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Abstract

Interleukin-33 (IL-33) is a member of the IL-1 cytokine family that has been widely studied since 

its discovery in 2005 for its dichotomous functions in homeostasis and inflammation. IL-33, along 

with its receptor suppression of tumorigenicity 2 (ST2), has been shown to modulate both the 

innate and adaptive immune system. Originally, the IL-33/ST2 signaling axis was studied in the 

context of inducing type 2 immune responses with the expression of ST2 by T helper 2 (TH2) 

cells. However, the role of IL-33 is not limited to TH2 responses. Rather, IL-33 is a potent 

activator of TH1 cells, group 2 innate lymphoid cells (ILC2s), regulatory T (Treg) cells, and CD8+ 

T cells. The intestine is uniquely important in this discussion, as the intestinal epithelium is 

distinctively positioned to interact with both pathogens and the immune cells housed in the 

mucosa. In the intestine, IL-33 is expressed by the pericryptal fibroblasts and its expression is 

increased particularly in disease states. Moreover, IL-33/ST2 signaling aberrancy is implicated in 

the pathogenesis of inflammatory bowel disease (IBD). Accordingly, for this review, we will focus 

on the role of IL-33 in the regulation of intestinal immunity, involvement in intestinal disease, and 

implication in potential therapeutics.
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1. Introduction

Interleukin-33 (IL-33) is a member of the IL-1 family, a group of cytokines that includes 

IL-1α, IL-1β, and IL-18, which act to initiate inflammatory responses secondary to local 

stress [1]. IL-33 notably behaves as both an extracellular, traditional cytokine and nuclear 

transcription factor [2]. When it was first discovered just over 10 years ago, it was found 

secondary to its unique receptor, suppression of tumorigenicity 2 (ST2). At the time, IL-33 
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was established to be a potent activator of type 2 immune responses integral to adaptive 

immunity [3]. However, it is now understood IL-33 behaves as a key player in both innate 

and adaptive immunity. ST2 is expressed by several important immune cells, including but 

not limited to T helper 1 (TH1) cells, TH2 cells, group 2 innate lymphoid cells (ILC2s), 

regulatory T (Treg) cells, and CD8+ T cells. Moreover, IL-33 is released by epithelial and 

endothelial cells in response to cell injury and necrosis, thereby acting as an alarmin to 

initiate the innate immune response. The inherent properties of both IL-33 and ST2 

demarcate their unique position in mucosal immunity, both during homeostasis and 

inflammation. With the expression of IL-33 by the epithelium of mucosal barriers and the 

expression of ST2 by several immune cells, IL-33/ST2 signaling is critical in understanding 

intestinal immunity. Accordingly, the focus of the review will be the role of IL-33 signaling 

in this setting.

In this review, we will first describe the molecular and cellular characteristics of IL-33 and 

its receptor ST2. We will then discuss the IL-33/ST2 signaling axis as it pertains to intestinal 

immunity. It is in this context, we will define the role of IL-33 in the maintenance of the 

intestinal epithelium, the activation of the immune system secondary to local inflammation, 

and the communication of the intestine with the microbiome. We will then describe the 

relationship between IL-33 and several cell types that comprise adaptive immunity, 

including TH2 cells, Tregs, and Th17 cells. We will conclude our discussion by describing 

the implications of IL-33/ST2 signaling aberrancy in inflammatory bowel disease.

2. IL-33/ST2 Expression and Signaling Overview

IL-33/ST2 signaling has been recently detailed in broader contexts in several excellent 

reviews [4–6]. We will briefly describe the molecular and cellular fundamentals of IL-33 and 

its receptor ST2. In this respect, we will also highlight IL-33 and ST2 expression and 

signaling in the intestine.

2.1. IL-33 expression and post-translational modification

The cytokine IL-33 was first described as a novel member of the IL-1 cytokine family in 

2005 [1]. IL-33 is encoded by a gene located on chromosome 9 in humans and chromosome 

19 in mice [4, 7]. The gene product is a 30 kD protein that has the characteristic 12 β sheet 

and tetrahedron structure shared by all members of the IL-1 cytokine family [5]. Unlike 

traditional inducible cytokines, IL-33 is constitutively expressed by several cells including 

human endothelial cells and epithelial cells and stored in the nucleus of these cells [8, 9].

While the gene product is biologically active (referred to as full length IL-33), the potency 

of IL-33 increases significantly (up to 30x) after post-translational cleavage at the N-

terminus by inflammatory proteases such as neutrophil serine proteases, cathepsin G, and 

elastase, referred to as mature IL-33 [10, 11]. Accordingly, this mechanism of IL-33 

activation is particularly advantageous when IL-33 is released as the full gene product in the 

extracellular space in the setting of cell injury or death by endothelial and epithelial cells. 

Appropriately, in this setting of barrier integrity compromise, immune cells can then secrete 

proteases to cleave IL-33 to its more active form [5, 11]. In its activated form, IL-33 can 

more efficiently promote the local immune processes in mucosal disruption via epithelial 
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cell injury and death. Furthermore, extracellular proteolytic processing of IL-33 by 

inflammatory proteases potentiates IL-33 activity.

2.2. Intracellular IL-33

IL-33 has been demonstrated to act as both an extracellular ligand and an intracellular 

signaling molecule [5, 7]. The role of intracellular IL-33 independent of the presence of the 

IL-33 receptor ST2 has been studied most extensively in endothelial cells [9, 12–16]. Upon 

synthesis, full-length IL-33 that has not undergone activation by proteolytic processing is 

able to translocate to the nucleus via the presence of a nuclear localization sequence and 

bind to heterochromatin [9, 12–16]. Notably, mature IL-33 that has undergone proteolytic 

processing is unable to translocate to the nucleus in direct contrast to full-length IL-33 [7, 

17].

In endothelial cells, IL-33 is constitutively expressed [12, 14, 16] and is believed to behave 

as a transcriptional repressor [12]. Moreover, nuclear IL-33 is an indicator of endothelial cell 

quiescence [14, 15]. Intracellular IL-33 expression was noted when endothelial cells entered 

the G1/G0 state with a concomitant loss of Ki-67 expression, a marker of cellular 

proliferation, suggesting that IL-33 was behaving as a transcriptional repressor [14] via the 

Notch signaling pathway [15].

However, the role of nuclear IL-33 is not limited to endothelial cells and may influence 

transcription in a multitude of cell types. Recent studies have demonstrated nuclear IL-33 is 

important in synovial fibroblasts [18], skin keratinocytes [19], and bone-marrow-derived 

mast cells [20]. For example, synovial fibroblasts of rheumatoid arthritis patients stimulated 

by TNF-α resulted in increased expression of IL-33 localized to the nucleus with minimal 

detection in the supernatant of the cells, suggesting IL-33 is working as a transcriptional 

regulator in this cell population and not as a traditional secreted cytokine [18]. More studies 

evaluating the role of nuclear IL-33 in regulating transcription other cell types are necessary.

An important study by Bessa et al highlighted the importance of the subcellular 

compartmentalization of IL-33 [21]. In this study, mice were generated with the N-terminus 

of IL-33 mutated such that there was a loss of nuclear localization and consequent chromatin 

association, referred to as IL33tm1/+ mice [21]. Importantly, these mice had increased 

circulating IL-33 as a consequence of basal gene transcription, not secondary to exogenous 

recombinant protein administration or protein overexpression [21]. These IL33tm1/+ mice 

also developed a prominent pro-inflammatory response with multi-organ involvement, 

including but not limited to splenomegaly, lymphadenopathy, and enterocolitis [21]. 

Cellularly, these mice had infiltrates of neutrophils, dendritic cells, macrophages, and 

eosinophils [21]. Yet, ST2−/−IL33tm1/+ mice, in which IL-33 receptor ST2 was absent, did 

not have this inflammatory phenotype, suggesting that the interaction of IL-33 and ST2 was 

integral for these downstream effects [21]. This study not only highlights the existence of 

IL-33 nuclear localization, but demonstrates that without an appropriate stimulating event in 

acute cell injury and subsequent resolution, IL-33 can be implicated in chronic, non-

resolving inflammation if not properly localized to the nucleus [21]. Despite its clear 

interaction with genetic material, it is uncertain how IL-33 behaves as a direct regulator of 
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gene expression, including its own expression. Further investigations are necessary to 

determine the mechanisms by which IL-33 regulates its own expression and secretion.

2.3. Extracellular IL-33

The role of IL-33 as a traditional cytokine is better understood; however, the mechanisms by 

which IL-33 is released into the extracellular space are under active investigation [22]. As a 

traditional cytokine, binding of extracellular IL-33 to its receptor ST2 initiates several 

cellular signaling pathways. However, like other members of the IL-1 family, IL-33 release 

is not regulated by a traditional export pathway through the endoplasmic reticulum and 

Golgi apparatus [23]. Multiple studies have proposed that cell injury or death are the 

dominant mechanisms by which IL-33 reaches the extracellular environment, such that in a 

steady state, IL-33 is not actively secreted by cells [5, 24, 25]. However, because IL-33 is 

expressed constitutively by endothelial and epithelial cells and exists in the nuclei of these 

cell types fully translated, IL-33 is immediately available to the extracellular 

microenvironment secondary to cell injury and necrosis [22]. As such, IL-33 is an important 

and early herald for the immune system when there is a breach in mucosal integrity 

secondary to epithelial cell damage [25].

IL-33 release may also be influenced by extracellular ATP concentration [26–28]. One such 

study found ATP was released by intestinal epithelial cells following parasitic infection [26]. 

This increase in extracellular ATP resulted in the activation of mast cells and subsequent 

IL-33 secretion by mast cells [26]. This in turn induced IL-13-producing ILC2, culminating 

in goblet cell hyperplasia and mucin production necessary for helminth eradication [26].

Like mast cells, corneal epithelial cells [27] and astrocytes [28] release IL-33 in response to 

the presence of pathogen-associated molecular patterns (PAMPs), which was potentiated by 

the presence of increased extracellular ATP [28]. This is advantageous as these cell types can 

appropriately respond to microbial infection to induce an inflammatory response via IL-33.

Lastly, IL-33 secretion can be increased under mechanical stress. Cardiomyocytes, in 

response to mechanical deformation secondary to cardiac muscle contraction, secrete 

physiologic IL-33 into the extracellular space [29–32]. In the gut, it is plausible that IL-33 

release from intestinal epithelial cells is a consequence of deformation by muscle 

contraction and relaxation during peristalsis. Further studies are required to definitively 

identify the circumstances under which IL-33 is released independent of cell injury and 

death.

2.4. IL-33/ST2 signaling

2.4.1. ST2 receptor expression and isoforms—The IL-1 family orphan receptor, 

suppression of tumorigenicity 2 (ST2) was classified as the receptor for IL-33 in 2005, but 

was originally identified as an orphan cytokine receptor in 1993 [1, 33] (Figure 2). ST2 has 

two promoter region sites that result in the coding of two distinct proteins, sST2 and ST2L 

[34]. sST2 is the soluble form of ST2 that shares the extracellular components of ST2L, 

including the ligand binding domain, but lacks the transmembrane and intracellular 

components of ST2L [6, 34]. ST2L is a transmembrane receptor that shares structural 

Hodzic et al. Page 4

Cytokine. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



similarity to other interleukin receptors [34]. Furthermore, ST2L has two additional isoforms 

created by alternative splicing, ST2V and ST2LV [35, 36]. One isoform, termed ST2V, 

shares the extracellular and transmembrane of ST2L, but contains a hydrophobic C-terminus 

which is in contrast to the hydrophilic C-terminus of ST2L [36]. This ST2V isoform is 

notably enriched in the GI tract, including the stomach, small intestine, and colon, detected 

by Southern blotting evaluating human tissue [6, 37]; however, the signaling implications of 

these C-terminus differences between ST2V and ST2L are presently unknown. However, it 

is interesting to consider how this structural difference of the ST2 isoform enriched in the 

intestine could impact the function and role of the IL-33/ST2 signaling axis in homeostasis, 

immune function, and disease. The final isoform of ST2, termed ST2LV, lacks the 

transmembrane domain of ST2L; however, maintains the intracellular domain, suggesting it 

exists as a soluble protein [35]. The function and expression of this isoform is still a matter 

of active investigation and it will be important to identify these ST2 receptor isoforms as 

they may have implications in intestinal homeostasis and disease.

2.4.2. IL-33/ST2 signaling axis—IL-33 activates the intracellular signaling cascade in 

target cells by first binding to the transmembrane isoforms of ST2 (ST2L and ST2V, 

heretofore referred to as ST2 in this review) [4, 5]. The complex of IL-33 and ST2 leads to 

the recruitment of a co-receptor, most commonly IL-1 receptor accessory protein 

(IL-1RAcP) [1, 38–40]. The heterodimer of the two transmembrane receptors (ST2 and 

IL-1RAcP) further recruits intracellular scaffold proteins and kinases, including myeloid 

differentiation response protein (MyD88), IL-1R associated kinase, TNF receptor-associated 

factor 6, mitogen-activated protein kinases (including JNK, p38, and ERK), and nuclear 

factor-kappa B (NF-κB) [7, 41, 42]. The activation of these signaling programs can then 

influence various cellular processes, including the secretion of other cytokines, as well as 

cell replication and survival [4, 7].

The interaction of NF-κB and IL-33 was explored in murine bone marrow-derived mast cells 

[43]. In this study, they found exposure to IL-33 stimulated ICAM-1 expression in mast cells 

and this effect was lost with NF-κB inhibition [43]. Thus, they concluded that in response to 

IL-33, in the setting of early skin inflammation, mast cells increase ICAM-1 expression to 

activate LFA-1-expressing cells in an NF-κB dependent manner [43]. This study 

demonstrates the ability of IL-33 to influence complex signaling pathways, particularly NF-

κB, to produce an array of cellular responses.

However, full-length, intracellular IL-33 is also able to interact with transcription factor NF-

κB via the N-terminus of IL-33 and the p65 subunit of NF-κB [2]. As a consequence of this 

complex, NF-κB had a decreased ability to binding its associated DNA, thereby impairing 

p-65-activated transactivation [2]. Notably, IL-33 overexpression resulted in reduced and 

delayed expression of NF-κB target genes, including IκBα, TNF-α, and C-REL upon 

stimulation by rhIL-1β, suggesting nuclear IL-33 is able to sequester NF-κB, thereby 

dampening NF- κB-induced pro-inflammatory signaling [2]. In this context, intracellular 

IL-33 behaves as a transcriptional repressor to decrease inflammation. Moreover, in 

keratinocytes, nuclear IL-33 via its interaction with NF-κB is able to promote wound 

healing [19]. In this study, IL-33 knockout mice had delayed wound healing, whereas 

intraperitoneal injection of NF-κB inhibitor improved this delayed wound healing [19]. 
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Importantly, these effects were believed to be mediated by nuclear IL-33 and not IL-33 

behaving as a traditional cytokine [19]. Thus, IL-33 is able to behave as a traditional 

cytokine and influence NF-κB signaling upon binding to its receptor ST2 as well as 

intracellularly.

2.4.3. Physiologic inhibition of IL-33/ST2 signaling—Inhibition of IL-33 signaling is 

important to moderate IL-33 activity and maintain homeostasis [4]. Before nuclear IL-33 

can be released into the extracellular space, it is subjected to processing by caspases [4, 17, 

44, 45]. This occurs during apoptosis, in which active proteases, most importantly caspases 

3 and 7, act to cleave IL-33 into inactive protein fragments, to potentially suppress its pro-

inflammatory profile during apoptosis where inflammation is counterproductive [4, 17, 44, 

45]. This is in direct contrast to cell necrosis, in which IL-33 is released into the 

extracellular space, which can then initiate inflammatory responses [22]. Accordingly, 

intracellular processing of IL-33 via caspases is one method of inhibiting IL-33 secretion 

and subsequent activity (Figure 1).

Another such method of restricting IL-33/ST2 signaling is the metabolism of the ligand, 

IL-33 in the extracellular space. IL-33 can exist for a few hours in the extracellular 

environment as a competent signaling molecule, but will eventually become oxidized [46]. 

This oxidation results in conformational changes that prevent IL-33 from binding to the ST2 

receptor. Additionally, some of the same proteases that can cleave IL-33 into its most active 

form during tissue injury can also process it into inactive fragments, thereby limiting the 

amount of time potent IL-33 will be available to augment local inflammation [47].

The ST2 receptor itself is also subject to regulation. Like many transmembrane receptors, 

ST2 can be ubiquitinated at the membrane and targeted for destruction in a phosphorylation-

dependent mechanism [48]. Moreover, IL-33/ST2 signaling can also be limited after the 

ligand has bound the receptor. Single immunoglobulin domain IL-Ir related molecule 

(SIGIRR) inhibits IL-33 signaling by binding the IL-33/ST2 complex to prevent the active 

co-receptor IL-1RAcP from binding and recruiting the intracellular molecules after IL-33 

binds to ST2 [49].

Lastly, one of the more unique mechanisms of IL-33/ST2 signaling regulation is via the 

extracellular sST2 “decoy” receptor [4, 6]. sST2 is an excreted form of the extracellular 

domain of the ST2L receptor that can bind IL-33 in the extracellular environment. sST2 

functions as a competitive inhibitor of the ST2 transmembrane receptor as its binds and 

prevents IL-33 from binding ST2 and initiating the aforementioned intracellular signaling 

programs [4, 6, 30, 50]. Elevated sST2 levels have been reported in the settings of acute HIV 

infection, graft versus host disease, and inflammatory bowel disease [51–53]. It is currently 

unknown if elevated sST2 is a cause of unregulated inflammation in the intestine or 

secondary to an ongoing systemic inflammatory process.

3. IL-33: an alarmin in the intestine

As an alarmin, or an endogenous molecule released as consequence of tissue injury to 

promote innate immunity activation, IL-33 is one of the first molecules that “sounds the 
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alarm” to indicate there has been a breach in the primary defenses of the intestinal 

epithelium against pathogens and other threats [5]. In this section, we will detail how IL-33 

functions in the homeostasis of intestinal epithelial barrier function. We will also describe 

how IL-33 recruits cells of the innate immune system when barrier integrity has been 

compromised.

3.1. Maintenance of the intestinal epithelium

The gut epithelium serves as one of the first lines of defense of the intestine against ingested 

pathogens, antigens, and toxins [54]. In order to maintain the integrity of this mucosal 

barrier, the intestinal epithelium undergoes swift and continual self-renewal to replace 

damaged and dying cells. This process is mediated by a well-established pathway in which 

intestinal stem cells from the crypts mature and differentiate into one of many cell types that 

make up the mucosal barrier [25]. A recent study by Mahapatro et al. demonstrated that 

intestinal IL-33 expression is localized to the pericryptal fibroblasts during homeostasis and 

is increased during infection [55]. These authors have also elucidated a role for IL-33/ST2 

signaling in the differentiation of stem cells in organoid culture. Activation of the IL-33/ST2 

pathway in epithelial progenitor cells leads to inhibition of Notch signaling and results in the 

differentiation of stem cells towards a secretory intestinal cell lineage [55]. These secretory 

cells include Paneth cells, goblet cells, and enteroendocrine cells. Specifically, goblet cells 

are known to play an important role in intestinal immunity by producing mucin, the main 

constituent of mucus, an important barrier mechanism to decrease the interaction between 

the epithelium and pathogenic bacteria [4, 54]. Notably, mice injected with IL-33 in vivo 
produce more colonic mucin [56]. Taken together, these observations demonstrate an 

important role of IL33/ST2 signaling in maintaining the physical barrier of the intestinal 

mucosal epithelium as the first line of defense against pathogens.

3.2. IL-33 and activation of local inflammation

While IL-33 is necessary for maintaining the intestinal barrier, once the barrier is breached, 

IL-33 continues to fight against pathogens by recruiting and activating innate immune cells 

to promote a type 2 inflammatory response [5]. A type 2 inflammatory response is 

characterized by the involvement of TH2 cells and the presence of specific cytokines, namely 

IL-4, -5, -9, and 13, produced by both innate and adaptive immune cells with the ultimate 

goal of tissue repair and barrier function maintenance following tissue destruction. [46]. This 

is in opposition to the type 1 immune response via TH1 cells with the molecular signature 

involving cytotoxic T cells and IFN-γ to eliminate intracellular pathogens [57]. The type 2 

inflammatory response has been characterized as an important defense mechanism against 

parasitic infection and regulator of type 1 immune responses to prevent autoimmunity [46–

48].

Group 2 innate lymphoid cells (ILC2s) are a class of innate immune cells that are involved 

in IL-33 signaling, specifically in the promotion of type 2 immune responses [4, 58–62]. 

ILCs are enhanced at barrier surfaces and have been demonstrated to be integral to mucosal 

repair in the setting of infection [63–66]. Recent studies have shown that IL-33 activates 

ILC2s in the gut to produce the growth factor amphiregulin (AREG) more dramatically than 

ILC2s found at other mucosal sites [56]. AREG binds to the epidermal growth factor 
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receptor (EGFR) to promote tissue repair during inflammation to restore mucosal integrity 

[56, 65]. Disruption of the AREG/EGFR signaling axis has been implicated in human 

patients and murine models of inflammatory bowel disease [67–69]. In animal models of 

superficial epithelial injury in the gut, such as dextran sulfate sodium (DSS)-induced 

intestinal injury, there is a significant increase in the number of AREG-expressing ILC2s 

[56]. Furthermore, administration of exogenous IL-33 to mice with DSS-mediated intestinal 

epithelial injury resulted in the activation of ILC2 cells and amelioration of the clinical 

manifestations of intestinal inflammation, such as weight loss and rectal bleeding [56]. 

Additionally, these IL-33-treated mice subjected to DSS had improved restoration of normal 

colonic crypt architecture and increased expression of genes involved in tight junction 

formation as compared to PBS-treated mice subjected to DSS colitis [56], further supporting 

the involvement of IL-33 in tissue repair. These studies suggest that IL-33 treatment can be 

an important mediator of tissue repair in the setting of intestinal inflammation in an ILC2/

AREG-dependent manner. However, this is strictly in the setting of exogenous IL-33 

administration in mouse models of intestinal inflammation. It is has been shown that in the 

setting of helminth intestinal infection, ATP released by parasite-infected cells stimulates 

local mast cells to produce IL-33, which then activates IL-13-producing ILC2s necessary for 

helminth expulsion [26]. This is a physiologic response to intestinal infection by helminths, 

raising the speculation that IL-33 stimulation of ILC2s in intestinal inflammation outside the 

setting of infection could be beneficial. Accordingly, the physiologic and potential 

advantageous role of IL-33 with respect to ILC2s stimulation during intestinal inflammation 

requires further investigation.

3.3. IL-33 and neuroimmune interactions

Emerging literature has implicated the enteric nervous system (ENS) in playing an important 

role in regulating inflammatory responses in the bowel [70–73]. Specifically, enteric glial 

cells express Toll-like receptors (TLRs) and have been demonstrated to be important in 

barrier immune regulation in the setting of intestinal inflammation [74, 75]. Neurosphere-

derived glial cells respond to alarmins IL-33 and IL-1β in addition to TLR2 and TLR4, 

inducing production of innate IL-22 and controlling neurotrophic factors in a MYD88-

dependent manner [73, 76]. This particular finding is one aspect of the novel glial cell-ILC3-

intestinal epithelial cell relationship highlighted in this study, in which neurotrophic factors 

are defined to be the molecular link between glial cells and intestinal epithelial defense via 

production of IL-22 [76]. Further studies are necessary to understand the role of IL-33 in the 

context of glial cells, ILC3s, and intestinal epithelial cells.

Additionally, IL-33 induces enteric glia to secrete neurotrophic factors termed GFLs that 

have also been demonstrated to play an important role in gut epithelial barrier homeostasis 

by maintaining tight junctions and negatively regulating local inflammatory response [73, 

76–78]. Moreover, IL-33 influences the ENS to induce hypermotility of the gut as an attempt 

to expel invading parasites from the intestine [4]. Thus, IL-33 induces smooth muscle 

contractions in an ENS-dependent mechanism, further demonstrating the important crosstalk 

between the ENS and inflammatory reactions in the bowel [4, 79]. The neuroimmune 

interactions in the bowel remain an active area of research and further investigation will 
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continue to advance our understanding of the impacts of this important collaboration in gut 

inflammation.

3.4. IL-33 and gut microbiota

Immunity at mucosal surfaces is notable for the presence of commensal bacteria [80]. In the 

gut, the microbiome has been established to be a significant mediator of metabolism and 

local inflammation [81–85]. A recent study demonstrated that IL-33 is an important 

regulator of the components of the microbiome [86]. Mice deficient in IL-33 are dysbiotic, 

or have a higher concentration of pro-inflammatory bacteria that comprise their microbiome 

compared to their wild-type (WT) controls [86]. Specifically, IL-33-deficient mice have 

more segmented filamentous bacteria that have also been found in higher concentrations in 

mouse models of inflammatory bowel disease as well as increased Akkermansia 
muciniphila, which can degrade mucus [86–88]. Consequently, this dysbiosis promoted 

release of IL-1α, which drives colitis and even tumor formation [86].

Previous studies have demonstrated that immunoglobulin A (IgA), the immunoglobulin 

primarily involved in mucosal humoral immunity, preferentially binds to colitogenic 

bacteria, bacteria involved in the development of colitis [87]. More recent work has 

discovered a role for IL-33 in regulating this IgA-dependent immune reaction [86]. 

Compared to WT controls, mice lacking IL-33 were specifically deficient in IgA, but had 

equivalent levels of other immunoglobulins [86]. The lack of IgA in IL-33-deficient mice 

resulted in the continued presence of colitogenic bacteria that would normally be identified 

for removal by the binding of IgA [86–88]. These findings demonstrate the integral role 

IL-33 plays in modulating intestinal inflammation through interactions with the gut 

microbiome.

4. IL-33 and Adaptive Immunity

4.1. IL-33, Th2 cells, and type 2 immune responses

In addition to the role of IL-33 in regulating innate or non-specific immune responses, IL-33 

also interacts with the cells of the adaptive immune system. In the gut, this has been best 

observed in the activation of TH2 cells in the presence of helminth or other parasitic 

infections [4, 6, 59, 89]. TH2 cells were discovered to express ST2 almost two decades ago 

[3, 4, 90], which they express at baseline as compared to non-differentiated T cells or TH1 

cells [90, 91]. Furthermore, ST2 receptor expression is upregulated secondary to IL-33 

signaling and requires the transcription factor GATA3 [91], the master transcriptional 

regulator of TH2 cell differentiation. Importantly, IL-33 also indirectly activates TH2 cells by 

binding to ST2 expressing-antigen presenting cells (APCs), which can then induce TH2 

polarization [4, 92, 93]. The net result of these combined efforts of the IL-33/ST2 axis on 

TH2 cells is the secretion of type 2 immune response cytokines (IL-4, IL-5, and IL-13) to 

further enhance the reaction initiated by IL-33-induced ILC2 cells to fight helminth infection 

in the gut and other organs [4, 93–95].

In this way, IL-33 is important mediator in the induction of type 2 immune responses such as 

TH2 secretion of IL-4, IL-5 and IL-14, in addition to activation of ILCs, basophils, 
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eosinophils, and mast cells of the innate immune system [4, 96]. However, IL-33 is not the 

only cytokine to induce type 2 responses. Rather, IL-33 acts in synergy with IL-25 and 

thymic stromal lymphopoietin (TSLP) derived from epithelial cells to induce a type 2 

immune response [4, 61, 96–98]. The overlapping roles of IL-25 and IL-33 in the induction 

of type 2 responses have been studied in various tissues [97]. In the lung, mouse models of 

asthma exhibited a more prominent role for IL-33 in airway hyperreactivity and induction of 

IL-13-producing ILC2s. IL-25 mediated responses were more gradual and weaker in this 

setting [97]. Similarly, IL-25 and IL-33 had partially redundant roles in helminth intestinal 

infection [61]. In this study, nuocytes were identified to be innate immune cells involved in 

type 2 immune responses during helminth infection via secretion of IL-13 and IL-15 [61]. 

This cell population was able to expand in the presence of IL-25 and IL-33; however, IL-25 

was the predominant cytokine to expand the nuocyte cell population [61]. These studies 

demonstrate the collective role of IL-33 and IL-25 as stimulators of type 2 immune 

responses, which are tissue and disease specific.

4.2. IL-33 signaling in TH17 cells and Tregs

The balance between the canonically pro-inflammatory TH17 cells and the anti-

inflammatory T regulatory cells (Tregs) has been theorized to be an important regulator of 

inflammation in the gut during homeostasis and disease [99, 100]. This is particularly 

intriguing as both cell types are known to be enriched in the mucosal surface of the gut. 

TH17 cells promote inflammation to help combat invading pathogens, but are also 

implicated in colitis and autoimmunity [101–105]. In contrast, Tregs are integral to the anti-

inflammatory response of the immune system, particularly in the prevention of 

autoimmunity. [103]. Interestingly, the composition of commensal bacterial that comprise 

the gut microbiome are postulated to play an important role in the balance of TH17 and 

Tregs [99, 100]. The density of TH17 cells in the gut is dependent on exposure to bacteria, as 

there is a relative paucity of TH17 cells in mice raised in germ free conditions [106–109]. 

Remarkably, IL-33 appears to influence both Tregs and TH17 cells to reduce inflammation 

and protect the gut mucosa from self-inflicted damage.

A recent study has now elucidated a role for IL-33 in regulating TH17 cells in the gut by 

downregulating pro-inflammatory cytokine expression and limiting expansion of this cell 

population [110]. These authors demonstrated in their model of intestinal inflammation, via 

injection of anti-CD3 antibody into mice, IL-33 is released by epithelial cells of the small 

intestine [110]. Importantly, they found intestinal epithelial cells were the predominant 

source of IL-33 in the small intestine during inflammation [110]. This finding is important 

because it highlights the context-dependent expression of IL-33. In the steady state, the 

intestinal epithelium is not a principle source of IL-33, but in the setting of inflammation, 

intestinal epithelial cells are indeed significant sources of IL-33. Moreover, while TH17 cells 

do not express the ST2 receptor at baseline, TH17 cells from mice injected with anti-CD3 

express ST2 [110]. Once TH17 cells become competent for IL-33 signaling, the IL-33/ST2 

axis induces a downregulation of pro-inflammatory markers and an upregulation of the anti-

inflammatory cytokine IL-10 [110]. Furthermore, mice deficient in the ST2 receptor have a 

more robust expansion of the TH17 cell population in the setting of inflammation compared 

to WT controls [110]. These data indicate that via the suppression of TH17 cells, IL-33 is an 
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important modulator of inflammation in the small intestine and can help attenuate 

inflammation in the setting of TH17-mediated cell injury.

Recent investigations demonstrate that the IL-33 signaling axis promotes an anti-

inflammatory Treg phenotype in the setting of colonic inflammation in mice as a means of 

protecting the large intestinal epithelium from ongoing damage [111]. ST2 is highly 

expressed on Tregs of the colon and IL-33 promotes expansion of this Treg population and 

also acts as a “homing beacon” for ST2-expressing Tregs in the setting of inflammation 

[111]. Intriguingly, IL-23, a pro-inflammatory cytokine with a clearly defined pathogenic 

role in IBD, inhibits the IL-33/ST2 signaling axis, thereby interrupting the body’s ability to 

discriminate self from non-self. These data suggest that IL-33 plays an important role in 

preventing secondary tissue damage in inflammatory reactions, particularly in the large 

intestine. These combined studies also highlight IL-33 tissue specificity, in which it is 

important to discriminate between the small and large intestine with respect to inflammation 

and immune responses.

Moreover, a recent study demonstrated that IL-33 activity can also lead to long term 

immunosuppression following a systemic inflammatory response via expansion of the Treg 

population [112]. In an experimental mouse model of septic peritonitis, IL-33 stimulated 

ILC2-mediated M2 macrophage polarization via type 2 cytokine production, which lead to 

IL-10 release, activation of Tregs, and ultimately immunosuppression in sepsis survivors 

[112]. ST2-deficient mice that survived the experimental sepsis model had decreased type 2 

cytokine (IL-4, IL-13) release and Treg expansion, with no subsequent immunosuppression 

and improved survival following secondary infection by L. pneumophila [112]. Furthermore, 

WT mice following sepsis treated with exogenous sST2 had improved survival with this 

secondary infection compared to WT mice without sST2, suggesting that depleting IL-33 

prevents long-term immune dysfunction [112]. These data correlate with human data that 

shows survivors of severe sepsis and septic shock had elevated serum levels of IL-33, IL-10, 

and Tregs [112]. The integration of these mouse and human studies suggest that in the 

setting of systemic inflammation, IL-33 acts as an alarmin to provide acute initial protection, 

but also long-term immunosuppression and immune dysfunction via stimulation of Tregs. 

These studies demonstrate the importance of understanding the interaction between IL-33 

signaling and Tregs in the regulation of immune responses in different settings of 

inflammation, which have therapeutic implications in various tissues.

5. IL-33/ST2 Signaling Axis in Inflammatory Bowel Disease

5.1. Inflammatory bowel disease: Crohn’s and UC

Inflammatory bowel disease (IBD) is an autoimmune disease characterized by chronic 

inflammation in the bowel [113]. There are two types of IBD, ulcerative colitis (UC), which 

is characterized by superficial ulcers and epithelial inflammation in continuous stretches of 

the large intestine and rectum, and Crohn’s disease (CD), which is identified by full 

thickness ulceration that can be present anywhere along the gastrointestinal tract, including 

the small and large intestines. Despite being grouped as part of the same disease entity, it has 

been hypothesized that UC and CD are distinguished on the molecular and immunologic 

level. The mechanisms of disease pathogenesis in both UC and CD have yet to be fully 
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elucidated. However, both diseases are secondary to autoimmune tissue destruction and are 

consequently treated with immunomodulators and immunosuppressants. Significant research 

is underway to investigate the mechanisms of these chronic, debilitating diseases in order to 

identify new potential targets for treatment.

5.2. Immunological differences between UC and CD

The differences between UC and CD are evident when evaluating the immunologic profiles 

of these two distinct entities [114]. Although there is overlap in immune cells and cytokines 

involved in these diseases, there are some trends worth noting. CD is noted for having 

cytokines indicative of TH1 polarization, whereas UC has a cytokine profile more 

characteristic for TH2 polarization [114]. A recent clinical study evaluating mRNA 

expression from diseased intestinal tissue of patients with IBD found increased IL-17, IL-23, 

and IL-32 in patients with CD compared to control and UC patients, potentially indicative of 

a more prominent role of TH17 cells in CD in addition to TH1 cells [115]. They also found 

increased mRNA expression of IL-5, IL-13, IL-15, and IL-33 in patients with UC compared 

to control and CD, suggestive of a prominent TH2 immune response in UC [115]. Given the 

increase in mRNA expression of IL-33 in UC, it is suggestive that IL-33 may play a more 

significant role in UC; however, this requires further investigating [115, 116]. The 

similarities and differences between these immunologic profiles yield valuable clues on the 

pathogenesis of IBD. Moreover, they need to be accounted for in the study of experimental 

models of IBD. Moving forward, we will discuss IL-33 in the context of IBD with specific 

attention to UC.

5.3. IL-33 and UC

The role of IL-33 as either a pro-inflammatory cytokine behaving as an endogenous alarmin 

or a nuclear transcriptional repressor of inflammation in the setting of IBD is presently 

under investigation; nonetheless, studies suggest IL-33 plays in a role in UC. In a study 

evaluating patients with active UC and patients in remission, they found a significant 

increase in mucosal IL-33 mRNA expression in patients with acute UC compared to healthy 

patients [116], corroborating the findings of prior studies that found increased IL-33 

expression in the mucosa of the large intestine in active UC [52, 117–121]. In this study, 

biopsies of active UC lesions were noteworthy for the selective expression of nuclear IL-33 

in enterocytes of the intestinal epithelium, specifically in the crypts [116]. This was lost with 

normalization of mucosal tumor necrosis factor (TNF) expression, which is indicative of 

disease remission following treatment with infliximab, an anti-TNF immunomodulator, in 

addition to a significant decrease in mucosal IL-33 expression [116]. These findings suggest 

IL-33 expression is increased in active UC, specifically by intestinal epithelial cells, that 

decreases upon disease remission. While this does not define the role IL-33 plays in UC 

pathogenesis, it warrants further studies in larger patient cohorts. Additionally, the cellular 

sources of increased mucosal IL-33 expression vary among these studies. Accordingly, 

future studies necessitate specific attention to cellular and subcellular localization of IL-33.

Moreover, IL-33 receptor ST2 is increased in the mucosa and serum in patients with active 

UC [52, 120, 122, 123]. It is presently unclear if this is the consequence of increased IL-33 

expression during active disease or if this is an inherent defect in IL-33/ST2 signaling 
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unique to IBD. However, its role as a potential serum marker in disease evolution, treatment 

response, and disease remission is currently being studied [122, 123]. Broadly speaking, 

these studies provide correlations between dysregulated IL-33 signaling and UC without 

clear causation. Importantly, however, human studies provide valuable insights in the 

possible role of IL-33/ST2 signaling in UC pathogenesis and provide context in the study of 

IL-33 in experimental models of colitis.

5.4. IL-33 Signaling Aberrancy in Experimental Colitis

Despite evidence that IL-33 expression is elevated during active UC, it is unclear if IL-33 

signaling has a causative role in pathogenesis or is a consequence of chronic intestinal 

inflammation during UC. Accordingly, many experimental animal models of colitis exist to 

study UC, including but not limited to DSS- and 2,4,6-trinitrobenzenesulfonic acid (TNBS)-

induced colitis.

Given that intestinal IL-33 expression is elevated in UC, it is possible IL-33 is directly 

involved in the development of intestinal inflammation, behaving as an alarmin and 

instigating a pro-inflammatory response. Thus, inhibiting IL-33 signaling would be 

protective in colitis, whereas administration of IL-33 would exacerbate disease. One study 

utilizing both DSS- and TNBS-induced colitis found genetic ablation of ST2 was protective 

[124]. Moreover, inhibition of IL-33 signaling using an ST2 neutralizing antibody 

ameriolated DSS-induced colitis, whereas IL-33 treatment resulted in increased epithelial 

barrier permeability [124]. Additionally, treatment with recombinant IL-33 (rIL-33) 

exacerbated DSS-induced colitis via TH2 polarization and inhibition of TH1 immune 

responses [125–128]. This IL-33-mediated TH2 immune response was corroborated in two 

models of experimental colitis with upregulation GATA-3, which is necessary for TH2 

differentiation [126]. In this respect, the exacerbation of DSS-induced colitis by rIL-33 was 

absent in IL-4−/− BALB/c mice, reaffirming the role of IL-33 in type 2 immune responses 

and that inhibition of these immune responses is protective in colitis [125]. These studies 

suggest that IL-33 signaling and the subsequent type 2 responses exacerbate colitis such that 

rIL-33 is deleterious in this setting.

However, it is important to distinguish between acute and chronic intestinal inflammation in 

the evaluation of IL-33 signaling. In one study evaluating DSS-induced colitis, IL-33−/− 

mice had improved viability in the acute setting, but at days 14 and 15, the viability of 

IL-33−/− and IL-33+/+ mice were comparable, suggesting IL-33 is an important pro-

inflammatory cytokine in the acute setting of DSS-induced inflammation, which is not 

present with chronic inflammation [62]. Moreover, while IL-33 exacerbated acute 

experimental colitis, in chronic DSS-induced colitis, there was improved intestinal 

regeneration with decreased bacterial translocation and the induction of type 2 immune 

responses with IL-33 administration [129].

Therefore, IL-33 signaling has the potential to be protective in colitis and several studies 

suggest that this may be the case. Despite the increase in IL-33 expression in experimental 

colitis, one study found decreased intestinal tissue injury and clinical symptoms with 

administration of rIL-33 as well as an increase in TH2 cytokines and Tregs [130]. Notably, 

ST2 is expressed by colonic Tregs [111]. In this study, they found that Tregs promoted by 
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IL-33 signaling can ameliorate inflammation, which is inhibited by IL-23 [111]. However, 

the protective effects of IL-33 signaling in experimental colitis is not limited to Tregs. Gut-

associated ILC2s respond to IL-33 with the expression of growth factor amphiregulin 

(AREG) such that in DSS-induced colitis, exogenous IL-33 or ILC2 transfer attenuated 

intestinal inflammation in an AREG-dependent manner [56].

In other studies, IL-33 was protective in colitis by inducing polarization of macrophages to 

M2 macrophages, which are typically associated with TH2 cytokines and promote resolution 

of inflammation [131, 132]. In one study, these M2 macrophages, which they termed 

alternatively activated macrophages, were isolated from IL-33-treated mice and transferred 

to mice with TNBS-induced colitis [131]. This conferred protection to recipient mice, in 

which there was a significant decrease in intestinal disease and inflammatory markers [131]. 

A similar finding was found in which peritoneal injection of IL-33 in experimental colitis 

induced M2 macrophage polarization, which subsequently resulted in goblet cell 

differentiation and attenuated inflammation [132]. Taken together, these studies suggest 

IL-33 signaling may be protective in experimental colitis via induction of type 2 immune 

responses and induction of immune cells involved in mitigating intestinal inflammation.

Presently, it is unclear if IL-33/ST2 signaling in protective in experimental colitis and UC, 

however there are some trends evident in these studies. IL-33 expression is increased in 

inflamed mucosa of UC and experimental colitis. Exogenous IL-33 may attenuate or 

provoke intestinal inflammation; however, its effects are predominantly secondary to the 

ability of IL-33 to induce type 2 immune responses via activation of TH2 cells. Timing of 

inflammation is also important in understanding the effects of IL-33, such that 

distinguishing acute and chronic inflammation is necessary, and several questions remain 

and require further investigating. Specifically, it is ambiguous if IL-33 is a consequence of 

intestinal inflammation or if IL-33 is a key instigator in promoting an inflammatory 

response. It remains unclear how IL-33 signaling is dysregulated in UC and experimental 

colitis. Lastly, the precise mechanism of protection by exogenous IL-33 remains unknown. 

Moreover, it is important to discern supplementation with exogenous IL-33 in treatment of 

colitis from the role of endogenous IL-33 in disease patheogenesis and treatment. However, 

our understanding of IL-33 in experimental colitis and UC has expanded greatly over the 

past few years and warrants further studies to answer these questions.

6. Conclusions

IL-33 is a unique cytokine defined by its duality, acting as both a traditional extracellular 

cytokine as well as a nuclear transcription factor. IL-33 readily interacts with both the innate 

immune system and adaptive immune system. It is both admired for its maintenance of 

tissue homeostasis and provides a promising target for disease therapeutics. In this review, 

we hope to have highlighted its remarkable importance in intestinal immunity. IL-33 with its 

receptor ST2 are positioned to interact with major components of the intestine, which 

include the epithelial cells in response to cell injury, the microbiome composed of 

commensal bacteria, ingested pathogenic bacteria, and immune cells of the mucosa, notably 

TH2 cells, Tregs, and TH17 cells. In this respect, IL-33 behaves as an alarmin in response to 

epithelial cell injury to initiate the innate immune response. It is important to highlight the 
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role of IL-33 is context dependent, and thus in a steady state, does not behave in the same 

manner as its more defined role in epithelial cell injury. It also behaves as an important 

inducer of TH2 and thus type 2 immune responses that aim to combat helminth infections 

and reduce type 1 immune responses to maintain tissue integrity. Given its implication in 

intestinal immunity, the role of IL-33/ST2 signaling in IBD is an area of active investigation. 

Presently, it is unclear whether aberrancy of IL-33 signaling drives IBD pathogenesis or is 

secondary to the inflammatory state of the disease. However, there is a clear need to further 

study IL-33 in this context for the potential development of immunomodulatory therapeutics 

in IBD. The goal of this review was to highlight the role of IL-33 in intestinal immunity with 

the hopes of identifying important studies to drive further investigations into this distinct 

cytokine.
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Highlights

• IL-33 plays an important role in intestinal barrier immunity via activation of 

the innate immune system in the setting of cell injury

• IL-33 interacts with the microbiota of the intestine to facilitate homeostasis

• IL-33 is a critical regulator of adaptive immunity and Th17/Treg balance

• The IL-33/ST2 signaling axis has been implicated in the pathophysiology of 

inflammatory bowel disease
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Figure 1. The role of IL-33 in intestinal immunity
IL-33 is expressed by several epithelial cell types including the epithelial cells of the 

intestinal mucosa. In response to cell injury, IL-33 is released from the injured cell to recruit 

the immune system, thereby behaving as an alarmin. The IL-33 receptor, ST2, is expressed 

on several immune cells of the intestine, including TH2 cells, ILC2s, Tregs, and TH1 cells. 

Upon activation of these cells, there are increased efforts to repair the epithelium. However, 

the stromal cells and epithelial cells are capable of releasing sST2, which acts as a receptor 

decoy, thereby limiting IL-33 induced inflammation. The intestine also readily cooperates 

with commensal bacteria and pathogenic bacteria. IL-33 has been shown to interact with the 

gut microbiome and IgA to promote intestinal immunity.

On a cellular level, IL-33 is released from the epithelial cell as active IL-33, which can then 

be acted upon by inflammatory proteases from neutrophils and mast cells to produce mature 

IL-33. Mature IL-33 is significantly more potent in this state and can accordingly activate 

the immune system more efficiently. However, there are several mechanisms in place to limit 

its response to cell injury and death. One such example is cleavage by caspases 3 and 7 by 

apoptotic cells to deactivate IL-33 before its release. This inhibits IL-33 activity and the 

subsequent inflammatory response.

Hodzic et al. Page 25

Cytokine. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Isoforms of IL-33 receptor ST2
There are four isoforms of ST2 encoded by the gene ST2 located on human chromosome 

2q12. The two most prominent isoforms include transmembrane ST (ST2L also known as 

IL1RL1-b) and soluble ST (sST2, IL1RL1-a). They are the consequence of a dual promotor 

system that results in differential mRNA expression. ST2L, like other type 1 IL-1 receptors, 

is comprised of an extracellular domain, transmembrane domain, and cytoplasmic domain, 

whereas sST2 does not possess the transmembrane and cytoplasmic domains and thus exists 

as a soluble protein. Moreover, alternative splicing results in the formation of ST2V and 

ST2LV. ST2V shares the same extracellular and transmembrane domains as ST2L, but is 

notable for its unique hydrophobic tail and it is particularly enriched in the gastrointestinal 

tract. Lastly, ST2LV remarkably lacks the transmembrane domain of ST2L but maintains the 

intracellular domain, suggesting it exists as a soluble protein.
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