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Abstract: Inflammatory bowel disease (IBD) represents a heterogenous and complex group of idio-
pathic chronic inflammatory conditions affecting the gastrointestinal tract and other extraintestinal
systems with rising global incidences. The interplay of genetic predisposition and environmental fac-
tors contributes to its pathogenesis. Among the key cytokines implicated in IBD molecular alterations,
IL-33 stands out for its multifaceted roles in both pathogenesis and repair mechanisms. IL-33, known
for its action in initiating immune responses, is closely associated with Th2 immunity and is consid-
ered a potent inflammatory factor with dual functions, acting both as a pro-inflammatory cytokine
and a transcriptional regulator. Primarily expressed by non-hematopoietic cells in the gastrointestinal
tract, IL-33 interacts with its receptor, ST2, to modulate immune responses. In IBD, dysregulated
IL-33 expression exacerbates mucosal inflammation, compromising barrier integrity and promoting
tissue damage and fibrosis. Additionally, IL-33 plays a complex role in IBD-related colorectal cancer
(CRCQ), affecting tumor progression and angiogenesis. This review summarizes the multifaceted roles
of IL-33 in gastrointestinal health and disease, emphasizing its significance in the pathogenesis of
IBD and CRC. Moreover, we thought it of interest to provide new insights into potential therapeutic
avenues targeting IL-33 signaling for the management of these debilitating conditions.
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1. Introduction

Inflammatory bowel disease (IBD) includes various idiopathic chronic inflammatory
conditions, which are clinically characterized by periods of remission and relapse that affect
the gastrointestinal tract and other extraintestinal systems [1,2]. IBD affects young adults
but it can manifest at any age, with a quarter of cases occurring before the age of 20 years.
Global incidences, particularly in childhood, are increasing, with certain regions witnessing
a significant rise in cases of very early onset IBD [3]. Initially, IBD was mainly concentrated
in industrialized regions such as Western Europe, North America, Australia, and New
Zealand, with a significant surge in cases taking place during the 20th century [3]. Although
IBD incidence has stabilized in these areas, childhood IBD is on the rise [3]. Conversely,
since the late 20th century, newly industrialized and developing countries in Asia, Latin
America, South America, and Africa have experienced notable increases in IBD cases [3].
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Consequently, these conventional geographic barriers have largely dissolved, leading to the
global spread of IBD [3]. The global rise in IBD highlights the significant impacts of genetics
and environment on its development. Environmental factors can influence the microbiome,
resulting in persistent inflammation and compromised integrity of the intestinal barrier.
This compromised barrier triggers an uncontrolled immune response, exacerbating mucosal
inflammation [4]. Thus, the interplay of genetics, environment, intestinal barrier integrity,
and immune response shapes the complex pathology of IBD [4-8].

IBD includes conditions such as ulcerative colitis (UC), Crohn’s Disease (CD), and the
less commonly diagnosed IBD-unclassified (IBD-U), which presents with an ambiguous
clinical scenario; this latter form can develop into either UC or CD as symptoms worsen
in severity [2,9].

Ulcerative Colitis (UC) typically presents as persistent inflammation confined to
the colon, originating in the rectum and spreading to adjacent segments, predominantly
targeting the inner epithelial layer [9,10]. It predominantly afflicts adults aged 30-40 years,
although childhood onset UC can severely compromise the quality of life of children [9,11].
In contrast, Crohn’s Disease (CD) can affect any segment of the gastrointestinal tract
extending from the oral cavity to the anus, and it is more prevalent among individuals
aged 15 to 30 years. CD is characterized by non-continuous inflammation and can involve
all layers of the intestinal wall [9,12]. In CD, histological examination reveals a thickened
submucosa, transmural inflammation, fissuring ulceration, and granulomas [12]. On the
other hand, UC is characterized by inflammation limited to the mucosa and submucosa,
typically presenting with superficial mucosa erosions, cryptitis, and crypt abscesses [13-15].
Although some therapeutic drugs may be effective for both UC and CD, patients with
these conditions often undergo different clinical treatment approaches and vary as to
optimal timing for surgical intervention as well as respective complications. Therefore, it is
absolutely crucial to distinguish between UC and CD in patients [9].

The initial treatment approach for IBD involves anti-inflammatory therapies, including
5-aminosalicylates (5-ASA) and corticosteroids [16]. 5-ASA has shown effectiveness in
IBD treatment by activating y-form peroxisome proliferator-activated receptors (PPAR-
v) [17-19]. As 5-ASA is effective in treating active CD, a cohort of 5-ASA-treated unselected
patients experienced a quiescent disease course without need of additional treatment dur-
ing follow-up [16]. However, 5-ASA are thought to act topically, which may explain their
higher efficacy in UC compared to CD; in fact, for UC, 5-ASA is effective in inducing
and maintaining remission in mild to moderate cases [16]. Corticosteroids such as pred-
nisone, methylprednisolone, hydrocortisone, and budesonide produce anti-inflammatory
effects by binding to the intracellular glucocorticoid receptor [20,21]. Immunosuppres-
sive agents like 6-mercaptopurine (6-MP), azathioprine (AZA), methotrexate (MTX), and
cyclosporine (CSA) have been utilized when patients are un-responsive to 5-ASA and
steroids; consequently, the use of conventional immunomodulators should be restricted
to patients with a milder course of disease in the absence of risk factors, whereas patients
with an aggressive disease course and risk factors should be treated early with biologic
therapies [22]. These agents inhibit lymphocyte proliferation or suppress inflammatory-
cytokine production [22]. Moreover, during recent decades, therapeutic goals in IBD have
evolved toward endoscopic remission and mucosal healing, creating the need for early
administration of disease-modifying agents (DMAs). DMAs include conventional im-
munosuppressants (thiopurines and methotrexate), biologic drugs (anti-TNF, anti-integrin,
and anti-IL.-12/23 monoclonal antibodies), and small molecules (JAK inhibitors and S1P
receptor modulators) [22]. In detail, tumor necrosis factor-alpha (TNF-«) inhibitors, known
as biologics, neutralize TNF-o to block pro-inflammatory signaling mechanisms. TNF-o
inhibitors like infliximab, adalimumab, and certolizumab pegol are administered to treat
IBD [9,22,23]. Additionally, emerging therapies such as melatonin and metabolites from
commensal microbiota are being explored for their potential anti-inflammatory effects
in IBD [9,24-26].
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Necrosis/tissue damage

Given the importance of immune response in IBD, it is crucial to explore the role
of specific cytokines in disease pathogenesis. The intricate interactions within the im-
mune system are orchestrated by the activity of various cytokines. Any alteration in this
complex cytokine network can lead to a persistence of the inflammatory process [27,28].
Among the most significant cytokines in this context is the interleukin 1 family, which
comprises 11 pro-inflammatory and anti-inflammatory cytokines [27,28]. Among the pro-
inflammatory cytokines, IL-33 plays a key role in causing tissue damage. Dysregulation of
IL-33, along with its receptor, is implicated in several inflammatory pathological conditions,
including IBD [27,29-31].

The purpose of the present review is to analyze in depth the role of IL-33 in IBD, mainly
focusing on both its pathological and reparative aspects, which may represent additional
future therapeutic approaches. Through a critical exploration of the available scientific
evidence, we aim to clarify the involvement of IL-33 in the pathogenesis and progression of
IBD in comparison to its role in the normal gastrointestinal microenvironment as well as in
eventually arising IBD-related colorectal cancer (CRC).

2. IL-33 Structure and Biological Function

IL-33 is a fundamental member of the IL-1 family, expressed in the nucleus of endothe-
lial and epithelial cells of barrier tissues, which is mainly involved in the immune activation
response by T-helper lymphocytes, particularly T-helper type 2 cells (Th2), thus inducing
the production of IL-5 and IL-13 [32]. IL-33 is a 30 kDa protein composed of 270 amino
acids whose coding gene is located on human chromosome 9p24. IL-33 is involved in many
other functions, such as the maintenance of tissue homeostasis and repair; inflammation
induced by allergic factors, nonallergic factors, and viral infections; and in the pathogenesis
of malignant tumors [33,34].

Besides its function as a cytokine, IL-33 also acts as a transcriptional regulator [34].
Although some studies have suggested a nuclear role for IL-33, currently available exper-
imental evidence does not support this hypothesis [35,36]. Instead, it appears that the
primary role of IL-33 occurs through extracellular and intercellular mechanisms rather than
through the direct regulation of gene or protein expression within cells [35,36].

Structurally, IL-33 is characterized by three main domains: an N-terminal nuclear
localization domain, a central protease-sensing domain, and a C-terminal cytokine domain
(Figure 1) [36].
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Figure 1. Schematic representation of the IL-33 maturation process and structural composition of
the cytokine. This figure was created with BioRender (https:/ /biorender.com (accessed on 21 March
2024)). flIL-33, Full-length interleukin-33; Mature IL-33, Mature interleukin-33.
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Unlike other members of the IL-1 family such as IL-18 and IL-1f, IL-33 is not re-
leased via the endoplasmic reticulum or Golgi apparatus but is passively released as
full-length IL-33 (flIL-33) following cell necrosis or tissue damage-induced cell death [37].
The protease-sensing domain of IL-33 can undergo cleavage by various proteases such as
caspase-1, neutrophil elastase, cathepsin G, mast cell chymase, and tryptase. This cleav-
age produces a shorter mature form of 18 kDa, known as mature IL-33, which exhibits
a biological activity approximately 30- to 60-fold higher than that of flIL-33 [36,38]. In
contrast, the literature has shown that apoptotic caspases also have an impact on flIL-33 [38].
Intriguingly, the resultant cleavage products from these caspases fail to trigger substan-
tial ST2-dependent responses, unlike IL-33FL itself [38]. This observation implies that
caspase-mediated cleavage effectively renders IL-33 inactive during apoptosis [38]. This
evolutionarily conserved mechanism of IL-33 regulation is probably crucial in preventing
undue activation of the immune system after physiological programmed cell death as
opposed to instances of pathological unprogrammed cell death [36]. Furthermore, intracel-
lular fIIL-33 can also bind to chromatin through a DNA-binding domain in its N-terminal
nuclear localization region, and it is precisely from this interaction that IL-33 can also act as
a transcriptional regulator [38].

In normal conditions, IL-33 is mainly expressed by non-hematopoietic cells, partic-
ularly intestinal epithelial cells, as well as by myofibroblasts and endothelial cells; it is
also expressed in mast cells, Th2 cells, eosinophils, natural killer (NK) cells, and other
cell types [39-41]. Several studies have also confirmed that, during acute inflammation,
IL-33 is mainly expressed by colonic fibroblasts and that this is independent of the IL-1f3
pathway [42]. IL-33 can activate many cells such as Th2 cells, mast cells, eosinophils, Treg
cells, ILC2, NK cells, Thl cells, dendritic cells (DCs), and macrophages [43,44]. Unlike
other members of the IL-1 family that mainly promote type 1 immune responses, IL-33
generally induces type 2 immune responses and is involved in allergic disorders, parasitic
infection and inflammation [45]. IL-33 can exert its biological activity through the inter-
action with its receptor, suppression of tumorigenicity 2 (ST2), which is also known as
IL-1 receptor-like 1 (IL1RL1) and belongs to the Toll-IL-1 receptor (TIR) superfamily [46].
This receptor exists in two different forms, both of which lead to the synthesis of two
proteins that have completely different functions. The first of these proteins is ST2L (ST2
long isoform), an important transmembrane receptor that activates downstream signaling
once recognized by IL-33, whereas the second protein, sST2 (soluble ST2), is a soluble
molecule that acts as a decoy receptor by binding to IL-33 and consequently making it
unavailable for binding with the signaling receptor, ST2L [47]. Furthermore, to activate the
cellular signaling cascade downstream of IL-33, which binds to the extracellular domain
of the receptor, the ST2L receptor also needs a very important coreceptor belonging to the
TIR superfamily that is known as IL-1 receptor accessory protein (ILIRAcP) to create a
heterodimeric transmembrane receptor complex [47,48]. The IL-1RAcP coreceptor consists
of a transmembrane domain and an intercellular domain, called the Toll/IL-1 receptor
(TIR), of approximately 160 amino acids [49]. Once IL-33, ST2L, and IL-1RAP form the
heterodimeric complex, dimerization of the TIR domain occurs, resulting in activation and
subsequent interaction with the adapter protein MyD88 (Myeloid differentiation primary
response 88) [44]. MyD88, along with interleukin receptor-associated-kinase (IRAK) 1 and
4 and tumor necrosis factor receptor-associated factor 6 (TRAF6), determines the activation
status of various transcription factors such as NF-kB (Nuclear Factor kappa B) and AP-1
(Activator Protein 1) which, also through the MAPK (Mitogen-Activated Protein Kinase)
signaling pathway, results in the release of various pro-inflammatory mediators [44,46]. At
the same time, c-Jun N-terminal kinase (JNK) and extracellular signal regulated kinases
1/2 (ERK 1/2) are also activated, promoting the activation of interferon regulatory factor 1
(IRF1), which, in turn, inhibits the expression of the forkhead box p3 (Foxp3) and GATA3
(GATA-binding protein 3) transcription factors (Figure 2) [34,50].
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Figure 2. Representation of ST2L/IL-33 signaling. IL-33, interleukin-33; ST2L, suppression of
tumorigenicity 2 ligand; IL-1RAcP, IL-1 receptor accessory protein; MyD88, myeloid differentiation
primary response 88; IRAK1/4, interleukin receptor-associated kinase; TRAF6, tumor necrosis factor
receptor-associated factor 6; MAPK, mitogen-activated protein kinases; NF-kB, Nuclear Factor kB;
AP-1, activator protein; JNK, c-Jun N-terminal kinase; ERK1/2, extracellular signal regulated kinases
%; IRF1, interferon regulatory factor 1; Foxp3, forkhead box p3; GATA3, GATA-binding protein 3.
This figure was created with BioRender (https:/ /biorender.com (accessed on 21 March 2024)).

Another coreceptor of the IL-1 family is the “single molecule Ig-related IL-1R” (SI-
GIRR), also simply known as Tir8. This coreceptor can dimerize with ST2 to act as a
negative regulator of the IL-33/ST2 signaling pathway, reducing the biological effects of
IL-33 [51]. However, there is still only little information regarding the biological and patho-
physiological aspects of IL-33 isoform/splice variants, ST2 splice variants, and alternative
ST2/SIGIRR signaling. It is evident that the IL-33 /ST2 interaction plays a fundamental and
primary role in numerous autoimmune and inflammatory diseases; in fact, unlike other
interleukins such as IL-1 and IL-18 that mainly promote Thl-type responses, the activation
of the heterodimeric complex IL-33/ST2 mainly induces the release of Th2 cytokines and
can amplify both Th1/Th17 and Th2 type responses [52]. For all of these reasons, it is
necessary to carry out more in-depth research to fully understand the mechanisms of action
of the IL-33/ST2 axis to develop targeted interventions.

3. IL-33 and IBD

The development of IBD is intricate and is characterized by an aberrant immune reac-
tion to the normal gut microbiota in individuals with a genetic predisposition for IBD [53].
Environmental factors have the potential to alter the microbiome composition, leading to
prolonged inflammation and compromised intestinal barrier function; consequently, this
compromised barrier triggers an uncontrolled immune response, exacerbating mucosal
inflammation [4-8]. In IBD, the innate immune system is the first responder to Pathogen-
Associated Molecular Patterns (PAMPs) and to molecules released from damaged or dying
cells (DAMPs). DAMPs and PAMPs activate the innate immune system by interacting
with pattern recognition receptors (PRRs) [8]. These patterns can be sensed by several
components of the innate immune system, including granulocytes, neutrophils, monocytes,
myeloid-derived suppressor cells, macrophages, and dendritic cells (DCs). In addition,
these patterns can also be recognized by non-immune cells such as intestinal epithelial cells
(IECs) and myofibroblasts. Innate immune cells (IICs) respond to these signals, temporarily
enhancing the epithelial barrier and cleaning up the effects of inflammation [8]. The mainte-
nance of intestinal homeostasis is secured by proper functioning of the intestinal barrier and
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by tolerogenic immune responses against commensal and beneficial microbes. Impaired
barrier function and exaggerated immune responses to bacteria are critical contributing
factors to IBD immunopathogenesis [8]. A breakdown in intestinal barrier integrity and
subsequent intestinal bacteria translocation lead to the activation of antigen-presenting
cells (APCs), including dendritic cells (DCs) and macrophages, which consequently results
in pro-inflammatory-cytokine production [8].

In the GI tract, IICs like macrophages, DCs, and epithelial cells respond to microbe-
associated molecular patterns (MAMPs) via pattern recognition receptors, notably Toll-like
receptors (TLRs) and NOD-like receptors (NLRs), which play pivotal roles in sensing
MAMPs [54,55]. This stimulation triggers the production of pro-inflammatory cytokines
and chemokines [54,55]. In a healthy patient (Figure 3a), upon tissue damage, IL-33 acts
as an alarmin in response to cellular stress from a mucosal breach, promoting epithe-
lial proliferation and aiding in barrier repair and wound healing [27]. It induces Paneth
cells to release the antimicrobial peptide REG3y (Regenerating islet-derived protein 3-
gamma), which is crucial for maintaining intestinal flora [56]. Additionally, it stimulates
goblet cells involved in mucus production, which is essential for mucosal protection [57].
IL-33 also binds to ST2 receptors on ILC2 (Innate Lymphoid Cells type 2) cells, triggering
the production of various molecules: IL-13, which stimulates goblet cell activity [58,59];
AREG (Amphiregulin), which binds to EGFR (Epidermal Growth Factor Receptor) on
epithelial cells and promotes tissue repair [60]; and IL-5, which plays a protective role
against pathogens by inducing IgA production [61]. Furthermore, if the damage is caused
by pathogens, IL-33 polarizes the immune response towards a Th1l (T-helper cell type 1)
response, leading to TNF and IFN-vy (interferon-y) production, which is crucial for inflam-
mation resolution [44]. In cases where damage is caused by parasites or allergens, the
response is polarized towards a Th2 (T-helper cell type 2) response involving ILC2 activity.
IL-33 also facilitates the expansion of regulatory T lymphocytes (Treg) that contribute to a
balanced immune response [37].

IBD patients (Figure 3b) experience heightened exposure of their intestinal epithelium
to pathogens due to compromised mucus layer function, leading to an unbalanced immune
response in individuals with IBD [62]. This altered immune response may manifest through
excessive activation of TLRs and NLRs, which further contribute to the epithelial damage
and chronic inflammation associated with IBD [63]. Epithelial injury prompts IL-33 release,
injtiating an inflammatory response [62]. The activation of antigen-presenting cells (APCs)
via Toll-like receptors (TLRs) results in the secretion of pro-inflammatory cytokines such as
IL-6, TNF-«, and IL-1, thus exacerbating epithelial damage [63]. These pro-inflammatory
stimuli upregulate intracellular IL-33 expression, stimulating ST2-expressing cells to am-
plify pro-inflammatory activity [27]. IL-33 expression polarizes immune responses towards
Th2 responses and leads to eosinophil activation, inducing IL-13 secretion and compromis-
ing epithelial barrier integrity and permeability [27]. Myofibroblasts in intestinal tissue
serve as an IL-33 source in IBD, and mast cell-mediated inflammation may drive fibroblast
proliferation towards fibrogenesis [27]. However, the presence of sST2 can mitigate IL-33’s
effects. Biologically active IL-33 can be cleaved by intestinal mucosa proteases, alleviating
its pro-inflammatory effects [27]. The signaling pathways involving IL-33 and TLRs depend
on MyD88 as a crucial molecule for activating downstream transcription factors [44,54,55].
When IL-33 and MAMPs bind to ST2 and TLRs, respectively, they converge at MyD88,
leading to the activation of NF-kB and MAPK [44,54]. Consequently, IL-33 and TLRs
likely cooperate in inducing pro-inflammatory-cytokine responses, disrupting tolerogenic
responses to gut bacteria. For this reason, IL-33 is increasingly recognized as a pathogenic
cytokine implicated in the development of IBD [64].
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Figure 3. Role of IL-33 in normal gut mucosa (a) and in IBD-affected mucosa (b). IL-33, interleukin-
33; REG3y, regenerating islet-derived protein; IL-13, interleukin-13; IL-5, interleukin-5; ILC2, innate
lymphoid cell type 2; TNF, tumor necrosis factor; INF-y, Interferon-gamma; Th2, T-helper cell type 2;
Thl, T-helper cell type 1; Treg, regulatory T cell; DC, dendritic cell; IL-1, interleukin-1; IL-6, interleukin-1.
This figure was created with BioRender (https:/ /biorender.com (accessed on 21 March 2024)).

3.1. Ulcerative Colitis

In UC-affected tissue, there is a significant increase in levels of the mucosal bioactive
form of IL-33, particularly in the intestinal epithelium, infiltrating macrophages, and B cells
in the lamina propria of active UC patients. However, in serum samples only the cleaved
form of IL-33 has been detected [65,66]. Studies indicate the upregulation of IL-33 tran-
scripts and protein in inflamed mucosal tissues of UC patients, with expression observed
in ulceration-associated myofibroblasts [30,65-67]. Similarly, ST2, the IL-33 receptor, is
elevated in both the colon wall and serum of IBD patients [30]. Despite reduced epithelial
ST2 expression in IBD, there is increased infiltration of ST2-expressing APCs and T cells in
the lamina propria in IBD patients [67,68]. Pro-inflammatory cytokines and signals from
Pathogen-Associated Molecular Patterns (PAMPs) stimulate heightened IL-33 expression in
epithelial cells. Upon epithelial injury, IL-33 release stimulates immune responses via ST2-
expressing cells, potentially reducing inflammation severity [31,69]. However, in certain
situations this pathway can exacerbate inflammation. In fact, in UC patients increased IL-33
production can lead to the activation and production of other inflammatory molecules
like IL-5 and IL-13, thus worsening colon inflammation [44,62]. Therefore, IL-33 secretion
compromises intestinal barrier integrity, tissue repair, and immunological function. In a
UC-like mouse model, IL-33 expression in the intestinal epithelium correlated with disease,
and inhibition of the IL-33/ST2 axis has yielded positive outcomes [27,31].

IL-33’s role in IBD, particularly in colitis, is complex. Mice lacking IL-33 are more
susceptible to colitis and colorectal cancer (CRC), suggesting a protective function of IL-33
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in intestinal immunity [70]. Active UC patients often exhibit low IL-33 expression lev-
els in biopsies, indicating a potential negative correlation between IL-33 levels and UC
severity [71]. The investigation into IL-33’s role in IBD involves studying immunological
mechanisms using murine colitis models like dextran sodium sulfate (DSS)-induced colitis
and 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis [27]. DSS-induced colitis,
driven mainly by chemical damage, represents a T-cell-independent immune response [27].
However, administering IL-33 at disease onset might worsen colitis severity, although it can
improve the condition during the chronic or recovery phase. IL-33 potentially promotes
the expansion of regulatory T lymphocytes and polarization of macrophages towards
an M2-like phenotype, thus offering a protective mechanism [72,73]. In TNBS-induced
colitis, which relies on a Thl immune response, IL-33 administration reduces disease
development [27]. It promotes macrophage polarization towards an M2-like phenotype
and stimulates Th2 and Treg immune responses, with Foxp3 expression playing a role in
IL-33-mediated colitis improvement [74,75]. It has been reported that, in IBD patients, Treg
cells are enriched for IL-17" Treg cells, which represent an “inflammatory” Treg cell popu-
lation, although these IL-17*Foxp3*CD4" T cells can suppress proliferation and cytokine
production comparably to IL-17~Foxp3* T cells. In fact, circulating IL-17*Foxp3*CD4*
T cells are increased in patients with CD and UC compared to healthy controls [74,75].
However, there is increasing evidence that IL-33 also has a tissue-protective role in experi-
mental IBD through the expansion of gut-associated Tregs expressing Foxp3. In addition,
it has been shown that the administration of IL-33 ameliorated TNBS colitis through the
downregulation and upregulation of Th1 and Foxp3* Treg responses, respectively [75].

IL-33 may have different roles in different disease UC stages. Elevated IL-33 levels in
active IBD compared to in remission suggests its involvement during active phases [31].
In the chronic phase, IL-33 shows a protective role, improving chronic colitis through
amphiregulin/EGFR signaling [60]. Additionally, it enhances neutrophil infiltration during
both acute and chronic phases but reduces the harmful translocation of bacteria during
the chronic phase [27,60]. In summary, IL-33 plays a multifaceted role in IBD/UC, offering
both protective and harmful effects that vary depending on the immunological context and
disease phase.

3.2. Crohn’s Disease

In CD, chronic inflammation is driven by pro-inflammatory cytokines like IL-12, IL-
23, and TNF-o, which are secreted by macrophages and DCs and promote Thl and Th17
(T-helper cell type 17) immune responses [27]. This chronic inflammation is further fueled
by IL-33 release from myofibroblasts and intestinal epithelial cells, triggering Th1 responses
that are typically associated with CD [31,76,77]. IL-33 and IL-12 synergistically amplify these
pathogenic Th1 responses [62]. When exposed to commensal antigens and TLRs, Th1 cells
prompt IL-33 release by macrophages and DCs [44]. In CD patients, IL-12 secretion by DCs
and macrophages in submucosal tissue upregulates ST2 expression through the activation of
signal transducer and activator of transcription 4 (STAT4) [77]. Therefore, IL-33 plays a crucial
role in driving pathogenic Th1 responses when antigens penetrate the compromised intestinal
epithelial tissue in CD patients. The increased IL-33 expression associated with CD activity
highlights its potential contribution to disease progression [31,39].

One of the most common complications in patients with Crohn’s disease is intestinal
fibrosis that is characterized by narrowed intestinal segments, structural impairment, and
functional limitations [78,79]. Therefore, it has been suggested that IL-33 plays a pivotal
role in activating key cell populations involved in fibrotic processes, including ILC2 and
Th2 cells, which subsequently release factors promoting fibrosis and sub-stenosis [44]. Th2-
derived cytokines contribute to pathological changes such as increased mucous secretion,
eosinophil infiltration, and tissue fibrosis [80]. Similarly, ILC2 cells contribute to fibrosis by
secreting type 2 cytokines via antigen presentation-independent mechanisms [81]. Animal
models support these observations, demonstrating IL-33’s induction of profibrotic Th2
responses and the expansion of ILC2 cell populations, leading to IL-5 and IL-13 production
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and subsequent fibrosis [76]. Moreover, in IBD/CD patient myofibroblasts, elevated IL-13
levels induced by IL-33 exacerbate collagen accumulation by inhibiting matrix metallopro-
teinases synthesis [82]. Additionally, IL-33 can directly stimulate human myofibroblasts
proliferation [83]. These findings highlight the intricate interplay between IL-33, ILC2
cells, Th2 cells, and myofibroblasts, underscoring IL-33’s multifaceted role in driving
intestinal fibrosis.

4. IL-33 and IBD-Related CRC

IBD-related cancer, the CRC subtype that is associated with inflammatory bowel
disease (IBD), is difficult to recognize and treat, thus showing high mortality. Patients
affected by IBD present with a 60% higher risk of CRC compared to the general population,
and it has been shown that CRC risk in IBD patients rises from 1% to 5% as disease duration
increases from 10 years to more than 20 years [84]. Specifically, in the context of IBD-related
CRC, the IL-33/ST2 axis is highly active in the intestinal colonic mucosa, where IL-33
assumes a crucial function by triggering the activation of subepithelial myofibroblasts
(SEMFs) and mast cells before the onset of carcinoma [37,85]. This activation induces the
release of Th2 cytokines, thus supporting tumor progression. Specifically, higher levels of
IL-33 and ST2 expression are observed in IBD-related CRC tissues than in adjacent normal
tissues; moreover, overexpression of both IL-33 and ST2 have been reported in intestinal
adenomas and adenocarcinomas, which are more advanced stages of CRC [84,86]. The
increased expression of this cytokine and its receptor suggests that the IL-33/ST2 axis
might play a crucial role in CRC development [86]. On the other hand, CRC localization
may also influence the immune response, as the expression of IL-33 was observed to be
increased in left-sided CRC patients compared to right-sided patients, with IL-33 reaching
even higher levels in CRC patients with lymph node (LN) metastasis [84-87]. Furthermore,
it has been reported that increased IL-33/5ST2 signaling promoted CRC metastasis, whereas
attenuated IL-33/ST2 signaling decreased CRC metastasis in humans as well as in nude
mice [88]. Taking into consideration the crucial role of IL-33/5T2 signaling for metastatic
development, increases in the expression of IL-6, CXCR4, MMP2, and MMP9 have also
been observed [88].

Moreover, IL-33 contributes to tumorigenesis by prompting the secretion of diverse
growth factors and pro-angiogenic agents like FGF (Fibroblast Growth Factor), AREG, and
VEGE-C (Vascular Endothelial Growth Factor C) [37]. Furthermore, it activates tumor-
associated macrophages and DCs, leading to the release of Th2 cytokines like IL-10, IL-4,
and IL-13, which are crucial for inhibiting immune responses and hampering tumor con-
trol [37]. For this reason, inhibiting the IL-33/ST2 axis may represent a promising target for
a specific therapy to hinder tumor progression [89].

However, increased IL-33 expression in CRC cells triggers PPARY (Peroxisome Proliferator-
Activated Receptor-y) expression in ILC2 cells, which, in turn, leads to the release of IL-13,
thus promoting tumor migration [37,89]. Blocking PPARy could potentially suppress the
pro-metastatic effects of ILC2 cells, making it an intriguing potential candidate for cancer
specific therapy [90]. On the other hand, IL-33 leads to reduced Treg activity, facilitating tumor
progression [37]; in fact, IL-33 is able to directly foster CRC by interacting with its receptor,
triggering the NF-KB pathway, and amplifying COX2 (Cyclooxygenase-2) expression alongside
PGE2 (Prostaglandin E2) production, finally leading to tumor growth [91]. In IBD-associated
CRC, it has been revealed that Nuclear factor erythroid 2-related factor 3 (NFE2L3), which
acts as a transcription factor able to enhance cell proliferation by alleviating DUX4-mediated
inhibition of CDK1 (Cyclin-Dependent Kinase 1), plays a role in promoting CRC growth and
metastasis by upregulating IL-33 expression and mitigating the inhibitory effects of Tregs [92].
In addition, IL-33 has been recognized as a cytokine with significant pro-angiogenic properties
due to high ST2 expression in the endothelial cells of micro-vessels [93,94]. In fact, IL-33 can
stimulate the production of pro-angiogenic factors like vascular endothelial growth factor
(VEGF) and IL-8, which are both considered well-established pro-angiogenic factors in human
cancers, including in CRC [94].
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In contrast, it has been suggested that IL-33 may effect a potential protective role
against CRC, by recruiting anti-tumor macrophages or expressing cytokines affecting the
tumor environment [95]. These contradictory hypothesized functions further stress the
complex role of IL-33 in colorectal cancer, where its effects can either promote or inhibit
tumor growth.

5. Perspectives

Future research efforts should focus on elucidating the specific pathways and interac-
tions through which IL-33 modulates immune responses and tissue homeostasis in IBD
and CRC. By unraveling the complexities of IL-33 signaling, novel therapeutic strategies
could be developed to effectively mitigate disease activity and progression, thus improving
patient outcomes. However, the pleiotropic nature of IL-33 is related to the extracellular
and intracellular functions of the IL-33/ST2 heterodimeric complex that blocks or induces
IL-33 activity.

Differences in the profiles of miRNAs have been considered to represent a useful tool
in the diagnosis of UC and CD and as prognostic markers in both diseases [96]. Several
studies have been conducted with the aim of characterizing alterations in the expression of
miRNAs in IBD; in fact, miRNA alterations in IBD patients have revealed 11 miRNAs that
are differentially expressed in patients with UC vs. controls. Levels of the miRNAs miR-16,
miR-21, miR-23a, miR-24, miR-29a, miR-126, miR-195, and let-7f were increased in UC
patients, whereas levels of miR-192, miR-375, and miR-422b were reduced. Consequently,
some of these miRNAs have been suggested as potential biomarkers for CD or UC in
colonic tissues [96-98]. However, it has been argued that microRNA 378a-3p (miR-378a-3p)
induces a novel mechanism of IL-33 modulation in the intestinal colon epithelium during
the inflammatory process [21]. Inflammation-mediated suppression of miR-378a-3p results
in metabolic dysfunction in inflamed intestinal mucosal tissue due to an increased level of
IL-33 protein in the intestinal epithelium [21].

Additionally, the role of miRNAs in the interaction with the host and its microbiota
has been increasingly explored, presenting new opportunities to diagnose and treat IBD.
Moreover, the use of diet supplemented with prebiotics or probiotics, which may modulate
the intestinal microbiota and regulate the expression of miRNAs, could probably improve
the intestinal inflammatory process in patients with IBD, although further studies and
research in this new field are required. Further intriguing therapeutic prospects may be
found on the interaction of IL-33 and the gut microbiome, as IL-33 has been shown to
interact with commensal microbiota and their metabolites, suggesting that it may play a
role in shaping the gut microbiome.

6. Conclusions

In the gastrointestinal tract, this cytokine basically guarantees the correct function-
ing of the intestinal barrier, highlighting its multifaceted role in IBD pathogenesis and
progression. In detail, elevated IL-33 levels exacerbate inflammation in UC, compromis-
ing intestinal barrier integrity and promoting tissue damage. In CD, IL-33 contributes to
chronic inflammation and drives pathogenic Th1 responses. Finally, IL-33’s involvement
in intestinal fibrosis underscores its significance in disease complications. In CRC, IL-33
is involved in promoting tumor progression through various mechanisms, such as the
activation of subepithelial myofibroblasts, the induction of pro-angiogenic factors, and
modulation of the tumor microenvironment. In contrast, IL-33 also plays a potentially
protective role in the intestinal mucosa, highlighting the complexity of its involvement in
IBD-related CRC.
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