during IBD as it greatly contributes to the induction of pro-inflammatory responses through the recruitment and activation of immune cells to the gut mucosa. In parallel, IL-1β is involved in the intestinal barrier disruption and modulates the differentiation and function of T helper (Th) cells by activating the Th17 cell differentiation, known to be involved in the pathogenesis of IBD. Dysbiosis in the gut can also stimulate immune cells to release IL-1β, which, in turn, promotes inflammation. Lastly, increasing evidence pinpoints the central role of miRNAs involvement in IL-1β-related signaling during IBD, particularly in the maintenance of homeostasis within the intestinal epithelium. In conclusion, given the crucial role of IL-1β in the promotion of inflammation and immune responses in IBD, the targeting of this cytokine or its receptors represents a promising therapeutic approach. Further research into the IL-1β-associated post-transcriptional modifications may elucidate the intricate role of this cytokine in immunomodulation.
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1 Introduction

Inflammatory bowel diseases (IBD), mainly ulcerative colitis (UC) and Crohn’s disease (CD), are chronic inflammatory conditions of the gastrointestinal tract (1). These conditions are marked by persistent mucosal inflammation caused by both adaptive and innate uncontrolled immune responses. UC presents widespread inflammation and ulcers that can extend along a varying distance from the rectum to the caecum. On the other hand, CD is mainly characterized by transmural inflammation occurring at any location in the gastrointestinal tract, with the terminal ileum and colon being the most affected areas. The global incidence and prevalence of IBD have risen significantly over the past decade in both Western and Eastern countries, highlighting a significant public health challenge (2–4). Consequently, there is a great need for the development of novel treatment approaches.

Apart from their clinicoparhological presentation on the gastrointestinal tract, IBD frequently lead to extra-intestinal disease. These complications derive from the IBD-induced persistent and systemic inflammatory state, disrupting various signaling pathways and altering the expression of regulatory mediators like cytokines and microRNAs (miRNAs) (5, 6). The exact cause of IBD is still not fully understood, but recent advances have shed light on the underlying processes which drive these diseases. The pathophysiology and development of IBD involve several mechanisms, including dysregulated immune responses, environmental factors, alteration in gut microorganisms (dysbiosis), and genetic changes related to the disease (7–13).

The interplay between the innate and adaptive immune responses is highly affected by various cytokines. Any disruption in this communication can lead to the initiation and propagation of inflammatory response in the mucosal tissue. Among these cytokines, the interleukin (IL)-1 plays a crucial role in innate immune responses, being an essential modulator of inflammation in a wide range of human disorders (14). The IL-1 family comprises a group of 11 cytokines, including seven agonistic ligands (IL-1α, IL-1β, IL-18, IL-33, IL-36α, IL-36β, IL-36γ), three antagonist ligands [IL-1 receptor antagonist (IL-1Ra), IL-36Ra, IL-38] which exert their effects through various heterodimeric receptor complexes, and one anti-inflammatory cytokine, the IL-37 (14, 15) (Figure 1). A wide range of immune cells, such as monocytes, dendritic cells (DC), macrophages, natural killer (NK) cells, activated T and B cells, along with non-hematopoietic cells like epithelial cells and keratinocytes, produce IL-1 family cytokines in response to various triggers, including pathogen-and damage-associated molecular patterns (PAMPs and DAMPs, respectively), as well as other cytokines, notably the tumor necrosis factor (TNF) (16).
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FIGURE 1
 IL-1 family members with inflammatory function, their cognate receptors, and their antagonists. Interleukin-1α (IL-1α), IL-1β, IL-18, IL-33, and IL-36 bind to their receptors within the IL-1R family. This binding facilitates the recruitment of myeloid differentiation primary response 88 (MyD-88), interleukin-1 receptor-associated kinase 1 (IRAK1), and TNF receptor associated factor 6 (TRAF6). This process results into the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and mitogen-activated protein kinase (MAPK) signaling pathways, inducing the transcription of various inflammatory genes. Created with BioRender.com. IL-1Ra, interleukin 1 receptor antagonist; IL-1R, interleukin 1 receptor; IL-1, interleukin 1; IL-1RAcP, interleukin-1 receptor accessory protein; MyD88, myeloid differentiation primary response 88; ST2, interleukin 33 receptor; IRAK-1, interleukin-1 receptor-associated kinase 1; TRAF6, TNF receptor associated factor 6; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; MAPK, mitogen-activated protein kinase; Ig, immunoglobulin; TIR, Toll-IL-1-receptor.


The IL-1 family of cytokines and receptors has been the subject of extensive research in the context of IBD, due to their widely accepted involvement in the development of various inflammatory disorders. The critical role of IL-1 as a mediator of innate immune response and a promoter of inflammation has been reported in patients with IBD (17). The targeting of the IL-1-related pathways has been explored to alleviate IBD symptoms, but the outcomes have been variable. The aim of the current review was to provide an overview of the molecular and cellular characteristics of IL-1β and to describe the existing evidence on the role of this cytokine as a modulator of intestinal homeostasis and an activator of inflammatory responses, in the course of IBD. Moreover, the most recent findings on the role of miRNAs in the regulation of the IL-1β-related inflammatory responses in experimental IBD will be discussed.



2 IL-1 signaling

A structural resemblance has been observed between the IL-1 family receptors and the toll-like receptors (TLRs); thus, these two families are commonly categorized together as the Toll/IL-1 Receptor (TIR) superfamily (18). Each receptor consists of an extracellular ligand-binding domain, an intracellular TIR domain which is responsible for the signal transduction and a transmembrane helix. Moreover, both families employ the myeloid differentiation primary response 88 (MyD88) as an adaptor protein for downstream signaling and employ the IL-1 receptor accessory protein (IL-1RAcP). The specificity for their cognate ligands is determined by sequence residues in the extracellular immunoglobulin-like domain of IL-1 family receptors (19) (Figure 1). The signaling through IL-1Rs is similar to MyD88-dependent TLR signaling, because of the homology between the TLRs and the IL-1R (20).

The IL-1 group can be categorized into three subfamilies based on the length of their precursor proteins and the N-terminal segments: IL-1, IL-18, and IL-36 (21). IL-1 ligands bind to the extracellular regions of their ligand binding receptor chain (22) (Figure 1). The receptor antagonists consist of several ligand binding chains [IL-1R1, IL-33R (ST2), IL-18Rα, and IL-36R]. Following the interaction of the ligand with these chains, they recruit either the IL-1RAcP for IL-1R1, IL-33R, and IL-36R, or the IL-18RAcP chain for the IL-18R, respectively (22). Moreover, signaling molecules like the IL-1R-associated kinases (IRAKs) and the intermediate protein TNF receptor-associated factor 6 (TRAF6), which are also found in many TLR signaling pathways, play a vital role in IL-1 signaling. The dimerization event is crucial for the transmission of the IL-1 signal downstream (23). Upon activation, the receptor complexes induce the activation of pro-inflammatory intracellular signaling mediated by [mitogen-activated protein (MAP) kinases] MAPK-and NF-κB- (nuclear factor kappa B) dependent pathways and greatly contribute to the development of both adaptive and innate inflammation (24). IL-1R-mediated signaling results in the transmission of multiple signals, many of which can regulate both local and systemic immune responses. IL-1β plays a crucial role not only in chronic and acute inflammation (25, 26) but also in the induction of adhesion molecules expression on endothelial cells, promoting the maturation of DCs which regulate the recruitment and stimulation of lymphocytes and NK cells, and act as an endogenous pyrogen capable of causing fever (16).

Beyond the classical pro-inflammatory functions of IL-1 family, several cytokines of this family influence the downstream effector T cell responses, by guiding their differentiation into various pathways. In particular, IL-1β drives the T helper 17 (Th17) cells differentiation, while IL-18 and IL-33 promote the expansion of Th1 and Th2 cells, respectively (27, 28). Moreover, the IL-1 family cytokines can also induce the secretion of cytokines from diverse immune cells, such as innate lymphoid cells (ILCs) and intraepithelial lymphocytes (IELs), which constitutively express receptors for this family of cytokines. IL-1β induces robust IL-17 production from both γδ T cells and type 3 ILCs (ILC3s), whereas IL-33 and IL-18 can trigger the secretion of type 1 or type 2 cytokines from ILC1s and ILC2s, respectively (29).

Due to their pro-inflammatory nature and the diverse array of cells expressing IL-1 family receptors, the functions of IL-1 family cytokines are firmly regulated. Except for IL-1Ra, all IL-1 family cytokines are first produced as biologically inactive precursors and necessitate post-translational modifications before the activation of their respective receptors. The maturation of IL-1β, IL-18, and IL-37 involves the cleavage by inflammatory caspases; post-translational cleavage commonly occur in IL-1α, IL-33, and IL-36 subfamilies (30). The IL-1β pro-form is functionally inert and is not able to bind to IL-1RI (31). The enzyme responsible for the cleavage of pro-IL-1β was initially identified as IL-1β converting enzyme (ICE) and was later renamed caspase-1; this enzyme is a component of a multi-protein complex called inflammasome (32). IL-1β does not display intracellular functionality and is secreted from the cell in response to specific stimuli (33). In parallel, the active cytokines are intrinsically modulated by a network of antagonists and/or decoy receptors which are able to inhibit pro-inflammatory signal transduction by IL-1 family members (34).

The IL-1 family is commonly related to pro-inflammatory responses; in particular, IL-1β has been identified as a critical mediator of inflammation-induced pathology in various autoimmune and auto-inflammatory disorders (17, 35–38). Thus, the signaling pathways related to these cytokines constitute potential targets for various conditions including IBD (39).



3 IL-1β and NLRP3 inflammasome

The NLRP3 inflammasome is a key component of the immune system response to infection, tissue damage, and cellular stress (40, 41). It plays a crucial role on the regulation of inflammation by controlling the activation of pro-inflammatory cytokines, particularly IL-1β and IL-18 (42).

The NLRP3 inflammasome, which is present within mucosal macrophages and dendritic cells, serves as the cellular machinery responsible for the production of the mature (cleaved) variant of IL-1β that is subsequently released by these cells (42–45). The NLRP3 is comprised of three main components, the sensor NLRP3 protein, the adaptor-apoptosis-associated speck-like protein (ASC) and the effector protein-caspase-1 (46, 47) (Figure 2). The activation of NLRP3 inflammasome consists of two signals: a) signal 1 (priming), which is promoted by pathogen recognition receptors (PRRs), such as TLRs stimulated by PAMPs (42–45) (Figure 2); resulting into the transcriptional activation of inflammasome genes including Nlrp3, IL-1β and IL-18 by transcription factors, such as NF-κB (48) and b) signal 2 (activation) which starts with the binding of PAMPs or DAMPs in specific membrane receptors, activating various signaling events and leading to the activation of NLRP3, oligomerization, and generation of NLRP3 inflammasome complex (48) (Figure 2). The NLRP3 inflammasome activation results into the cleavage of Gasdermin D and activation of pyroptosis and/or the formation of the active caspase-1 which is responsible for the cleavage of pro-IL-1β and pro-IL-18 into their biologically active forms, IL-1β and IL-18 (46–48) (Figure 2).
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FIGURE 2
 NLRP3 inflammasome complex and IL-1β release. The NLRP3 inflammasome is a multiprotein complex that assembles in response to “danger signals” which can include pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). These signals are recognized by various receptors, including toll-like receptors and NOD-like receptors (NLRs). When activated, NLRP3 recruits other proteins to form the inflammasome complex. This complex then activates the caspase-1, an enzyme that cleaves pro-interleukin 1β (IL-1β) and pro-IL-18 into their active forms (IL-1β and IL-18). During an inflammatory response, IL-1β along with other proinflammatory cytokines such as tumor necrosis factor (TNF-α) and IL-6 orchestrate the inflammatory response within the lamina propria. Created with BioRender.com. ASC, adaptor-apoptosis-associated speck-like protein; pro-casp-1, pro-caspase; PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; TLRs, toll-like receptors; GSDMD, Gasdermin D; IL-1β, interleukin 1β; IL-18, interleukin 18; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; MyD88, myeloid differentiation primary response 88; IκBα, inhibitor of kappa B alpha; IFN-γ, interferon γ; Th17, T helper 17.




4 Il-1β and NLRP3 inflammasome in IBD

The dysregulation of the NLRP3 inflammasome has been implicated in various inflammatory and autoimmune diseases, including IBD (49). IL-1β promotes inflammation by attracting immune cells to the site of infection or injury but also enhances the immune response by influencing the activation and differentiation of immune cells. In the context of infection, this can be beneficial for clearing pathogens (50, 51). However, when the inflammasome is chronically activated or dysregulated, it can contribute to excessive inflammation and tissue damage, as seen in IBD. Inflammasome activation in intestinal cells can lead to increased production of IL-1β and IL-18, driving inflammation and tissue damage in the gut (50, 51). During the inflammatory response caused by colitis-induced model or IBD, IL-1β along with other proinflammatory cytokines such as TNF-α and IL-6 orchestrate the inflammatory response within the lamina propria (52, 53). IL-1β along with IL-6, induce the differentiation of naïve T cells into Th17 cells, which produce IL-17, or T cells that produce interferon γ (IFN-γ) (54). These cells are responsible for the development and maintenance of inflammation.

In experimental animal studies, administration of IL-1β or IL-18 minimized colitis progression in NLRP3 knockout (KO) mice; however there was no effect in colitis severity in wild type (WT) mice (55). Targeting and blockade of IL-1β by genetic and pharmacological procedures in colitis mice resulted in attenuated colitis (56). Seo et al. (57) showed that inflammatory monocytes and monocyte-derived IL-1β are essential in driving pathology, as IL-1β KO mice and CCR2 KO mice were found to be protected from acute DSS-colitis.

In human studies, data have shown that NLRP3 inflammasome expression was stimulated ex vivo in CD patients with a concomitant increase of IL-1β levels in peripheral blood mononuclear cells (PBMCs) in vitro; on the other hand, activation of the NLRP3 was reported in late disease stage of disease in UC patients (58). Another study demonstrated an increase of NLRP3 components (NLRP3, IL-1β, ASC and caspase-1) in colonic biopsies of both UC and CD patients, which was positively related to disease activity (59).



5 Il-1β in IBD

Most data on IBD research have focused on IL-1β, which has been found increased in these disorders (60–63) (Table 1). In particular, IL-1β expression was higher in plasma and colonic mucosa tissue of patients with IBD (60–63, 67). Augmented IL-1β production from macrophages and colonic tissue in patients with IBD has been associated with disease severity and chronic intestinal inflammation (59). During intestinal inflammatory conditions, a significant increase in IL-1β levels, and a positive association between the mucosal inflammation severity and the IL-1β levels have been reported (64). Mononuclear cells, mainly macrophages within the lamina propria, are the primary source of the increased IL-1β levels in inflamed tissue biopsies from patients with active IBD (65). The extent of this elevation has been correlated to the overall severity of the disease (65). The majority of cells in the intestinal mucosa express IL-1Rs, allowing them to respond to IL-1 activation. Thus, any alterations in the levels of IL-1 could potentially influence the various cell populations, including lymphoid, myeloid, and non-hematopoietic lineages, leading to important alterations in the immunological profile of the gastrointestinal tract. Zhou et al. (66), demonstrated that constitutive signals of intestinal macrophage-derived IL-1β, produced in response to commensal stimuli, critically contribute to the production of T regulatory cells (Tregs) which are responsible for the maintenance of immune equilibrium under physiological conditions. This process was found to rely on IL-1β-responsive ILC3s, which drive the Tregs differentiation by the secretion of IL-2 (66). When IL-1 signaling was specifically ablated in ILC3s, the induction of Tregs and oral tolerance to dietary antigens were abrogated (66). Intriguingly, decreased secretion of IL-2 by ILC3s was observed in patients with active CD, indicating that this pathway might be clinically important and could be targeted as a therapeutic option (66).



TABLE 1 Synopsis of studies related to the role of IL-1β οn IBD.
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6 IL-1β-targeted therapeutic options


6.1 Experimental models

IL-1Ra, a natural antagonist of IL-1RI is the best characterized endogenous modulator of IL-1 bioactivity, commonly secreted simultaneously with IL-1, and aims to suppress IL-1Ra related signaling and to blockade the excessive activation of a pro-inflammatory response. In pre-clinical studies, IL-1Ra KO mice have shown high susceptibility to several autoimmune diseases; the study by Rogier et al. (68), reported that in IL-1Ra KO mice, the arthritis severity was significantly influenced by the composition of the commensal microbiota, indicating a strong microbial component in this condition. In the absence of IL-1Ra, an abnormal type-17 response was developed both in the gut mucosa and systemically, which could be transferred to WT mice through fecal transfer or co-habitation (68). However, this IL-17-mediated auto-inflammation was notably reduced by using antibiotics targeting the IL-17-driving bacteria, suggesting that besides direct antagonism of the IL-1 bioactivity, IL-1Ra also plays a crucial role on the maintenance of a proper microbiota environment in the gastrointestinal tract (68).

Single immunoglobulin IL-1 related-receptor (SIGIRR) is a suppressive receptor of the IL-1 family, also known as TIR8; the extracellular SIGIRR domain can interact with the IL-1RI, resulting to blockade of dimerization with the IL-1RAcP (69). This receptor is essential for the gastrointestinal tract as both intestinal DCs and IECs derived by SIGIRR-deficient mice display an imbalanced immunological profile characterized by a constant increase in inflammatory genes and heightened responsiveness to TLR ligands (70). Furthermore, SIGIRR KO mice have been found more susceptible to intestinal inflammation and carcinogenesis in models of dextran sulfate sodium (DSS)-induced colitis and azoxymethane (AOM)/DSS-induced colorectal cancer (CRC), respectively (71, 72). SIGIRR has also been reported to inhibit Th17 cell proliferation by counteracting IL-1 signaling and glycolytic metabolism, outcome of critical significance in regard to the development of spontaneous colitis observed in IL-10 KO mice, in which Th17 cells greatly contribute to disease pathology (73). Hence, the SIGIRR expression by both hematopoietic and non-hematopoietic cells in the gastrointestinal tract appears to be crucial for the maintenance of immune homeostasis.

Bersudsky et al. (74), reported amelioration of intestinal inflammation upon DSS administration through the neutralization of IL-1α, but not by exogenous administration of rIL-1Ra or anti-IL-1β antibodies.



6.2 IL-1β targeted drugs

IL-1β has been closely associated with the failure of anti-TNF therapy (75). IL1Ra can suppress the biological effect of IL-1β, serving as a natural decoy (76). Anakinra (Kineret, Swedish Orphan Biovitrum AB, Stockholm, Sweden) is a recombinant form of the IL-1Ra, that inhibits the activity of IL-1β, and has been primarily used as a treatment for autoimmune diseases that involve dysregulated IL-1 signaling (77, 78). While Anakinra has been studied for its potential in various inflammatory conditions, including IBD, its effectiveness in IBD treatment has been limited and its use is not a standard approach. Clinical trials and studies have explored the use of Anakinra in both CD and UC; however, the evidence supporting its use in IBD is not as strong as for other available therapies (79). In an experimental study using Winnie-TNF-KO mice, the effect of recombinant Anakinra has been evaluated (38). The results showed reduction of the histologic score in the distal colon and decreased levels of IFN-γ–expressing CD8+ T cells in the lamina propria and mesenteric lymph node–derived T cells following Anakinra administration, suggesting its use in primary non-responders to anti-TNF treatment (38).

Canakinumab, a human monoclonal antibody targeting IL-1β which has been approved for the treatment of various autoinflammatory conditions (80, 81), has been also explored in the context of IBD. A recent study assessed how patients with very early onset IBD, exhibiting a phenotype resembling that of monogenic autoinflammatory diseases, responded clinically to canakinumab (82). The study suggested the use of canakinumab for children with very early onset IBD or older pediatric and adult IBD patients with refractory autoinflammatory phenotype, highlighting its potential use as an alternative to other treatment options because of the restricted immunosuppression and the limited number of side effects (82).




7 Il-1β role in IBD pathogenesis

Although increased levels of IL-1β have been observed in the intestinal tissue of patients with IBD, there is scarce evidence on the IL-1β contribution to intestinal pathology (Table 2). Coccia et al. (54), examined the role of IL-1β in driving innate and adaptive gut pathology. The results showed that IL-1β promoted innate pathology in Helicobacter hepaticus-induced intestinal inflammation through the increased recruitment of granulocytes and ILCs and the activation of ILCs (54). A critical contribution of IL-1R signal in the recruitment and survival of pathogenic Th cells in the colonic mucosa, has also been reported (54). IL-1β has been found to induce Th17 responses from Th cells and ILCs in the intestinal tissue, while a synergistic interplay between IL-1β and IL-23 signaling for the maintenance of both innate and adaptive responses has also been demonstrated (54). Another study indicated a major role of IL-1 in IBD pathogenesis by examining the histological alterations of IL-1Ra KO mice in the small intestine (17). A significant decrease in the villus heights of small intestine and in the villus width in the ileum has been observed, accompanied by an increase in goblet cell number and mucin secretion (17). Moreover, IL-1α and IL-1β immunopositivity and infiltration of polymorphonuclear cells and macrophages were higher, whereas IL-1R1 expression and expression of tight and adhesion junctions was reduced in IL-1Ra KO mice compared to WT mice (17). Within the heterogeneous tissular inflammatory responses, a recent study identified co-expressed gene modules in patients with IBD, which mapped to specific histopathological and cellular characteristics (pathotypes) (83). High neutrophil infiltration, fibroblasts stimulation and vascular remodeling at the regions of deep ulceration were observed (83). In the ulcer bed, the induced fibroblasts exhibited IL-1R-dependent neutrophil-chemoattractant features (83). These pathotype-related neutrophil and fibroblast properties were induced in non-responders to various treatments, suggesting a biological rationale for the blockade of IL-1 signaling in ulcerating disease (83).



TABLE 2 Synopsis of studies related to the role of IL-1β οn IBD pathology.
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8 miRNAs as regulators of IL-1β signaling in IBD

Numerous miRNAs have emerged as pivotal modulators of mucosal barrier function and inflammatory response, within the mucosa (84, 85). MiRNAs constitute a group of endogenous non-coding RNAs which modulate various cellular activities within eukaryotes by selectively targeting the 3′-untranslated region of mRNAs, leading to mRNA degradation or translational suppression (84, 86). Consequently, miRNAs assume essential regulatory roles across diverse pathways and biological processes, including among others, autoimmunity, inflammation, and the maintenance of immunological equilibrium (87–89). Several studies have pinpointed the central involvement of miRNAs in the pathological advancement of IBD, particularly in the maintenance of homeostasis within the intestinal epithelium (90–92) (Figure 3).
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FIGURE 3
 Role of miRNAs as IL-1β-related signaling regulators in IBD. Several miRNAs have been implicated in the pathogenesis of inflammatory bowel diseases (IBD) and in particular with the IL-1β-related signaling. These molecules constitute potential biomarkers for IBD diagnosis and prognosis. Created with BioRender.com. miR-, miRNA; IL-1β, interleukin 1β; TNF-a, tumor necrosis factor a; ROS, reactive oxygen species; UTR, untranslated region; EVs, extracellular vesicles; PAMPs, pathogen-associated molecular patterns; TLRs, toll-like receptors; MyD88, myeloid differentiation primary response 88; IRAK-1, interleukin-1 receptor-associated kinase 1; TRAF6, TNF receptor associated factor 6; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; p, phosphorylation; GSDMD, Gasdermin D; PPARγ, peroxisome proliferator activated receptor gamma.


Neudecker et al. (93), revealed a miR-223–NLRP3–IL-1β regulatory circuit, presenting a miR-223-mediated suppression of the intestinal inflammation by the blockade of the NLRP3 inflammasome (Figure 3). Induced NLRP3 expression combined with increased IL-1β levels were found as the predominant features for the initiation of colitis in miR-223 KO mice (93). Exhaustion of CCR2+ inflammatory monocytes and blockade of IL-1β or NLRP3 resulted into phenotype abrogation (93).

MiR-146a-5p, a significant anti-inflammatory miRNA, has been found to effectively inhibit TLR4-mediated NF-κB-regulated gene expression and to operate as a counteractive feedback modulator of the innate immune response by targeting the signaling molecules IRAK1 and TRAF6 (94) (Figure 3). These adapter proteins hold pivotal roles in the signaling pathways downstream of TNF-α and IL-1β (7). These results were confirmed by a recent study which revealed the mechanism by which the miR-146a-5p negatively modulated the IL-1β-induced inflammation by the downregulation of the IRAK1/TRAF6 signaling pathway, in human IECs (95). In particular, the expression of miR-146a-5p and inflammatory markers were found increased in IL-1β-activated Caco-2 cells (95). Upregulation of miR-146a-5p resulted in downregulation of inflammatory markers, whereas its downregulation induced their expression (95), suggesting that this process occurs by selected downregulation of IRAK1/TRAF6 signaling (95). Wu et al. (94), showed that extracellular vesicles (EVs) containing miR-146a, significantly suppressed the expression of TRAF6 and IRAK1 in experimental colitis caused by 2,4,6-trinitrobenzenesulfonic acid (TNBS), in rats (Figure 3). In parallel, the phosphorylation of NF-κB p65 and IκBα (inhibitor of NF-κB) was decreased following the administration of over-expressed miR-146a EVs, leading to inhibited secretion of TNF-α, IL-6 and IL-1β and thus ameliorated colitis (94). Administration of nanoparticle with overexpressed miR-223 showed amelioration of experimental colitis, and decrease of NLRP3 levels and IL-1β secretion (93).

In a recent study, miR-141-3p mimic reduced the expression of pyroptosis-related proteins including NLRP3, N-GSDMD, caspase-1 and the production of inflammatory factors IL-1β and IL-18 in colon epithelial cells, by targeting the SUGT chaperone (96) (Figure 3). Moreover, miR-141-3p ameliorated the inflammatory phenotype of mouse colonic mucosal tissue in a DSS-induced colitis model (96). TNFα, IL-1β and H2O2 significantly induced the expression of miR-29b in CCD841 CoN colon epithelial cells (97). The plasma exosomes secreted by CCD841 CoN cells presented increased levels of miR-29b as well, triggered by TNFα, IL-1β or H2O2 (97) (Figure 3). These results suggest that the presence of reactive oxygen species and proinflammatory cytokines in the inflamed mucosa of patients with IBD induced the IECs in the intestine to produce miR-29b-overexpresed exosomes, which are secreted into the blood stream (97).

The beneficial role of the probiotic strain Bifidobacterium bifidum ATCC 29521 was examined in a DSS-induced colitis model (98). The strain restored the DSS-induced injury by modulating the expression of tight junction proteins and immune markers in the colon, including the NF-κB p65-mediated downregulation of inflammatory genes TNF-α and IL-1β in the Bifido mice group (98) (Figure 3). Moreover, the downregulation of TNF-α and IL-1β was related to the restoration of miR-150, miR-155 and miR-223 in the Bifido group (98). The restored DSS-induced dysbiosis in the Bifido group demonstrated that B. bifidum strain exhibited its probiotic role through an anti-inflammatory effect regulated by miRNA-associated proteins and NF-κB modulation (98).



9 Conclusions and prospects

The involvement of IL-1 family members in the gastrointestinal tract extends beyond their role in eliciting inflammatory responses, as these cytokines also play a vital role in the maintenance of proper barrier function. The specific impact of the IL-1 family on the gastrointestinal homeostasis or IBD pathogenesis varies depending on factors such as disease state, genetic predisposition due to genetic alterations, influence of gut microbiota composition and existence of natural antagonists.

The NLRP3 inflammasome is highly important for the production of IL-1β and is considered as a critical modulatory tool for the maintenance of intestinal homeostasis. Thus, targeting the NLRP3 inflammasome regulation and the related endpoints including IL-1β during aberrant inflammation in IBD, will pave the way into the development of novel therapeutic approaches.

The stimulation of TLRs induces both innate and adaptive immune responses and activates the NF-κB signaling which is a major regulator of cytokine secretion in inflammatory disorders. Thus, NF-κB blockade may constitute an attractive avenue for the attenuation of chronic intestinal inflammation in IBD. Current research has focused on the inhibition of inflammatory responses through the suppression of NF-κB binding activity by targeting IRAK1 and TRAF6, critical modulators of IL-1 signaling. Accumulating evidence reveals the crucial role of miRNAs in the pathological advancement of IBD, particularly in the regulation of innate immune responses during intestinal inflammation and the maintenance of homeostasis within the intestinal epithelium. The effect of miRNAs in the inhibition of NF-κB activity has shown great potential; however, the long-term impact of miRNAs on NF-κB signaling pathway-associated epithelial homeostasis remains elusive and need further investigation. In depth research into the post-transcriptional modifications which modulate the IL-1β activity, may highlight the relevant and/or differential role of this cytokine in immunomodulation.

Despite the fact that IL-1β represents an appealing target for IBD treatment, a comprehensive understanding of its function in IBD warrants further investigation. This includes the conduction of additional research using animal models featuring cell-specific conditional knockouts along with well-defined procedures to minimize the impact of variations in the commensal microbiota among different strains.



Author contributions

IA: Conceptualization, Data curation, Investigation, Resources, Visualization, Writing – original draft. MK: Resources, Writing – original draft. ET: Resources, Writing – original draft. CT: Conceptualization, Project administration, Supervision, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Xavier, RJ, and Podolsky, DK. Unravelling the pathogenesis of inflammatory bowel disease. Nature. (2007) 448:427–34. doi: 10.1038/nature06005

 2. Kaplan, GG. The global burden of Ibd: from 2015 to 2025. Nat Rev Gastroenterol Hepatol. (2015) 12:720–7. doi: 10.1038/nrgastro.2015.150 

 3. Ng, SC, Shi, HY, Hamidi, N, Underwood, FE, Tang, W, Benchimol, EI , et al. Worldwide incidence and prevalence of inflammatory bowel disease in the 21st century: a systematic review of population-based studies. Lancet. (2017) 390:2769–78. doi: 10.1016/S0140-6736(17)32448-0

 4. Kuenzig, ME, Fung, SG, Marderfeld, L, Mak, JWY, Kaplan, GG, Ng, SC , et al. Twenty-first century trends in the global epidemiology of pediatric-onset inflammatory bowel disease: systematic review. Gastroenterology. (2022) 162:1147–59.e4. doi: 10.1053/j.gastro.2021.12.282

 5. Cai, Y, Yu, X, Hu, S, and Yu, J. A brief review on the mechanisms of Mirna regulation. Genomics Proteomics Bioinformatics. (2009) 7:147–54. doi: 10.1016/s1672-0229(08)60044-3 

 6. Alamdari-Palangi, V, Vahedi, F, Shabaninejad, Z, Dokeneheifard, S, Movehedpour, A, Taheri-Anganeh, M , et al. Microrna in inflammatory bowel disease at a glance. Eur J Gastroenterol Hepatol. (2021) 32:140–8. doi: 10.1097/meg.0000000000001815 

 7. Zhang, YZ, and Li, YY. Inflammatory bowel disease: pathogenesis. World J Gastroenterol. (2014) 20:91–9. doi: 10.3748/wjg.v20.i1.91 

 8. Geremia, A, Biancheri, P, Allan, P, Corazza, GR, and Di Sabatino, A. Innate and adaptive immunity in inflammatory bowel disease. Autoimmun Rev. (2014) 13:3–10. doi: 10.1016/j.autrev.2013.06.004

 9. Cobrin, GM, and Abreu, MT. Defects in mucosal immunity leading to Crohn's disease. Immunol Rev. (2005) 206:277–95. doi: 10.1111/j.0105-2896.2005.00293.x

 10. Targan, SR, and Karp, LC. Defects in mucosal immunity leading to ulcerative colitis. Immunol Rev. (2005) 206:296–305. doi: 10.1111/j.0105-2896.2005.00286.x 

 11. Schirbel, A, and Fiocchi, C. Inflammatory bowel disease: established and evolving considerations on its Etiopathogenesis and therapy. J Dig Dis. (2010) 11:266–76. doi: 10.1111/j.1751-2980.2010.00449.x 

 12. Burrelli Scotti, G, Afferri, MT, De Carolis, A, Vaiarello, V, Fassino, V, Ferrone, F , et al. Factors affecting vitamin D deficiency in active inflammatory bowel diseases. Dig Liver Dis. (2019) 51:657–62. doi: 10.1016/j.dld.2018.11.036

 13. Zuo, T, and Ng, SC. The gut microbiota in the pathogenesis and therapeutics of inflammatory bowel disease. Front Microbiol. (2018) 9:2247. doi: 10.3389/fmicb.2018.02247 

 14. Garlanda, C, Dinarello, CA, and Mantovani, A. The Interleukin-1 family: Back to the future. Immunity. (2013) 39:1003–18. doi: 10.1016/j.immuni.2013.11.010

 15. Su, Z, and Tao, X. Current understanding of Il-37 in human health and disease. Front Immunol. (2021) 12:696605. doi: 10.3389/fimmu.2021.696605

 16. Barksby, HE, Lea, SR, Preshaw, PM, and Taylor, JJ. The expanding family of Interleukin-1 cytokines and their role in destructive inflammatory disorders. Clin Exp Immunol. (2007) 149:217–25. doi: 10.1111/j.1365-2249.2007.03441.x 

 17. Dosh, RH, Jordan-Mahy, N, Sammon, C, and Le Maitre, C. Interleukin 1 is a key driver of inflammatory bowel disease-demonstration in a murine Il-1ra knockout model. Oncotarget. (2019) 10:3559–75. doi: 10.18632/oncotarget.26894 

 18. Narayanan, KB, and Park, HH. Toll/Interleukin-1 receptor (Tir) domain-mediated cellular signaling pathways. Apoptosis. (2015) 20:196–209. doi: 10.1007/s10495-014-1073-1 

 19. Yi, G, Ybe, JA, Saha, SS, Caviness, G, Raymond, E, Ganesan, R , et al. Structural and functional attributes of the Interleukin-36 receptor. J Biol Chem. (2016) 291:16597–609. doi: 10.1074/jbc.M116.723064 

 20. Akira, S, and Takeda, K. Toll-like receptor Signalling. Nat Rev Immunol. (2004) 4:499–511. doi: 10.1038/nri1391

 21. Fields, JK, Günther, S, and Sundberg, EJ. Structural basis of Il-1 family cytokine signaling. Front Immunol. (2019) 10:1412. doi: 10.3389/fimmu.2019.01412 

 22. Boraschi, D, Italiani, P, Weil, S, and Martin, MU. The family of the Interleukin-1 receptors. Immunol Rev. (2018) 281:197–232. doi: 10.1111/imr.12606

 23. Smith, DE. The biological paths of Il-1 family members Il-18 and Il-33. J Leukoc Biol. (2011) 89:383–92. doi: 10.1189/jlb.0810470 

 24. Hernandez-Santana, YE, Giannoudaki, E, Leon, G, Lucitt, MB, and Walsh, PT. Current perspectives on the Interleukin-1 family as targets for inflammatory disease. Eur J Immunol. (2019) 49:1306–20. doi: 10.1002/eji.201848056 

 25. Dinarello, CA. Interleukin-1 in Disease. Keio J Med. (1994) 43:131–6. doi: 10.2302/kjm.43.131

 26. Dinarello, CA. Immunological and inflammatory functions of the Interleukin-1 family. Annu Rev Immunol. (2009) 27:519–50. doi: 10.1146/annurev.immunol.021908.132612

 27. Sims, JE, and Smith, DE. The Il-1 family: regulators of immunity. Nat Rev Immunol. (2010) 10:89–102. doi: 10.1038/nri2691

 28. Vargas, TR, Martin, F, and Apetoh, L. Role of Interleukin-1-family cytokines on effector Cd4 T cell differentiation. World J Immunol. (2017) 7:24–31. doi: 10.5411/wji.v7.i2.24

 29. Mortha, A, and Burrows, K. Cytokine networks between innate lymphoid cells and myeloid cells. Front Immunol. (2018) 9:191. doi: 10.3389/fimmu.2018.00191 

 30. Afonina, IS, Müller, C, Martin, SJ, and Beyaert, R. Proteolytic processing of Interleukin-1 family cytokines: variations on a common theme. Immunity. (2015) 42:991–1004. doi: 10.1016/j.immuni.2015.06.003 

 31. Mosley, B, Urdal, DL, Prickett, KS, Larsen, A, Cosman, D, Conlon, PJ , et al. The Interleukin-1 receptor binds the human Interleukin-1 alpha precursor but not the Interleukin-1 Beta precursor. J Biol Chem. (1987) 262:2941–4. doi: 10.1016/S0021-9258(18)61450-4

 32. Thornberry, NA, Bull, HG, Calaycay, JR, Chapman, KT, Howard, AD, Kostura, MJ , et al. A novel heterodimeric cysteine protease is required for Interleukin-1 Beta processing in monocytes. Nature. (1992) 356:768–74. doi: 10.1038/356768a0 

 33. Werman, A, Werman-Venkert, R, White, R, Lee, JK, Werman, B, Krelin, Y , et al. The precursor form of Il-1alpha is an Intracrine Proinflammatory activator of transcription. Proc Natl Acad Sci U S A. (2004) 101:2434–9. doi: 10.1073/pnas.0308705101

 34. Palomo, J, Dietrich, D, Martin, P, Palmer, G, and Gabay, C. The interleukin (Il)-1 cytokine family--balance between agonists and antagonists in inflammatory diseases. Cytokine. (2015) 76:25–37. doi: 10.1016/j.cyto.2015.06.017

 35. Lalor, SJ, Dungan, LS, Sutton, CE, Basdeo, SA, Fletcher, JM, and Mills, KH. Caspase-1-processed cytokines Il-1beta and Il-18 promote Il-17 production by Gammadelta and Cd4 T cells that mediate autoimmunity. J Immunol. (2011) 186:5738–48. doi: 10.4049/jimmunol.1003597 

 36. Kim, HY, Lee, HJ, Chang, Y-J, Pichavant, M, Shore, SA, Fitzgerald, KA , et al. Interleukin-17–producing innate lymphoid cells and the Nlrp 3 Inflammasome facilitate obesity-associated airway Hyperreactivity. Nat Med. (2014) 20:54–61. doi: 10.1038/nm.3423 

 37. Sutton, C, Brereton, C, Keogh, B, Mills, KH, and Lavelle, EC. A crucial role for interleukin (Il)-1 in the induction of Il-17-producing T cells that mediate autoimmune encephalomyelitis. J Exp Med. (2006) 203:1685–91. doi: 10.1084/jem.20060285 

 38. Liso, M, Verna, G, Cavalcanti, E, De Santis, S, Armentano, R, Tafaro, A , et al. Interleukin 1β blockade reduces intestinal inflammation in a murine model of tumor necrosis factor-independent ulcerative colitis. Cell Mol Gastroenterol Hepatol. (2022) 14:151–71. doi: 10.1016/j.jcmgh.2022.03.003 

 39. Dinarello, CA, and van der Meer, JW. Treating inflammation by blocking Interleukin-1 in humans. Semin Immunol. (2013) 25:469–84. doi: 10.1016/j.smim.2013.10.008

 40. Xu, Q, and Zhou, X. Inflammasome regulation: therapeutic potential for inflammatory bowel disease. Molecules. (2021) 26:1725. doi: 10.3390/molecules26061725 

 41. Bulté, D, and Rigamonti, C. Inflammasomes: mechanisms of action and involvement in human diseases. Cell. (2023) 12:1766. doi: 10.3390/cells12131766 

 42. Prossomariti, A, Sokol, H, and Ricciardiello, L. Nucleotide-binding domain leucine-rich repeat containing proteins and intestinal microbiota: pivotal players in colitis and colitis-associated Cancer development. Front Immunol. (2018) 9:1039. doi: 10.3389/fimmu.2018.01039 

 43. De Nardo, D, De Nardo, CM, and Latz, E. New insights into mechanisms controlling the Nlrp 3 Inflammasome and its role in lung disease. Am J Pathol. (2014) 184:42–54. doi: 10.1016/j.ajpath.2013.09.007 

 44. Liston, A, and Masters, SL. Homeostasis-altering molecular processes as mechanisms of Inflammasome activation. Nat Rev Immunol. (2017) 17:208–14. doi: 10.1038/nri.2016.151 

 45. Prochnicki, T, and Latz, E. Inflammasomes on the crossroads of innate immune recognition and metabolic control. Cell Metab. (2017) 26:71–93. doi: 10.1016/j.cmet.2017.06.018 

 46. Hauenstein, AV, Zhang, L, and Wu, H. The hierarchical structural architecture of Inflammasomes, supramolecular inflammatory machines. Curr Opin Struct Biol. (2015) 31:75–83. doi: 10.1016/j.sbi.2015.03.014 

 47. Martinon, F, Burns, K, and Tschopp, J. The Inflammasome: a molecular platform triggering activation of inflammatory caspases and processing of Proil-Beta. Mol Cell. (2002) 10:417–26. doi: 10.1016/s1097-2765(02)00599-3

 48. Prochnicki, T, Mangan, MS, and Latz, E. Recent insights into the molecular mechanisms of the Nlrp 3 Inflammasome activation. Cell Death Dis. (2016) 5:5. doi: 10.12688/f1000research.8614.1 

 49. Tourkochristou, E, Aggeletopoulou, I, Konstantakis, C, and Triantos, C. Role of Nlrp 3 Inflammasome in inflammatory bowel diseases. World J Gastroenterol. (2019) 25:4796–804. doi: 10.3748/wjg.v25.i33.4796 

 50. Dinarello, CA. A clinical perspective of Il-1beta as the gatekeeper of inflammation. Eur J Immunol. (2011) 41:1203–17. doi: 10.1002/eji.201141550

 51. van de Veerdonk, FL, and Netea, MG. New insights in the Immunobiology of Il-1 family members. Front Immunol. (2013) 4:167. doi: 10.3389/fimmu.2013.00167 

 52. Benetti, E, Chiazza, F, Patel, NS, and Collino, M. The Nlrp 3 Inflammasome as a novel player of the intercellular crosstalk in metabolic disorders. Mediat Inflamm. (2013) 2013:678627. doi: 10.1155/2013/678627 

 53. Hutton, HL, Ooi, JD, Holdsworth, SR, and Kitching, AR. The Nlrp 3 Inflammasome in kidney disease and autoimmunity. Nephrology. (2016) 21:736–44. doi: 10.1111/nep.12785

 54. Coccia, M, Harrison, OJ, Schiering, C, Asquith, MJ, Becher, B, Powrie, F , et al. Il-1beta mediates chronic intestinal inflammation by promoting the accumulation of Il-17a secreting innate lymphoid cells and Cd4(+) Th17 cells. J Exp Med. (2012) 209:1595–609. doi: 10.1084/jem.20111453 

 55. Itani, S, Watanabe, T, Nadatani, Y, Sugimura, N, Shimada, S, Takeda, S , et al. Nlrp 3 Inflammasome has a protective effect against Oxazolone-induced colitis: a possible role in ulcerative colitis. Sci Rep. (2016) 6:39075. doi: 10.1038/srep39075 

 56. Impellizzeri, D, Siracusa, R, Cordaro, M, Peritore, AF, Gugliandolo, E, Mancuso, G , et al. Therapeutic potential of dinitrobenzene sulfonic acid (Dnbs)-induced colitis in mice by targeting Il-1beta and Il-18. Biochem Pharmacol. (2018) 155:150–61. doi: 10.1016/j.bcp.2018.06.029 

 57. Seo, SU, Kamada, N, Muñoz-Planillo, R, Kim, YG, Kim, D, Koizumi, Y , et al. Distinct commensals induce interleukin-1β via Nlrp 3 Inflammasome in inflammatory monocytes to promote intestinal inflammation in response to injury. Immunity. (2015) 42:744–55. doi: 10.1016/j.immuni.2015.03.004 

 58. Lazaridis, LD, Pistiki, A, Giamarellos-Bourboulis, EJ, Georgitsi, M, Damoraki, G, Polymeros, D , et al. Activation of Nlrp 3 Inflammasome in inflammatory bowel disease: differences between Crohn's disease and ulcerative colitis. Dig Dis Sci. (2017) 62:2348–56. doi: 10.1007/s10620-017-4609-8 

 59. Ranson, N, Veldhuis, M, Mitchell, B, Fanning, S, Cook, AL, Kunde, D , et al. Nlrp 3-dependent and-independent processing of interleukin (Il)-1beta in active ulcerative colitis. Int J Mol Sci. (2018) 20:57. doi: 10.3390/ijms20010057 

 60. McAlindon, ME, Hawkey, CJ, and Mahida, YR. Expression of Interleukin 1 Beta and Interleukin 1 Beta converting enzyme by intestinal macrophages in health and inflammatory bowel disease. Gut. (1998) 42:214–9. doi: 10.1136/gut.42.2.214 

 61. Reimund, JM, Wittersheim, C, Dumont, S, Muller, CD, Baumann, R, Poindron, P , et al. Mucosal inflammatory cytokine production by intestinal biopsies in patients with ulcerative colitis and Crohn's disease. J Clin Immunol. (1996) 16:144–50. doi: 10.1007/bf01540912

 62. Mahida, YR, Wu, K, and Jewell, DP. Enhanced production of interleukin 1-Beta by mononuclear cells isolated from mucosa with active ulcerative colitis of Crohn's disease. Gut. (1989) 30:835–8. doi: 10.1136/gut.30.6.835 

 63. Reinecker, HC, Steffen, M, Witthoeft, T, Pflueger, I, Schreiber, S, Mac Dermott, RP , et al. Enhanced secretion of tumour necrosis factor-alpha, Il-6, and Il-1 Beta by isolated Lamina Propria mononuclear cells from patients with ulcerative colitis and Crohn's disease. Clin Exp Immunol. (1993) 94:174–81. doi: 10.1111/j.1365-2249.1993.tb05997.x 

 64. Al-Sadi, R, Ye, D, Dokladny, K, and Ma, TY. Mechanism of Il-1beta-induced increase in intestinal epithelial tight junction permeability. J Immunol. (2008) 180:5653–61. doi: 10.4049/jimmunol.180.8.5653 

 65. Jones, GR, Bain, CC, Fenton, TM, Kelly, A, Brown, SL, Ivens, AC , et al. Dynamics of Colon monocyte and macrophage activation during colitis. Front Immunol. (2018) 9:2764. doi: 10.3389/fimmu.2018.02764

 66. Zhou, L, Chu, C, Teng, F, Bessman, NJ, Goc, J, Santosa, EK , et al. Innate lymphoid cells support regulatory T cells in the intestine through Interleukin-2. Nature. (2019) 568:405–9. doi: 10.1038/s41586-019-1082-x 

 67. Ludwiczek, O, Kaser, A, Novick, D, Dinarello, CA, Rubinstein, M, and Tilg, H. Elevated systemic levels of free Interleukin-18 (Il-18) in patients with Crohn's disease. Eur Cytokine Netw. (2005) 16:27–33.

 68. Rogier, R, Ederveen, THA, Boekhorst, J, Wopereis, H, Scher, JU, Manasson, J , et al. Aberrant intestinal microbiota due to Il-1 receptor antagonist deficiency promotes Il-17-and Tlr 4-dependent arthritis. Microbiome. (2017) 5:63. doi: 10.1186/s40168-017-0278-2 

 69. Wald, D, Qin, J, Zhao, Z, Qian, Y, Naramura, M, Tian, L , et al. Sigirr, a negative regulator of toll-like receptor-interleukin 1 receptor signaling. Nat Immunol. (2003) 4:920–7. doi: 10.1038/ni968 

 70. McEntee, CP, Finlay, CM, and Lavelle, EC. Divergent roles for the Il-1 family in gastrointestinal homeostasis and inflammation. Front Immunol. (2019) 10:1266. doi: 10.3389/fimmu.2019.01266 

 71. Garlanda, C, Riva, F, Polentarutti, N, Buracchi, C, Sironi, M, De Bortoli, M , et al. Intestinal inflammation in mice deficient in Tir 8, an inhibitory member of the Il-1 receptor family. Proc Natl Acad Sci U S A. (2004) 101:3522–6. doi: 10.1073/pnas.0308680101 

 72. Xiao, H, Gulen, MF, Qin, J, Yao, J, Bulek, K, Kish, D , et al. The toll-Interleukin-1 receptor member Sigirr regulates colonic epithelial homeostasis, inflammation, and tumorigenesis. Immunity. (2007) 26:461–75. doi: 10.1016/j.immuni.2007.02.012 

 73. Chung, Y, Chang, SH, Martinez, GJ, Yang, XO, Nurieva, R, Kang, HS , et al. Critical regulation of early Th17 cell differentiation by Interleukin-1 signaling. Immunity. (2009) 30:576–87. doi: 10.1016/j.immuni.2009.02.007 

 74. Bersudsky, M, Luski, L, Fishman, D, White, RM, Ziv-Sokolovskaya, N, Dotan, S , et al. Non-redundant properties of Il-1α and Il-1β during acute Colon inflammation in mice. Gut. (2014) 63:598–609. doi: 10.1136/gutjnl-2012-303329

 75. West, NR, Hegazy, AN, Owens, BM, Bullers, SJ, Linggi, B, Buonocore, S , et al. Oncostatin M drives intestinal inflammation and predicts response to tumor necrosis factor-neutralizing therapy in patients with inflammatory bowel disease. Nat Med. (2017) 23:579–89. doi: 10.1038/nm.4307 

 76. Dinarello, CA. Overview of the Il-1 family in innate inflammation and acquired immunity. Immunol Rev. (2018) 281:8–27. doi: 10.1111/imr.12621 

 77. Bresnihan, B, Alvaro-Gracia, JM, Cobby, M, Doherty, M, Domljan, Z, Emery, P , et al. Treatment of rheumatoid arthritis with recombinant human Interleukin-1 receptor antagonist. Arthritis Rheum. (1998) 41:2196–204. doi: 10.1002/1529-0131(199812)41:12<2196::AID-ART15>3.0.CO;2-2

 78. Opal, SM, Fisher, CJ, Dhainaut, JF, Vincent, JL, Brase, R, Lowry, SF , et al. Confirmatory Interleukin-1 receptor antagonist trial in severe Sepsis: a phase iii, randomized, double-blind, placebo-controlled, multicenter trial. The Interleukin-1 receptor antagonist Sepsis Investigator Group. Crit Care Med. (1997) 25:1115–24. doi: 10.1097/00003246-199707000-00010

 79. Kaly, L, Rozenbaum, M, Rimar, D, Slobodin, G, Boulman, N, Awisat, A , et al. Ulcerative colitis and familial Mediterranean fever: can Anakinra treat both? ACG Case Rep J. (2019) 6:e00143. doi: 10.14309/crj.0000000000000143 

 80. Church, LD, Cook, GP, and McDermott, MF. Primer: Inflammasomes and interleukin 1beta in inflammatory disorders. Nat Clin Pract Rheumatol. (2008) 4:34–42. doi: 10.1038/ncprheum0681 

 81. Jesus, AA, and Goldbach-Mansky, R. Il-1 blockade in autoinflammatory syndromes. Annu Rev Med. (2014) 65:223–44. doi: 10.1146/annurev-med-061512-150641 

 82. Shaul, E, Conrad, MA, Dawany, N, Patel, T, Canavan, MC, Baccarella, A , et al. Canakinumab for the treatment of autoinflammatory very early onset-inflammatory bowel disease. Front Immunol. (2022) 13:972114. doi: 10.3389/fimmu.2022.972114 

 83. Friedrich, M, Pohin, M, Jackson, MA, Korsunsky, I, Bullers, SJ, Rue-Albrecht, K , et al. IL-1-driven stromal-neutrophil interactions define a subset of patients with inflammatory bowel disease that does not respond to therapies. Nat Med. (2021) 27:1970–81. doi: 10.1038/s41591-021-01520-5 

 84. Neudecker, V, Yuan, X, Bowser, JL, and Eltzschig, HK. Micrornas in mucosal inflammation. J Mol Med (Berl). (2017) 95:935–49. doi: 10.1007/s00109-017-1568-7

 85. Nejad, C, Stunden, HJ, and Gantier, MP. A guide to Mirnas in inflammation and innate immune responses. FEBS J. (2018) 285:3695–716. doi: 10.1111/febs.14482

 86. Jonas, S, and Izaurralde, E. Towards a molecular understanding of Microrna-mediated gene silencing. Nat Rev Genet. (2015) 16:421–33. doi: 10.1038/nrg3965 

 87. Sayed, D, and Abdellatif, M. Micrornas in development and disease. Physiol Rev. (2011) 91:827–87. doi: 10.1152/physrev.00006.2010 

 88. Singh, RP, Massachi, I, Manickavel, S, Singh, S, Rao, NP, Hasan, S , et al. The role of Mirna in inflammation and autoimmunity. Autoimmun Rev. (2013) 12:1160–5. doi: 10.1016/j.autrev.2013.07.003

 89. O'Connell, RM, Rao, DS, Chaudhuri, AA, and Baltimore, D. Physiological and pathological roles for Micrornas in the immune system. Nat Rev Immunol. (2010) 10:111–22. doi: 10.1038/nri2708

 90. Pathak, S, Grillo, AR, Scarpa, M, Brun, P, D'Incà, R, Nai, L , et al. Mir-155 modulates the inflammatory phenotype of intestinal Myofibroblasts by targeting Socs 1 in ulcerative colitis. Exp Mol Med. (2015) 47:e164. doi: 10.1038/emm.2015.21 

 91. Cheng, X, Zhang, X, Su, J, Zhang, Y, Zhou, W, Zhou, J , et al. Mir-19b downregulates intestinal Socs3 to reduce intestinal inflammation in Crohn's disease. Sci Rep. (2015) 5:10397. doi: 10.1038/srep10397 

 92. Lv, B, Liu, Z, Wang, S, Liu, F, Yang, X, Hou, J , et al. Mir-29a promotes intestinal epithelial apoptosis in ulcerative colitis by Down-regulating Mcl-1. Int J Clin Exp Pathol. (2014) 7:8542–52.

 93. Neudecker, V, and Haneklaus, M. Myeloid-derived Mir-223 regulates intestinal inflammation via repression of the Nlrp3 Inflammasome. J Exp Med. (2017) 214:1737–52. doi: 10.1084/jem.20160462 

 94. Wu, H, Fan, H, Shou, Z, Xu, M, Chen, Q, Ai, C , et al. Extracellular vesicles containing Mir-146a attenuate experimental colitis by targeting Traf6 and Irak1. Int Immunopharmacol. (2019) 68:204–12. doi: 10.1016/j.intimp.2018.12.043 

 95. Li, Y, Tan, S, Shen, Y, and Guo, L. Mir-146a-5p negatively regulates the Il-1β-stimulated inflammatory response via downregulation of the Irak1/Traf6 signaling pathway in human intestinal epithelial cells. Exp Ther Med. (2022) 24:615. doi: 10.3892/etm.2022.11552 

 96. Yan, R, Liang, X, and Hu, J. Mir-141-3p alleviates ulcerative colitis by targeting Sugt 1 to inhibit colonic epithelial cell Pyroptosis. Autoimmunity. (2023) 56:2220988. doi: 10.1080/08916934.2023.2220988 

 97. Lian, H, Zhong, XS, Xiao, Y, Sun, Z, Shen, Y, Zhao, K , et al. Exosomal Mir-29b of gut origin in patients with ulcerative colitis suppresses heart brain-derived neurotrophic factor. Front Mol Bioscis. (2022) 9:759689. doi: 10.3389/fmolb.2022.759689 

 98. Din, AU, Hassan, A, Zhu, Y, Zhang, K, Wang, Y, Li, T , et al. Inhibitory effect of Bifidobacterium Bifidum Atcc 29521 on colitis and its mechanism. J Nutr Biochem. (2020) 79:108353. doi: 10.1016/j.jnutbio.2020.108353


Copyright
 © 2024 Aggeletopoulou, Kalafateli, Tsounis and Triantos. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmed-11-1307394-t002.jpg
Study (reference)

Coccia etal. (54)

Dosh etal. (17)

Friedrich etal. (83)

Year

Journal  Material used

Experimental models of chronic
2012 JExpMed
intestinal inflammation

IL-1rn—/— BALB/c experimental
2019 Oncotarget
model

2021 NatMed IBD patients

Study outcomes

111 induces innate pathology in Helicobacter hepaticus-associated

intestinal inflammation by increasing the recruitment of granulocytes &
ILCs’ accumulation & stimulation

T cell transfer colitis model = critical role for T cell-specific IL-1R signals in
the accumulation & survival of pathogenic Th cellsin the colon

IL-1 induces Th17 responses from Th cells & ILCs in the intestine

111§ & 11-23 = interaction to mai

ain intestinal innate & adaptive

inflammatory responses

Small intestine of BALB/c IL-1m~/~ mice = reduced villus height

Tleu of BALB/c IL-1rn~/~ mice = reduced villus height & villi width &
increased goblet cell number & mucin production vs W mice

IL-1rn/~ mice = increased IL-1a & IL-1( immunopositivity but decreased
IL-IR1 expression

IL-1rn—/~ mice = increased polymorphonuclear & macrophage infiliration
but dramatically decreased expression of tight & adhesion junctions
Co-expressed gene modules within the heterogeneous tissular inflammatory
response which map to specific histopathological & cellular characteristics
(pathotypes)

Pathotype definition > high neutrophil infiltration, fibroblasts activation &
vascular remodeling at regions of deep ulceration

Activated fibroblasts in the ulcer bed present IL-1R-dependent neutrophil-
chemoattractant effects

Pathotype-related neutrophil & fibroblast signatures = increased in non-
responders to various treatment options suggesting a biological rationale for

the blockade of IL-1 signaling in ulcerating disease

IL-1, interleukin-1 beta; ILCs, innate lymphoid cells; Th17, T helper 17 cells; WT, wild type; IBD, inflammatory bowel disease:





OPS/images/fmed-11-1307394-g003.jpg
miR-141-3p

TR T
4 NLRP3

@ipes) N-GSDMD
' caspase-1
RAKT IL1B&IL18
Inf
Pyroptosis

— miR-146a-5p

-1 — Nirp3
maturation protein "
J e wten
A NF-kB
a2 10

mANA TNFa C . PPARy
118 L6

iR-223 Tight \_ Bifidobacterium
miR-: Restoration | . 9% bifidum ATCC
NLRP3 -150 junction +———— ! Y 20621
Inflammasome  miR-155 genes % A

i @ sbiosis Restoration
wik 22s .:Nanoparlicles & o TEEEen





OPS/images/fmed-11-1307394-t001.jpg
MeAlindon etal. (60)

Reimund etal. (61)

Mahida et al. (62)

Reinecker etal. (63)

Ransoan etal. (59)

Al-Sadi etal. (64)

Jones etal. (65)

Zhou et al. (66)

Year Journal

1998 Gut
1996 J Clin Immunol
1989 Gut

1993 Clin Exp Immunol
2018 Int] Mol Sci

2008 JImmunol

2018 Front Immunol
2019 Nature

Material used

IBD colons

Inflamed mucosa from IBD patients

Mucosa from IBD patients

LPMNC isolated from colonic IBD

biopsies

Paired UC & CD biopsies

Caco-2 cell culture

Colonic IBD-derived myeloid cells &

‘murine DSS induced colitis

Experimental model

Study outcomes

IBD colonic macrophages = synthesis of both
precursor & mature IL-1§

IBD colon-derived macrophages = production of
active (p20) ICE

ICE inhibitor = significant decreases the mature
IL-1 release by isolated IBD macrophages

IBD mucosa-derived organ cultures = increased
production of IL-1 vs healthy mucosa

Increased IL-1 release by mononuclear cells from
inflamed IBD mucosa vs normal colonic mucosa
LPS stimulation = induction of IL- 1§ production

by mononuclear cell from active IBD mucosa

IBD-derived LPMNC = spontancous production
of IL-1B.

In active UC & CD = upregulated IL-1§ &

IL-1 localization in the infiltrate of lamina
propria immune cells

In non-inflammatory state = IL-1§ localization in

the near-exclusive epithelial cell layer

IL-1§ = progressive increase in MLCK expression
Linear correlation between increase of IL-1§-
induced MLCK expression & increase in Caco-2
TJ permeability

Suppression of the IL-1p-induced increase in
MLCK protein expression & activity = protection

from increase in Caco-2 T] permeab

MLCK protein knock-down =5 prevention of
IL-1f-induced increase in Caco-2 TJ permeability
IL-1f-induced increase in MLCK mRNA &
protein expression & Caco-2 TJ permeability =
‘mediated by NF-KB activation

In murine blood monocytes = increase in IL-1
release

In IBD colon =» monocytes are the dominant local
source of IL-1p & TNF

IL-1 selectively induces IL-2 expression by ILC3s
in the small intestine

Macrophages in the small intestine produce IL-1(
Activation of this pathway involves MYDS8- &
NOD2-dependent sensing of microbiota

1BD, inflammatory bowel disease; IL-1, interleukin-1 beta; ICE, IL-1 beta converting enzyme; LPS, ipopolysaccharide; LPMNC, lamina propria mononuclear cells; ILCs, innate lymphoid
cells IL-1R, L1 receptor; UC, ulcerative colitis; CD, Crohn disease; MLCK, myosin L chain kinase; TJ, tight jnction; NF-Kb, nuclear factor kappa B; TN, tumor necrosis factor; DS,
dextran sulphate sodium; ILC3s, group-3 innate lymphoid cells; MyD88, myeloid differentiation primary response 88; NOD, nucleotide-binding oligomerization domain.
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