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Abstract

:

Accumulating evidence suggests that Interleukin-33 (IL-33), a member of the IL-1 family, has crucial roles in tissue homeostasis and repair, type 2 immunity, inflammation, and viral infection. IL-33 is a novel contributing factor in tumorigenesis and plays a critical role in regulating angiogenesis and cancer progression in a variety of human cancers. The partially unraveled role of IL-33/ST2 signaling in gastrointestinal tract cancers is being investigated through the analysis of patients’ samples and by studies in murine and rat models. In this review, we discuss the basic biology and mechanisms of release of the IL-33 protein and its involvement in gastrointestinal cancer onset and progression.
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1. Introduction


Interleukin-33 (IL-33) was first identified in 2003 in hypertrophic veins as a nuclear factor preferentially expressed in high endothelial venules [1]; then, in 2005, IL-33 was recognized as a new member of the IL-1 cytokine family [2]. The binding of IL-33 to its receptor, ST2, otherwise defined as IL-1 receptor-like 1 (IL1RL1) [2,3], is required for its biological activities. Human IL-33 can be subdivided by purpose into three distinct domains: at the N-terminal end (aa 1–65), the region required for nuclear localization and chromatin binding, in the central domain (aa 66–111), a portion enabling the interaction with nuclear factor-B (Nf-kB), and at the region for ST2 binding located in the C-terminal IL-1-like cytokine domain (aa 112–270) [4]. Unlike other IL-1 family members, IL-33 is inactivated through caspase-1 cleavage, while cleavage by cathepsin G and neutrophil elastase enhances its bioactivity [5,6]. IL-33 expression appears to be restricted by cell type in barrier epithelia, suggesting its possible involvement in early immune responses against invasive pathogens [2]. IL-33 is also considered an ‘alarmin’ released upon cellular stress or damage to promote or amplify inflammation [7,8]. Beyond its role in immunity/inflammation, IL-33 appears to exert some effects on cellular proliferation and differentiation; in fact, mice treated with exogenous IL-33 developed a prominent goblet cell hyperplasia in the airways and along the gastrointestinal tract [2].



IL-33 is predominantly present in stromal cells, including fibroblasts, cancer-associated fibroblasts (CAF), pericytes, and mesenchymal stromal cells; furthermore, endothelial and epithelial cells express it, as well as smooth muscle cells and specific populations of hematopoietic cells, such as macrophages [2,9,10]. These various cellular types are a part, together with the extracellular matrix (ECM) and the blood and lymphatic vascular networks, of the tumor microenvironment (TME), a complex and rich multicellular network that can dynamically regulate cancer progression and response to therapies [11]. The ability of these non-neoplastic cells to influence tumor cells and regulate inflammatory microenvironments is conveyed by the plethora of hormones, growth factors, chemokines, and cytokines that they secrete [12]. Among these is IL-33, a potent emerging modulator of the TME through the recruitment of immune cells able to shape tumor phenotype and promote malignancy or impose tumor regression [2,13]. IL-33’s role in tumorigenesis was first identified in breast cancer [14,15], and more recently, omics studies and single-cell sequencing have demonstrated that, upon stimulation by IL-33 and IL-5 as well as CD4+ T cells, eosinophils could enhance CD8+ T-cell activation [16]. Systemic accumulation of eosinophils in tumor cells mediated by IL-33 is associated with improved progression-free and overall survival in triple-negative breast cancer (TNBC) [17].



IL-33 exerts its functions in different ways depending on its location. As a nuclear factor, it interfaces with the p65 subunit of nuclear factor-B (Nf-kB), reducing the expression of proinflammatory genes regulated by it, thus leading to an anti-inflammatory effect [18]. It can also directly bind with chromatin and histones H2A and H2B, stimulate histone deacetylase-3 (HDAC), also regulating gene expression through epigenetic changes in DNA [4]. Differently, upon cellular damage or stress situations, IL-33 reaches the extracellular space in its full-length form, which links to the STL2 membrane-bound receptor, triggering its heterodimerization with IL-1RAcP (IL-1 receptor accessory protein) [19]. Their intracellular domains are in this way connected, resulting in the transduction of IL-33/ST2 signal via different adaptor molecules, such as myeloid differentiation primary response protein 88 (MyD88), IL-1 receptor-associated kinases (IRAK-1 and IRAK-4), and tumor necrosis factor (TNF) acceptor associated factor 6 (TRAF6) [20], which finally bring to the activation of nuclear transcription factors, both directly, as the proinflammatory NF-kB, and with the intermediation of mitogen-activated protein (MAP) kinases p38, c-Jun N-terminal kinase (JNK), and extracellular signal-regulated kinase (ERK) [21]; interestingly, TRAF6 signaling seems to be involved in the pathogenesis of some gastrointestinal cancers [22]. The end results of the IL-33/ST2L signaling pathway are different depending on the ST2L-expressing cell types involved: in epithelial cells, various chemokines are produced, while in TH2 cells, cytokines such as IL-4, IL-5, and IL-13 are released [2]. The activation of different immune cells that follows can shift the cellular components of a TME in a protumorigenic or antitumorigenic direction. Different cellular types are then able to increase IL-33′s bioactivity: neutrophils, abundant in inflammatory environments, secrete cathepsin G, and serine proteases and elastase, which can cleave IL-33 to a ten-fold more powerful isoform; similarly, in allergic reactions, activated mast cells release chymase and tryptase proteases, which cleave IL-33 in thirty-fold more bioactive isoforms [5,23]. Different mechanisms of attenuation of IL-33/ST2 signaling also exist, targeting both IL-33 and ST2L. For example, during apoptosis, IL-33 is inactivated by caspases 3 and 7, preventing its proinflammatory effects if released. The activation of the IL-33/ST2 pathway itself triggers feedback attenuation mechanisms, such as phosphorylation of ST2L by glycogen synthase kinase 3, with its subsequent internalization and degradation by the proteasome following polyubiquitinylation [24]. In the extracellular environment, IL-33 effects are also downregulated by oxidation, transforming its cysteine residues in disulfide bonds [25] and by its binding to the decoy soluble receptor sST2 [2,13,26].



The role of IL-33 in neoplasia has been poorly investigated. The literature shows contrasting results, suggesting that the role of IL-33 in cancer development and growth remains to be clarified. The aim of our review is to summarize the most recent advances in unraveling some of these aspects in gastrointestinal tract cancers, thus highlighting the areas which would benefit from further studies.




2. Methods


2.1. Search Strategy


The literature search was conducted in the PubMed database (https://pubmed.ncbi.nlm.nih.gov) without restriction on publication period, using the followings terms: (“gastrointestinal cancer”, “colorectal cancer”, “gastric cancer”, “esophageal cancer”) AND (“IL-33”, “Interleukin-33”, “IL-33/ST2 axis”). The “AND” operator was used to create all possible combinations of selected terms.




2.2. Study Selection


The initial screening of documents based on abstracts and titles selected only English-language full-text research original articles.



Following the initial Internet search, a total of 92 studies were retrieved from the databases. Thirteen of these were excluded after a review of their titles and abstracts or because they were not available in the English language. Therefore, 79 studies were included in this review.



The study selection process was performed following the guidelines of Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) [27,28] (Figure 1).





3. IL-33 in Gastric Cancer


There were over 1 million new cases of gastric cancer (GC) in 2020 and an estimated 769,000 deaths worldwide, ranking this cancer fifth for incidence and fourth for mortality globally [29]. Rates are two-fold higher in men than in women. Incidence rates are highest in Eastern Asia and Eastern Europe, while rates in North America and Northern Europe are generally low. Recent findings report an increase in the incidence of GC among young adults aged <50 years in both low-risk and high-risk countries, probably due to the surge in autoimmune gastritis prevalence and to the broad diffusion of drugs such as antibiotics and proton pump inhibitors, often tied to gastric dysbiosis [30,31]. Chronic Helicobacter pylori infection is considered the principal cause of GC, with the highest prevalence of infection [32,33], but less than 5% of those infected will develop cancer [34]. Established risk factors other than H. pylori include Epstein–Barr virus infection, family history, alcohol consumption, tobacco smoking, and dietary factors such as consumption of foods preserved by salting, low fruit intake, and high consumption of processed meat [35,36]. Gastric cancer can anatomically be classified as cardial when developed in proximity to the esophagogastric junction and noncardial, when in the distal portions of the stomach. Furthermore, according to the Lauren classification, there are two histologic subtypes of GC, both associated with H. pylori: intestinal adenocarcinoma, characterized by cohesive tumor cells organized in glands and tubules coated by epithelium, mimicking the structure of normal intestinal mucosa, and the diffuse type, which consists of carcinoma cells that lack cohesion and invade tissues independently or in small clusters [37]. The Correa cascade [38] defines the sequence classically thought to lead to GC. The first prolonged precancerous process takes place with chronic active gastritis, chronic atrophic gastritis, and intestinal metaplasia, also known as spasmolytic polypeptide expressing metaplasia (SPEM) when the gastric epithelium is replaced by cells with intestinal phenotype. The final steps are dysplasia with augmented degrees of nuclear polymorphism and irregular architecture, which increases the cancer risk, and finally, invasive carcinoma. IL-33 is constitutively expressed by epithelial cells at the mucosal barrier [39] and also in gastric pit mucous cells and in a small portion of progenitor cells which will differentiate into presurface mucous cells in the normal stomach. IL33 continues to be expressed by surface mucus cells (SMCs) within gastric pits, but it is suppressed as SMCs continue to differentiate and migrate toward the tips of the glands [40]. After parietal cell loss, an increased number of macrophages expressing IL-33 are present within the corpus mucosa [41,42]. IL-33 epithelium-derived “alarmin” can promote a protumorigenic immune response mediated by ST2 receptors on mast cells and via recruitment of immunosuppressive M2 macrophages [39].



3.1. In Vivo and In Vitro GC Models


Exogenous administration of IL-33 induces SPEM in AKR mice; in fact, the bioactivity of IL-33 promotes epithelial hyperplasia, mainly in goblet cells within GI mucosae, which results in Th2/STAT3-driven gastric pathology [40], the proliferation of cells within the gastric glands, and the appearance of hyperplastic acidic mucin-producing neck cells [41]. IL-33, in addition to being involved in proliferation, apparently when acting directly on the proliferating epithelial cells given their expression of ST2, is also capable of inducing M2 macrophage polarization and vigorous infiltration of eosinophils, perpetuating a chronic inflammatory state that is associated with progression towards a more advanced metaplasia [41,42], and of promoting angiogenesis and tumor cell proliferation [43]. The latter appears to be stimulated by the IL-33/ST2 axis through modulation of the expression of cell cycle-associated proteins, such as CDK4, CDK6, and cyclin D1, resulting in a progression of GC cells along the cell cycle with simultaneous inhibition of apoptosis [44]. It was also reported by Pisani et al., in contrast to the studies above, that IL-33 appears to have a dichotomic role, being antiproliferative and proapoptotic in cancer cell lines while stimulating proliferation and reducing apoptosis in normal epithelial cell lines [45]; these effects may be mediated by the modulation of the expression of pro-proliferative cell cycle genes involved in G0/G1 and G2/M checkpoints [45] (Figure 2). Retrospective studies of human GC have reported that submucosal mast cells in tumor-adjacent tissue promote the growth of GC and participate in the progression of disease and metastasis formation [46]. IL-33 is reported to bind to the ST2 receptor and activate Nf-κB [47], PI3K/AKT [15], and mitogen-activated protein kinases (MAPKs) [48]; the latter can regulate cell growth, proliferation, differentiation, migration, and apoptosis [48] via extracellular signal-regulated kinases, such as ERK1/2 [49] (Figure 1). Consistent with a direct protumorigenic role of IL-33, in gp130F/F mice, a murine spontaneous GC model, loss of IL-33 markedly diminishes tumorigenesis and lessens the inflammatory infiltrate, reducing the recruitment of protumorigenic mast cells and M2 macrophages [39].




3.2. IL-33 in Human GC


In human tissue samples, IL-33 and ST2 expression is significatively higher in both intestinal metaplasia and GC tissue, compared with control tissue [39]. Furthermore, IL-33 was upregulated in GC patients in comparison with matched normal tissues. Serum levels of IL-33 in patients with GC were significantly higher than in healthy volunteers; moreover, the levels increase with the increase in GC staging from II to III and IV, which suggests that serum IL-33 levels may have a closer correlation with GC development and progression [50]. IL-33 levels in GC patients correlate with several poor prognostic factors, such as depth of invasion, distant metastasis, and advanced stage. Conversely, a recent Chinese study shows lower IL-33 expression levels in GC tissues compared with the adjacent non-neoplastic areas and lower IL-33 circulating levels in GC patients versus healthy controls [51]. These data indicated that IL-33/ST2 is critical for the survival of GC, but its role is not well defined.



Data from the main studies on the role of IL-33 in GC settings are summarized in Table 1.





4. IL-33 in Colorectal Cancer


With more than 1.8 million new cases/year in the global population, colorectal cancer (CRC) is the third most common malignancy and the second cause of cancer-related death worldwide, despite important advances in detection, surgery, and chemotherapy [52,53]. Its incidence rates are not homogenous between developing and developed countries, being nearly 4-fold higher in the latter with a 9-fold variation by world region. European regions, Australia, and North America rank the highest; in particular, Hungary and Norway reach the peak incidence, respectively, in male and female populations [29]. A clear genetic predisposition is found in specific syndromes, such as familial adenomatous polyposis and hereditary nonpolyposis colorectal cancer, but only 20% of CRC cases can be linked to them [54]. The largest fraction of CRC cases has been linked to environmental and food-borne mutagens such as heavy alcohol drinking, cigarette smoking, consumption of red or processed meat, specific intestinal commensals and pathogens, and to a sedentary lifestyle with increased prevalence of excess body weight, whereas calcium supplements and adequate consumption of whole grains, fibers, and dairy products appear to be protective factors [55]. Colitis-associated cancer (CAC), the CRC subtype that is associated with inflammatory bowel disease (IBD), is difficult to recognize and treat and has high mortality [56]. IBD patients have a 60% higher risk of CRC compared with the general population [57], and a recent meta-analysis showed that CRC risk in IBD patients rises from 1% to 5% as disease duration increases from 10 to more than 20 years [58].



Some of the essential stages of cancer development are similar between non-inflammatory CRC and CAC. However, different pathogenetic sequences have been proposed for CAC involving chronic inflammation, robust inflammatory infiltration, and increased expression of proinflammatory cytokines [59,60,61]. Expression of IL-33 and its receptor, ST2, positively correlates with the extent of inflammation in IBD patients [10,62].



CRC development can be promoted by fibroblasts, myofibroblasts, epithelial cells, and endothelial cells [63,64,65], in connection with the immune infiltrates in the tumor microenvironment, which modulate the inflammatory milieu in tumor tissues through growth factors and cytokine release [66,67,68]. Recent work indicates that multiple pro-tumorigenic and also anti-tumorigenic cytokines are differently expressed in distinct CRC [69]. The role of IL-33 in intestinal inflammation and CRC development is still unclear. Recent studies have implicated the chronic involvement of the stress response of epithelial cells, which may induce impaired epithelial regeneration [70], and enhanced secretion of inflammatory signals [71], including interleukin (IL)-33. This non-hematopoietic mediated mechanism of IL-33 in the colon impairs the intestinal barrier and may favor microbial translocation that perpetuates colonic inflammation inducing a precancerous setting [62]. Furthermore, an elevated expression of IL-33 was found in tumor tissues in CRC patients, especially in poor-differentiated CRC cells and in genetically altered intestinal epithelial cells, which drive dysplasia [72]. Importantly, these stromal cells regulate the tumor microenvironment to influence CRC initiation and progression and correlate in a dose-dependent manner to promote metastasis formation and progression [73].



4.1. In Vivo and In Vitro CRC Models


In animal models of colitis, activation of the IL-33/ST2 pathway either inhibits or promotes CRC development [8,41,62]. In azoxymethane (AOM)/DSS-treated mice, the genetic blockade of the IL-33/ST2 pathway significantly prevents tumor formation with a reduction in intestinal tumor number, size, and grade compared with WT mice [74] (Figure 3a). In the ApcMin/+ mouse model of intestinal tumorigenesis, genetic and antibody loss of responsiveness to IL-33 reduces tumor number and size by inhibition of proliferation, induction of apoptosis, and suppression of angiogenesis in adenomatous polyps [75] (Figure 3a). These models suggest that the nuclear function of IL-33 as a regulator of gene transcription [4] and its role as a soluble cytokine upon secretion [74] may promote CRC pathogenesis. Other studies using in vivo mouse models showed that IL-33 promotes the function of CD8+ T cells and NK cells and, therefore, tumor eradication [76], suggesting that IL-33 signaling may play a protective role against CRC [77]; at the same time, however, its ability to induce cell migration in vitro hints at its involvement in metastasis development in vivo in CRC [73] (Figure 3a).



Another possible effect of IL-33/ST2 signaling is the increase of CRC malignancy mediated by the induction of cancer stem cell-like CRC cells. IL-33/ST2L axis promotes chemoresistance and sphere formation and stimulates in vivo tumor growth, both in human and murine colon cancer cells, with the expression of the core stem cell genes NANOG, NOTCH3, and OCT3/4 [78]. Furthermore, tumor-derived IL-33 is able to recruit macrophages into the tumor microenvironment, where they produce prostaglandin E2, which supports stemness. In addition, IL-33 induces macrophages to release pro-angiogenic factors such as VEGF and S100A8/9 [79] and synergizes with pro-angiogenic factors; this evidence suggests it may promote CRC progression and metastasis [80,81] (Figure 3b).



IL-33 can affect the barrier function of the intestine leading to increased translocation of bacterial products and inducing the production of pro-tumorigenic cytokines, such as IL-6, by immune cells that activate STAT3, thereby promoting tumor growth [74].




4.2. IL-33 in Human CRC


Recent studies in CRC patients investigating the role of IL-33/ST2 have shown divergent effects. Several studies observed greater levels of IL-33 and ST2 expression in CRC tissues compared with adjacent normal tissues [73,74,75,79,82], as well as in CRC patients compared with healthy volunteers [75]. Overexpression of both IL-33 and ST2 was reported in intestinal adenomas and adenocarcinomas and is higher in stages I–III low-grade CRC and in stage IV higher-grade and more advanced tumors than in normal tissue [73,82]. The increased expression of the cytokine and its receptor suggests that the IL-33/ST2 axis might play a crucial role in CRC development, eminently in its early stages. As previously reported, tumor localization influences immune response, and CRC patient prognosis [83], and the expression of IL-33 increased in left-sided CRC patients in comparison with right-sided ones, reaching even higher levels in CRC with lymph node (LN) metastasis [84]. It was also noted that the level of desmoplasia, a fibrotic reaction often promoted by cancer-associated fibroblasts and a negative prognostic factor in CRC [85,86], was inversely correlated with stromal ST2 levels, and positively correlated with epithelial IL-33 levels in a group of CRC patients, suggesting a possible role of IL-33/ST2 signaling in desmoplasia development and tumor progression [84]. Data from the main studies on the role of IL-33 in colorectal cancer human and mouse models are summarized in Table 2.





5. IL-33 in Esophageal Cancer


There is a small amount of evidence describing the role of IL-33 in other gastrointestinal tract cancers, such as esophageal cancer. This cancer ranks seventh in terms of incidence and sixth in mortality overall [29]. The burden is heavier on male individuals, which represent 70% of total cases, and higher rates are observed in developed than in developing countries for men, while there is no significative difference considering females [87]. Esophageal cancer incidence substantially differs between the two most common histologic subtypes: squamous cell carcinoma (ESCC), for which the major risk factors are heavy drinking and smoking and their synergistic effects, and adenocarcinoma (EAC), favored by an excess of body weight, gastroesophageal reflux disease (GERD), and Barrett’s esophagus [87].



5.1. In Vivo ESCC and EAC Models


In mouse models, the expression of metastasis-related molecules, such as CCL2, was upregulated by IL-33, indicating its ability to promote invasion and migration in ESCC as well as in other cancers [88,89,90]. During the progression of GERD to EAC, IL-33, likely behaving as an alarmin responding to acidic insult, was unwaveringly elevated and localized into the cytoplasm of epithelial cells, from where it enacts its pro-proliferative effects and stimulates migration and invasion of tumor cells through ST2, while simultaneously inducing secretion of IL-6 [91] (Figure 4a). In a rat model of gastroesophageal reflux, which simulates the progression from normal to low-grade dysplasia, high-grade dysplasia, and EAC, IL-33 increased gradually, suggesting its involvement in the entire process from esophageal inflammation to tumorigenesis of EAC [91].




5.2. IL-33 in Human ESCC


More attention has been directed in the literature toward the role of IL-33 in ESCC. Higher levels of IL-33 have been found in the tumor tissues of ESCC patients than in adjacent normal tissues, also appearing closely related to ESCC progression, invasive depth, degree of differentiation, TNM stage, and worse clinical outcomes [88], although without a clear correlation with overall survival. Furthermore, higher levels of IL-33 in ESCC tissues have also been correlated with the concomitant increased numbers of M2 macrophages: the cytokine proves to be able to promote M2 polarization via the ornithine decarboxylase (ODC) enzyme, favoring a pro-tumorigenic environment [92]. A correlation has also been observed in ESCC tissues between higher levels of IL-33 and increased density of stromal FoxP3+ Tregs [93], which are thought to enhance tumor progression attenuating the host immune response against ESCC [94,95] (Figure 4b).



Table 3 summarizes data from the main studies on the role of IL-33 in esophageal cancer in human and rodent models.
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Figure 4. IL-33 in esophageal cancer. (a) In mouse models, the expression of metastasis-related molecules, such as CCL2, and proinflammatory cytokines, such as IL-6 [88] was upregulated by IL-33, indicating its ability to promote proliferation, migration, and invasion of esophageal adenocarcinoma cells through ST2 [85,86,87]. (b) In humans, IL-33 increases the number of polarized M2 macrophages and increases the density of stromal FoxP3+ Tregs, which are thought to enhance tumor progression attenuating the host immune response [93,94,95]. Figure created by Servier Medical Art (www.smart.servier.com, accessed on 14 March 2023). IL-33 structure obtained from Protein Data Bank (https://www.rcsb.org/structure/2kll, accessed on 14 March 2023; PDB DOI: 10.2210/pdb2KLL/pdb). 
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6. Conclusions


From this review of the literature, it is evident that the IL-33/ST2 axis plays a complex, multifaceted role in the carcinogenesis of gastrointestinal tract tumors. Parallels can be observed between the effects of its activation in esophageal, stomach, and colorectal cancers. It works as an orchestrator of the composition of the tumor microenvironment, activating or inhibiting various cellular types, mostly of the immune family, but also directly on the cancerous cells themselves. Its final role, either pro- or antitumorigenic, appears to be ambivalent, probably varying in relation to the different phases or types of the inflammatory and carcinogenic process or to other factors yet to be identified. In fact, it has been shown to be involved both in the inflammatory process leading to degeneration and neoplasia and also in the characterization of cancer itself with stem cell-like, angiogenetic, and metastatic properties. A more precise definition of the roles of the IL-33/ST2 axis in each different step of the tumorigenic process has yet to be reached; such a definition is necessary to better understand if the axis can be targeted to obtain regression or prevention of tumorigenesis.
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Figure 1. PRISMA 2020 flow diagram for new systematic reviews, which included searches of databases. 
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Figure 2. IL-33 in gastric cancer promotes epithelial hyperplasia, which results in the Th2/STAT3-driven proliferation of cells and the appearance of hyperplastic acidic mucin-producing neck cells [40,41]. IL-33 induces M2 macrophage polarization and vigorous infiltration of eosinophils, perpetuating a chronic inflammatory state [41,43]. The IL-33/ST2 axis regulates the expression of cell cycle-associated proteins such as CDK4, CDK6, and cyclin D1 [44] and the expression of pro-proliferative cell cycle genes involved in G0/G1 and G2/M checkpoints [45], thereby promoting cell cycle progression. IL-33/ST2 activates Nf-κB, PI3K/AKT [15,47], and mitogen-activated protein kinases (MAPKs) and ERK1/2 regulating cell growth, proliferation, differentiation, migration, and apoptosis [48,49]. Figure created by Servier Medical Art (smart.servier.com, accessed on 14 March 2023). 
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Figure 3. IL-33 in colorectal cancer. (a) In the murine models ApcMin/+ and AOM/DSS-treated mice, the IL-33/ST2 pathway significantly promotes tumor formation [74,75]. Other studies using in vivo mouse models showed that IL-33 promotes the function of CD8+ T cells and NK cells and, therefore, tumor eradication [76,77]. (b) Another possible effect of IL-33/ST2 signaling in human and murine colon cancer cells is the induction of the expression of the core stem cell genes NANOG, NOTCH3, and OCT3/4, enhancing chemoresistance, sphere formation, and in vivo tumor growth [78]. Furthermore, IL-33 stimulates the release of pro-angiogenic factors, such as VEGF and S100A8/9, by macrophages [79]. Figure created by Servier Medical Art (smart.servier.com, accessed on 14 March 2023). 
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Table 1. Summary of the main studies on the role of IL-33 in human and mice gastric cancer models. GES-1: human gastric epithelial cells; MGC-803: human gastric carcinoma cells; MKN45, AGS: human gastric adenocarcinoma; NCI-N87: human gastric carcinoma cell line; SGC-7901, BGC823: human gastric cancer cell line; SPEM: spasmolytic polypeptide-expressing metaplasia.
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	Article
	Experimental System
	Proposed Mechanism of Action of IL-33/ST2
	Role of IL-33/ST2





	Buzzelli et al., 2015 [40]
	Rag-1−/− mouse model;

human biopsy specimens
	Protection against Th1-biased immune response and subsequent precancerous progression
	Antitumorigenic



	Yu et al., 2015 [49]
	Human gastric cancer cell lines MGC-803, BGC-823, and SGC-7901
	Promotion of invasion and migration of GC cells via the ST2/ERK1/2 pathway, through the MAPK pathway
	Protumorigenic



	Petersen et al., 2017 [42]
	Murine models with SPEM (DMP-777-treated) or advanced SPEM (L635-treated)
	Metaplasia induction and macrophage polarization to M2
	Protumorigenic



	Eissmann et al., 2019 [43]
	Human gastric cancer tissue samples;

murine models
	Mast cell recruitment of tumor-associated macrophages via the gastric cancer cell-derived IL-33/ST2 axis and promotion of tumor cell proliferation and angiogenesis
	Protumorigenic



	De Salvo et al., 2020 [41]
	SAMP1/YitFc (SAMP) gastritis-prone murine model
	Promotion of gastritis SPEM through recruitment of eosinophils and IL33-expressing M2 macrophages
	Protumorigenic



	Huang et al., 2021 [44]
	GC cell lines AGS and MKN45
	Proliferation and cell cycle progression of GC cells, upregulation of CDK4, CDK6, and cyclin D1; inhibition of apoptosis and stimulation of invasion and migration of GC cells
	Protumorigenic



	Pisani et al., 2021 [45]
	GES-1, AGS, and NCI-N87 human cell lines;

ex vivo human gastric cancer tissue samples
	Antiproliferative and proapoptotic effect on cancer cell lines, and it can stimulate proliferation and reduce apoptosis in normal epithelial cell lines
	Dichotomic



	Tran et al., 2022 [39]
	Human gastric tissue samples;

murine models Tff1−/−, gp130F/F, Il33−/−
	Recruitment of protumorigenic mast cells and M2 macrophages
	Protumorigenic
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Table 2. Summary of the main studies on the role of IL-33 in human and mice colorectal cancer models. AOM: azoxymethane; CAF: cancer-associated fibroblast; CRC: colorectal cancer; CT26, MC38: murine colorectal carcinoma cell line; CXCR4: C-X-C chemokine receptor type 4; DSS: dextran sulfate sodium; HCT116, RKO, COLO205, HCT115, LoVo, MOSER, SW620, and SW480: human colon carcinoma cell lines; HT29, Caco2: human colorectal adenocarcinoma cell lines; IL-6: interleukin-6; JKN: c-Jun N-terminal kinases; MMP2 and MMP9: matrix metallopeptidase 2 and 9; NANOG: homeobox protein NANOG; NOTCH3: notch receptor 3; OCT3/4: octamer-binding transcription factor 4; PGE2: prostaglandin E2.
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	Article
	Experimental System
	Proposed Mechanism of Action of IL-33/ST2
	Role of IL-33/ST2





	Oboki et al., 2010 [8]
	Murine models of DSS-induced colitis
	Stimulates both local inflammation via neutrophil-chemoattractant factors, and resolution of tissue damage during DSS-induced ‘innate’ colitis
	Dichotomic



	Yang et al., 2011 [76]
	CD4-CRE Eomes fl/fl/Tbet doubly deficient mice, CD4-cre Eomes fl/fl mice, and Pmel-1 TCR transgenic mice;

mice lymphocyte CD8+ T cells culture
	Stimulation of T-CD8+ and NK cells’ antitumoral functions
	Antitumorigenic



	Sedhom et al., 2013 [62]
	Mice deficient for St2 (St2−/−) and for IL-33 (Il33−/−);

human Caco-2 cell line
	Impairment of intestinal epithelial barrier function and subsequent translocation of bacteria stimulating inflammation
	Protumorigenic



	Liu et al., 2014 [73]
	Human SW620 cells
	Promotion of tumoral growth and metastasis through increased expression of IL-6, CXCR4, MMP2, and MMP9
	Protumorigenic



	Maywald et al., 2015 [75]
	ApcMin/+ mouse model of intestinal tumorigenesis
	Stimulation of proliferation and angiogenesis, and inhibition of apoptosis in adenomatous polyps, through stimulation of myofibroblasts and mast cells in tumor microenvironment
	Protumorigenic



	Cui et al., 2015 [82]
	Human CRC and colonic adenomatous tissue samples
	Regulation of angiogenesis
	Protumorigenic



	Mertz et al., 2016 [74]
	Resected human CRC specimens;

murine CRC models AOM/DSS treated
	Impairment of the intestinal barrier integrity and triggering the production of pro-tumorigenic IL-6 by immune cells
	Protumorigenic



	O’Donnell et al., 2016 [77]
	Human CRC samples;

CT26 cells engraftment on BALB/c mice.
	Promotion of macrophage and CD8+ T cell infiltration
	Antitumorigenic



	Fang et al., 2017 [78]
	Human CCR tissue specimens;

human HT-29 cell line;

murine MC38 cell line
	Enhancement of in vivo tumor growth and chemoresistance through expression of the core stem cell genes NANOG, NOTCH3, and OCT3/4 and activation of JNK. Recruitment of PGE2 producing macrophages
	Protumorigenic



	Zhang et al., 2017 [79]
	Murine CT26 and MC38 cell lines;

murine models of tumor cell engraftments;

human HCT116, HT29, Caco2, RKO, COLO205, HCT115, LoVo, MOSER, and SW480 cell lines
	Stimulation of tumoral angiogenesis and metastasis
	Protumorigenic



	Landskron et al., 2019 [84]
	HT29 and HCT116 cell lines;

CRC tissue samples
	CAF-mediated promotion of invasion and metastasis by activating desmoplasia
	Protumorigenic
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Table 3. Summary of the main studies about the role of IL-33 in human and rodent esophageal cancer models. ESCC: Esophageal squamous cell carcinoma; EAC: esophageal adenocarcinoma; CCL2: chemokine (C-C motif) ligand 2; KYSE-450: human esophageal squamous carcinoma cell line; Eca-109, OE19, OE33: human esophageal carcinoma cells; HEEC: human esophageal epithelial cell.
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	Article
	Experimental System
	Proposed Mechanism of Action of IL-33/ST2
	Role of IL-33/ST2





	Cui G et al. 2019 [93]
	ESCC human tissue samples
	Recruitment of Tregs.
	Protumorigenic



	Yue Y et al. 2020 [88]
	KYSE-450 and Eca-109 esophageal cancer cells
	Promotion of ESCC tumor development and metastasis by recruiting regulatory T cells (Tregs) through CCL2
	Protumorigenic



	Mai S et al. 2021 [92]
	ECA109 esophageal cancer cells;

Tumor xenograft in mice.
	Induction of M2-like macrophage polarization in ESCC tumor microenvironment
	Protumorigenic



	Liu J et al. 2022 [91]
	Esophageal adenocarcinoma cells (OE19 and OE33) and human esophageal epithelial cells (HEECs);

EAC rat model
	Enhancement of proliferation, migration, invasion, and epithelial-mesenchymal transition (EMT) in EAC cells.
	Protumorigenic
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